Research Article

Characterization methods of nickel nano-particles obtained
by the ex-solution process on the surface of Pr, Ni-doped SrTiO;
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Abstract

In this paper, a novel electrode material based on Pr, Ni co-doped strontium titanate (Sr, ;,Prq 5),Ti;_,Ni, O with constant
amount of 30% praseodymium dopant, different amount of nickel (y=0.06 and y=0.10) and additional nonstoichiom-
etry in Sr-site (x=1; x=0.9 and x=0.8) was investigated as fuel electrode for SOEC devices. A porous ceramics were pre-
pared by solid-state reaction method. X-ray diffraction measurements revealed single phase materials with perovskite
structure. Ex-solution method makes the grain surface covered by nickel nanoparticles. The influence of nickel amount,
non-stoichiometry, synthesis and reduction conditions on formation of nanoparticles was investigated. Size, distribu-
tion and ability to agglomeration of Ni nanoparticles were analyzed by the scanning electron microscopy. The quantity
of ex-soluted Ni particles was calculated from magnetization measurement. The total electrical conductivity of samples
was measured by DC 4-wire method in the range of 100-800 °C at different atmospheres. Electrical measurements
showed total electrical conductivity higher than 10 S cm™" in a wide temperature range. All obtained results confirmed
that analyzed donor and acceptor co-doped SrTiO; materials with Ni nanoparticles after ex-solution process should be
a good candidate to improve a catalysis process on fuel electrode surface.

Keywords SOFC - SOEC electrodes - Doped-strontium titanate - Electrical conductivity - Perovskites - Redox cycles -
ex-solution - Nickel nanoparticles

1 Introduction

During the last 20 years, it has been reported, that the
reversible solid oxide cells (SOC) are a potential technol-
ogy to obtain an energy in different forms. These devices,
which can be used for produce electricity, are called Solid
Oxide Fuel Cells (SOFCs). The SOC which can be also used
for hydrogen or synthetic fuel production is called Solid
Oxide Electrolysis Cells (SOECs). Solid Oxide Electrolysis
Cell (SOECQ) is an electrochemical device that can convert
molecular H,O in steam form or/and CO, into H, or/and
CO.The operational temperature of SOEC is very high and
is in the range of 800-1000 °C. It is caused, by the low ionic

conductivity of used electrolyte at lower temperatures and
the low efficiency of electrochemical processes [1-31.
The electrocatalytic activity of electrode materials in
SOFC/SOEC has a great effect on the electrochemical per-
formance of whole device. The electrochemical resistance
related to the rate of the redox reactions (oxidation and
reduction) which takes place on the triple phase bound-
ary (TPB) points can be overcome i.a. by the introducing
of metallic particles [4]. One of these methods is to incor-
porate the metal as a dopant into the material sublattice
during the synthesis in air, which can be then exsolved
at the grain-surface in the metallic form of catalytically
active metal nanoparticles under reducing conditions. It
was recently shown that electro-catalytic nanoparticles
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can be produced in oxide anodes by incorporating Ni, Co,
Cu, Fe, Pd into perovskite oxide [5, 6]. These catalytically
active nanoparticles can be incorporated back into the
substrate to form a homogeneous ceramic where the ex-
solved specie is again a dopant into the sublattice [7-10].

The stoichiometry of perovskites plays a crucial role in
case of metallic nanoparticles exsolution process. For stoi-
chiometric ABO; perovskite compounds (A/B=1) only a
limited numbers of reducible and catalytically active ions,
i.a. Ru?*, Rh*, Pt**, Pd** or Ni** can be found [6, 11, 12].
Moreover, in case of these type of dopants, exsolution
takes place rather in the bulk than on the surface of mate-
rial grains [13]. It was reported [7, 9, 14] that the A-site
nonstoichiometry (A/B < 1) has a great influence on the
exsolution process in perovskites with a harder-to-reduce
cations. In this type of compounds, the exsolution process
can described as Eq. (1):

A_,BO;_s = (1 —=x)ABO;_5 + xB )
As can be seen, the amount of the metal particles in the
exsolution process is proportional to the nonstoichiom-
etry value in cationic A-site (x in Eq. (1)). Thus, the nonstoi-
chiometry should be favorable in the exsolution process.
The influence of A-site nonstoichiometry on the structure
and charge transport properties was previously shown
for Sr(Ti,Nb)O, [15] (La,Sr)(Ti,Ni)O5 [7] or Sr(Ti,Nb,Ni)O, [9]
systems.

In this work, Pr and Ni co-doped strontium titanate sam-
ples: (Srg7Prg3)14Ti;_,Ni,O5 with constant amount of pra-
seodymium dopant, different amount of nickel and addi-
tional nonstoichiometry in Sr-site were investigated. The
aim of this work was to check the influence of two different
combinations on the properties of material: (a) different
amount of the nickel with a constant nonstoichiometry
level in Sr-site; and (b) the different nonstoichiometry level
with a constant Ni dopant amount in a titanium sublattice.
In our work, the 30 mol% of praseodymium donor dopant
was chosen according to the previous literature reports
[16, 17]. The nickel dopant into the titanium sublattice
and Sr-site nonstoichiometry was introduced in order to
improve the catalytic activity of the material and in order
to introduce the Ni-metallic particles at a grains surface
in exsolution process. The structure, redox cycles stability
and general magnetic and electrical properties of sintered
ceramics were investigated in regards to SOEC cathode
application.

2 Experimental

The (Srg;Pry3),Ti;_yNi, O3 ceramic sample has been pre-
pared via solid state synthesis method. Non-stoichiometry
in Sr-sublattice x=(1; 0.9; 0.8) and Ni dopant concentration
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y=0.06 and 0.1 was investigated. The high-purity precur-
sor powders of SrCO; (Sigma Aldrich, 98%), TiO, (Sigma
Aldrich, 99%), Pr,O,, (Sigma Aldrich, 99.9%), NiO (Alfa
Aesar, 99.9%) were weighted in the suitable stoichiomet-
ric molar ratio and put into the beaker with acetone. In
the next step, the powders were stirred in ultrasonic bath
in order to obtain a fine suspension of starting powders
mixture. After the acetone has been evaporated, the pow-
ders of analyzed samples were transferred into the ceramic
crucible and calcined at 1000 °C for 10 h in air atmosphere.
Next, obtained powders after calcination were milled in
the ball mill for 12 h in isopropanol with zirconia balls
(Zr0O,), dried and uniaxially pressed into pellets. The sinter-
ing process of pellets was performed at 1150 °C, for 10 h,
also in air. The ex-solution process has been carried out
24 h at 930 °C in dry H, atmosphere (pO,=10"%° atm.), in
tubular furnaces under continuous flow (100 ml min~").

The crystal structure and phase composition of the
grounded samples were analyzed using X-ray diffraction
(XRD) performing on a Philips X'Pert Pro MPD with CuK,
A=1.54 A. The microstructure of obtained samples was
investigated by Scanning Electron Microscopy technique
with a FEI Quanta FEG 250 with ET (Everhart-Thornley) sec-
ondary electron detector. The beam accelerating voltage
was kept at 10 kV. In order to determine and confirm the
initial stoichiometry of the sintered samples, the Energy
Dispersive X-ray Spectroscopy (EDX) was performed by
EDAX Genesis APEX 2i with ApolloX SDD spectrometer.
The patterns obtained for the analyzed samples were ana-
lysed with Le Bail method. As an initial point, a unit cell
constants of SrTiO; tetragonal structure (/4/mcm SG) were
used. The Pseudo-Voigt peak shape function was used in
order to analyze and model the profile.

The magnetization measurements were carried out
in Quantum Design PPMS (Physical Property Measure-
ments System) using the ACMS susceptometry option
at T=293 K in various magnetic field up to 3 T. The tem-
perature dependence of total electrical conductivity was
determined by conventional DC 4-wire method using
the Keysight 34907A multimeter with an internal K-type
thermocouple. The total conductivity measurements as a
function of temperature were performed in a temperature
range of 100-800 °C at reducing atmospheres. The meas-
urements with a four silver electrodes were performed at
constant heating and cooling rates 5 °C min~"'. The redox
cycles were conducted to check the chemical stability of
Ni nanoparticles and reversibility of electrical conductivity
values at 800 °C in SOEC cathode/anode operating condi-
tions. In this research redox cycles mean exposure material
to oxidizing and reducing atmospheres alternately. One
redox cycle can be described by following gas sequence:
2 h at 10% H,~Ar (pO,=1072¢ atm.)— 1 h at Ar atmos-
phere (pO,=107® atm.) — 2 h synthetic air atmosphere
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(pO,=0.20 atm.)— 1 h at Ar atmosphere (pO, = 107%atm.).
After six full redox cycles material was exposed to pure, dry
H, atmosphere (pO,= 10728 atm.) for 24 h.

3 Results and discussion
3.1 Structural properties

In order to define the structure of the analyzed
(Sro7Pro3)iTis_,Ni,O5 samples, the X-ray diffraction (XRD)
measurements were done. XRD patterns of samples with
different combinations of Ni dopant amount and A-site
nonstoichiometry are presented in Fig. 1. As can be seen
in Fig. 1a, in a stoichiometric sample (x=1.0) the cubic per-
ovskite (Pr,Sr)(Ti,Ni)O; phase with a space group Pm-3m
is predominant whereas in case of samples with nonstoi-
chiometry in A site (x=0.2 and 0.3), a tetragonal perovs-
kite phase with a space group /4/mcm was detected. This
indicates that a nonstoichiometry in strontium sublattice
affects a phase transition from cubic to tetragonal per-
ovskite phase. Besides of this, some different secondary
oxide phases were also detected in analyzed samples.
In case of stoichiometric Sry,Prj3Tigg4Nip 0O3 Sample
a small amount of Pr;O,; phase and some impurities
which have no great influence on the structure can be
visible. The x=0.9 sample was single-phase only with a
small trace amount of Pr,O,; phase, thus, it may be the
optimal composition. In the sample with an x=0.8 A-site
nonstoichiometry, a Pr;O,, phase was not noticed, what
indicate the higher stability of Pr-dopant. However, the
higher nonstoichiometry level affects the presence of sec-
ondary TiO, phase in the structure. The same effect was
previously observed by Miruszewski et al. [18] in Y-doped
SrTiO;. Besides of this phase, the rhombohedral NiTiO,

a SITIO, & NiTiO
(@) 6 mol.% of nickel +SrTio, -+ NITIO,
vTO, * Pro,,
+ + A impurity
+ i j + + x=08
+
M o + v A + +

Intensity
b—

20 30 40 50 60 70 80 920

oxide (space group R-3) is also present in the sample. This
indicates that reactivity of Ni-dopant with Ti-perovskite
sublattice. It is worthy to underline that the amount of
this phase is very low, thus, only a very small amount of
nickel created the perovskite A-sublattice. The XRD results
for samples with a higher Ni-dopant concentration in the
structure are presented in Fig. Tb. As can be noticed, all
samples have a very similar structure. The significant dif-
ference can be visible in case the presence of Pr,O,, sec-
ondary phase. Now, the trace amounts are visible in all
analyze compounds (x=0.8-1.0). Moreover, in the case of
(Sry7Pry3)o 8 TigoNig ;O3 composition, the TiO, phase is not
observed. This may be caused by the higher Ni-dopant in
the structure and in consequence the lower concentration
of Ti in perovskite B-sublattice. The XRD patterns of the
same chosen compound (Sr;;Prg 3)g oTig.04Nig 0605 before
and after the additional ex-solution process and also after
the long redox cycle is shown in Fig. 2. The ex-solution
process was performed as an additional isothermal heat-
ing at 930 °Ciin reducing atmosphere (H,), and redox cycle
process was performed as six-time cycle of oxidizing the
sample under oxygen condition and reducing in continu-
ous H, flow. As can be seen, no significant changes in the
structure are visible. Only the tetragonal perovskite phase
of doped SrTiO; phase is visible which allows assuming the
stability of material in the reduction-oxidation processes.
It was also expected that the metallic nickel will be visible
as an ex-solution product on the grain surfaces.

The Le Bail refinements for XRD pattern of samples:
before and after ex-solution process as well as after sev-
eral redox cycles were done. Refined unit cell parameters
a, b, ¢, agreement indices R, R,,, and GOF are collected
inTable 1.

As can be seen, the unit cell parameters of sample syn-
thesized in air change after ex-solution process. In reduced
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Fig. 1 XRD patterns of (Sry;Pry 3),Ti;_,Ni,O; samples sintered in air (pO,=0.20 atm.) at 1150 °C for 10 h, a 6 mol% of nickel dopant and differ-
ent A-site nonstoichiometry (x=1.0; 0.9, 0.8)and b 10 mol% of nickel dopant and different A-site nonstoichiometry
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Table 2 Porosities and grain sizes of different analyzed samples

J A J before ex-solution
S N
T T T T T T T T T T T T T
20 30 40 50 60 70 80 90
20(°%)

Fig.2 The results of XRD measurements of (Sry;Prg 3)goTig 04Nig 0603
samples before and after ex-solution process and also after the
redox cycles

Table 1 Structural parameters of (Sry,Prg3)ooTig04aNig o603 Samples
before and after ex-solution process and also after the redox cycles

Before ex-solution  After ex-solution  After redox cycles

a(h) 54997 (1) 5.4982 (1) 5.4987 (1)
b(A) 54997 (1) 5.4982 (1) 5.4987 (1)
c(h)  7.80568(2) 7.8038 (1) 7.8035 (1)
Rexp (%) 6.81 630 6.62

Rup (%) 11.73 9.93 12.06
GOF 296 248 3.31

atmosphere, a nickel cations as well as oxygen ions release
the crystal lattice. Taking into account the observed
decreasing of lattice constant it may be stated, that diffu-
sion of Ni cations to the surface to Ni® forms has a major
influence on lattice constant value. Moreover, the lattice
constant hardly differs from each other after ex-solution
and after redox cycles at 800 °C what is an expected
behavior due to only a small change in the stoichiometry
of the titanium and oxygen sublattice. The absence of Ni
in the pattern probably indicates a very small amount of
Ni in the analyzed specimen (possible nano-particles inclu-
sions) and thus, it is below the accuracy of X-ray diffraction
measurements.

3.2 Microstructure

The microstructure of prepared samples was investigated
in order to analyze the influence of the composition on the
porosity and average grain size. The obtained results are
summarized in Table 2.
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+ SrTiO3
*Pro, Sample Porosity Average grain
+ + + after redox cycles [%] *£2% size
" A + h + [nm]+100 nm
° + A | A W S
> (519.7Pr0.3)0.8Ti0.9aNi0,0603 39 670
% (Sro.7Pro.3)0gTiooNig 103 34 940
IS (Sro.7Pro.3)0.9Ti0.94Nio.0603 44 650
« be u A A after exsolution (Sro.7Pro3)0.9TigoNig 103 41 890
5ro.7Pr03Ti0.0aNig 0603 62 210
Sry7Pro3TigoNig 103 59 380

It was expected that the Ni-metallic nanoparticles
were exsolved from the oxide and cover the whole grain
surface of materials. The microstructure of ceramics con-
taining 6 mol% of Ni dopant and different nonstoichiom-
etry level in A-sublattice (x=1, 0.9 and 0.8) was shown in
Fig. 3a—c respectively. Figure 3d—f presents the images for
a sample with 10 mol% of Ni dopant. At first sight, the
grain size of all samples was similar to each other besides
the stoichiometric sample containing 6 mol% of Ni in Ti-
sublattice (Fig. 3a). It seems, that a sintering temperature
for the stoichiometric samples (x=1.0) was too low. Never-
theless, a stoichiometric material containing a 10 mol% of
nickel dopant (Fig. 3d) was mechanically more stable than
ceramic containing 6 mol% of Ni in the structure. Conclud-
ing, nickel presence in the structure leads to the enhanced
densifying of samples what provides more dense and
mechanically more stable samples. This hypothesis was
confirmed i.a. by porosity measurement. (see Table 2)
The increased amount of Ni in the structure results in a
decrease of sample porosity. It was also observed that a
presence of nonstoichiometry in Sr-sublattice also leads to
decrease of specimen’s porosity. It is worthy to underline,
that in the case of stoichiometric sample with 6 mol% Ni
dopant, nanoparticles were not observed on the surface
of the material’s grains. Interestingly, a higher amount of
nickel in titanium-sublattice induces the ex-solution pro-
cess and small nanoparticles on the surface of grains can
be observed. This shows that additional non-stoichiome-
try in the A-sublattice is not necessary provided that the
amount of dopant will be appropriate.

It was expected that the non-stoichiometry and the
higher nickel dopant would make the ex-solution effect
will be more apparent. As can be seen, in three cases
(Sr0.7Pr03)0.9Tig.oNig 103 (Srg;Pro3).oTip.04Nig 0603 and
Sro.7Pro3TigoNig 103, nickel nanoparticles (<50 nm) were
homogeneously distributed over the whole grain surface.
For the stoichiometric sample with 6 mol% Ni dopant,
nanoparticles were not observed on the surface. Thus,
increase of non-stoichiometry level to 20 mol% (x=0.8)
leads to creation of such a large amount Ni nanoparticles
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Fig.3 SEM images of (Sry;Pry3),Ti;_,Ni, O3 samples after ex-solution process

that are merged into larger agglomerates with a diameter
around 200-300 nm. Generally speaking, it is not a desir-
able effect. Based on these observations, the three com-
positions (Srq 7Pro.3)0.9Tio.sNig103 (Sro.7Pro3)0.9 Tl 9aNig 0603
and Srg ;Pr; 3Tig gNig ;03 were chosen as a potential candi-
date for electrode support and that is why the electrical
measurements were carried out on them. Figure 4 showed
microstructure of (Sry ;Pry 3)0.Tig.04Nig 0603 before (Fig. 4a)
and after (Fig. 4b) the ex-solution process and also after
redox cycle (Fig. 4c). As can be seen, after synthesis in
air there are not visible nanoparticles on the grain’s sur-
face. The observed porous microstructure was desirable
to use that ceramic material as the electrode support in
SOC devices. In the next step, the material was reduced,

and some of nanoparticles appeared on the whole grain
surface (Fig. 4b). Sizes of these particles were smaller
than ~50 nm and they were distributed homogeneously
on the surface of grains. Subsequently, the material was
exposed to reducing and oxidizing conditions. After six
redox cycles, a cross-section of measured ceramic was
investigated and shown in Fig. 4c. In this case, Ni nano-
particles were aggregated into agglomerates of ~200 nm
diameter and the amount of ex-solved metallic nickel
seems to be higher than in the analyzed sample before
the few redox cycles. Concluding, created nanoparticles
seem to be unstable and have a tendency to agglomerate
after exposing sample on highly reducing and oxidizing
atmospheres. Probably, the observed agglomeration of

Fig.4 SEM images of (Sry;Pr3)o.4Tig.0sNigosO3 sample a after sintered at 1150 °C b after ex-solution in reducing conditions, ¢ after redox

cycle
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ex-solved nickel was caused by exposure of the material
to oxidizing conditions during the cycling. Only just a part
of Ni came back into the oxide bulk under oxidizing condi-
tions, and therefore, the total Ni content on the surface can
increase during the next redox cycle.

3.3 Magnetic properties

Quantitative estimation of the amount of nickel that was
extracted from the structure in the ex-solution process
was analyzed by field dependence of the magnetization.
Measurements were performed for a material sintered at
1150 °C, after the ex-solution process and after the redox
cycles. The ferromagnetic contribution of Ni particles to
the total magnetization can be subtracted through the
investigation of M vs H curves [19, 20]. The inset of Fig. 5a
shows the experimental data (M) for three representa-
tive samples of (Sry;Prg3)o.oTig94Nig O3 Mmeasured at
T=293 Kas a function of applied magnetic field (p,H). For
low magnetic field, the magnetization rapidly increases
due to the presence of ferromagnetic Ni particles. It is
noteworthy that the initial increase for the reference
sample, with no visible particles of metallic Ni, is much
weaker than for samples with Ni nanoparticles distributed
on the grain’s surface. For a magnetic field larger than the
saturation field of elemental Ni, the magnetization curve
Mexp (H) is a linear function of the applied magnetic field
(solid line). This paramagnetic signal (Mpara) originates
from the presence of praseodymium in the structure. The
magnetization of Ni particles was then estimated by sub-
tracting M,,, (H) from the total magnetization M, (H)
of the sample and results are shown in a main panel of
Fig. 5a. The amount of elemental ferromagnetic Ni (here

(a)
600 T T T T T T T
o after sintered at 1150°C 26006066680
4004 # after ex-solution process FMMM ¢ cecs
e o after the redox cycles
S 8
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o
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o 000000000000000000° & °
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-400 + Mzmamngnmaamﬁf T
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Fig.5 a Magnetization as a function of magnetic field meas-
ured for (Sry;Pro3)ooTigeaNigesO; sample before and after ex-
solution. The additional result for a sample exposed to several
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given as a percentage of nominal Ni used for synthesis)
was estimated from the saturation magnetization, assum-
ing that for pure Ni M,=5.1x10°> A m~"[21]. As expected,
the ferromagnetic signal (M¢,,—-M,,,) is the weakest for as
prepared (sintered in air) material (open circles) amount of
elemental nickel was estimated as 3.3%. For the sample
after ex-solution processes and exposed to redox cycles
estimated values were 14.1% and 14.6%, respectively. It is
about four times larger than found for a reference sample.
These results can be considered as evidence that during
redox cycles there is a process of agglomeration but there
is no increased amount of metallic nickel on the surface.
The results of magnetic measurements showed also that
only small amounts of nickel were ex-solved at grains sur-
faces in metallic form after reducing at low pO,. So it can
be stated, that a great part of Ni dopant is still incorpo-
rated in a Ti-sublattice as an acceptor dopant. Ni-dopant
has, in this case, two functions—metallic form (Ni%) which
may improve a catalytic activity and cationic-form in the
structure (Ni%*) which can improve the ionic conductivity
because of the ionic compensation of acceptor dopants
by mobile oxygen vacancies.

In Fig. 5b a comparison of magnetization as a function
of magnetic field measured for (Sry;Pr3)09Tig9aNig0sO3
and (Sry;Prg3)o.oTigoNig 05 samples after the ex-solu-
tion process is shown. As one can see, increase of the
amount of nickel in the structure affect increases of the
magnetization signal which is related to the increase
in the amount of nickel nanoparticles on the grain sur-
face. The quantitative estimation shows that in the case
(Sr.7Pro3)0.9Tig.0aNio 0603 Sample, a 14% of nickel is on the
surface in a metallic form and for (Srg ;Pr; 3) o Tig oNig 105
it is around 20%. This may strongly correspond to the

(b)
1500 T T T T T T T T
1° (Srﬂ 7Pr0 S)OSTiO 9Ni0103 2000000000
1000 - o (Srﬂ 7Pr0 3)0 9T|0 94NIO 0603 ° -1
E ']
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€
L
g 01 ]
ES
. 5004 AAAAAAAAAA&AAAAAM? |
s s
-1000 , b
9900000000 md
'1500 T T T T T T T T T T T T
3 -2 -1 0 1 2 3
poH (T)

redox cycles was presented in the plot. b Magnetization as a func-
tion of magnetic field measured for (Sry;Prg3)goTig.04NigsQ; and
(Srg.7Pro3)0.0Tig oNig ;O3 samples after ex-solution process
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stoichiometry of materials: (Sry;Prg3)0oTip04Nig o503
+0.01Ni® and (Sry5Prg3)0 o Tip 9oNig 0503 + 0.02Ni°, respec-
tively. So, increase in the amount of nickel dopant, causes
not only an increase in the amount of nanoparticles on the
surface of grains but also amount of acceptor dopants in
the structure.

3.4 Electrical properties

The electrical measurements of samples in which the for-
mation of nickel nanoparticles was observed were per-
formed using the DC-four wire method. Compositions
with observed Ni nanoparticles: (Sry;Prg3)q oTiggNig 103,
(Sro.7Pr0.3)0.9Ti0.9aNig.0603 and Sr 7Prg 3Tig gNig 103, were
sintered in air (pO,=0.20 atm.) for 10 h at 1150 °C
and reduced during ex-solution process in dry H,
(pO,=107% atm.) for 10 h at 930 °C. Materials prepared
in this way were used for electrical characterization. The
temperature dependence of the total electrical conductiv-
ity in a function of 1000/T for cooling regime is presented
in Fig. 6. Analyzing the obtained results, it can be noticed
that the introduction non-stoichiometry in A-sublattice
significantly increases electrical conductivity. Additional,
the slight effect of increasing the amount of nickel in the
structure is observed. The conductivity of doped strontium
titanate ceramics sintered in reducing atmosphere is con-
sidered to be mainly influenced by reduced Ti** cations
concentration. The reduction of Ti*" to Ti** introduces elec-
trons into 3d bands of SrTiO;. Thus, the exposure of the
analyzed samples to the low pO, atmosphere increases
the conductivity because the mentioned above electrons
occupy the conduction band [22, 23]. It is worth noticing,

Temperature (°C)
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10" g1 T T T T T
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Fig.6 Electrical conductivity as a function of temperature for
nanoparticle decorated samples sintered in air sintered in air
(pO,=0.20 atm.) for 10 h at 1150 °C and reduced during ex-solution
process in dry H, (pO2=107% atm.) for 10 h at 930 °C

that a transition from semiconducting-like to metallic-like
behavior was observed for non-stoichiometry samples.
This phenomenon may be explained by Mott’s theory
[24]. In the characteristic temperature, the concentra-
tion of delocalized electrons in the conduction band is
much higher than thermally activated carries, and in this
case this value starts to be independent on temperature
and constant. At this moment the conductivity of mate-
rial decreases in a function of temperature because of
the decrease of electron mobility by a phonon scatter-
ing mechanism. As a consequence, the total conductiv-
ity at high operating temperatures slightly decreased
above around 400 °C. In order to check the influence of
the operating atmospheres on the electrical properties,
chemical and mechanical durability and Ni-nanoparticles
stability (Sry;Prg3)oTige4Nig0sO; Material was exposed
on six redox cycles during a DC 4-wire experiment. In this
case the gas change program and composition of the
mixture during one complete cycle looked as follows:
2 h at 10% H,~Ar (pO,=1072¢ atm.)— 1 h at Ar atmos-
phere (pO,=107® atm.) — 2 h synthetic air atmosphere
(pO,=0.20 atm.)— 1 h at Aratmosphere (pO, = 107% atm.).
Before first oxidizing and during the last reducing cycle,
the same atmosphere like during ex-solution process
was used—24 h in dry H, (pO2=107% atm.). It allowed
observing the reversibility of the oxidation and reduc-
tion processes. The o(t) results were presented in Fig. 7.
For each cycle, when the ceramic was exposed to air
atmosphere, a total conductivity significantly decreased
by almost four orders of magnitude. This is related to
the incorporation of oxygen into the structure and a
reduction of oxygen vacancies concentration. Return of
the system to the reducing atmosphere showed a slow
increase of the total electrical conductivity close to the
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a-.
£ Ar
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Fig.7 The total electrical conductivity of (Sry;Prg3)goTi004Nig 0603
sample in a function of time during a redox cycles at 800 °C
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level from the beginning of the measurement (before the
oxidation). Results showed that the achievable value of
conductivity under reducing conditions was 19 S cm™.
Note that with each subsequent cycle the total electrical
conductivity maximum was lower than in the previous
one. After six cycles and after exposing the sample to dry
H, (pO,=10"2 atm.) for 24 h, a total electrical conductiv-
ity came back to the level before the survey. Slow growth
could be limited by a slow oxygen diffusion inside the
material grains. Furthermore, the shape of the relaxation
curves indicates that the expected high level of conductiv-
ity cannot be reached in a reasonable short time. There-
fore, the material shows good chemical and mechanical
stability under redox cycles. The total electrical conductiv-
ity changes were reproducible after six redox cycles and
exposing the material to dry H, atmosphere.

4 Conclusions

(Sr.7Pro3)xTiryNi,O3 with constant amount of 30% praseo-
dymium dopant, different amount of nickel (y=0.06 and
y=0.10) and additional nonstoichiometry in Sr-site (x=1,
x=0.9 and x=0.8) were investigated. The ex-solution of
nickel nanoparticles was observed after a treatment of
materials at reducing atmospheres and high temperatures.
Additional non-stoichiometry (x=0.1) in the A-sublattice
facilitates this process, however, too large deviation from
stoichiometry (x=0.2) causes a presence of secondary
TiO, phase in the structure and formation of agglomer-
ated grains in the ex-solution process. It was also shown,
that nickel presence in the structure lead to the enhance-
ment of the performance of densifying process what pro-
vides to the lowering of the sintering temperature. Mag-
netization measurement allowed to quantitative analysis
of Ni nanoparticles. The results showed that only part of
nickel diffuses onto the surface and Ni content on the
surface does not change after redox cycle. An increas-
ing amount of nickel dopant causes not only an increase
in the amount of nanoparticles on the surface of grains
but also amount of acceptor dopants in the structure.
The studies of structural, magnetic and electrical proper-
ties of (Sry7Prp3)0.oTi004Nig 003 Shown, that the proposed
material can be considered as an electrode in SOFC/SOEC
devices. The main problem that should be solved is the
agglomeration of nickel nanoparticles into larger clus-
ters, as has been observed in SEM images after several
redox cycles. Moreover, it is necessary to check how the
proposed material will behave in a complete SOFC/SOEC
electrochemical device and how the specified amount of
metallic Ni nanoparticles on the grain surface will improve
the electrocatalysis in fuel cells.
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