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A B S T R A C T

A series of chromite perovskites with the general formula Ln1−xMxCr0.9Ni0.1O3 (Ln = La and/or Nd; M = Sr
and/or Ca; x ≤ 0.25) has been prepared by three combustion synthesis routes using a different combustible
substance each time: glycine, urea and sucrose. In order to isolate the effect of divalent dopant concentration
from the A cation steric effects, the whole group has a fixed mean A cation radius,< rA>≈ 1.22 Å, and cation
size disorder, σ2(rA) ≈ 0.0001 Å2, but variable doping x. Their crystal structure, microstructure, electrical
properties and expansion coefficients have been investigated on the basis of their possible use as anode materials
for intermediate temperature solid oxide fuel cells (SOFC). Cell parameters, grain sizes, expansion coefficients
and conductivities all are found to be dependent on x and the combustible substance used. The most interesting
relationship is the negative dependence of the conductivity with x under H2 atmosphere: conductivity decreases
with doping which is the opposite to the expected behavior for a p-type doped perovskites and has not been
reported before.

1. Introduction

The research to find new or to improve the most commonly used
materials in solid oxide fuel cells (SOFC) is still a important field in
materials science [1]. In particular, one of the most active area is the
study of SOFC anodes because the operation of commercial SOFC de-
vices is strongly dependent on the behavior of this electrode, which is in
contact with the fuel (and all its impurities) [2]. The number of ma-
terials studied as possible anodes is huge and, among them, perovskites
have also gained attraction due to their good catalytic properties, high
ionic and electrical conductivities, and their chemical and thermal
stabilities at high temperatures.

The main concern for current nickel-yttria stabilized zirconia cermet
anodes is that they are unable to work efficiently with hydrocarbon
fuels at intermediate operating temperature range (600–800 °C) due to
their sulfur content and also as a consequence of carbon deposition [3].
Hence, there is still a demand for the development of alternate anode
materials with improved tolerance towards carbon deposition and
sulfur poisoning to improve the fuel flexibility and efficiency of SOFCs.

Oxide-perovskites have been widely studied as possible cathode
electrodes for a long time due to their mixed ionic and electronic
conductivity (MIEC), high catalytic activity and good stability under
oxidizing conditions [1,4]. To be used as anodes, however, perovskites
need to be stable under reducing conditions. Among the oxide per-
ovskites that have good catalytic properties and appropriate MIEC, only
chromites are reasonably stable in reducing atmospheres and this is
why they have been thoroughly investigated as SOFC-interconnectors
[5] and also proposed as possible anodes [6–11]. From the thermo-
dynamic point of view, chromites are expected to react with the
common YSZ electrolyte but in practice, this only occurs to a great
extent at temperatures above the operation ones (that is, higher than
1000 °C) [12].

When a material is evaluated as a SOFC component, it is also im-
portant to consider its preparation costs. Perovskites are usually pre-
pared at high temperatures so another important field of research is
aimed at reducing energy consumption of the synthesis [13]. Com-
bustion synthesis routes, which involve low cost materials, short pro-
cessing time and produce large amount of gases that inhibit particle size
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growth, are of great interest in synthesizing nano-size powders with
high specific surface area [14]. In this type of synthesis, the combustion
velocity, the choice of the combustible substance and its amount are
very important factors that influence the final properties of the ob-
tained powder [15]. The effect of the type of combustible substance on
the electrochemical properties of SOFC materials has not been in-
vestigated in detail and, consequently, its role is unclear [16].

In this study, we investigate two effects: (i) the variation of the
doping level x and (ii) the use of different combustible substances
(glycine, urea and sucrose) during the synthesis by the combustion
method in the structure and electrical properties of a series of new
chromite perovskites with the formula Ln1−xMxCr0.9Ni0.1O3 (Ln = La
and/or Nd; M = Sr and/or Ca; x ≤ 0.25). To avoid the interplay of
different A-site variables in their properties the mean ionic
radius< rA> (1.22 Å) and the cation size disorder σ2(rA) (0.0001 Å2)
have been kept constant. To meet these requirements up to four dif-
ferent A cations were used in the same oxide. Low disorder has been
selected from previous studies which showed that the higher the dis-
order the lower the performance of the oxides irrespective their field of
application [17–21]. On the other hand, the chemical compositions
have been selected bearing in mind the maximum solubility of calcium
and strontium in chromites (x< 0.3 for both of them) and considering
that they had to contain strontium as its presence improves the stability
of the perovskite under low oxygen partial pressures [12]. X-ray
powder diffraction (XRD), scanning electron microscopy (SEM), elec-
trical measurements and thermal expansion studies have been also
carried out.

2. Experimental

2.1. Powder preparation

Ln1−xMxCr0.9Ni0.1O3 samples were prepared by combustion synth-
esis using La(NO3)3·6H2O (> 99%), Nd(NO3)3·6H2O (99.9%), Sr(NO3)2
(99.99%), Ca(NO3)2·H2O (99.997%), Ni(NO3)2·6H2O (99.999%) and Cr
(NO3)3 (> 99%) as metal precursors and glycine, urea and sucrose (all
from Aldrich,> 99%) as combustible substances. The prepared com-
positions, together with their mean ionic radius,< rA> , and A cation
size disorder, σ2(rA), are summarised in Table 1. It is to note that dis-
order (quantified as σ2(rA) =< rA2>−<rA> 2) has been calculated
using ninefold coordination radii for the A site cations [22] in order to
be consistent with previous literature data and because this is the ex-
pected coordination for an orthorhombic perovskite [23] such as the
parent LaCrO3 [24].

The metal nitrates were dissolved in distilled water. The solutions
(dissolved metal nitrates) were mixed in a glass beaker, which was
placed on a hot plate at 100 °C to evaporate excess water under con-
stant stirring. Then, the glycine, urea or sucrose was added to obtain a
molar ratio of 1 with the oxidizer. The resulting viscous liquid started
autoignition just after placing the glass beaker directly onto a preheated

Table 1
Nominal stoichiometries, mean radii and A-site disorder values of the
Ln1−xMxCr0.9Ni0.1O3 perovskites.

x Ln1−xMxCr0.9Ni0.1O3 < rA> (Å) σ2(rA) (Å2)*

0.10 La0.85Nd0.05Sr0.10Cr0.90Ni0.10O3 1.22 0.00010
0.15 La0.80Nd0.05Sr0.10Ca0.05Cr0.90Ni0.10O3 1.22 0.00011
0.20 La0.80Sr0.10Ca0.10Cr0.90Ni0.10O3 1.22 0.00011
0.25 La0.75Sr0.10Ca0.15Cr0.90Ni0.10O3 1.22 0.00011

* Cation size disorder has been calculated using the equation σ2(rA) =<rA2> ‒<rA>2

and ninefold coordination radii for the A-site cations (see text).

Fig. 1. X-ray diffraction patterns for the series Ln1−xMxCr0.9Ni0.1O3 (Ln = La and/or Nd;
M = Sr and/or Ca; x ≤ 0.25) prepared using (a) glycine, (b) urea and (c) sucrose as
combustible agents.

Table 2
Summary of the ICP results for the Ln1−xMxCr0.9Ni0.1O3 perovskites.

x Fuel Ln1−xMxCr0.9Ni0.1O3

0.10 Glycine La0.86(1)Nd0.04(1)Sr0.11(1)Cr0.90(2)Ni0.10(1)
Urea La0.87(1)Nd0.05(1)Sr0.10(1)Cr0.90(2)Ni0.11(1)
Sucrose La0.85(1)Nd0.05(1)Sr0.11(1)Cr0.90(2)Ni0.11(1)

0.15 Glycine La0.76(1)Nd0.04(1)Sr0.11(1)Ca0.07(1)Cr0.90(1)Ni0.10(1)
Urea La0.78(1)Nd0.05(1)Sr0.10(1)Ca0.05(1)Cr0.90(1)Ni0.10(1)
Sucrose La0.81(1)Nd0.06(1)Sr0.10(1)Ca0.06(1)Cr0.90(1)Ni0.10(1)

0.20 Glycine La0.82(1)Sr0.10(1)Ca0.09(1)Cr0.90(2)Ni0.10(1)
Urea La0.80(1)Sr0.10(1)Ca0.11(1)Cr0.90(2)Ni0.10(1)
Sucrose La0.81(1)Sr0.11(1)Ca0.10(1)Cr0.90(2)Ni0.11(1)

0.25 Glycine La0.74(1)Sr0.08(2)Ca0.16(1)Cr0.90(2)Ni0.11(1)
Urea La0.75(1)Sr0.09(2)Ca0.15(1)Cr0.90(2)Ni0.10(1)
Sucrose La0.75(1)Sr0.11(1)Ca0.13(1)Cr0.89(2)Ni0.10(1)
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plate (at 350 °C). The obtained powders were calcined at 800 °C for 2 h
to remove the carbon residues and, after that, these samples were
pressed at 45 MPa to form 13 mm diameter pellets by a manual hy-
draulic press. Pellets were calcined in air for 10 h at temperatures up to
1200 °C until pure samples were obtained. This was achieved after two
or three repetitions, the samples being ground and pelletised again for
each calcination step.

2.2. Characterization techniques

The structural analysis was performed using laboratory X-ray dif-
fraction (XRD). XRD data were collected from 15 to 90° in 2θ with an
integration time of 500 s/0.026° step using a Philips X'Pert-PRO X-ray
diffractometer using copper Kα radiation without Ni-filter and a PIXcel
solid state detector (active length in 2θ 3.347°). A fixed divergence and
antiscattering slit giving a constant volume of sample illumination were
used. The crystal structure was refined by the Rietveld method using
the GSAS software package [25] and EXPGUI interface [26].

All metal contents were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) on a Horiba Yobin Yvon Activa
spectrophotometer. For this purpose, samples were dissolved using a
mixture of HNO3 and HCl for two days to obtain a clear and measurable
solution.

Prior to bulk conductivity and dilatometry measurements pellets of
the as-synthesised powders were sintered at 1350 °C for 10 h and,
subsequently, cut into rectangular bars. The bulk density of each
sample was estimated by measuring the mass and the dimensions of the
bars using a digital micrometer (Mitutoyo, Japan). DC conductivity
measurements were performed under pure H2 by the four-point DC
method from 800 to 400 °C using a VSP potentiostat controlled by PC
using Lab Windows/CVI field point system. Electrical contacts were
made using Pt wires and Pt paste placed over whole end faces ensuring
a homogeneous current flow. Prior to the start of the measurements,
each oxide was kept at 800 °C for 12 h under flowing H2 at a rate of
120 ml/min (oxygen partial pressure nearly 10–21 atm). Conductivity
data were corrected considering the experimental density values (all
around 85% of the theoretical (X-ray) density).

Thermal expansion coefficients were measured from room tem-
perature to 950 °C under air with a heating rate of 5 °C min−1 using a
Unitherm Model 1161 dilatometer. Morphologies of the as-synthesised
powder samples and the sintered pellets were observed using a scan-
ning electron microscope (JEOL JSM-7000F). Secondary electron
images were taken at 20 kV and 1.1.10−11 A.

3. Results and discussion

3.1. Structural study

Room temperature X-ray diffraction patterns of all as-synthesised
oxide perovskites are shown in Fig. 1. The patterns reveal that all the
samples are single-phase and no impurities are detected within the
resolution limits of the used technique.

Results from chemical analyses, presented in Table 2, show a good
agreement between the analysed chemical compositions of the pre-
pared powders and the nominal compositions.

Rietveld fits to the powder X-ray diffraction data were carried out
using the orthorhombic (Pnma) space group, the same observed for the
parent LaCrO3 phase at room temperature [24], considering the nom-
inal composition in the different sites of the crystal structure. Only
three independent thermal parameters were used in the refinements
(one for the A-site cations, another for the B-site ones and a final one for
all the oxygen atoms). Graphs of the Rietveld fits to all the oxides

Fig. 2. Variation of the unit cell parameters and volume with doping for the samples obtained using different fuels. Lines are linear fits in all cases.

Fig. 3. Comparison of the XRD data taken for x = 0.1 phase under different atmosphere
conditions: as –synthesised, after H2-conductivity test and after reoxidation in air.
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prepared are shown in supplementary Figs. S1–S3.
The variation of the unit cell parameters and cell volume with

doping (x) is shown in Fig. 2. As it can be observed, there is a systematic
decrease in volume with increasing divalent dopant content. This be-
havior cannot be associated with changes in the A position because the
variables that influence lattice volume, such as the A-site mean ionic
radius< rA> and the A-site disorder [27], have been kept constant
throughout the series. Therefore, the observed decrease of the lattice
parameters can be only associated with the reduction of the B-site
(chromium and nickel) mean ionic radii (< rB>) as a consequence of

their oxidation with the increase of the doping level x (the ionic radii in
octahedral coordination of Cr and Ni decrease from r(Cr3+) = 0.615 Å
and r(Ni2+) = 0.69 Å to r(Cr4+) = 0.55 Å, and r(Ni3+) = 0.56 Å, re-
spectively) [22].

The structural parameters, atomic distances and R factors obtained
by Rietveld refinement to the X-ray data of all the compounds obtained
using the different combustible substances are displayed in Tables
S1–S3 of the supplementary information. According to our data, there
are not many structural variations along the series with doping apart
from the compression of the unit cell, as expected.

Fig. 4. SEM micrographs of Ln1−xMxCr0.9Ni0.1O3 perovskites calcined between 1100 and 1200 °C.

Fig. 5. SEM micrographs taken on the surface of the pellets sintered at 1350 °C in air for 10 h.
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The crystal structure of the oxides was also studied after the con-
ductivity measurements that were carried out under hydrogen atmo-
sphere in order to establish the stability of the samples. It is interesting
to note that the room temperature XRD data showed that none of the
samples degraded and all were single phase after the treatment but with
a different crystal structure: data were fitted to a R-3c distorted per-
ovskite. This indicates that the oxides retain the high temperature phase
of the parent LaCrO3 which experiments a Pnma → R-3c phase transi-
tion above 250 °C [24]. This higher symmetry structure is probably a
result of the rearrangement of the atoms that resulted from the oxygen
loss at temperatures between 400–800 °C. Nevertheless, the initial
crystal structure is fully recovered after the oxides are heated again in
air at 800 °C. Fig. 3 shows the x = 0.1 oxide prepared using sucrose as a
representative example. No impurities are observed after this cycle
which further supports that these oxides are thermally stable as ex-
pected for anode perovskites.

3.2. Morphological study

Representative SEM micrographs of the powder samples obtained
by the combustion method using glycine, urea and sucrose after final
calcination (as-synthesised powders) are shown in Fig. 4.

These powders are composed of agglomerates formed by very small
size particles. The average size of the grains calculated by direct SEM
observation ranges from 200 to 250 nm observed for the x = 0.10 oxide
prepared using glycine to 550–600 nm observed for the x = 0.25 phase
prepared using sucrose. It is interesting to note that the average particle
size slightly increases with x irrespective of the synthesis method, being
the x = 0.25 oxides the ones that show the biggest grain sizes.

Usually, smaller crystallite sizes are formed when the combustion
temperature is not very high and, specially, when a large volume of
gases is evolved because this further enhances the dissipation of heat
and limits the inter-particle contact, preventing grain growth. The
comparison of combustible substances in the literature [15,28,29],
however, are not definitive regarding to which one results in smaller
particles mainly because each author uses different combustible to
oxidizer ratios, which has a strong influence on the combustion tem-
perature [30], so those results are not easily comparable. In the present
case, our results indicate that glycine and urea combustion yield smaller
particles than sucrose probably because non-nitrogen containing com-
bustibles are not as efficient dissipating the combustion temperature

than the nitrogen ones.
On the other hand, the increase of grain size with x can be related to

the calcium content in the phases. Several studies have shown that the
addition of calcium to LaCrO3 allows the formation of a transient liquid
phase due to the formation of CaCrO4, specially above 1150 °C, re-
sulting in sintered microstructures with bigger particle sizes and denser
ceramics [31,32].

After sintering at 1350 °C in air for 10 h the trends in particle sizes
are maintained, as observed in the SEM images shown in Fig. 5: the
higher the x (calcium content) the biggest the particle sizes. As ex-
pected, this also resulted in denser materials with x: from the lowest to
the highest doping, the relative densities increased from 60% to 88%,
from 76% to 95% and from 70% to 92% of the theoretical XRD-values
for the perovskites synthesised using glycine, urea and sucrose, re-
spectively.

Fig. 5 also shows that, after sintering, all oxides present bigger

Fig. 6. Doping and fuel dependence of the average particle sizes calculated from SEM
images.

Fig. 7. Conductivity dependence upon temperature as a function of x measured in H2 for
the oxides prepared using (a) glycine, (b) urea and (c) sucrose as combustible agents.
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particle sizes compared to the as-synthesised powders, which is an ex-
pected result, but the increase is dependent on the synthesis method,
being the samples prepared by the urea combustion process the ones
that show the biggest increase (near tenfold for the x = 0.25 oxide).
Fig. 6 summarises the observed tendencies. This difference in the sin-
tering behavior is probably a result of the different agglomeration that
results from the combustion. According to the literature [33], this
seems to indicate that the as-synthesised urea powders presented softer
agglomerates which could be broken during cold-pressing to enhance
number of contact points. A more detailed study of the sintering be-
havior (using different firing temperatures, for example) would be ne-
cessary, however, to know if this behavior is maintained in all cases, but
this is beyond the scope of this work.

3.3. Electrical conductivity study

The total electrical conductivity, σ, measured under H2 atmosphere
of all the sintered Ln1−xMxCr0.9Ni0.1O3 perovskites as function of
doping level x from 400 to 800 °C is shown in Fig. 7. A summary of the
data at 800 °C for all the studied compounds appears in Fig. 8.

It can be clearly seen that the conductivity is strongly dependent on
both the preparation route and the doping level. In all cases the oxides
prepared by the urea combustion route show higher conductivity values
than the glycine and sucrose oxides. It is interesting to note that the
maximum conductivity values of the glycine and urea samples with x =
0.1 and 0.15 are above the minimum of 1 S cm−1 expected for an oxide
anode [34] and higher than many of the previously reported values of
similar Ln1−xA′xCr1−yMyO3−d compounds at low oxygen partial pres-
sures [35–39]. The sucrose samples, however, show conductivity values
that are roughly an order of magnitude smaller and below those ex-
pected for anode applications.

The most important feature of the electrical behavior of these
samples is, however, the conductivity dependence on the doping value
x. As observed, it follows the opposite trend that would be expected for
these oxides: the conductivity decreases as the doping increases and this
occurs irrespective of the synthesis process followed. This is interesting
because, under air, this type of oxides show a p-type conductivity
mainly based on the hoping process between Cr4+ and Cr3+ (together
with some Ni2+ – Ni3+ exchange, in this case). The conducting me-
chanism when x increases is well known: as the alkaline-earth ions are
introduced in the A-site to substitute the rare earth ions the con-
centration of electronic holes (mainly Cr4+, but also some Ni3+ in the
present case) increases to compensate for the smaller oxidation state of
the new ions and, as a consequence, the same occurs to the p-type
conductivity [40]. Under low oxygen partial pressures the formation of
oxygen vacancies overrides this compensation mechanism and causes a
strong reduction on the amount of holes (two Cr4+ ions reduce to Cr3+

in order to compensate for every O2- ion that leaves the lattice) and this
is why, in this type of oxides, conductivity under reducing conditions is
always smaller than under oxidizing conditions [35–37,39–44].

Fig. 8. Doping dependence of the conductivity at 800 °C measured under reducing con-
ditions. Lines are guides for the eyes.

Fig. 9. Oxygen partial pressure dependence of the electrical
conductivity in several doped oxides. Data taken from the litera-
ture cited. Lines are guides for the eyes. Fits are to be found in the
original literature.
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Nevertheless, if the conductivity of these oxides remained as p-type the
same trend (increase of electrical conductivity) should be observed with
increasing x (or y) as it has been reported in many of the previous
studies of A1−xA′xCr1−yMyO3 chromites [36,37,41,43,45]. However,
we observe exactly the opposite behavior in all our cases irrespective of
the synthesis process which indicates that this behavior is an intrinsic
characteristic of the present oxides.

A thorough search of similar chromites in the literature has revealed
that this behavior could also be intrinsic to other doped chromites if
sufficiently low oxygen pressures are used [35,40–42]. Although, to our
surprise, this negative correlation between doping and conductivity has
not been noted by previous authors, data taken from their works and
shown together in Fig. 9 indicate that this inversion would occur in all
cases at low oxygen partial pressures. As it is observed, this behavior
also occurs in doped manganites such as La1−xSrxMnO3 [46] and si-
milar effects are encountered in La1−xSrxCoO3 cobaltites (not included
in Fig. 9) [47]. All previous works coincide in two observations when

these oxides are studied at low pO2: the amount of oxygen vacancies
increases more rapidly as x increases and the electric conductivity de-
creases in the same way [35,47,48]. The increase of oxygen vacancies is
also correlated with a higher lattice expansion as pO2 reduces [49].

Nevertheless, we have not found in the literature an explanation of
why the formation of vacancies increases much faster on heavily doped
oxide perovskites although this is important for the final electrical be-
havior. We have to rule out lattice effects coming from A-site mean
ionic radii or the A-site disorder because this occurs either with them
fixed (present case) and when they are left to change for every x-value
(all other examples). The synthesis method seems not to be an option
either because all show the same behavior (present case and in the
literature). There is a correlation with the reduction of the lattice vo-
lume but it is difficult to find cause-effect relationship in this case
considering that the lattice expansion, bigger for higher x, seems to
override this effect at low pO2 as indicated before [49]. What is
common in all cases, including the present, is the reduction of the mean
electronegativity of the A-site cations, which is systematically reduced
as calcium or strontium ions substitute the more electronegative rare
earths [50]. The lowering of the average electronegativity of the A-site
with x might facilitate the creation of oxygen vacancies and, as a result,
the reduction of conductivity is bigger in the most heavily doped
oxides. At sufficiently low oxygen partial pressure this greater reduction
for samples with higher x leads to an inversion of the tendency with
doping: conductivity reduces with doping instead of increasing.

We consider that this is an interesting and important finding be-
cause most studies are focused, including this one, on finding the
highest conductivity of a group of oxide perovskites by increasing the
doping but if the conductivity is not tested at sufficiently low oxygen
partial pressures (present case is ~10‒21 atm), the observed results
might not be representative of the final behavior under SOFC operation
conditions as this study shows.

3.4. Thermal expansion study

Thermal expansion measurements on rectangular bars carried out in
air atmosphere upon heating from 200 to 950 °C are shown in Fig. 10a-
c. The average linear thermal expansion coefficient obtained from this
figure for each sample is shown in Fig. 11.

It can be seen that, although the thermal expansion coefficients
(TEC) of all phases are all very similar and also agree with those of
similar chromite perovskites [51], there is a small increase in TECs with
increasing the doping level x in the three families of perovskites pre-
pared.

This increase may be attributed to the formation of oxygen va-
cancies and the concomitant reduction of Cr4+ and Ni3+ ions with
increasing x as both processes will result in lattice expansion. It is

Fig. 10. Thermal expansion behavior of the Ln1−xMxCr0.9Ni0.1O3 perovskites obtained
using (a) glycine, (b) urea and (c) sucrose as fuels.

Fig. 11. Doping dependence of the thermal expansion coefficients for all samples.
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interesting to note that the TEC values obtained for the samples with
low amount of dopant are very close to those of YSZ electrolyte
(TEC(8YSZ;300–1000 °C) = 10.0–10.8 × 10−6 K−1) [52], and those are
also the phases with higher conductivity, which is quite important if
these oxides were to be used as anodes. The higher expansion of the
most heavily doped phases agrees with all the literature data: either
under air or under low pO2 atmosphere it is always observed that lattice
expansion increases with temperature due to the increase of oxygen
vacancies and, as indicated previously, given that the amount of va-
cancies formed increases with x, the same is expected to occur with the
thermal expansion coefficients.

4. Conclusions

A series of perovskites with the general formula
Ln1−xMxCr0.9Ni0.1O3 (Ln = La and/or Nd; M = Sr and/or Ca; x ≤
0.25) has been prepared by the combustion method using glycine, urea
and sucrose as combustible substances. The effect of doping x has been
isolated from other lattice effects by fixing< rA> to 1.22 Å and σ2(rA)
to 0.0001 Å2. At room temperature, all compounds show orthorhombic
symmetry (S.G: Pnma) and the unit cell compresses as x increases. There
is also a systematic increase in grain growth with doping, which is
consistent with the introduction of increasing amounts of alkaline-earth
cation, specially Ca, which is believe to form low temperature melting
intermediate species that promote sintering.

The electrical conductivity measured in H2 shows important de-
pendences with x and with the synthetic method. Irrespective of x,
conductivity is always higher in the following order: urea, glycine and
sucrose. An interesting observation is that, upon doping, the electronic
conductivity measured under hydrogen atmosphere decreases contrary
to common expectations for a p-type doping of the oxide perovskites.
This effect has not been reported before although there were some
evidences that this could occur under reducing conditions at sufficiently
low oxygen partial pressures. Moreover, this behavior is consistent with
all literature works that report the increase of oxygen vacancy forma-
tion with x, which could be attributed to the lower charge density of the
doping cations. As a consequence, only samples with lower doping
values have conductivity values that are reasonable for a SOFC anode.
Thermal expansion coefficients are also closer to that of the most
common SOFC electrolyte (YSZ) for samples with lower x, which in-
dicates that less doped phases are the only ones that reasonably meet
the basic needs as anodes.
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