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Abstract

Two wet-synthesis methods: citrate-combustion and modified (with PVA addition) Pechini synthesis were used to obtain
Co-doped strontium titanate with assumed chemical compositions of SrTi;_,Co,O; (where x=0.02; 0.06; 0.10). All sam-
ples were calcined at 900 °C and sintered at 1200 °C, with PVA series being also calcined at 700 and 800 °C, since TG
measurements indicated for this method materials lower minimal calcination temperature than for the citrate-combustion
series materials. In general, the modified Pechini approach lowers calcination temperature of materials (up to 200 °C) and
produces more structurally homogeneous materials than in the case of the citrate-combustion methods. However, the HT
XRD measurements reveal the presence of extra cobalt oxide phases in pva_STO_xCo materials that were not visible using
conventional XRD measurements. The presence of cobalt oxide has been confirmed for both series of materials based on TPR
tests. Moreover, these measurements indicate the incorporation of some amount of cobalt into the perovskite structure. The
fact of substituting titanium with cobalt in SrTiOj; structure seems to be confirmed by the results of XAS studies. Addition-
ally, XAS results allowed us to state that Co?*/Co>* ratio fell as cobalt loading increased in the materials. The examination
of SrTiOj; lattice parameter changes for sintered samples is consistent with the findings of the XAS tests and indicates that
cobalt adopts +2 oxidation state in the case of the material with the lowest Co content, and the share of Co’* increases with
the growth of the Co amount introduced into the system.

Keywords Co-doped SrTiO; - Wet synthesis methods - Co oxidation states - Cobalt oxides - Reduction - Perovskite -
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Introduction

Mixed-cation oxide ceramic materials play an important
role in the fabrication of a wide range of devices, including
transistors or capacitors for electronic applications, lead-
zirconia ceramics for piezoelectric applications, and high-
temperature superconductors. Besides bulk uses, highly
porous mixed oxides are also employed as electrodes in solid
oxide fuel or electrolysis cells, catalytic and photocatalytic
applications, and lithium ion battery technologies. SrTiOj; is
a perovskite material with a cubic structure that, like other
perovskites, can be easily doped in both the Sr and Ti loca-
tions, altering its properties significantly [1]. Doping the
S1TiO; structure at the Ti position with aliovalent elements
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can enhance the formation of oxygen vacancies in such a
material, transforming it into a mixed ion—electron conduc-
tor. The use of a catalytically active admixture ingredient
may also increase the overall catalytic activity of a mate-
rial. Cobalt-doped SrTiOj; is an example of the perovskite
mixed oxide material that has already been studied for use in
catalysis [2, 3]. The literature data covers the investigation
of the magnetic properties [4-9], electrical conductivity [10,
11], photocatalytic properties [12], the measurements of the
oxygen storage capability [13], and also catalytic reactions
towards CO oxidation and NO reduction with CO [14]. Also,
computational methods were employed by Carlotto et al.
to investigate the catalytic properties of Co-doped SrTiO;
[15, 16]. In the field of heterogenous catalysis, a high spe-
cific surface area is one of the most crucial requirements
for the materials. In the case of metal oxide materials, two
approaches to producing homogeneous mixed oxide mate-
rials with high porosity can be distinguished. The repre-
sentative of the first group is a solid-phase reaction method.
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Despite its simplicity, possible contamination, e.g., milling,
may disqualify the method in the case of producing materi-
als with a precise chemical composition. High calcination
temperatures can also lead to uncontrollable grain growth.
Another group of methods—wet chemical synthesis meth-
ods—has the advantage of greater control over the men-
tioned grain size and shape. These methods often employ
the chemical properties of a single atom or molecule to self-
organise or self-assemble into desired conformations, which
influence the final material homogeneity and/or microstruc-
ture [17, 18]. However, most of the publications describing
SrTiO3-based materials obtained by these methods usually
state that, apart from the perovskite phase, other phases are
present in the materials, such as R—P (Ruddlesden—Popper)
phases, SrCO;, or cobalt oxides. In this paper, we focused
on two sol-gel synthesis methods: citrate combustion and
the Pechini method, which are often employed to synthe-
sise a wide range of mixed-oxide materials. The sol-gel
process allows for the formation of oxide nanomaterials by
hydrolysis of metal alkoxides that form a sol and then gel
through condensation of the hydrolysis products (condensa-
tion) to form an oxide network, and the sol is transformed
into a gel and dried gel after solvent evaporation. Dried gel
is transformed into an oxide during calcination, removing
all organic residue. In the case of the sol-gel methods, the
production of the oxide nanopowders has to be preceded by
an adjustment of the synthesis conditions, especially when
producing mixed-cation oxides. In the classic sol-gel syn-
thesis, the alkoxides are used as a source of metal (or non-
metal) cations. There are also a few methods involving the
combustion of various organic molecules used as “fuel”. For
instance, one synthesis involves heating the metal nitrates
with urea and can proceed explosively. In the previously
mentioned citrate-combustion method, citric acid is used as
a complexing agent and as a “fuel”. In this case, the metal
nitrates are mixed with citric acid in an aqueous environ-
ment, and the resulting mixture is stirred until a clear solu-
tion containing metal-citrate complexes is obtained. Further
heat treatment leads to the evaporation of solvents, the ther-
mal decomposition of the citrates, the oxidation of organic
residues, and finally the formation of mixed oxide. The com-
bustion of the organic residue takes place not only by the
reaction with oxygen from the atmosphere but also by the
reaction with nitrates present in the mixture. Metal alkoxides
can also be used as substrates in the synthesis, resulting in
the combination of the sol-gel process and the combustion
of the organic matrix. This method is also known as the
citrate sol-gel method. Although such a procedure is often
used for the synthesis of mixed oxides [19, 20], it has some
limitations [2]. When multi-cation oxides are synthesized,
the hydrolysis and condensation reaction kinetic differences
for each cation can lead to the precipitation of, e.g., metal
hydroxides as separate phases. Combined with the possible
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precipitation of the metal citrates, it leads to a decrease in
the homogeneity of the mixture and the presence of multiple
oxide phases rather than a single mixed oxide in the final
material. The Pechini process is frequently used as an exam-
ple of a procedure that allows for the synthesis of homogene-
ous and single-phase mixed oxides containing multiple metal
cations [21-23]. The Pechini synthesis starts with the mix-
ing of metal salts with the a-hydroxycarboxylic acid (such
as citric acid) to form a clear solution with metal-citrate
complexes. In the next step, the polyhydroxy alcohol (e.g.,
ethylene glycol) is added, and the mixture is stirred with
heating. At this point, all the metals should be well mixed on
a molecular level. The heating induces the polyesterification
reaction to occur between the polyhydroxy alcohol and the
metal-citrate complexes. Chelation and subsequent polym-
erization of the metal chelates immobilise the metal cati-
ons in a cross-linked resin [24]. The immobilisation of the
metal cation is even increased due to the evaporation of the
solvents. A similar effect occurs in another synthesis tech-
nique—organic steric entrapment synthesis. In this method,
most frequently, water-soluble polymers are mixed with the
nitrate solutions, the mixture is heated to remove water, and
the metal ions become entrapped in the polymer resin. Steric
entrapment of the metal cations keeps them from taking part
in the hydrolysis reaction. This is one of the possible reasons
why the oxides can separate in citrate-combustion synthesis,
which is not the case in the Pechini process [25-28], where if
all preceding steps are done correctly, the water is removed
during heating and after the stable polymer network of metal
chelates is formed, preventing the metal cations from under-
going hydrolysis reactions. Calcination of the dried resin in
the temperature range of 500-900 °C leads to oxidation of
the organics and results in the formation of the final mixed-
cation oxide material. The organic (polyhydroxy alcohol and
citric acid) content in a synthesis can vary, which also has
an influence on the required calcination temperature—the
samples prepared with low organic content should have a
lower calcination temperature, which is important in the case
of catalyst material production.

In both methods, there is the possibility of tuning the
ions/citric acid ratio or changing the pH of the solution [29].
Also, additives such as surfactants can be added [30, 31].
Moreover, in the Pechini method, the polyhydroxy alcohol
can be substituted by a polymer with OH groups, such as
poly(vinyl alcohol), as we did in the presented work.

The goal of our work was to compare the properties of
the materials synthesized via two different methods: the cit-
rate-combustion (or citrate sol-gel) method and the modified
Pechini method. In both series of materials, samples with
nominal cobalt contents of 2, 6, and 10 mol. % (in rela-
tion to Ti) were obtained. The modification of the Pechini
method was done by replacing the polyhydroxy alcohol with
a water-soluble polymer—poly(vinyl alcohol) (PVA). We
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studied the structure of the obtained powders (XRD, high
temperature XRD, and XAS measurements for confirma-
tion of titanium and cobalt oxidation states), observed the
microstructure under the SEM microscope, and investigated
the redox (TPR/TPOx) properties of both series of materials.

Methods

The phase composition of calcined and sintered materi-
als was determined on the basis of diffractograms, which
were obtained using the X-ray diffractometer Panalyti-
cal X’Pert Pro MD equipped with CuKa radiation source
(A=1.5406 A) in the range of 20 angle from 10° to 90°.
Registered diffractograms were analysed in HighScore
Plus software to identify crystal phases and determine their
amounts by Rietveld refinement. The average crystallite size
was calculated from the full width at half maximum of XRD
reflections by using the Scherrer formula.

Moreover, XRD measurements as a function of tempera-
ture (HT_XRD) were also performed for pva_STO_6Co
and pva_STO_10Co samples. This type of measurement
was conducted using a PANalytical Empyrean diffractom-
eter in Bragg—Brentano geometry in the air atmosphere.
The samples selected for these measurements were pre-
pared in the following way: the precursor powders dried at
200 °C overnight were pre-heated at 500 °C for 1 h in the
air atmosphere to remove nitrates and some of the organic
residue from the samples. After cooling, the powders were
crushed in an agate mortar and shaped into cylindrical pel-
lets. In such a form, the samples were tested as described
below. The X-ray beam was produced with a copper lamp,
and the radiation wavelengths were: CuKal =1.5406 A
and CuKo2 = 1.54443 A. The radiation was filtered using
a nickel filter. The measurements were made in the angu-
lar range 26 from 10° to 90° and in the temperature range
300-1100 °C with a scan every 100 °C. The heating rate was
set to 5 °C min~! and before each scan, the temperature of
the sample was stabilised for 30 min. The additional scans
were taken before starting the heating and after completing
the entire series of measurements at high temperatures (after
cooling the sample to RT for c.a. 3 h).

X-ray absorption spectroscopy (XAS) measurements
were carried out on the PIRX beamline in the Solaris infra-
structure with the use of the SDD fluorescent Amptek detec-
tor (total (TFY) and partial (PFY) fluorescence modes). The
measurements were performed for pva_STO_xCo powder
materials for the determination of Co and Ti oxidation
states. Excluding the CoO reference, all spectra were reg-
istered using the SDD detector in fluorescence mode. The
CoO reference spectra were registered in the total electric
yield mode (TEY) by measuring the cobalt(Il) oxide sample
already available in the SOLARIS facility in the experiment

line. All spectra were acquired at room temperature. The
powder samples were pressed into a carbon sheet (compat-
ible with ultra-high vacuum) and mounted to typical tita-
nium flag-style Omicron holders to provide conductivity and
hence protection from X-ray-induced charge.

The calcination temperature of materials was deter-
mined on the basis of thermogravimetry measurements
(TG method) using the NETZSCH STA 449 F3 apparatus.
The measurements were performed with a heating rate of
10 °C min~! in the flow of air.

SEM microphotographs were obtained using scanning
electron microscopy provided by Nova NanoSEM 200 FEI.

Temperature-programmed reduction and oxidation (TPR
and TPOx) measurements were carried out using the Chem-
iSorb 2750 apparatus by Micromeritics. The following gas
mixtures were used (in vol%): TPR—5% H,/Ar, TPOx—5%
O,/Ar at a flow rate of 40 mL min~!. For each experiment, a
similar mass of the sample was used (approximately 0.2 g).
Each sample was tested in the temperature range from RT
to 900 °C in the following way: the first cycle of the reduc-
tion (I TPR), the first cycle of the oxidation (I TPOx) and
the second cycle of the reduction (Il TPR), with cooling in
a helium atmosphere between the cycles.

Synthesis

The materials with the general formula StTi; ,Co,O; (where
x=0.02; 0.06; 0.10) were prepared using two wet chemical
methods: the citrate-combustion method (labelled as cit_
STO_2Co, etc.) and the modified Pechini method (labelled
as pva_STO_2Co, etc.). All materials were prepared using
analytical grade reagents. Both syntheses started with the
dissolution of half the amount of citric acid in methanol
(Avantor) with constant stirring and heating at 50 °C. The
molar ratio of citric acid (monohydrate; Avantor) to the
sum of moles of Sr, Ti, and Co was set at 3:2. After 10 min
of stirring and heating, titanium (IV) isopropoxide (Arcos
Organics) was added to the solution, resulting in the forma-
tion of a white precipitate, followed by the addition of the
remaining half amount of citric acid. The volumetric ratio of
methanol used in syntheses to the titanium (IV) isopropoxide
was adjusted at 5:1. After dissolving the precipitate, a clear
straw-coloured solution was obtained, to which appropriate
volumes of Sr(NO;), (Arcos Organics) and Co(NO;), (Avan-
tor) aqueous solutions (with a concentration of about 1.5
and 1.0 mol dm™3, respectively) were added. In the case of
citrate-combustion synthesis, the resulting clear solution was
heated at 120 °C for 3 h and then at 200 °C overnight. The
second method—the modified Pechini method—is similar
to the point where the strontium and cobalt nitrate solutions
are added to the mixture. The modification of the classical
Pechini approach consisted of replacing the polyhydroxy
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Fig. 1 TG curves of Co-doped SrTiO; dried precursor

alcohol with a polymer containing OH groups—poly(vinyl
alcohol)—PVA (Avantor). After a couple of minutes of
stirring, the heating was turned off to cool the mixture to
room temperature. After cooling, the previously prepared 8%
aqueous solution of PVA was introduced to the mixture and
stirred for 15 min. After that time, the heating was turned
on again and set at 120 °C for 3 h to induce the formation
of resin. Analogous to the citrate-combustion method, the
samples were dried at 200 °C overnight. Before proper cal-
cination, the dried materials were crushed and ground in an
agate mortar. All samples were calcined at 700, 800, and
900 °C for 3 h in the air atmosphere, reaching the calcination

temperature with a heating rate of 1 °C min~!.

Results and discussion

One of the basic assumptions related to the use of two wet
synthesis methods was to obtain single-phase materials
using the lowest possible temperatures. Thus, to determine
the proper calcination temperature of the two series of mate-
rials, the thermal analysis method (TG) was used. In our
manuscript, we assume that the calcination temperature
is the temperature after which the mass loss of the sam-
ple is negligible (< 1%). Figure 1 shows the TG curves of
STO_6Co materials after overnight drying at 200 °C (in the
case of citrate-combustion synthesis) and after overnight
drying at 200 °C and initial heating at 400 °C for 1 h (in
the case of modified Pechini synthesis). Because citric acid
decomposes at around 200 °C [32] and PVA decomposes at
330 °C (the major effect) [33], such thermal treatment was
used to remove some of the organic residues: citric acid and
PVA before proper TG measurement. The main mass loss
in materials after PVA method synthesis occurs at around
600 °C and is associated with the oxidation of the majority
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of the organic part of the sample. Above that temperature,
only a slight mass loss can be observed, which may be
associated with the decomposition of the traces of SrCOs;,
decomposition of Co;0, (mostly around 900 °C), or the for-
mation of oxygen vacancies and thus the release of oxygen
from the perovskite crystal lattice. It is possible that all of
these processes take place, however, these processes are
not significant considering that in the temperature range of
700-900 °C mass changes are of the order of 1 mass%. Sev-
eral stages of mass loss can be distinguished in the case of
citrate synthesis. Water evaporation and the decomposition
or combustion of perovskite precursors are among the pro-
cesses that occur at temperatures below 600 °C in this type
of perovskite material synthesis [31]. The final mass loss
corresponding to the decomposition of SrCOj; [34] occurs
around 900 °C. The presence of strontium carbonate phase
was observed only in cit_STO_xCo materials, and the results
of diffraction measurements presented in the further part of
the manuscript confirm this fact. Given these results, we
assumed that the minimal calcination temperature is 700 °C
for materials synthesized using the modified Pechini method
and 900 °C for materials obtained from the citrate method.
Due to such large differences in calcination temperatures
determined on the basis of TG curves (200 °C), the materi-
als obtained by the Pechini method were also calcined at an
intermediate temperature (800 °C) and at the same tempera-
ture as for the citrate combustion series (900 °C).

To confirm the correctness of the selection of the calci-
nation temperature and to examine the phase composition
of the obtained materials, X-ray diffraction (XRD) tests of
materials after calcination were carried out. The phase com-
position of the synthesized materials differs depending on
the synthesis route (Fig. 2). In all samples produced via the
modified Pechini method, only the tausonite crystal phase
is present (SrTiO;, ICCD no. 98-002-3076), while materials
obtained from citrate-combustion synthesis are multiphase,
and, in addition to SrTiOj;, the Ruddlesden-Popper phases
(Sr,TiO,4, ICCD no. 98-015-7402 and Sr,Ti;0,,, ICDD no.
98-003-4630), rutile (TiO,, ICCD no. 98-006-2679) and
strontianite (SrCO;, ICCD no. 98-020-2793) were identified.
XRD analysis does not confirm any of the possible cobalt
oxides (CoO, CoO,,,, Co;0,, Co,05 or Co0,) as separate
phases for any of the series of materials. The phase composi-
tion of the materials from both synthesis methods is shown
in Table 1 (samples from citrate synthesis) and in Table 2
(samples from synthesis with PVA). Additionally, the mean
crystallite size of tausonite phases based on the half-width
of the diffraction peaks was calculated for both series and
placed in these tables.

The results shown in Fig. 2a confirmed that a minimum
calcination temperature of 700 °C was sufficient to obtain
single-phase materials from the modified Pechini synthe-
sis, as only diffraction patterns for tausonite are visible. The
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Fig.2 X-ray diffraction patterns of Co-doped strontium titanates obtained from a the modified Pechini method and b citrate combustion method

Table 1 The phase composition

. Sample/crystal phase  Tau- Tausonite mean Rutile/mas. %  Strontian-  Sr,TiO,+ Sr,Ti;0,
of the samples from.cnratc?— sonite/ crystallite size/nm ite/mas. % (R-P)/mas. %
combustion synthesis calcined mas. %
at 900 °C and the mean
crystallite size of tausonite cit_STO_2Co 61.1 176+ 12 12.9 8.1 18.0
phase 900 °C

cit_STO_6Co 61.3 169+ 14 11.3 5.9 21.6
900 °C
cit_STO_10Co 62.0 183+ 15 9.6 6.0 22.4
900 °C

Table 2 The mean crystallite size of the tausonite phase for samples
obtained from the synthesis with PVA and calcined at different tem-
peratures

Mean crystallite size of tausonite phase/nm

Sample/calcination 700 °C 800 °C 900 °C
temperature

pva_STO_2Co 34+8 44+8 122+10
pva_STO_6Co 28+5 37+8 9+12
pva_STO_10Co 36+9 46+ 10 113+10

samples calcined at 800 °C and 900 °C had the same phase
composition. It is worth noting that the XRD method used
for phase identification has a limited sensitivity—crystalline
phases below 1% may not be detected in the diffraction pat-
terns. Thus, other phases (aside from SrTiO;) may be present
in a material in very small quantities, particularly if they are
partially or entirely amorphous.

In the case of samples derived from the citrate method
(Fig. 2b), one of the crystalline phases present is strontium
carbonate, the presence of which may result from one of two
sources: the first one is that SrCO; is formed as a secondary
reaction product (SrO+ CO,— SrCO;) and the second one

is that SrCO; was formed in the first step of synthesis and
has not completely decomposed at 900 °C. In addition, the
presence of multiple crystalline phases may result from the
separation of ions during powder synthesis. In the citrate
method, citric acid acts as a complexing agent for ions pre-
sent in the solution (a mixture of precursors). However, it
is possible that the complexation is incomplete, and some
of the ions in the solution may precipitate as hydroxides or
salts, reducing the degree of homogeneity of such a system.
The presence of strontium carbonate may be due to the fact
that a certain amount of strontium is not present in the com-
plex compounds formed with citric acid, resulting in stron-
tium oxide segregation. Consequently, during calcination,
SrO binds with CO, to form the phase SrCO;, which has a
high temperature of thermal decomposition. Other crystal
phases, such as rutile and Ruddlesden—Popper phases, are
then formed as the ratio of strontium to the other ions is
disrupted by the formation of strontium carbonate.
Furthermore, the sizes of the tausonite phase crystallites
(calculated using diffraction data) were compared for both
series of materials (Tables 1 and 2). One can observe that
there is no correlation between the amount of cobalt and the
average crystallite size of the tausonite phase for materials
derived from both, the modified Pechini and citrate methods.
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Fig.3 SEM images of a cit_STO_6Co and b pva_STO_6Co materi-
als after calcination at 900 °C

Moreover, in the case of the PVA method, an increase in
the mean crystallite size of the SrTiO; phase with increas-
ing calcination temperature is observed. In particular, when
comparing the materials after calcination at 900 °C, it can
be noticed that the samples from the citrate method consist
of crystallites much larger than those of the PVA series. The
microstructure of powder samples (Fig. 3) shows that both
series' materials are made up of grain agglomerates. The
mean grain sizes for both material series (900 °C), those pro-
duced by the citrate method and those produced by the PVA
method, are 176+ 14 nm and 111 + 11 nm, respectively.
The XRD and SEM analyses show that the materials with
the pva_STO_xCo series have much greater homogeneity,
both in terms of phase composition and microstructure, than
the materials with the cit_STO_xCo series. However, the
results of temperature-programmed reduction of materials
(performed for both series) presented in the further part of
the manuscript did not confirm this homogeneity (in terms of
phase) of materials in the case of the pva_STO_xCo series.
Therefore, it was decided to conduct a more detailed study
on the possibility of creating various phases during thermal
treatment of pva_STO_xCo series materials. Thus, diffrac-
tometric measurements as a function of temperature (HT
XRD) were performed and analysed for pva_STO_6Co and
pva_STO_10Co samples during heating in an air atmos-
phere at the temperature range 25-1100 °C (Fig. 4). The
tests for the pva_STO_2Co material were not performed due
to the small amount of cobalt introduced into the system,
resulting in high uncertainty in determining the presence
and, even more so, the amount of Co-related phases. The
materials used in HT XRD analysis were only preheated
to 500 °C (they were not calcined at higher temperatures),
as mentioned in Experimental, so that the sequence of pro-
cesses and phases formed during further thermal treatment
could be observed. The preliminary thermal treatment was,
however, necessary due to the large amounts of organic
and nitrate precursors contained in the material, which was
heated only in an oven at 200 °C. The initial composition
of the tested samples (Table 3) reveals that the materials
(previously heated to 500 °C) contain tausonite as the main
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phase, a large amount of carbon, and, in the case of one of
the pva_STO_6Co samples, TiO,. The presence of carbon
in samples indicates that the organic residue was not com-
pletely burned, whereas the presence of TiO, indicates that
500 °C was too low temperature for a complete reaction or
that the material's residence time at this temperature was
too short. Due to the difficulties in the Rietveld analysis for
the sample pva_STO_6Co heated at 300 °C, we decided
to show only the results of the HT XRD experiment room
temperature (RT) measurement and measurements from
temperatures equal to or higher than 400 °C. The presence
of crystalline TiO, proves that at least part of the titanium
introduced into the system first changes into the oxide form,
and only higher temperatures or longer reaction times due
to ion diffusion lead to the incorporation of all titanium into
the perovskite structure. Moreover, the diffraction patterns
for these samples have a very high background, especially in
the low-angle range, indicating the presence of amorphous
phases. It can, therefore, be assumed that both strontium
and cobalt may be partially present in the materials in the
form of amorphous oxides. The analysis of diffractograms
for materials heated in the HT XRD apparatus up to 400 °C
does not indicate qualitative changes, but there are quanti-
tative changes (the amount of carbon is slightly reduced)
in the system. Tausonite is the only phase present in the
pva_STO_6Co material at 500 °C. This demonstrates that
when the temperature is raised to this level again, TiO, com-
pletely reacts with amorphous SrO to form the SrTiO; sys-
tem. Thus, in both the citric acid method and the modified
Pechini method, the formation of TiO, and its subsequent
reaction with SrO may be an intermediate step in the forma-
tion of tausonite. Surprisingly, the R-P phases (enriched with
strontium compared to the tausonite phase) are not formed in
the PVA method, whereas they are present in the cit_STO_
xCo materials. As a result, it appears that the presence of
poly(vinyl alcohol) causes the release of strontium oxide in
amorphous form, whereas when it is absent, strontium is
bound as Sr,TiO, or possibly other R-P phases that we have
previously observed [2]. Carbon residues are still present
at 500 °C in the pva_STO_10Co material, in addition to
SrTiO;. At 600 °C, traces of cobalt(II) oxide become visible
for the pva_STO_10Co sample, and at 700 °C, the Co;0,
phase appears. The cobalt oxide phases in the pva_STO_6Co
sample are not visible until temperatures reach 900 °C.
However, until 900 °C, a similar phase composition is
observed in the case of the pva_STO_6Co material. The
literature data [35, 36] present both, the considerations and
the phase diagram of the Co—O system, which states that
the presence of CoO and Co;0, at a given temperature is
a function of O, pressure. At a partial pressure of oxygen
of 0.2 atm, thermogravimetric measurements show that
cobalt(ILIII) oxide decomposes into cobalt(Il) oxide at a
temperature of about 900 °C according to the equation
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further, the amount of Co;0, decreases and the share of
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Table 3 The results of Rietveld analysis for HT_XRD measurements

of pva_STO_xCo serie

Temperature/°C Phase composition/mas.%
pva_STO_6Co pva_STO_10Co
RT SrTiO, 55.6 SrTiO, 72.6
C 34.4 C 27.4
TiO, 10.0
400 SrTiO; 62,2 SrTiO; 91.8
C 337 C 8.2
TiO, 4.1
500 SrTiO; 100 SrTiO, 93.6
C 6.4
600 SrTiO; 100 SrTiO; 98.8
CoO 0.2
700 SrTiO4 100 SrTiO, 98.0
Co;0, 2.0
800 SrTiO; 100 SrTiO4 98.3
CoO 0.3
Co;0, 1.4
900 SrTiO4 98.2 SrTiO, 99.0
CoO 0.1 CoO 0.3
Co30, 1.7 Co30, 0.7
1000 SrTiO, 97.6 SrTiO, 99.1
CoO 0.9 CoO 0.5
Co30, 1.5 Co;0, 0.4
1100 SrTiO; 98.5 SrTiO, 99.8
CoO 0.9 CoO 0.2
Co;0, 0.6

20/°

CoO increases in the tested systems. As mentioned earlier,
with regard to the results of thermogravimetric measure-
ments, the effect caused by the release of oxygen when
Co50, breaks down is demonstrated by a slow decrease
in mass on the TG curve for the pva_STO_6Co sample
(see Fig. 1). It should be added that the differences in the
phase composition analysis verified by HT HRD measure-
ments and the composition given for materials calcined
at 900 °C are the result of diametrical differences in the
thermal treatment of materials subjected to both measure-
ments. The calcined materials were kept at 900 °C for 3 h
to allow the solid phase reaction processes to complete.
Importantly, the HT XRD test indicated that, in this case
(compared to the citrate method of synthesis), the forma-
tion of TiO, is an intermediate step, but no R-P phase is
formed.

To confirm the presence of cobalt in various oxidation
states (whether in the form of oxides or incorporated into the
perovskite structure), X-ray absorption spectroscopy stud-
ies were carried out. Figures 5 and 6 show the normalized
L;, edges of XANES spectra registered for titanium and
cobalt, respectively, in the materials obtained by synthe-
sis with PVA and calcined at 700 °C (solid lines). Dashed
lines represent the spectra registered for the reference oxide
materials (CoO, Co;0,, and rutile TiO,). The spectra were
normalized to the same height in the edge absorption energy
(E(). The pre-edge line was determined from the extrapo-
lation of the measurement points from the energy range
8-18 eV before the E ,=778.2 eV for cobalt scans, and
the energy range 6-20 eV before the E ;=457.8 eV for tita-
nium scans. The post-edge lines were determined from the
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Fig.5 Normalized Ti L;, XANES spectra for pva_STO_xCo sam-
ples calcined at 700 °C and the normalized spectrum of reference
TiO, oxide (dashed line)

measurement points above the L, edge. For cobalt scans, the
post-edge lines were determined on the basis of the meas-
urement points in the range of 22-70 eV above the E ¢,
and for titanium scans, this range was in the energies of
12-60 eV above the E 1;. The shape of the L edges results
from the local electronic structure of the metal ion and pro-
vides information on, e.g., the valence state or the symmetry
of the ground state. In our experiment, we measured the
X-ray absorptions corresponding to the electron transitions
from the core 2p,, (L, edge) and the 2p;,, (L5 edge) levels
to the 3d levels.

Figure 5 shows the normalized spectra of perovskite sam-
ples and the reference TiO, (rutile) sample. Several features
can be seen in the perovskite and rutile samples, including
the pre-edge peaks labelled A, and A,.

These pre-peaks are typical for 3d° compounds (unoc-
cupied d orbitals) emerging from dipolar forbidden transi-
tions [37, 38]. Another set of L;-edge and L,-edge absorp-
tion peaks is labelled as B (E=458 eV), C (E=460.2 eV),
D (E=463.4 eV) and E (E=465.8 eV) corresponding to
the transitions of 2ps, to Ty, 2ps), to e,, 2p,), to Ty, and
2p,; to e, respectively. The shape of the rutile spectrum is
generally similar to those registered for pva_STO_2, 6 and
10Co samples, indicating the titanium oxidation state as Ti
+4. However, the spectra for the doped strontium titanates
are shifted towards lower energies (about 0.2 eV), which is
more pronounced in the pre-edge and rising edge regions.
Such a shift is generally a sign of a change in the oxidation
state towards a lower oxidation state. The effect is, however,
small, indicating the limited reduction of Ti** to Ti**. It is
worth noting that the reduction of titanium in the doped
perovskite system can occur as a compensation mechanism
of the perovskite lattice when an admixture element with
a lower oxidation state is incorporated into the structure.
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Fig.6 Normalized Co L;, XANES spectra for pva_STO_xCo sam-
ples calcined at 700 °C and the normalized spectra of reference CoO
and Co;0, oxides (dashed line). The CoO oxide was measured in the
total electric yield mode and the intensity of the signal was divided
by 2

Neglecting the electron—electron interaction, the intensity
ratios of these peaks should be I(B):I(C):I(D):I(E) =6:4:3:2,
but this is not the case in our work. In our case, the multiplet
features are complicated and are the results of the combina-
tion of different covalent effects and Coulomb interactions
(mentioned above) [37, 39]. In the case of the C absorption
peak, the dropdown in the range 459.8-460.2 eV is most
likely a result of the beam damage during the experiment.
In the case of the cobalt XANES experiment (Fig. 6),
the L;-edge and L,-edge absorption peaks are labelled as
A (E=7774¢V),B(E=7793¢V), C(E=780.5¢eV),D
(E=7822¢eV),E(E=794.9eV), and F (E=796.0 eV), cor-
responding to the transitions of 2p;, t0 T,y 2p5), t0 €4, 2py
to Ty, and 2p , to e,, respectively. Unfortunately, a specific
transition cannot be assigned in this case due to the probable
mixed valence state of the cobalt species (see below). The
gap between the edges results from the spin—orbit splitting
of the 2p core hole in Co [40]. The shape of the spectra
consists of several different features labelled A—F, which are
the result of the Coulomb or exchange interactions between
the 3d electrons, and these features are clearly seen in all
Co-doped SrTiO5 material spectra. The similarity of the Co
L; , XANES spectra shapes of the doped perovskites and the
reference Co;0, oxide indicates that the cobalt possesses a
mixed oxidation (+2 and +3) states when it is introduced
into the SrTiO; crystal lattice. The feature A is present in
the CoO spectrum and in the spectra of doped perovskites,
indicating the presence of Co>* in the perovskite materi-
als. However, this feature is not seen in the spectrum for
Co;0,. The reason is the local symmetry of the cobalt ions:
in pure CoO, Co?" ions adopt the high-spin octahedral (O8]
symmetry [41, 42] and in the case of Co;0,, the Co** ions
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are found in the tetrahedral (T,) coordination, and the Co**
ions adopt the octahedral coordination [43] which allows
us to state that the A feature is characteristic for the pres-
ence of the Co*" ions in the octahedral coordination. The
presence of the A absorption peak in the spectra registered
for the doped perovskites can be a sign of the presence of
additional CoO phase in the materials or can be a result of
the incorporation of the cobalt in the +2 oxidation state in
the Ti positions in strontium titanate (since the titanium in
SrTiO; also adopts the octahedral symmetry in the TiOg4
octahedron). The second possibility is supported by the fact
that excessive cobalt should rather be in the form of the more
stable cobalt(ILII) oxide Co;0, after calcination at 700 °C
in an air atmosphere. Additionally, we did not observe the
CoO phase in the final materials (traces of CoO were only
observed in HT-XRD measurements). Considering the A, B,
and E absorption peaks, we can observe that the intensities
of the signals are increasing in order (2Co, 10Co, and 6Co).
Although we did not measure the reference for the +3 Co
oxidation state, we can assume the signal from Co** should
have a higher impact on the intensities at these points on
the spectrum. The intensities of the features D and F, on
the other hand, increase as the cobalt admixture content
increases (2Co, 6Co, and 10Co). The absorption peaks of
D and F, on the other hand, should be more sensitive to the
Co’* valence state than the Co** Based on the foregoing,
we can conclude that cobalt is introduced into the system in
both +2 and +3 oxidation states, but when small amounts of
cobalt are introduced, the cobalt ions adopt a more +2 oxida-
tion state. When more cobalt is added to SrTiO; (10Co), the
opposite effect is observed, with a higher fraction of cobalt
ions adopting the +3 oxidation state.

The variety of forms in which cobalt occurs in the
tested materials was confirmed by the complex pro-
files of temperature-programmed reduction (TPR). The

temperature-programmed reduction measurements provide
information on the ability of the materials to undergo reduc-
tion reactions. As mentioned earlier, the reduction and oxi-
dation cycles were alternately performed in the following
order: I TPR, I TPOx, and II TPR. The comparison of the I
and II TPR cycles for SrTi; ,Coy oO5 samples derived from
the citrate method and synthesis with the addition of PVA is
shown in Fig. 7 as an example for both series of materials.
Similar changes in I TPR and II TPR profiles were observed
for samples with other compositions.

The shape and the temperature of the peak maxima for
both TPR cycles differ in both series (Pechini and citrate
methods). However, in the case of cit_STO_6Co, the differ-
ences relate primarily to the temperatures of maxima, while
in the case of pva_STO_6Co, they are mainly related to the
shape of the peaks. Such obvious changes in TPR profiles
for the same material testify to the continuous reconstruc-
tion of the system and, at the same time, confirm the obser-
vations presented on the basis of diffractometric measure-
ments, which indicate a very large influence of the method of
annealing the materials on their chemical composition. The
graphs also show the II TPR curve for cobalt(ILIII) oxide
powders (dashed line) obtained by the citric acid method as
Co;0, pattern. The TPR profiles for citrate-method materials
(Fig. 7a) can be divided into two temperature ranges: the first
one—from RT to around 550 °C and the second one—from
around 550 °C to 900 °C. Both of these ranges are composed
of several reduction peaks, regardless of Co share. However,
the shown peaks are asymmetric, which indicates that reduc-
tion reactions are multi-step and complex. Such differences
in the shape and maximum temperatures of the I and II TPR
profiles also mean, that the reduction of the samples is not
reversible, i.e., that the material after the first reduction and
subsequent oxidation does not return to its original form
(before the I TPR cycle). In the first temperature range, two
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or three broad reduction peaks occur (both on the I TPR and
IT TPR profiles), and the reduction begins at a lower tem-
perature compared to the pure Co;0,. It suggests the pres-
ence of some cobalt oxides (not necessarily Co;0,, Co,0; or
CoO because cobalt also forms non-stoichiometric oxides) in
the materials, between the grains, or covering the grains of
tausonite, despite their absence in the XRD method results.
Moreover, the lack of cobalt-originated phases may indi-
rectly indicate the incorporation of cobalt into the structure
of SrTiO;. The breadth of peaks below 500 °C with low
intensity at the same time can be a result of the multistep
and complex mechanism of Co;0, or/and CoO phase reduc-
tion. Moreover, the multiplicity of crystalline phases implies
different sets of interactions between the cobalt oxides and
the supports on which they are located [44]. Thus, these
cobalt oxides can undergo reduction reactions more easily
or harder. Broad reduction peaks occur in both the I and II
TPR cycles in the temperature range above around 450 °C.
Most likely, this effect is associated with the reduction of
cobalt incorporated into SrTiO; and possibly into R-P phase
structures or other cobalt-containing phases. Although we
didn’t observe additional crystal phases with cobalt (CoO,
CoO,,, Co,03, Co;0, or other Co-containing phases) on
diffractograms after calcination, they can be formed dur-
ing heat treatment on the synthesis stage (as indicated by
HT_XRD measurements) and can also be reduced during
the TPR cycle [45, 46]. As can be seen, the main difference
between the first and second TPR cycles (I TPR and II TPR
profiles) in the case of materials from citrate synthesis is
much lower maximum above 700 °C on the II TPR pro-
file than the maximum of the I TPR profile (Fig. 7a). This
effect is most likely related to the thermal decomposition
of SrCO; and CO, release, as carbonate was present in the
materials from the citrate method. The decrease in the area
of this reduction peak for the II TPR proves that the carbon-
ate undergoes thermal decomposition in subsequent cycles.
For samples obtained from synthesis with PVA, I TPR and I
TPR profiles have a similar shape, and the main difference is
the temperature shift towards lower temperatures in the case
of II TPR profiles compared to the I TPR profile (Fig. 7b).
The first reduction peak on the I TPR profile begins at c.a.
200 °C, while in the case of the II TPR profile, the reduc-
tion starts below 100 °C (~70 °C). The same shift towards
lower temperatures was also registered for samples calcined
at 700 °C and 800 °C (not already shown in this manuscript).
The similarity of the shape of pva_STO_Co series TPR
profiles (for I TPR and II TPR) compared to TPR profiles
of cit_STO_xCo series in the high temperature range is a
result of single-phase system composition, since the pres-
ence of only SrTiO5 phase in materials synthesized with
PVA was indicated. The temperature range of the reduction
of the pva_STO_6Co sample (from I TPR) and pure Co;0,
overlap may be explained by the reduction of surface layers
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of cobalt oxides, which were not detected by the diffraction
method but were most likely present in the material, as can
be suspected based on XAS tests.. Furthermore, it is pri-
marily because TPR studies indicate the presence of some
amounts of cobalt oxides (beyond the level of XRD detec-
tion) in pva_STO_Co materials. Additionally, as mentioned
before, we observe that the reduction of the material occurs
at lower temperatures during the II TPR than during the I
TPR. This effect can be a result of the interaction between
cobalt oxides and Co-doped SrTiO; phase. A similar effect
was observed, for example, for nickel-based catalysts depos-
ited on Si0O, or ZrO, supports [47, 48].

In subsequent considerations, only the II TPR cycle
results were used to compare samples from the two synthe-
sis methods and within the series. We assumed that the first
reduction cycle and the subsequent oxidation cycle would
serve as standardisation stages for the measurement.

The II TPR profiles of materials with varying amounts of
Co admixture from the citrate method and the PVA-involv-
ing method were collected and compared (Fig. 8). In both
synthesis routes, we see an increase in the intensity of hydro-
gen consumption as the Co admixture share increases. In the
case of citrate-combustion synthesis samples, the first range
of reduction up to 500 °C can be associated with surface
Co;0, reduction (Fig. 8a). The overlapping of the reduction
temperatures of the Co-doped perovskite materials and the
reduction temperatures of pure Co;0, (reference sample)
may support this fact. Although the XRD method did not
confirm the presence of cobalt oxide as a separate crystal
phase, it can take an amorphous form or be present in the
materials in small quantities, below the detection level of the
XRD method. As previously stated, cobalt reduction in vari-
ous oxidation states can also occur in the second reduction
range (500-900 °C). Given that the intensity of the signal in
the II TPR cycle increases with increasing Co content while
the proportion of SrTiO;, R-P phases, rutile, and SrCO;
remains constant (Table 1), the concept of reducing cobalt
from different crystal structures appears acceptable. The
temperature-programmed reduction profiles of the modified
Pechini synthesis samples differ from the profiles of the cit-
rate synthesis samples (Fig. 8b, c, d). For all calcination tem-
peratures, the reduction begins below 100 °C for the samples
with the lowest Co content (pva_STO_2Co). There are also
additional reduction peaks at around 200 and 300 °C. When
the calcination temperature rises, the highest reduction peak
maxima shift to higher temperatures—330, 350, and 380 °C
(for samples calcined at 700, 800, and 900 °C, respectively).
For pva_STO_6Co and pva_STO_10Co samples, increasing
the calcination temperature results in more complex TPR
profiles and separated reduction peaks. The calcination at
700 °C yields the simplest reduction profile, with a pos-
sibly doubled reduction peak with a maximum at 250 °C
and the broadest reduction range between 400 and 900 °C.
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For the same chemical composition but a higher calcina-
tion temperature (800 °C), there is an additional peak at
150 °C and a similar broad reduction range between 370
and 850 °C. The perovskite materials calcined at 900 °C
had the most complex TPR profile, with several reduction
peaks. These reduction peaks have a maximum at the fol-
lowing temperatures: 115 °C, 170 °C, 285 °C, 336 °C, and
most likely around 460 °C. All these reducing effects are
related to the processes of cobalt reduction in various forms
(oxide and mixed oxides), in which it is additionally in two
different oxidation states. As the calcination temperature
rises, one can see the effect of shifting the TPR profile to
higher temperatures, which is a consequence of the growth
of crystallites (decrease in the amount of fine particles) as
a result of their existence at higher temperatures. Because
HT XRD and XAS studies indicate that materials in the PVA
series may contain cobalt oxides, even if they are not visible
in the diffraction patterns of the materials after calcination
(Fig. 4), cobalt oxides should be assumed to be present in the
pva_STO_xCo series. It can also be seen that the number of
reduction peaks obtained for materials with both methods is
comparable for samples doped with 10% Co. However, obvi-
ously, when pva_STO_xCo samples are calcined at 700 °C,
some of the peaks are less distinct than after calcination at
higher temperatures. The reducibility of oxides is affected

by a number of factors, including dispersion, the interaction
of reducible oxides with their supports, and the degree of
crystallinity. Probably the weaker separation of the reduc-
tion peaks in the case of materials from lower calcination
temperatures is related to the presence of larger amounts of
amorphous phases compared to materials calcined at higher
temperatures.

From the materials obtained by both methods, pellets
were also formed, sintered at 1200 °C, and then tested
analogously to the powders after calcination. According to
XRD analysis (Table 4), all materials obtained by the PVA
method are single-phase (tausonite phase), whereas materi-
als obtained by the citrate method contain (in addition to
tausonite as the majority phase), R—P phases, and strontium
cobaltate. The amount of SrCoOj in the cit_STO_xCo series
increases as cobalt is introduced into the system. SrCoOj; has
the same perovskite cubic structure as SrTiO; and the same
space group (Pm-3 m) as tausonite phase. The cobaltane
phase was not present in the materials after calcination, so
it was formed only during sintering as a result of ion diffu-
sion in the solid.

The results of the diffractometric measurements were
also used to calculate the lattice parameter of the tausonite
phase for the materials sintered at 1200 °C using the Riet-
veld method (Table 5). The analysis was carried out on both,
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Table4 The phase composition of the samples after sintering at
1200 °C

Cobalt amount/mol%  Composition/mas.%

cit_STO_xCo pva_STO_xCo

2 Tausonite 87.5
R-P6.3
S1,C0,05 6.2

6 Tausonite 83.9
R-P79
S1,Co0,05 8.2

10 Tausonite 79.1
R-P11.2
S1r,C0,05 9.7

Tausonite 100

Tausonite 100

Tausonite 100

Table5 The comparison of lattice parameters of tausonite for sin-
tered samples from both series

Cobalt amount/mol%  Lattice parameter of tausonite phase/A

cit_STO_xCo pva_STO_xCo
0 3.8941+0.0002 3.8944 +0.0002
2 3.9034 +0.0004 3.9022+0.0003
6 3.9014 +0.0004 3.8988 +0.0002
10 3.8977 +0.0004 3.8957+0.0003

doped and undoped materials, which were also synthesized
using the PVA method and the citrate method. The lattice
parameter value for undoped SrTiO; is the same regardless
of the method used to obtain it (taking into account the error
in determining these values). However, the addition of cobalt
as an admixture caused significant changes in the value of
the lattice parameter of tausonite in both series of materials.

It can be seen that incorporation of 2 mol% of cobalt
leads to a significant increase in the value of the lattice
parameter in both series of materials, while further increas-
ing the amount of the admixture results in a gradual decrease
in this value. Furthermore, all these values are significantly
higher than the values of parameters for undoped samples.
The increase in the value of the lattice parameter of the
tausonite phase for all cobalt-doped samples compared to
the value of this parameter for undoped samples proves that
cobalt is incorporated into the SrTiO; structure. Moreo-
ver, it can be seen that the impact of Co amount on lattice
parameter is greater for cit_STO_xCo materials. The com-
parison of the values of titanium and cobalt ionic radii in
the sixfold coordination (characteristic for the B element in
the ABO; perovskite structure) allows for the verification
of the hypothesis about the possibility of substituting tita-
nium with cobalt in strontium titanate. In the form of Ti**,
in which titanium is in SrTiOj, ionic radii are 0.745 A [49].
The values of ionic radii for cobalt depend on the Co oxida-
tion state in the SrTiOj; structure, as cobalt can exist in four
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different oxidation states: Co?*, Co*, and Co**. Moreover,
in the first (+2) and the second (+3) cases, two configura-
tions are possible: low and high spin, for which the ionic
radii values are also different. Thus, these values of ionic
radii are: Co**—0.790 A—for low spin configuration and
0.885 A for high spin configuration; Co**—0.685 A—for
low spin configuration and 0.75 A for high spin configura-
tion, and Co**—0.67 A for high spin configuration. On the
basis of these values, it can be concluded that incorpora-
tion of cobalt in the +2 oxidation state should result in an
increase of SrTiO; lattice parameter, while incorporation of
cobalt in the +3, and/or above all, +4 oxidation state should
decrease the lattice parameter value. Thus, adding small
amounts of cobalt will most likely lead to the incorporation
of Co on+2 oxidation state, while the more Co is introduced
into the structure, the more often it will take a higher, +3
or/and 4+4) oxidation state. A similar effect has already been
observed during the study of SrTiO; system with introduced
nickel [50]. Additionally, XAS test results for pva_STO_xCo
series materials presented in the section on materials after
calcination also indicated a change in the oxidation state of
cobalt from +2 to +3 along with its increased amount in
the material. It should be noted, however, that in the case
of materials after calcination, cobalt can be incorporated
into the structure of tausonite in a different form (with a
different oxidation state) than in the case of materials after
sintering at 1200 °C. Moreover, with increasing temperature,
the probability of lattice defects and reactions between indi-
vidual oxides increases, as evidenced, i.e., by the formation
of cobaltate phases.

TPR profiles of sintered materials (Fig. 9) not only differ
in shape but also in peak temperatures compared to TPR
profiles of materials after calcination, both in the case of
measurements made for materials from the PVA series and
from the citrate series. First of all, the TPR profiles of the
sinters show a shift in the reduction effects towards higher
temperatures compared to the profiles for powders after cal-
cination. This effect is the result of the grains growing and
fusing under the influence of temperature, and thus also the
reduction of the amount of nanograins (or nanocrystallites),
which are always the first to be reduced. Moreover, increas-
ing the temperature of thermal treatment may result in the
introduction of some cobalt bound in simple oxides (at the
calcination stage) into the SrTiOj; structure during sintering.
Unfortunately, the assignment of the peaks to specific reduc-
tion processes (reduction oxides or doped-SrTiO; phases) is
not possible, although the TPR profiles of the materials after
sintering seem to be of a less complicated nature.

Both the comparison of the phase composition and TPR
profiles of the materials based on cobalt-doped strontium
titanate obtained with the two seemingly slightly differ-
ent methods (with the use of PVA and the citrate method)
indicate that the materials obtained by these methods differ
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synthesis begins in the same o2 o caFnatEn SrTiO,
way as the citrate-combustion g § .
synthesis (preparation of S o citric acid O OH metal citrate
metal—citrate complexes). In the - -
classic Pechini synthesis, which PVA addition 0|-_| @g
is also described in the paper, 2 N S
ethylene glycol is typically used 2
instead of the PVA polymer €
2 Ti
% Sr
3 AT, —ATn  giTi0
o polysterification St calcination 3
Q Ti
g 7
-é Ti
metal citrate - PVA mixture citrate - PVA resin

significantly from each other. The materials obtained using
PVA are more homogeneous in terms of phase composition
compared to the materials obtained by the citrate method.
However, this does not result in a lesser degree of complica-
tion of the TPR profiles of the pva_xCo_STO series, as in
these materials, in addition to the cobalt incorporated in the
perovskite structure, the presence of cobalt oxide (CoO) can
be suspected. It can be seen that only in the case of the pva_
STO_2Co material does the first low-temperature reduction
peak not appear on the TPR profile, which may indicate that
it is the only single-phase material in which all the cobalt
present is incorporated into the tausonite structure.

To sum up, the materials obtained by both methods, both
in terms of powders after calcination and materials after
1200 °C, differ primarily in phase composition, which affects
the susceptibility to reduction processes occurring in these

materials. The comparison of the processes taking place dur-
ing the synthesis of materials with both methods shows that
the materials obtained by the PVA method (i.e., the modi-
fied Pechini method) are phase homogeneous because metals
trapped in the polymer network do not segregate in the form
of separate oxides and carbonates during thermal processing.
In such a case (with PVA), the polyestreryfication reaction
takes place between the hydroxyl groups of the polymer and
the carboxyl groups of citrates. The application of PVA was
previously used for the synthesis of metal oxides, and usu-
ally it requires less PVA addition than in the classic Pechini
method. The scheme of synthesis was presented below in the
form of a diagram (Fig. 10), which describes the sequence
of processes taking place in the case of both PVA and the
citrate method used in our research.
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Conclusions

To obtain Co-doped SrTiO; materials, two wet chemical
synthesis methods (citrate-combustion synthesis and modi-
fied Pechini synthesis) were applied. From both methods,
mixed oxide perovskite materials were produced. However,
XRD measurements show that using the modified Pechini
method, a more homogeneous final ceramic powder can be
obtained compared to the citrate-combustion method, for
which the presence of TiO,, SrCO;, and Ruddlesden-Pop-
per phases was observed (besides the SrTiO; crystal phase).
TG measurements allowed to estimate the materials' mini-
mum calcination temperature at 900 °C and 700 °C for the
citrate-combustion series and the modified Pechini series,
respectively.

The XAS measurements for samples from the PVA syn-
thesis confirmed that cobalt exists in the perovskite mate-
rial in both +2 and +3 oxidation states. Moreover, it can
be stated that the ratio of Co?*/Co** ions in the tausonite
crystal lattice is affected by the amount of cobalt intro-
duced during the precursor mixing stage of the synthesis.
The ratio will be greater in samples with a low amount of
cobalt introduced (e.g., pva_STO_2Co) and decrease with
an increasing amount of cobalt introduced during synthe-
sis (pva_STO_10Co).

TPR/TPOx measurements show the main differences
between the I TPR and II TPR cycles, including the lower
intensity of the hydrogen consumption in II TPR above
700 °C in the case of the citrate method (as a result of
S1CO; decomposition) and the shift of the reduction peaks
towards lower temperatures (of about 70 °C) in the case
of the modified Pechini method (as a result of interac-
tion between cobalt oxides and Co-doped SrTiO; phase).
The reduction profiles are generally more complex for the
samples from Pechini synthesis, despite the fact that these
materials are more homogeneous in terms of phase com-
position. This may be a result of the presence of cobalt in
these materials at different oxidation states (confirmed by
XAS tests).

The increase in the calcination temperature in the case of
samples with PVA results in a shift of the reduction profiles
towards higher temperatures, corresponding with the harder
reduction of the materials whose grains grow during the
heating at 800 and 900 °C (compared to the series calcined
at 700 °C).

The SrTiOj; lattice parameter changes of the Co-doped
SrTiO; materials sintered at 1200 °C are in agreement with
the results from the XAS experiment, since the change of
the lattice parameter of tausonite confirms that in the sam-
ple with lower cobalt content, the fraction of Co** is hi gher
than in the sample with higher cobalt content. The diffrac-
tion tests were carried out for the sinters of both series,

@ Springer

and a similar tendency for lattice parameter changes was
observed in both series. This behaviour is due to the fol-
lowing dependencies: the fraction of Co®" is higher in the
sample with a lower cobalt content as the Co** ionic radii
are larger than the ionic radii of Ti**, and for the sample
with a higher cobalt content, the Co**/Co* ratio decreases
as the ionic radii of Co** are lower than the Ti*" ionic radii.

XRD and TPR measurements revealed that the use of
two slightly different wet chemical synthesis methods results
in the production of materials that are substantially differ-
ent from one another.
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