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Abstract

The perovskite-type oxides, having a general formula ABOs, are promising candidates for anode
materials in solid oxide fuel cells. In particular, doped SrTiO; based perovskites are potential mixed
ionic-electronic conductors and they are known to have excellent thermal and chemical stability along
with carbon and sulfur tolerance. In this work, Dy,Sr; 4Ti03_5 system with x = 0.03, 0.05, 0.08 and 0.10
is studied to understand the influence of Dy content on its structural and electrical behavior.
Electrochemical properties are measured, both in air and hydrogen atmosphere, and structural
characterizations are performed before and after electrochemical tests and compared each other to
study the stability. Results show that Dy,Sr; \T10s.5 powders with x < 0.05, are single phase, while for
x > (.08 a small amount of secondary phases is formed. In air, the conductivity is predominantly mixed
ionic-electronic type for x < 0.05, becoming ionic for x > 0.08. It is observed that conductivity, for each
composition, increases passing from air to hydrogen and activation energy decreases. Dy ¢sS19.95T103.5
shows the highest conductivity in air whereas Dy 0sS199,TiO035 in H, atmosphere. Degradation

observed by XRD is negligible for x < 0.05 but increases with higher Dy content.
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1. Introduction.

The recent upsurge in global energy demand and global warming due to increasing carbon footprint
have a detrimental effect on the environment which enforces to look for alternative models for energy
production and management. Solid oxide fuel cells (SOFC) are highly efficient devices for energy
production, converting chemical energy directly into electrical energy without involving the
combustion process [1-4]. SOFC are being considered for commercial exploitation in stationary
applications due to their high energy conversion efficiency and fuel flexibility [5, 6]. The challenges
for the commercialization of SOFC are to reduce cost and increase the reliability of the system.
Enormous effort in research is going in the direction of lowering the temperature of SOFC from 800 °C
to less than 700 °C in order to reduce problems connected to high temperature [7-9], that means finding
new materials with suitable electrocatalytic activity at that temperature. To improve performances of
fuel cells there are different paths: the first is finding new designs of cells and stacks. Several designs
of planar fuel cells are reported in literature: some very standard and now consolidated, that are anode
or cathode supported [10] and metal-supported [11], some very innovative and still in development.
Among them, the so called “Evolve cell” relies on a supporting current collector made of a ceramic -
metal composite in the form of a metallic Ni-Cr-Al based foam, impregnated with conductive La-doped
SrTi0;-based ceramics. Its advantage is to provide the structural stability to the cell, but also to play
the role of current collector due to the impregnation with a ceramic material [12]. Other innovative
designs are: the Dual Membrane cell [13, 14], exploiting properties of a mixed anionic and protonic
conductor used as central membrane, and electrolyte supported cells in symmetrical configuration [15].

Both designs appear to be useful as reversible solid oxide cells.



Another way is to study new materials to be used in the state of art architecture. In particular anode
plays an important role as constituent part of SOFCs, where the fuel is oxidized and electrons are

released to the external circuit.

Over the past few years, several materials have been investigated as anode materials for SOFC
application [7]. Nowadays, Ni-YSZ based anode is widely used for SOFC, although facing long-term
instability issues and suffering from carbon and sulfur poisoning and agglomeration of nickel particles
at elevated temperature [16, 17]. Therefore, development of new alternative anode materials able to

withstand redox cycling and hydrocarbon fuels is needed.

The perovskite-type oxides having a general formula ABOs, are promising candidates for anode
materials of solid oxide fuel cells. SrTiOs is a potential mixed ionic-electronic conductor for SOFC
anode application which is known to have excellent thermal and chemical stability along with carbon
and sulfur tolerance [18-22]. However, pure SrTiO3 cannot be used as anode material due to its low
electrical conductivity. Therefore, donor doped SrTiO; have been developed to enhance the electrical
conductivity under reducing conditions [23]. Under reducing atmosphere, redox coupling (Ti*"/Ti*)

occurs in SrTi0; which exhibits n-type semiconducting behavior.

La—doped SrTiO; (LST) [24, 25] exhibits n-type semiconducting behavior when it is donor-doped
and/or exposed to a reducing atmosphere. Lanthanum is a good donor dopant because the La*" ionic
radius (1.32 A, coordination 12) is similar to that of Sr** (1.44 A, coordination 12). Under oxidizing
conditions, the compensation occurs through the formation of Sr vacancies in the lattice, coupled with
the formation of SrO layers within the structure. Under reducing conditions, Sr vacancies and SrO
layers are eliminated, and the charge compensation for La’" ions becomes electronic through the

formation of electrons in the conduction band, i.e. conversion of Ti*" to Ti** [23].



A lot of elements as Cu, Ba, Ca, Mo, and Ta [26], and several rare earths, Ce [26], Y [26-30], Sm [31],
Pr [32] were also tested as possible donor materials on A site. Papers, reporting B site doped SrTiO;
and LST [26, 33-37], or A and B site co-doped LST are also presented in literature [26, 38-40]. The
conductivity found in doped ST ranges from 1 to 500 Scm™ under reducing atmosphere and at SOFC
operating temperatures (650800 °C), with highest values found in LST and with huge variations

among different works probably due to the used of different sintering protocols.

Although some papers report investigations on Dy-SrTiOs for application in energy storage systems

[41, 42], it has not been tested as SOFC material until now.

The ionic radius of Dy3+ (1.23 A, CN 12) is close to that of Sr** [43], indicating that incorporation of
Dy’" is sterically favored at Sr-site. Lattice defect structure must be modified to maintain electro-
neutrality due to charge imbalance between Dy’ and Sr*" ions, for instance with formation of oxygen-
rich planes improving the ionic conductivity of Dy-doped SrTiOs [23, 44, 45]. In addition, Liu a et al.
[46] reported high electronic conductivity of reduced Dy-doped SrTiOs;, indicating that it can be

considered as anodic material for SOFC.

In this paper, the influence of Dy content on the structural and electrical behavior of SrTiO; prepared
by auto-combustion route was studied. Properties were measured both in air and hydrogen atmosphere

and discussed in detail.

2. Experimental

2.1 Powders synthesis
Dy,SrTiO35 powders with x = 0.03, 0.05, 0.08 and 0.10, called DST3, DSTS5, DST8 and
DSTI10, respectively, were synthesized via citrate-nitrate auto-combustion route. The starting materials,

Dy,03 (99.9%), SrO (99.5%), C12H2304Ti (97%) and citric acid were taken in appropriate amounts.



Dy,03 and SrO were dissolved in distilled water in presence of nitric acid to give dysprosium and
strontium nitrate, respectively. Then, the two solutions were mixed together and citric acid was also
added. Another homogeneous solution containing titanium iso-propoxide (C;,H»3O4Ti) in ethylene
glycol was prepared at 100 °C, that successively was added to nitrates solution, under a pH maintained
at 2 by adding ammonium solution. White precipitate of titanium hydroxide was formed which was
dissolved by adding a few drops of nitric acid under pH value of 2. The transparent solution was slowly
evaporated on a hot plate at temperature 250 °C under continuous stirring via magnetic stirrer. After a
few hours, it was converted into a gel and then converted into light brownish color ash. The as-
prepared powder was grounded by mortar and pestle. To remove the organic binders and nitrates, it was
calcined in air at 1000 °C for 10 hours in alumina crucible.

The calcined powders were pelletized in 12 mm disk by a hydraulic press at 5 tons. Thereafter,
pellets were sintered in air at 1200 °C for 12 hours with heating rate of 5 °C min" and then cooled
down to room temperature.

2.2 Characterizations

X-ray diffraction (XRD, Rigaku Miniflex II desktop) with Cu- Ka radiation (A = 1.54098 A) in
20 range from 20° to 70° with a step size of A20 = 0.02° was used to characterize the phase structure of
as sintered and after reduction Dy,Sr; «T103 samples at room temperature. The Rietveld Refinement
(RR) was also carried out using FULLPROF Suite software package with Pseudo-Voigt wave function.
Microstrain and crystallite size were calculated from XRD patterns by using Williamson-Hall model

here reported [47]:
BcosO = 09 A/t + 4esinf (D

where t is average crystallite size, € is microstrain, B is full width half maxima (FWHM) at Bragg’s

angle (20) and A being the X-ray wavelength of Cu-Ka. The relative density of each pellet was



measured by the Archimedes principle, employing Denver SI-234 density measurement Kkit.
Microstructure of the samples was studied by field emission scanning electron microscope (FESEM,
NOVA NANOSEM 450) and average grains size was statistically calculated by Imagel software from
the images. For electrical measurements, the sintered pellets were polished, coated with Ag-paste on
both sides, and, finally, cured at 750 °C for 20 minutes. Electrical conductivity was measured in air
between room temperature and 700 'C. Samples were then reduced at 700 °C for 24 h under pure
flowing hydrogen and electrical conductivity was measured again down to room temperature. A four-
probe test (Probostat, Norecs) was employed and impedance was measured by Frequency Response
Analyzer and Potentiostat (IVIUMSTAT, Ivium Technologies), in the range of frequency between 10°

— 10° Hz (10 points/decade).

3. Results and discussions
X-ray diffraction patterns of samples DST3-DST10, sintered in air, are shown in Figure 1, within the
results of Rietveld refinement. All samples show cubic phase with space group Pm3m (ICDD Card
Number: 86-0178). No impurity peaks were detected for the samples with x < 0.05, while traces of
secondary phases were observed in the samples with x > 0.08. In particular, TiO, (ICDD Card Number:
21-1276) and Dy,Os; (ICDD Card Number: 01-078-0388) in DSTS8, while TiO, and pyrochlore
Dy,Ti,07 (ICDD Card Number: 17-0453) were observed in DST10. The lattice parameters, and some
reliability factors of RR are summarized in Table 1. From this table, it is observed that, lattice
parameter decreases with increase in Dy content, which may be attributed to the replacement of the
larger sized Sr*™ ions at A-sites of the perovskite structure by the smaller Dy>" ions. Moreover, in all
the refinements, the reliability factors are satisfactory, indicating a good refined crystal structure model
representative of the real case. In case of DST8 and DST10, RR was performed also considering the
secondary phases, and their amounts were evaluated as 3.5 wt.% of TiO, and 3 wt.% of Dy,0s in

DSTS, 3 wt.% of TiO; and 2.4 wt.% Dy, Ti,07 in DST10.
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Figure 1. Rietveld refinement (-) of XRD patterns ((1=DST3, O=DST5, A= DST8 and +=DST10).
Residuals (Res) and Miller indexes are also reported with major reflections of TiO, ("), Dy,O3 (#) and

Dy, Ti,07 (*) secondary phases.

In Figure 2, the microstrain and crystallite size of the studied compositions are reported. Both
variables show the same trend, being the minimum value of microstrain and crystallite size observed

for the sample DSTS.
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Figure 2. The calculated microstrain and crystallite size as function of Dy amount.

DSTS8 showed also the minimum of relative density, as reported in Table 1, that was confirmed by
comparison of FESEM micrographs of fractured samples sintered at 1200 'C in air (Figure 3). The
average grain size was also determined using ImageJ software, and was found to be 4.54 pm, 1.62 um,
1.06 um and 5.13 pm for DST3, DSTS, DST8 and DST10, respectively. This trend can be considered
as an effect of dopant segregation at the grain boundary, which inhibits the grain growth during
sintering. In fact, segregation is known to be driven by the decrease in interfacial free energy that
accompanies the densification process and is therefore a general feature of polycrystalline ceramics
[48]. When dopant segregates in the pyrochlore secondary phase, that is the case of DST10, this effect
is not present anymore; on the contrary this secondary phase can promote the increasing of grain size

and densification [49].



Figure 3. The FESEM micrographs of fractured compositions (a) DST3, (b) DSTS, (c) DSTS8 and (d)

DSTI10

Table 1: Rietveld refined parameters and relative density of studied compositions.



Lattice Parameter

Relative

Sample (A) x2 Rp Rp d?ol/ii)ty
DST3 3.91078 6.464 5.31 3.71 97.7
DST5 3.90996 6.19 4.75 3.75 95.7
DST8 3.90906 5.75 4.83 3.74 66.4
DST10 3.90823 6.68 5.29 4.03 87.9

Impedance measurements of all compositions were collected in air and hydrogen, at different
temperatures. As an example, Nyquist plots of imaginary (Z’’) vs. real (Z’) impedance of sample
DST3, measured in air at different temperatures, are reported in Figure 4. As it can be seen from such
curves the contributions from grain boundaries and grain cores are not resolved and just one depressed
semi-circle was observed in all cases, that was fitted by an equivalent circuit consisting of one parallel
R-CPE element (R//Q) in series to a resistance Ry simulating contact resistance, the latter due to weak

variation with temperature of the mechanical load in the measurement rig.

After reduction, electronic conductivity measured in hydrogen increased significantly; under this
circumstance, imaginary part of impedance was negligible and given by inductance of the measurement
system, as demonstrated by impedance spectra collected on sample DST10 and shown in Fig. 5.

Therefore, for reduced samples, R was obtained for each composition and temperature from the real

part of impedance only.

The fitted R values were utilized to calculate the conductivity o, by the following equation:



o, = L/RA (2)
where L is the thickness and A is the cross section area of specimens.

Conductivity was also corrected for porosity by following the Bruggeman Asymmetric Model [50,
51]. The model treats a continuous phase of conductivity o; with an embedded discontinuous phase G,

and a volume fraction Xx,:
(01/0m) - (O — 02/0y — 0'2)3 =(1- x2)3 (3)

where oy, is the conductivity of dispersion. In this case, X, is the porosity x,, (as calculated from density
reported in Table 1) and then 5,=0 as the phase 2 corresponds to pores; o;= G is the true conductivity
of dense Dy-doped SrTiO3, and oy, is G, the measured effective conductivity of porous pellet. In this

hypothesis, eq. (3) can be written as:

o=0,/(1-x,)"" (4)

In Table 2, corrected conductivity values, o, obtained in air and in hydrogen at 650°C, a standard
operative temperature for a SOFC, are reported as a function of Dy content. Moreover, Arrhenius plots
of conductivity in air and hydrogen, obtained for all compositions, are presented in Figure 6 and the
activation energy (Ea), for conduction mechanism in air and hydrogen, was also reported in Table 2 as

calculated from fitting of conductivity data to the Arrhenius equation:
0T = Aexp (—E,/kT) (5)

Table 2: Conductivity values (o) measured at 650°C and calculated energy activations (E,) of

conduction mechanism, for all composition, respectively in air and in hydrogen.



Sample o (650°C, Oy) ¢ (650°C, H,) E. (02) E, (H)

-Z"(kQ)

102*Sem’™! 10%* Sem™ eV eV
DST3 7.16 107 3.125 0.77 0.17
DSTS5 9.88 10 3.054 0.66 0.21
DSTS 2107 13.639 1.42 0.10
DST10 44107 1.221 1.26 0.24
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Figure 4. Nyquist plot of impedances measured in air for DST3 sample, at several temperatures as
reported in the legend. The solid line was obtained by fitting the data with the equivalent circuit
mentioned in the text.
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Figure 5. Impedance spectra of DST10 sample, measured in H», at several temperatures as reported.
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Figure 6. Arrhenius plot of conductivity of DST3 (@), DSTS (4), DST8 (l) and DST10 (¥), samples
as function of temperature, in air (full symbols) and in hydrogen (empty symbols). Lines are the best fit

of Eq. (5) to experimental data.

It 1s observed that conductivity, for all compositions, increases passing from air to hydrogen. DSTS5

showed the highest conductivity in air whereas DSTS8 in H, atmosphere.

The activation energy calculated for all compositions is listed in Table 2. As the value of Ea is typically
close to 1 eV for oxide ion conduction and to 0.1 eV for electronic conduction, with intermediate

values for mixed conduction regimes [52, 53], data reported in Table 2 suggest mixed ionic-electronic



conduction for DST3 and DSTS5, differently from DST8 and DST10 where pure ionic conduction is

likely to take place.

After reduction with H, the activation energy is further lowered, being in the range of 0.1 — 0.24 eV for

all samples.

Above reported experimental observations can be explained by considering the incorporation
mechanisms of dopant into the perovskite structure of SrTiOs. Given the average value of ionic radius
of Dy3+ in 6-fold coordination (0.91 A) and in 12-fold coordination (1.23 A) [43], three types of
incorporation can be considered and expressed by the following equations written with the Kroger-

Vink notation:

) STTiOg . . X
Dy,03 + 2Ti0, — 2Dyg, + 2Ti; + 605 +1/2 0, (6a)
SrTio; , X
Dy,03 — Dyg, + Dyr; + 30; (6b)
Tio, , ) X
Dy203 4 ZDyTi + VO + 300 (60)

Eq. (6a) accounts for the incorporation at the Sr-site, with formation of positively charged defects,

compensated by electrons or, equivalently, by partial reduction of Ti*" to Ti*".

In the second case, eq. 6(b), the incorporation takes place both at Sr- and Ti-sites, with self-
compensation of charges. Finally, eq. (6¢) is relevant to the case of incorporation at the Ti-site with

formation of negatively charged defects, compensated by oxygen vacancies.

As already reported in case of BaTiOs, [54], the most energetically favorable incorporation mechanism
for Dy3+ and similar rare-earths like Y, Er and Gd, is the self-compensation. However, other factors can
determine the actual incorporation mechanism, the most important being the amount of dopant, the

cationic ratio and the temperature.



Lattice parameters and strain are determined by the incorporation mechanism so that, minimal local
distortion (microstrain) can be expected when Dy’" is replacing both (larger) Sr** and (smaller, being
its ionic radius in 6-fold coordination equal to 0.61 A) Ti*" atoms. The formation of the pyrochlore

phase also introduces point defects, namely Ti vacancies, which affect the lattice size and strain state.

Moreover, results indicate that there is a regime change for x > 0.08, passing from a conductivity
substantially mixed ionic-electronic type (x < 0.05) to a one ionic type (x > 0.08) with a significant
decreasing of conductivity value (= 2 orders of magnitude at 650°C). In both the two regimes, the

conductivity increases when increasing Dy content.

Therefore, for DST8 self-compensation (eq. 6b) is mainly active, which also reflect in lower
conductivity and higher Ea, and causing the smaller microstrain and negligible amount of electrons,
being the conduction of ionic nature and due to oxygen vacancies produced either intrinsically
(Schottky disorder) or partially through mechanism of eq. (6¢). Mechanism of eq. (6¢) is more active in
sample DST10, as demonstrated by higher conductivity, lower Ea and higher microstrain. In these
samples, however, the presence of a secondary phase, i.e. of Ti vacancies in the main phase, may

account for observed lowering of the unit cell volume.

Conversely, in case of DST3 and DSTS, both the (6a) and (6b) eq. take place, giving higher

microstrain, higher conductivity and lower Ea (ionic-electronic).
Under reducing atmosphere, lattice oxygen may be lost and thus oxygen vacancies will be generated,

2Ti0, - 2Tiy; + Vi + 305 +1/2 0, (7
In order to preserve the electro-neutrality, the following equation must be satisfied.

[Tir;] = [Dys,] + 2[V;] ®)



Therefore, both extrinsic defects introduced by Dy incorporation at Sr-site and intrinsic oxygen
vacancies, which are formed under reducing conditions, contribute to the formation of electrons and

increase of conductivity.

The conductivity of all samples is actually increased after exposure to hydrogen atmosphere; the
highest conductivity value was found in sample DSTS, decreasing to about half in DST3 and DST5 and
by one order of magnitude in DST10 at 650 °C. By XRD measurement, repeated after the reduction it
is observed that DST10 degraded after reduction. Results are reported in Figure 7, together with the
patterns obtained after sintering in air and discussed above. It is clear that XRD patterns of DST3 and

DSTS5 overlap with each other, only showing the presence of a small quantity of TiO,.

On the contrary, in the other two samples DST8 and DST10 after reduction additional phases were also
found, that are Ti-Sr mixed oxides with different stoichiometry. This phenomenon is less prominent in
DST8 and it doesn’t affect the conductivity, while DST10 was strongly degraded and its conductivity
decreased strongly.

In light of these results, the most promising candidate for use as anodic material in SOFC is the
composition Dy 0sSr99,TiO3 due to its sufficient chemical stability both under reducing and oxidizing
conditions, coupled with highest conductivity and lowest activation energy within the series of
samples. A direct comparison with the conductivity values reported in literature for other doped
strontium titanate would be misleading because no optimization was carried out on the sintering
protocol to maximize density and conductivity itself. Therefore, data reported in this work are helpful
in selecting the most appropriate (promising) composition for further development as anodic SOFC

material.



To get information about performance and stability of DST8 in operative conditions, a test in a
complete solid oxide fuel cell, with standard materials for cathode and electrolyte, is needed. This topic

will be the object of a following paper.
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Figure 7. Comparison of XRD patterns obtained before (thin line) and after reduction (thick line).
Miller indexes of SrTiO; are also reported with major reflections of TiO; ("), Dy,O3 (#) and Dy, Ti,07
(* ) secondary phases. Peaks of mixed Ti, Sr oxides, different from SrTiO; are highlighted by

rectangles

4. Conclusion
In the present work, Dy-doped SrTiOs system was studied for the first time as candidate for anodic
materials. Microstrain, crystallite size and density decreased with increasing of Dy content for x < 0.08,
where a minimum was detected for all quantities, and then increased again for x = 0.10. Moreover,
samples with x < 0.05 are single phase, while for x > 0.08 about 6 wt.% of secondary phases are
formed. In air, the conductivity is predominantly mixed ionic-electronic type for x < 0.05, becoming
ionic for x > 0.08. It is observed that conductivity, for all composition, increased passing from air to
hydrogen and activation energy decreased. Dy 0sSr9.9sTi03.5 shows the highest conductivity in air
whereas Dy 0sS19.92T1035 in H, atmosphere. Results can be explained by considering different
incorporation mechanisms, for different amounts of Dy, particularly simultaneous incorporation at Sr-
and Ti-sites, incorporation at Ti-site with oxygen vacancies compensation or incorporation at Sr-site
with electron compensation. Some degradation is observed by XRD for x > 0.08 after reduction, that
increases by increasing Dy content, being still limited in DST8 and not affecting conductivity. Hence,
DST8 may be considered as a promising anode material for solid oxide fuel cells. In the future, it will
be tested in operative SOFC conditions to check performances. Moreover, aging tests will be

performed, to check the effective stability.
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