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Abstract

Single phase La,, ,sSr, ,sMn, ;Cr,s Ti O, ; (LSCMT, 0 < x < 0.3) perovskites were investigated as possible
anode material for solid oxide fuel cells with yttria stabilized zirconia (YSZ) electrolyte. LSCMT samples
were synthesized by solid state reaction method and sintered at 1500 °C in air. Rietveld refinement of X-ray
powder diffraction data show that the LSCMT materials crystallize in the rhombohedral symmetry with R3C
space group. The cell parameters of the sample with 10at.% of Ti (x = 0.1) were: a = b = 5.5125(4)A; ¢ =
13.3397(6)A; a = 90°; B = 90°; y = 120°. The scanning electron microscopy analyses confirmed the presence of
sufficient porosity (about 35%). Symmetrical LSCMT\YSZ|ILSCMT cell configurations with different Ti-doping
(x=0.1, 0.2 and 0.3) and good interface without delamination between the two materials, even after reduction
process, were also prepared. Ti doping was very effective in reducing the interfacial polarization resistance
with the lowest value of 0.22Q-cm? and conductivity of 0.23 Sfem in 5% H,/Ar at 800 °C. The obtained results
suggest that Ti doping can substantially improve electrochemical performance of (La, ;581 ,5)(Mn, sCr, 5)O; s
ceramics.
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I. Introduction the three phases, i.e. the ionic conductive, electronic

conductive and gaseous phases. The larger amount of

Solid oxide fuel cell (SOFC) has drawn consider-  ¢ho TPB present the better the electrode performance
able attention of worldwide researchers in the past few (8,9].

decades as one of the cleanest and most efficient power
generation devices [1-7]. The cell contains porous an-
ode and cathode and a dense ionic conducting elec-
trolyte. Electrodes should be chemically and thermally
compatible with electrolyte. They should be both elec-
tronic and ionic conductors and should provide unob-
structed transport of gas by means of continuous in-
terconnected porosity. Electrodes should also possess
mixed ionic and electronic conductivity with the desired
catalytic activity. The electrode reactions take place at
the triple phase boundaries (TPB), the interface between

A significant advantage of SOFCs lies in the high
flexibility of fuel choices which allows direct utilization
of hydrocarbon fuels without any pretreatment. Conven-
tional nickel/electrolyte composite anodes show good
performance using pure H, fuel. However, such anodes
have disadvantages such as poor redox stability, carbon
deposition and sulphur poisoning when used on natural
gas. The nickel particles also tend to agglomerate after
prolonged exposure to the fuel. These factors remain as
the motivation of this research [6,10-14].

Mixed ionic and electronic conductors (MIECs) as
anode materials for SOFC have attracted much atten-
tion in recent years due to their excellent resistance
to sulphur poisoning and carbon deposition, high ther-
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mochemical stability and extended triple phase bound-
ary [15-18]. The most investigated MIEC anode mate-
rials include fluorite-type (Gd,,Ce 3O, ), perovskite-
type (La,;5Sr, ,5sCr, sMn, O; ), tungsten bronze-type
(Sry Mg Nb, O, ,) and pyrochlore-type (Gd,Ti,0,)
materials [19-26]. In this study, we will focus on
perovskite-type LSCM material due to the presence of
rigid CrOg4 octahedra in the crystal structure. It en-
ables LSCM stabilization down to low oxygen chemi-
cal potentials necessary for the SOFC anode operation,
while moderate acceptor-type doping is necessary to im-
prove electronic and ionic conduction. Nevertheless, the
electrochemical performances of LSCM anodes with-
out any additional components are essentially limited
by the electronic transport leading to rather high over-
potentials. The incorporation of metals (e.g. Ni or Cu)
and/or electrocatalytically active additives (e.g. CeO, ;)
decrease electrode resistance [27]. To achieve a single
phase in reducing atmosphere, it is necessary to con-
sider the elementary chemical and physical characteris-
tics of the elements used from the periodic table. For
example, oxygen ion conduction, oxygen permeabil-
ity, electronic transport characteristics, catalytic activ-
ity as well as structural properties can be adopted with
increasing atomic number of the transition metal. Un-
fortunately, at higher temperatures, these higher atomic
number transition metals suffer from phase decompo-
sition which is unfavourable. Therefore, the substitu-
tion of Cr for Ti at the B site could improve struc-
tural stability whereas substituting Mn or Fe could en-
hance its catalytic effect. Based on these strategies, var-
ious single phase oxides with the form of complex per-
ovskites ABO; ; doped with Ti and Cr were synthesized
and tested. La,, ,5Sr, ,5Cr, sMn;, sO; s (LSCM), one of
the potential anode materials for SOFC application un-
der CH, fuel, was introduced by Tao and Irvine et
al. [28]. LSCM showed stable performance under fuel
and air conditions, where the anode polarization values
measured by a three electrode set up were 0.26 Q-cm?
(wet H,), 0.51Q-cm? (5% wet H,) and 0.87 Q-cm?
(wet CH,) at 900°C. Excellent anode performance
was also obtained from (La, ;551 ,5)Cr, sMn;, sO; ; on
La, 4Sr, Ga, sMg ,5Co, 1505 s (LSGMCo) electrolyte
where the anode polarization showed a value of
0.18 Q-cm? under wet H, conditions at 900 °C [29,30].
In this work, Cr has been substituted by Ti at the B-
site to observe the physical and electrochemical proper-
ties. This is because Ti ions are stable cations and have
good stability in the perovskite structure against reduc-
tion [31].

In this study, novel series of materials with the fol-
lowing compositions La, 1551, ,sMn, sCrys Ti O, (x
= 0.1, 0.2 and 0.3), prepared by solid state reaction
method and sintered at 1500 °C, were studied using X-
ray diffraction, scanning electron microscope, electro-
chemical impedance spectroscopy and symmetrical fuel
cell test which shows promising results for future appli-
cations.
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II. Materials and methods

La, ;551 ,sMn( sCry 5 Ti O; 5 (x = 0.1, 0.2 and 0.3)
powders were synthesized by solid state reaction. Stoi-
chiometric amounts of La,O, (Merck Aldrich, 99.9%),
SrO (Merck Aldrich, 99.9%), MnO, (Sigma Aldrich,
99.9%), TiO, (Merck Aldrich, 99.9%) and Cr,0,
(Merck Aldrich, 99.9%) were mixed with ethyl alco-
hol and ball milled with zirconia balls for 24 h. The
slurries were then put into an oven overnight at 100 °C
to evaporate the solvent. The obtained powders were
crushed in an agate mortar and pestle. About 2.0g
of the powder was pressed into 20mm pellet by a
Kennedy hydraulic press at 10 MPa. The dark green
pellets were sintered at 1200°C for 12h by using a
Nabertherm furnace. The pellets were again crushed
into powders and pelleted using the same condition
and sintered at final sintering temperature 1500 °C
for 12h. The samples La;5Sr, ,sMn,, sCr, ,Ti, ;O5 (x
= 0.1), La,;5Sr,,sMn;Cr,,Ti;,0; (x = 0.2) and
La,, ;551 ,sMn, sCr,, , Ti; ;05 (x = 0.3) are identified as
LSCMTI, LSCMT?2 and LSCMTS3, respectively.

The phase purity and crystal lattice parameters were
examined at room temperature by using a Shimadzu
7000 X-ray diffractometer (XRD) using CuKe; wave-
length 4 = 0.15406 nm at 40kV and 30 mA, and a scan
speed of 1.0 °/min. The experimental data were refined
by a Rietveld method using the Fullprof program [32].
Winplotr which is available within the Fullprof suit was
used for powder diffraction data viewing and process-
ing, peak profiling and indexing. The morphology of the
prepared samples was analysed by a scanning electron
microscope (SEM). SEM images were collected using a
FEG-SEM (JEOL JSM-7610F) electron microscope at
voltage of 2.00kV.

Area specific resistance (ASR) values were obtained
under symmetrical setup in a two electrode configu-
ration. Anode inks were fabricated by mixing the as-
prepared LSCMT in a 1:1 weight ratio with e-terpiniol,
Di-n butyl phthalate (DBP, 99% purity, Deajung Chem-
icals & Metals) and polyvinyl butyral (PVB, B-98, But-
var) mixture using a mortar and pestle. The anode ink
was screen-printed onto both sides of the YSZ elec-
trolyte. Active area of the anode, the working electrode,
was ~0.5 cm?. Counter electrode (the same material as
the anode) was deposited on the other side of the elec-
trolyte. The electrodes were sintered at 1200 °C for 4 h
to ensure an adequate adherence with the electrolyte.
The dense pellet of YSZ was bought from trusted fuel
cell materials suppliers. Contacts for the electrical mea-
surement on the anode were made using silver mesh
with gold wire fixed with a small amount of platinum
paste as current collector on the counter and working
electrodes. AC impedance spectroscopy was carried out
using an electrochemical impedance spectroscopy (EIS)
with a Potentiostat/Galvanostat instrument (SP150, Bio-
Logic) controlled by EC Lab impedance software. The
impedance spectra of electrochemical cells (anodic part
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only, ohmic resistance subtracted) were recorded at
open cell voltage (OCV) with a20 mV bias voltage over
the frequency range of 10° to 0.1 Hz.

II1I. Results and discussion

3.1. Structure

Figure 1 shows the XRD patterns of the samples
LSCMTI1, LSCMT2 and LSCMT?3 sintered at 1200 °C.
The Bragg reflections shift to the right as the content
of Ti increases. This can be explained by the fact that
ionic radius of Ti is smaller than Cr (i.e. in 6-fold coor-
dinated polyhedra they are 0.605 and 0.615 A, respec-
tively), hence spacing between layers decreases with an
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Figure 1. XRD patterns of three different compositions of
LSCMT samples sintered at 1200 °C

increase in Ti content. Decrease in the value of d means
an increase of 6 hence the shifting of 26 to the right.
A small percentage of the second phase from unreacted
La, O, was observed which can be indexed as hexagonal
phase (P3m1, JCPDS 05-0602) with unit cell parame-
ters a = 3.397 A and ¢ = 6.129 A.

Rietveld refinement shows that all prepared
Lay 1551, ,sMn, sCr;, 5, Ti, 05 5 (x = 0.1, 0.2 and 0.3)
samples crystallize in the rhombohedral symmetry
with the R3C space group. The corresponding unit
cell parameters and refinement factors are presented in
Table 1. Figure 2 shows the Rietveld refinement of the
XRD data of the sample LSCMT1 (x = 0.1), which cor-
responds to the space group R3C (a = b = 5.5125(4)A;
c = 133397(6)A; @ = 90° B = 90°% y = 120°).
The least square refinement of the sample LSCMT1 is
XZ = 1.56 and Ry, R, and R,,, values are 5.040, 21.2 and
27.4, respectively, which indicated a good fit of the ex-
perimental data. The lattice parameter also corresponds
well with literature for LSCM (¢ = b = 5.49914A;
¢ = 13.32281A)[33] and Ce-LSCM (a = b = 5.5144 A,
c = 13.401 A) [34]. Since the ionic radii of Ti** and
Cr’* are very close, the small variation in doping
percentage might have small effect on the unit cell
volume. Thus, the sample where Cr was replaced with
10at.% of Ti at the B-site gives the clear splitting of
some peaks which is visible at 26 = 40°, 53°, 58° and
68°. The observed peak splitting is related to the atomic
rearrangement which makes the atomic structure in
lower symmetry (rhombohedral symmetry in the R3C
space group). For higher percentage of doping i.e. 20
and 30at.%, the peak splitting decreases, but crystal
phase still remains in the same symmetry and space
group.

The B-site cations, which consist of Mn/Cr/Ti, are
surrounded by regular octahedra of oxygen (Fig 2).
These octahedra are linked together at the corner shar-
ing three dimensional frameworks, while La/Sr ions oc-
cupy 12-coordinated A-site between these octahedra.
Due to the different sizes of A and B cations, the crystal
structure was distorted forcing the (Mn/Cr/T1)Oq to tilt
in order to optimize the La/Sr—O bond distances.

Table 1. Summary of results obtained from Rietveld analysis of X-ray diffraction data for La, ,;Sr, ,sMn, ;Cr, 5 Ti O;
(x = 0.1, 0.2 and 0.3) using rhombohedral symmetry (space group R3C)

Parameters LSCMT1 LSCMT2 LSCMT3
Space group R3C R3C R3C
X’ 1.56 0.397 0.845

a[A] 5.5125(4)  5.5209(1)  5.5152(8)

b [A] 5.5125(4)  5.5209(1)  5.5152(8)

c [A] 13.3397(6) 13.4058(7) 13.4548(7)

Volume [A?] 351.06(1)  353.87(2) 354.42(4)

Number of fitted parameters 19 19 19

Rf factor(%) 5.04 10.9 6.76
Rp (%) 21.2 11.8 20.6
Rw (%) 27.4 17.3 28.2
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where r,, r, and rp are the ionic radii of A-site, B-site
and oxygen, respectively. For ¢t < 1, the octahedra are
tilted. Based on the ionic radii of La** (r = 1.36 A), Sr**
(r = L44A), Mn** (r = 0.645 A), Cr** (r = 0.615A),
Ti** (r = 0.605A) and 0>~ (r = 1.40A) in appropri-
ate coordination number, the tolerance factor was cal-
culated to be + = 0.91. This indicates that the B-site
octahedra of this perovskite are tilted. Octahedral tilting
forces formation of crystal structure with lower symme-
try.

After complete analyses of phase composition, SEM
images were taken to evaluate the porosity and homo-
geneity of the prepared ceramics (Fig. 3). As the con-
I ) tent of titanium increases, the grain size also increases
: ." : : : : : and porosity becomes more obvious. No trace of liquid
20 [0150 60 70 phase or secondary phase was found in the samples.

Figures 4a and 4b show the fractured cross-sectional

Figure 2. Observed (red dots), calculated (black line) and microstructure of the symmetrical cell with dense YSZ

difference plot (1,4, — ..., blue line) of XRD intensity profiles  electrolyte and porous LSCMT1 and LSCMT3 layers,

for LSCMT (x = 0.1) at room temperature (short vertical respectively. The porosity increases with the increase of

lines indicate the angular position of the allowed Bragg Ti content, which enhances gas diffusion path and in-
reflections and insert is 3D schematic diagram) . . .

creases amount of possible absorption sites. The dense
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The Goldschmidt tolerance factor (f) is [35]: YSZ electrolyte blocks gas diffusion and thus ohmic re-
sistance decreases. The materials also show good lam-
i Tq + 70 ) ination between LSCMT and YSZ and the two layers
V2(ry + 10) also have no delamination problem even after exposure
to hydrogen gas.
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Figure 4. SEM images of the anode/electrolyte interface of samples: a) LSCMT1/YSZ and b) LSCMT3/YSZ sintered at
1200 °C for 4 h in air
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Figure 5. Anodic impedance spectra of LSCMT1 (a) and LSCMT3 (b) symmetric cells in 5% H,/Ar at different temperatures

3.2. Electrical properties

The AC electrochemical spectroscopy (EIS) was used
to determine the polarization resistance on the symmet-
rical LSCMT/YSZ/LSCMT cells. The equivalent cir-
cuits of the impedance spectra and the Nyquist plots are
shown in Fig. 5. EC lab software was used for anal-
ysis of the experimental data. The specific area was
also considered in calculating the resistivity. The arc re-
lates to both bulk and grain boundary resistances with
grain boundary being dominant at temperatures at low
temperature range (below 550 °C). The bulk component
only appears at reduced temperature of 550 °C. For most
temperatures studied in hydrogen, there was no possibil-
ity to separate bulk and grain boundary components, so
only total (bulk and grain boundary) conductivity val-
ues have been considered. The lowest impedance values
were obtained in dry H, as fuel. Only one arc was ob-
served hence indicates that electronic conduction was
dominant. There are three parallel combinations of re-
sistance and a constant phase element in an equivalent
circuit fitting as shown in the inset of Fig. 5. Electro-
chemical oxidations of fuel at anode/electrolyte are af-
fected by three different factors. Low frequency is due
to the process of adsorption and diffusion of species. In-
termediate frequency arc is due to the charge transfer.
High frequency arc is due to the charge species trans-
port through the surface of the anode or electrolyte. In
most cases, an electrolyte supported anode symmetrical
cell shows only one arc in the Nyquist plot at higher
temperature. Therefore, it is important to realize that
the arc consists of the sum of the all resistances and
this is known as the area specific resistance (ASR).
The electrochemical process involved in the fuel ox-
idation is the rate determining step. Impedance spec-
troscopy was carried out in both wet and dry hydro-

gen in the temperature range of 550-800°C to study
the conductivity behaviour. Conductivity can be exam-
ined by impedance which is a reciprocal of resistivity,
i.e. small impedance pattern represent high conductiv-
ity. The small impedance reflects the smallest resistiv-
ity hence making it the composition which is the most
conductive. The resistance was calculated by fitting the
impedance pattern with the equivalent circuit shown as
an inset in Fig. 5. Conductivity of the material can be
calculated by the following equation:

1 L
o=—=— 2

e 2)
where o is conductivity, p is resistivity, L is length, R
is resistance and A is cross sectional area. Equation 2
proves that resistivity is the reciprocal of conductivity
and can also be expressed with the Arrhenius equation:

o =0y exp(—ﬁ) 3)

R-T

where o is conductivity, o is pre-exponential factor,
E, is activation energy, R is gas constant and 7 is tem-
perature. However, it is important to note that there has
been a controversy for using platinum as a current col-
lector. Platinum paste can be regarded as catalytically
active for the oxidation of hydrogen. However, the loca-
tion of metal atoms is critical since the catalytic metal
must be located near the triple phase boundary in or-
der to promote the oxidation of oxygen anions coming
from the electrolyte. Simple metal coating would not be
optimized as LSCMs are generally low in ionic conduc-
tivity [36].

Doping with Ti has a significant effect on the
impedance as shown in Fig. 5. The polarization resis-

346



A.H. Karim et al. / Processing and Application of Ceramics 13 [4] (2019) 342-348

Table 2. Conductivity [S/cm] of LSCMT1 and LSCMTS3 at different temperatures in wet and dry H,

LSCMT1 LSCMT3
Temperature [°C]
WetH, DryH, Wet H, Dry H,
550 0.00 0.01 242x 107 3.50x 1074
600 0.01 0.02 7.26x 107 1.02x 1073
650 0.04 0.07 226%x 1073 2.51x1073
700 0.10 0.22 571x107%  6.32x 1073
750 0.11 0.22 1.27%x 1072 1.50x 1072
800 0.12 0.23 2.35%x 1072 3.38x 1072

tance for the sample LSCMT1 at 800°C in dry hy-
drogen is 0.21 Q-cm? and conductivity is 0.23 S/cm as
shown in Table 2. This value is lower than a single
layer LSCM anode (R, = 2.3 Q-cm?) and close to Ce-
doped LSCM. As proposed by Lay et al. [34], these
improvements maybe due to: i) a better adherence be-
tween the electrolyte layer and anodic layer, ii) an en-
hanced oxygen ionic conductivity that may increase the
triple phase boundary reaction zone and/or the electro-
catalytic activity of the material. The polarization resis-
tance for the sample LSCMT3 at 800 °C in dry hydrogen
is 1.42Q-cm? and conductivity is 0.03 S/cm which is,
however, lower than for the LSCMT1 ceramics. There-
fore, we can conclude that conductivity decreases with
increasing Ti content.

The improved conductivity of the LSCMT1 ceramics
in comparison to the LSCM can be explained from the
viewpoint of defect chemistry. The point defects pro-
duced after Ti donor-doping of LSCM can be expressed
with the following equation:

1
TiO, — Ti'¢, + h* + 2 0F + > 0O, “)
From this equation, it can be observed that there is a
loss of lattice oxygen in a reducing atmosphere hence
producing oxygen vacancies as shown by:

1
2Mny,, + O — 2Mn'y, + VI + > o, (5

where Mn',, stands for Mn?*-ions on the position of
Mn>* ions.

IV. Conclusions

Ti-substituted LSCM has been demonstrated as an in-
teresting improvement of the nickel-free single phase
LSCM anode. La, ,55r,, ,sMn,, sCr,, 5 Ti O; s (LSCMT,
x = 0.1, 0.2 and 0.3) were successfully synthesized by
solid state reaction method and sintered at 1500 °C in
air. XRD studies confirmed that the LSCMT consists of
a single perovskite structure in thombohedral symme-
try (a small amount of unreacted La,O, was observed
in the sample sintered at 1200 °C). No structural phase
change was seen while substituting Ti in the place of
Cr on the B-site. SEM image shows that the porosity
increases with the increase in Ti with no presence of
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a liquid phase. The electrochemical impedance spec-
troscopy measurement indicates the lowest polarization
resistance of 0.22 Q-cm? and conductivity of 0.23 S/cm
in 5% H,/Ar for the LSCMT having x = 0.1. The im-
provements in polarization resistance and conductivity
can be explained in terms of a simple defect chemistry
model. Substitution of other metallic ions, such as W+,
Cr** and Co’, is also another area to explore in per-
ovskites especially for understanding the ionic and elec-
tronic transport.
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