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properties
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Abstract
Highly porous materials in the Sr0.96Y0.04Ti1-xCrxO3 system (where x = 0, 2, 4, 8 mol.%) were obtained by wet synthesis method.
The structural and electrical properties of these materials were determined together with the ability to participate in oxidation/
reduction reactions, since yttrium is responsible for high electrical conductivity in reducing atmosphere and chromium is a factor
affecting the catalytic properties. For the material with the highest assumed amount of chromium, the small content of an
additional phase (Cr2O3) was observed. SrTiO3 lattice parameters together with the results of temperature-programmed reduction
(TPR) and temperature-programmed oxidation (TPOx) tests and Seebeck coefficient measurements allowed to determine the
oxidation states of chromium in the received materials. It was shown that introduction of Y into strontium sublattice stabilises the
strontium titanate structure and affects the oxidation state of chromium incorporated into the titanium sublattice. The defect
structure in Sr0.96Y0.04Ti1-xCrxO3 system is a complex problem, since yttrium is a donor type dopant and chromium due to the
possible +3 and +6 oxidation states can be considered both acceptor and donor type one. Thus, a change in the conduction
mechanism with the chromium content was observed in both oxidising and reducing atmosphere.
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Introduction

Perovskite systems are considered an alternative group of ma-
terials for nickel cermet (Ni/YSZ), in the context of an appli-
cation in the electrochemical devices. Due to the high chem-
ical stability [1, 2] and the possibility of reaching, after appro-
priate doping, high electron conductivity, one of the most
promising is the system based on the strontium titanate.
SrTiO3 is a dielectric, but one of the advantages of ABO3

perovskite structure is the possibility of relatively easy intro-
duction of acceptor or donor dopants. Their incorporation into
strontium (A position) and/or titanium (B position) sublattice
leads to the modification of an electronic structure and
consequently—the electrical properties of materials [3–5].
The donor doping, both in strontium (with lanthanum or yttri-
um) and titanium (with niobium or manganese) sublattice,

results in an increase of the conductivity of materials working
in a hydrogen atmosphere [6–13]. Yttrium and lanthanum are
the most common donor dopants for the strontium sublattice,
while niobium is often used for the titanium one. Moreover, it
should be noted that SrTiO3 doped with yttrium, in compari-
son with the materials doped with the other mentioned ele-
ments, shows high chemical stability in the presence of water
vapour and carbon dioxide [1].

One of the most perspective and the most expected appli-
cation of SrTiO3-based materials is their adoption as an anode
material in SOFC (solid oxide fuel cell) technology. However,
the anode material should exhibit not only a high electrical
conductivity but also a high catalytic activity in the fuel (hy-
drogen or hydrocarbon) oxidation reaction, which is not ob-
served in the materials based on SrTiO3. Our recent research
indicates that promising, catalytic properties can be expected
for SrTiO3 doped with chromium [14]. Introduction of chro-
mium, which can take various oxidation states depending on
the atmosphere, suggests that Cr-doped SrTiO3 system will
exhibit catalytic activity in redox reactions and thus may be
a potential catalyst for reforming reactions. On the other hand,
concerning the electrical properties of the Cr-SrTiO3 system,
chromium is a donor dopant in air atmosphere, while in
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reducing one it can be treated as an acceptor one [14–16].
Moreover, the results of the temperature-programmed reduc-
tion and oxidation (TPR/TPOx) confirmed that chromium in-
corporated in the titanium sublattice in SrTiO3 structure
changes the oxidation state with the atmosphere, without cre-
ating the additional phases [14]. The literature concerning an
incorporation of Cr into SrTiO3 structure is usually focused on
the photocatalytic properties of this system [17–19], while the
electrical and catalytic properties are not discussed. Together
with the effects of the previous study stating the high electrical
conductivity of Y-doped SrTiO3 in reducing atmosphere [4, 9,
10], it became an impulse to the synthesis of the double-
doped, simultaneously with yttrium and chromium, SrTiO3

where chromium is a factor which can determine the catalytic
activity of the entire system. The characterisation of these
materials was undertaken to evaluate their potential value as
anode materials for SOFC cells, since the simultaneous dop-
ing of SrTiO3 structure with Y and Cr was not previously
discussed in the literature.

The performance of the anodic reaction is affected by the
porosity and the grain size of the material; thus, the proper
selection of the synthesis method is one of the crucial factors.
The wet synthesis method applied in this work allows to re-
ceive the nanocrystalline materials with high specific surface
area, which affects both the grain size and the active surface of
the final electrode in oxidation reaction as well as fast recov-
ery of the system to equilibrium in high temperature condi-
tions [20]. Also, this type of the microstructure is able to
provide the appropriate three-phase boundary (TPB) which
is one of the main factors determining the rate of the electrode
reaction processes on the anode [3, 21].

Experimental

Material preparation

Wet synthesis method was applied to obtain a series of yttrium
and chromium–doped strontium titanate materials with high
porosity. At first, Ti(O-iPr)4—titanium(IV) isopropoxide—
was mixed with citric acid (1:2 molar ratio) in anhydrous
ethanol; afterward, the appropriate amount of water solutions
of strontium nitrate (1.05 mol/dm3), yttrium nitrate (0.80 mol/
dm3) and chromium nitrate (0.95 mol/dm3) was added. The
received solutions were dried onmagnetic stirrer to form a gel.
The resultant mixtures were heated at 200 °C (for densifica-
tion) and calcined at 900 °C (3 h, 1 deg min−1 heating rate).
The received powders were formed into pellets (under pres-
sure 5 × 105 Pa) and sintered at 1200 °C (3 h, 5 deg min−1

heating rate). As a result, a series of samples with the general
formula Sr0.96Y0.04Ti1-xCrxO3 where x = 0, 2, 4, 8 mol.% was
obtained. Individual samples in the further part of the manu-
scr ipt were assigned the fol lowing labels: STO,

STO_4Y_2Cr, STO_4Y_4Cr and STO_4Y_8Cr for SrTiO3,
Sr0.96Y0.04Ti0.98Cr0.02O3, Sr0.96Y0.04Ti0.96Cr0.04O3 and
Sr0.96Y0.04Ti0.92Cr0.08O3, respectively.

Methods and apparatus

X-ray diffraction measurements performed on Philips X’Pert
Pro diffractometer with monochromatized Cu-Kα radiation
were used to determinate the phase composition of synthe-
sised materials and unit cell parameters. Scanning electron
microscopy (SEM) (Nova NanoSEM 200 FEI, Oxford
Instruments) coupled with X-ray energy dispersive spectros-
copy (EDAX company apparatus) was carried out for micro-
structure observation and chemical composition analysis.

To evaluate the ability of the materials to participate in
redox reactions, temperature-programmed reduction (TPR)
and temperature-programmed oxidation (TPOx) measure-
ments were performed by ChemiSorb 2750 apparatus (pro-
duced by Micromeritics). The oxidation and reduction pro-
cesses were carried out in the flow of 5% O2/Ar in 5% H2/
Ar mixtures, respectively. The samples with the mass around
0.350 g were placed in quartz reactor and heated with the rate
of 10 deg min−1 up to 900 °C.

Electrochemical impedance spectroscopy (EIS) (Solartron
FRA 1260 with dielectric interface 1294) was used for deter-
mination of the electrical properties. The sintered pellets in the
form of discs—10 mm in diameter and 2 mm of thickness—
were used for this measurements. The platinum paste
(Heraeus Pt LP 11-4493 paste) was applied on both sides of
the pellets and next fired at 800 °C for 20 min to form the
porous electrodes. EIS measurements were performed in the
range of temperature 400–700 °C in oxidising (synthetic air)
and reducing (10% H2 in Ar) atmospheres. Before each mea-
surement, the samples were stabilised at given temperature for
30 min. The Seebeck coefficient measurements (Fine
Instruments apparatus supported on Keysight Technology
multimeter) were performed to determine the type of the ma-
jority charge carriers in the synthesised materials under air as a
function of temperature (300–700 °C).

Results and discussion

Wet synthesis method allowed obtaining materials with high
porosity. Figure 1 shows the microstructure of powder after
calcination and cross-section of sintered pellet for one of the
compositions—STO_4Y_2Cr. It can be noticed that the
sintered materials consist of aggregates with 100–200-nm size
and exhibit high porosity. The total porosities for pellets
sintered at 1200 °C were about 50 ± 2 vol.%, without any
trends connected with the amount of dopants. These values
were estimated on the basis of samples’ mass and geometry.
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The analysis of the XRD measurements results (Fig. 2)
showed the presence of cubic SrTiO3 phase (Pm-3m space
group, ICSD 98-006-5089) for the undoped material and the
materials doped with 4 mol.% of yttrium and 2 and 4mol.% of
chromium. However due to the presence of a small peak at 2θ
around 52° (for STO_4Y_2Cr sample), the existence of small
amount of Y2Ti2O7 phase can be suspected; still no other
peaks characteristic for this phase can be seen. For the material
with the highest content of chromium admixture (8 mol.%),
the additional phase—chromium(III) oxide (rhombohedral
Cr2O3, R-3c space group, ICSD 01-070-3766)—appeared in
the amount of 1.2 wt.%.

In Table 1 the strontium titanate lattice parameters, deter-
mined by Rietveld refinement method, for synthesised
undoped SrTiO3 and SrTiO3 doped with Y and Cr were
collected.

Generally, the a parameter decreases with an increase of
chromium amount introduced into the SrTiO3 structure. This
effect should be discussed concerning the values of ionic radii
of incorporated dopants—yttrium and chromium. In SrTiO3

structure, strontium and titanium occur in 12-fold and 6-fold
coordination, respectively. Thus, the ionic radius of Sr2+ is

1.58 Å and the ionic radius of Ti4+ is 0.745 Å [22]. As was
previously reported, doping of SrTiO3 with yttrium results in
its incorporation into the strontium sublattice and the reduc-
tion of the strontium titanate lattice parameter, as yttrium ionic
radius is around 1.3 Å (for CN = 12). It is also known that
chromium incorporated into titanium sublattice takes both +3
and +6 oxidation state [14]. Considering the ionic radii of Cr3+

(0.755 Å), Cr6+ (0.580 Å) and Ti4+ (0.745 Å), it can be con-
cluded that doping with chromium(VI) results in a decrease of
the lattice parameter, while doping with chromium(III) leads
to an increase of the lattice parameter. As the incorporation of
yttrium into the strontium sublattice has a significant influence
on the decrease of the SrTiO3 lattice parameter, thus to ob-
serve the chromium effect on the a value, the reference mate-
rial—SrTiO3 doped with 4 mol.% of yttrium (STO_4Y)—was
also synthesised and investigated. As was expected, a reduc-
tion of the lattice parameter after the introduction of yttrium
into the tausonite structure is clearly seen (Table 1).
Furthermore, an introduction of chromium also affects the
value of the lattice parameter—for material with smallest
amount of chromium (STO_4Y_2Cr), the slight increase of
a value is observed in comparison with STO_4Y sample,
where only yttrium doping was applied. This result suggests
the incorporation of chromium at +3 oxidation state not just
only at +6, as one might expect, considering that the synthesis
of the material was carried out under oxidative conditions.
However, the presence of Cr6+ in the structure cannot be ex-
cluded; even more it could be suspected since the increase of
the lattice parameter is not significant. It stays in agreement
with previously reported results of XPS measurements which
confirmed that in tausonite structure chromium takes +3 and
+6 oxidation state [14]. Further increase of the chromium
amount (STO_4Y_4Cr, STO_4Y_8Cr) leads to a gradual de-
crease of the lattice parameter. Thus, the incorporation of
chromium, probably on both possible oxidation states, can
be observed. The changes in the Cr3+/Cr6+ ratio with an in-
crease of the chromium amount can be postulated, especially
that the change in the samples’ colour was observed. The
colour of STO_4Y_2Cr and STO_4Y_4Cr samples were
green-light beige and green-beige, respectively. It suggests
the dominant presence of Cr3+ in the structures. The last

Fig. 2 Diffraction patterns of undoped and doped SrTiO3 samples
sintered at 1200 °C

Fig. 1 SEMmicrophotographs of
calcinated powder and pellets
fracture of sintered material
together with EDS analysis
results
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sample STO_4Y_8Cr was burgundy-beige, what clearly sug-
gests the large amount of Cr6+. As was reported, based on the
XRD measurement results, STO_4Y_8Cr sample was two-
phase materials with 1.2 wt.% of Cr2O3; thus, the amount of
chromium incorporated into the Y-doped SrTiO3 is smaller
than the assumed 8 mol.%. Based on the amount of Cr2O3

determined by the Rietveld refinement method and stoichio-
metric calculations, the number of chromium moles, which
were incorporated in the perovskite structure, was estimated.
It was concluded that SrTiO3 structure doped with 4 mol.% of
yttrium can accept 5 mol.% of chromium, less than assumed 8
mol.% but more than in the case of the remaining samples—
STO_4Y_2Cr and STO_4Y_4Cr. Also, the change in the
samples colour suggests that, with the increase of the content
of incorporated chromium, the amount of Cr6+ in the perov-
skite structure increases.

The oxidation-reduction properties of Y and Cr–doped
SrTiO3 and the possibility of reduction of chromium incorpo-
rated into the perovskite structure were analysed by the series
of TPR and TPOx measurements with the procedure present-
ed in Fig. 3.

Analysis of the reduction capabilities of doped SrTiO3 sys-
tems was performed based on the second reduction cycle data
(II TPR). It was considered that the first reduction cycle (I
TPR) may not be reliable due to the different residence time
of the materials after the synthesis and to eliminate the effect
of some additional factors the profiles of the second reduction
cycle (II TPR) were analysed. Thus, the first reduction and
subsequent oxidation (I TPOx) were used to normalize the
conditions for all materials.

Figure 4 presents the TPR profiles for all double (Y and
Cr)–doped SrTiO3 materials; also, the data for single-doped
SrTiO3 with 4 mol.% of yttrium (STO_4Y) and with 4 mol.%
of chromium (STO_4Cr) were added as the reference samples.
In the case of Y-doped SrTiO3, only one small, broad peak in
the temperature range 500–760 °C is seen, indicating the small
ability to reduction of the material. Considering the fact that
yttrium does not change the oxidation state, the only reduction
process that can occur in this system is the reduction of titani-
um (Ti4+ → Ti3+) with simultaneous removal of oxygen from

the perovskite structure. For Cr-doped SrTiO3, there are two
reduction effects—the first (narrow with high intensity) starts
already around 300 °C and the second (slight, broad) appears
in the temperature range above 500 °C. Thus, the earlier cor-
responds to the reduction of chromium, while the latter de-
scribes the reduction of titanium.

TPR reduction profiles of single-phase chromium and
yttrium–doped SrTiO3 (STO_4Y_2Cr and STO_4Y_4Cr)
show two effects: the first one starts at 380 °C and the second
starts at about 500 °C. Considering the reduction processes in
SrTiO3 doped only with chromium or yttrium, it can be stated
that in double-doped materials, the first effect corresponds to
the reduction of chromium (VI) to a lower oxidation state,
while the second effect illustrates the titanium reduction.
The relatively small intensity of the first peaks clearly indi-
cates the small amount of Cr6+ in both samples. Also, since the
peak area is proportional to the Cr6+ content, the comparable
amount of chromium on +6 oxidation state in STO_4Y_2Cr
and STO_4Y_4Cr samples can be implied. The comparison of
TPR profiles for STO_4Cr and STO_4Y_4Cr indicates that
introduction of yttrium dopant into strontium sublattice affects
the incorporation of chromium into the titanium sublattice,
since the smaller amount of chromium takes +6 oxidation state
in the material doped with Y3+. Consequently, the Cr3+/Cr6+

ratio is significantly different for STO_4Cr and STO_4Y_4Cr
sample. Thus, it can be postulated that introduction of donor
dopant into the strontium sublattice forces the incorporation of
chromium as an acceptor dopant (on the +3 oxidation state) to
compensate the electronic defects generated by yttrium incor-
poration. The two-phase Y and Cr–doped SrTiO3 sample
(STO_4Y_8Cr) shows a completely different behaviour dur-
ing the reduction process—one high intensity reduction peak
starting at about 400 °C is clearly observed, while from 500
°C only slight increase in the background can be detected. It
implies that the higher amount of Cr6+ is incorporated into the
SrTiO3 structure in comparison with other Y and Cr–doped
materials. Thus, it can be postulated that after removing some
amount of chromium as Cr2O3 from the structure, the +6 ox-
idation state for chromium is more privileged. The results of
TPR measurements stay in agreement with the discussion

Table 1 SrTiO3 lattice parameter for synthesised materials

Sample STO STO_4Y STO_4Y_2Cr STO_4Y_4Cr STO_4Y_8Cr

Lattice parameter
a [Å]

3.9064 ± 0.0003 3.9021 ± 0.0002 3.9027 ± 0.0013 3.9018 ± 0.0001 3.9006 ± 0.0002

Fig. 3 The scheme of
temperature-programed
reduction/oxidation tests
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based on the samples colour, as samples with small amount of
Cr6+ (STO_4Y_2Cr, STO_4Y_4Cr) were green-beige and
sample with high content of chromium on +6 oxidation state
(STO_4Y_8Cr) was burgundy-beige. It should also be noted
that TPR studies allow explaining the origin of the colour of
STO_4Y_8Cr material which could not be done on the basis
of XRD research results. The presence of Cr2O3 in the
STO_4Y_8Cr sample should lead to the green colour of the
material. In fact, this colour was burgundy due to the signifi-
cant content of Cr6+, which was confirmed by the TPR mea-
surements. It should be noted that for all double (Y and Cr)–
doped SrTiO3 materials, the effect related to chromium reduc-
tion is shifted toward higher temperatures compared with this
effect for STO_4Cr material, which proves the stabilising ef-
fect of yttrium incorporated to the strontium titanate structure.

The Seebeck coefficient measurements carried out in air
atmosphere were performed to define the type of majority
charge carriers and to discuss the effect of chromium oxidation
state on thematerials’ defect structure. The Seebeck coefficients
as a function of temperature for Yand Cr double-doped SrTiO3,
together with the data for undoped SrTiO3 and SrTiO3 doped
with yttrium/chromium as the references are presented in Fig. 5.
In undoped SrTiO3, hole carriers naturally occur [5, 23]; thus,
the positive value of the Seebeck coefficient can be observed.
Introduction of yttrium into SrTiO3 structure in strontium posi-
tion results in the change of the Seebeck coefficient sign (Fig.
5); since Y3+ is considered the donor type dopant, its incorpo-
ration is connected with generation of electrons.

Effect of chromium doping on the Seebeck coefficient sign
is more complex, while chromium incorporated into the tita-
nium position can take both +3 and +6 oxidation state, thus
can be treated simultaneously as the acceptor and the donor
type dopant and the observed Seebeck coefficient sign is the
result of defect balance in the structure. For STO_4Y_4Cr
sample, the sign of Seebeck coefficient is positive; thus, the
holes are the major charge carriers. Concerning that doping

with both Y3+ and Cr6+ leads to generation of electrons, thus,
the content of the Cr3+ in the doped SrTiO3 structure must be
relatively high, especially that electron-hole recombination is
also highly probable. It stays in agreement with the TPR mea-
surement results indicating that yttrium doping in the stron-
tium position results with the change of Cr3+/Cr6+ ratio due to
the increase of Cr3+ content. According to the TPR measure-
ment results for two-phase STO_4Y_8Cr sample, the signifi-
cant increase of the Cr6+ content in the doped SrTiO3 structure
was observed which should lead to generation of electrons.
However, the sign of the Seebeck coefficient is still positive
(Fig. 5). Thus, the effect of the presence of an additional
phase—Cr2O3—should be considered. According to the liter-
ature, chromium(III) oxide is a p-type conductor at tempera-
tures below 1000 °C [24]. However, this is not the main rea-
son of the change in the Seebeck coefficient sign, since the
formation of other defects due to leaving chromium from the
perovskite structure should also be considered. Thus, the sign
of the Seebeck coefficient in the case of STO_4Y_8Cr sample
is an effect of both the electrical properties of Cr2O3 and
SrTiO3 defect structure. This problem will be discussed in
more detail in the section on the conductivity of the materials.

The electrical properties of Cr and Y–doped SrTiO3 were
characterised for oxidising (synthetic air) and reducing (10%
H2/Ar) atmospheres in the temperature range 400–700 °C by
means of electrochemical impedance spectroscopy. The rep-
resentative EIS spectra for measurement performed at 300 °C
in air as a function of materials’ composition and the results
for STO_4Y_8Cr sample in reducing atmosphere as a func-
tion of temperature are presented in Fig. 6a and b, respectively.
The Nyquist plots for all samples in both atmospheres reveal
one semicircle; thus, the ionic type of conductivity can be
expected in the synthesised materials. The total conductivities
were calculated based on the resistance obtained from the
Bode plots and the samples’ geometry. The dependence of
total conductivity on temperature in Arrhenius coordinates

Fig. 5 Seebeck coefficient of undoped and doped SrTiO3 samples
measured in synthetic air

Fig. 4 II TPR profiles for Y and Cr–doped SrTiO3 series
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for air and 10% H2 in Ar is presented in Fig. 7a and b, respec-
tively. Based on the presented results, the activation energies
of total conductivity were calculated and collected at Table 2
for both oxidising and reducing atmospheres.

It should be underlined that the defect structure in Y and
Cr–doped SrTiO3 is a complex issue, since yttrium is a donor

dopant, while chromium, due to the different possible oxida-
tion states (+3 and +6), can be treated as an acceptor and donor
type dopant, respectively. Additionally, as was previously re-
ported, chromium takes both oxidation states while it is intro-
duced into SrTiO3 structure and the Cr

3+/Cr6+ ratio varies with
the dopant amount [14]. Incorporation of yttrium and chromi-
um into strontium titanate structure can be written as follows:

Y2O3 ���→SrTiO3 2Y•
Sr þ 2e

0 þ 3Ox
o ð1Þ

Cr2O3 ���→SrTiO3 2Cr
0
Ti þ 2h• þ 3Ox

o ð2Þ
CrO3 ���→SrTiO3 Cr••Ti þ 2e

0 þ 3Ox
o ð3Þ

However, recombination of electron-hole (Eq. 4) pairs is
also highly possible.

h• þ e
0 ¼ nil ð4Þ

Concerning the ionic type of conductivity observed in yt-
trium and chromium–doped SrTiO3 materials and the high
hole defect concentration as an effect of acceptor doping, the
following process of oxygen vacancy formation should also
be considered:

Ox
O þ 2h•→

1

2
O2 gð Þ þ V••

O ð5Þ

In the Y-doped SrTiO3 materials, the oxide-ion conductiv-
ity is dominant at air atmosphere, since the electrons intro-
duced into the structure as the result of donor doping create
the small polarons located at two titanium ions close to the
yttrium dopant [25]. Generally, chromium addition leads to an
increase of the conductivity in comparison with materials
doped only with yttrium (Fig. 7a). However, this dependency
for single-phase Y and Cr–doped materials (STO_4Y_2Cr,
STO_4Y_4Cr) is in accordance only for temperature below
600 °C. For higher temperatures, the differences between the
conductivity of single-doped and double-doped SrTiO3 are
less significant. Also, for single-phase materials, the decrease
of activation energy of conductivity is observed with an in-
crease of the incorporated chromium amount (Table 2). It must

Fig. 6 The representative EIS spectra for SrTiO3-based materials. The
measurements were performed in synthetic air (a) and 10% H2 in Ar (b)

Fig. 7 Temperature dependence
of the total conductivity of
samples measured in synthetic air
(a) and 10% H2 in Ar (b)

J Solid State Electrochem (2019) 23:2989–29972994



be mentioned that an activation energy of hole conductivity in
the perovskite structure materials is about 0.2–0.4 eV [26],
while the activation energy for oxygen conductivity is close
to 0.9–1.2 eV [27, 28]. Thus, the change in the conduction
mechanism can be postulated. As was previously discussed in
the double-doped SrTiO3, yttrium forces the incorporation of
chromium on +3 oxidation state; thus, an increase in the hole
concentration can be expected. It should be followed by an
increase of the hole conductivity and change the conduction
mechanism to mixed type (ionic and hole) conductivity. Thus,
the decrease of the activation energy of total conductivity can
be observed for Yand Cr–doped SrTiO3 materials in compar-
ison with Y-doped one (Table 2). According to the TPR pro-
files, the amount of Cr6+ is comparable in STO_4Y_2Cr and
STO_4Y_4Cr samples. It should result in an increase of Cr3+

content and hole concentration in STO_4Y_4Cr in compari-
son with STO_4Y_2Cr. It stays in agreement with the con-
ductivity measurement results, as the total conductivity of
STO_4Y_4Cr sample is higher. Also, the activation energy
of conductivity of STO_4Y_4Cr samples decreases, due to
the higher share of the hole conductivity (Table 2). For two-
phase STO_4Y_8Cr, the significant increase of conductivity
is observed. The influence of an additional Cr2O3 phase on the
value of conductivity should be considered, since
chromium(III) oxide is a p-type conductor [21]. Thus, an in-
crease of the total conductivity could be expected. However,
due to the relatively small Cr2O3 content (1.2 wt.%), the per-
colation threshold has probably not been exceeded. Thus, an-
other explanation of the conductivity increases should be con-
sidered. According to the TPR studies, in STO_4Y_8Cr sam-
ple, the relatively high content of Cr6+ was observed. It leads
to a high electron concentration (Eq. 3) and an increase of the
conductivity as well as a decrease of its activation energy due
to an increase of the electron conductivity contribution to the
total conductivity. However, it must also bementioned that the
Seebeck coefficient sign for this materials is positive what
suggests hole conductivity of the system. Considering this
effect, it should be taken into account that the formation of
Cr2O3 is followed by the change of the SrTiO3 defect struc-
ture, most probably the creation of titanium vacancies and
holes that arise in connection with the necessity to lattice
charge compensation for the negative charge of titanium va-
cancies. However, the other effects cannot be excluded—the
creation of oxide ion vacancies and substitution of strontium

into titanium position [29, 30]. Thus, resultant effect affects
the sign of Seebeck coefficient and leads to an increase of
conductivity of the system compared with the samples with
a lower content of chromium.

In order to determine the electrical properties of the tested
systems in the potential working conditions of anode in SOFC
technology, conductivity tests in 10% H2 in Ar mixture were
carried out (Fig. 7b). Generally, an introduction of acceptor
dopant into the SrTiO3-based systems results in a decrease of
the conductivity in the reducing atmosphere, due to the com-
pensation of electron-hole pairs. The holes created as the result
of acceptor doping can recombined with electron generated by
two effects—the reducing nature of hydrogen atmosphere and
the release of oxygen from the perovskite structure. The sec-
ond effect leads to an increase of the share of ionic conductiv-
ity. However, introduction of donor dopant (yttrium) is also
one of the main sources of electrons. Thus, the relatively high
conductivity of STO_4Y (Fig. 7b) in the reducing atmosphere
is a result of high electron and oxygen vacancy content.
Additionally, the mixed ionic-electron type of conductivity
can be postulated. It also stays in agreements with the value
of activation energy (Table 2). Introduction of chromium on
+3 oxidation state results in an increase of the hole content and
due to their recombination with electrons the decrease of the
charge carriers leading to the decrease of the total conductivity
(Fig. 7b). The activation energies of conductivity for single-
phase materials (STO_4Y, STO_4Y_2Cr, STO_4Y_4Cr) do
not show the significant differences; thus, the mechanism of
conductivity is rather not affected by the chromium doping. It
must also be mentioned that reduction of chromium incorpo-
rated into the structure on +6 oxidation state to Cr3+ in hydro-
gen containing atmosphere is also highly probable. For the
material with the highest chromium content (STO_4Y_8Cr),
the influence of the presence of a second phase is observed in
a value of conductivity and its activation energy. As was pre-
viously mentioned due to the relative low Cr2O3 contents, the
percolation threshold is not exceeded; thus, the additional
phase can have a blocking effect on the conductivity at reduc-
ing atmosphere and the increase of the activation energy of
conductivity is observed (Table 2). Moreover, the second ef-
fect should also be considered—according to the literature
hydrogen can dissolve in the Cr2O3 structure leading to the
change of the defect balance and decrease of the material
conductivity [25].

Table 2 Activation energy of
total conductivity for doped-
SrTiO3 materials

Atmosphere Activation energy (eV)

STO_4Y STO_4Y_2Cr STO_4Y_4Cr STO_4Y_8Cr

Air 1.47 ± 0.04 0.94 ± 0.04 0.56 ± 0.01 0.34 ± 0.01

10% H2 in Ar 0.64 ± 0.01 0.69 ± 0.01 0.73 ± 0.02 1.05 ± 0.02
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Conclusions

Highly porous materials in Sr0.96Y0.04Ti1-xCrxO3 system were
synthesised and next tested for structural and electrical prop-
erties and ability to participate in oxidation/reduction reac-
tions. The results of the study confirmed that chromium incor-
porated into Y-doped SrTiO3 takes different oxidation states;
thus, chromium should be considered simultaneously a donor
or acceptor dopant. The mixed electronic-ionic conductivity
was observed in SrTiO3 materials double-doped with yttrium
and chromium in both—air and in H2/Ar atmosphere.
Moreover, these studies have shown that the introduction of
small amounts of chromium (STO_4Y_2Cr or STO_4Y_4Cr)
into strontium titanate structure does not improve the redox
capability of this system; also the deterioration of the conduc-
tivity due to the compensation of various types of defects is
significant. These observations lead to the conclusion that
only the use of composite material in the function of the anode
in SOFC technology will ensure both, the high conductivity
and the high catalytic activity of this material. As indicated by
the results discussed in this work, it is rather not possible in the
case of single-phase material since the improvement of elec-
trical parameters leads to worsening of other properties.
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