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Abstract Composites of Strontium- and Magnesium-
doped lanthanum gallate, Lag¢Sry1GaggMgp20- 35
(LSGM), and yttria-stabilized zirconia, Zrp9Y(.1O01.05
(YSZ), with weight ratios of 9.5:0.5, 9:1 and 8.5:1.5 were
first prepared by co-precipitation route. The component
compounds, LSGM and YSZ were also prepared by the same
route for comparative study. X-ray Rietveld analyses
revealed that the sintered LSGM-YSZ composites contain
mainly perovskite orthorhombic LSGM phase along with
fluorite YSZ phase similar to that of the cubic zirconia.
Scanning Electron Microscopic image of the composite
depicted the spherical- and oval-shaped grains. XPS spectra
of the composite exhibited the LSGM along with a trace
amount of the YSZ constituents. Electrical conductivity of
the three systems was measured in the frequency range
20 Hz—1 MHz and in the temperature range of 400-700 °C.
LSGM-YSZ composite electrolyte with 9:1 ratio was found
to exhibit enhanced electrical conductivity in comparison to
LSGM and YSZ systems. Moreover, it exhibited lower
activation energy than that of their individual components.

Introduction

Sr- and Mg-doped LaGaO; perovskite has been proposed as
a promising electrolyte material with good oxygen ionic
conductivity at relatively low temperatures [1-4]. The oxy-
gen ion conductivity of La;_,Sr,Ga;_,Mg,03_5 (LSGM,
with x = 0.1 and y = 0.2) has been reported to be around
0.10 S/cm at 800 °C, which is comparable to that of yttria-

Raghvendra - R. K. Singh - P. Singh (I)

Department of Physics, Indian Institute of Technology (BHU),
Varanasi 221005, India

e-mail: psingh.app @iitbhu.ac.in

stabilized zirconia (YSZ) at 1000 °C. Nevertheless, the
doped LaGaOj; has been reported to show chemical insta-
bility with electrode materials, because of inter-diffusion of
metal components at the interface between LSGM electro-
lyte and the perovskite cathode materials [5—7]. Composite
electrolytes have been identified as interesting alternative
electrolyte material bearing advantage of both the compo-
nents in terms of conductivity and/or stability [8—12]. In
1973, Liang [8] reported a substantial increase in ionic
conductivity of lithium iodide with incorporation of the inert
phase, e.g. aluminium oxide. Mishima et al. [10] investigated
the samarium-doped ceria (SDC)-YSZ composite electro-
lyte, and found that the addition of SDC demonstrates an
improvement in the electrical conductivity of the composite
electrolyte. Kim and co-authors [11] have also fabricated the
composite electrolytes for low-temperature solid oxide fuel
cells by coating YSZ sol on tape-casted substrates of yttria-
doped ceria (YDC) and gadolinia-doped ceria (GDC). The
results of single cell tests showed that YSZ layer-coated-
doped ceria composite electrolyte, prepared by the sol—gel
dip-drawing method, has a superior single cell performance
in comparison to YSZ electrolyte without dissociation of
ceria substrate. However, the YSZ and doped ceria com-
posite may have the problem of inter-diffusion of compo-
nents at the interfaces, causing a decrease in conductivity
[13-15]. It is already reported that for the SDC-LSGM
composite electrolyte system bears the highest ionic con-
ductivity for weight ratio 9:1 [16]. Also, for LSGM-GDC
composite system, the electrical conductivity was found to
show the highest value again for weight ratio 9:1 [17].
Moreover, Li et al. [18] have shown the similar result for
LSGM-SDC composite system for weight ratio 9:1. Nev-
ertheless, Hao et al. [19] have mentioned that SDC-LSGM
electrolyte exhibits maximum electrical conductivity and
power density for weight ratio 9.5:0.5.
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Since perovskite LSGM and Fluorite YSZ are reported
as a very good oxide ion conductor, therefore, composite of
these two can be synthesized. Looking at the majority of
the results reported for other composite electrolyte mate-
rials, we synthesized and investigated the electrical prop-
erties of LSGM-YSZ composite material with weight
ratios 9.5:0.5, 9:1 and 8.5:1.5. In this work, we have
studied the phase formation, elemental confinement, elec-
trical and thermal expansion properties of synthesized
systems. Composites were prepared by co-precipitation
method. LSGM and YSZ were also prepared and investi-
gated for comparative study.

Materials and methods

Co-precipitation method was used to prepare LSGM, YSZ
and LSGM-YSZ composites. Stoichiometric amounts of
high purity of constituent oxides were dissolved in nitric
acid solution by stirring on a hot plate. After the complete
dissolution of the component oxides, this solution was
added drop wise into a stirred ammonia solution at 80 °C.
White precipitate was formed at pH value around 9. The
resulting precipitate was then kept for 24 h on a hot plate
and was then evaporated in the oven at 160 °C. Calci-
nation was subsequently carried out for the dry LSGM
and YSZ precursors at 1250 °C for 12 h. LSGM-YSZ
composites were prepared with a LSGM to YSZ weight
ratio of 9.5:0.5, 9:1 and 8.5:1.5. All calcined powders
were ground in an agate mortar, and then uniaxially
pressed into pellets with a compaction load of ~ 100 kg/cm®.
The green pellets were sintered at 1400 °C for 12 h at the
heating rate 4 °C/min, and then were allowed for furnace
cooling.

X-ray diffraction patterns of the samples were examined
using powder X-ray diffraction (XRD) (Rigaku, Miniflex II
desktop) technique with Cu—Ka radiation (30 kV, 20 mA)
in the range of 20°-80°. SEM micrographs of these sam-
ples were recorded using Quanta 200 FESEM. A Kratos
Analytical Axis Ultra XPS system was used to perform
elemental and bonding state analysis. The residual vacuum
in the analysis chamber was kept at 10~ Pa. The binding
energy of C 1s (284.6 eV) was used as an internal standard.
A monochromatic Al Ko source operated at 15 kV and
pass energy of 20 eV was used to obtain elemental core
level spectra. For electrical measurement, the sintered
pellets were first wet-ground to remove the surface layer.
Then, High temperature Ag-paste was applied on both
sides of the pellet and cured/fired at 750 °C for 1 h.
Impedance measurements of these pellets were made from
400 to 700 °C at the intervals of 20 °C in the frequency
range 20 Hz—1 MHz using Wayne Kerr (6500 P) imped-
ance analyser. Dilatometry of the three systems was
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performed in air using a dilatometer DIL 402 PC (NET-
ZSCH, UK) from room temperature to 1000 °C.

Results and discussion

In present discussion, the system Lag ¢Stg.1GaggMgo203_5
is designated as LSGM, system Zrp9Y( 10195 as YSZ and
their composites with weight ratios 9.5:0.5, 9:1 and 8.5:1.5
are designated as LSGM-YSZ05, LSGM-YSZ10 and
LSGM-YSZ15, respectively. Figure 1 shows the XRD
patterns of all the synthesized systems viz. LSGM, YSZ
and their composites. LSGM and YSZ phases are repre-
sented by the symbols 1 and 2 in the Fig. 1. These phases
are also marked in their composites. A trace amount of the
secondary phase of the La,Zr,O; (indicated by * in the
Fig. 1) is observed in the LSGM-YSZ15 composite
[ICDD card No. 73-0444]. This phase is observed due to
the reaction of the lanthanum with zirconia during the heat
treatment of the aforementioned composite [20, 21]. This
is an insulating phase, which reduces the electrical con-
ductivity of the LSGM-YSZ15 system. In present inves-
tigation, we have obtained optimized conductivity for
LSGM-YSZ10 system, therefore, the physical behaviour
of this system along with its individual parent composi-
tions (LSGM and YSZ) has been discussed. The X-ray
Rietveld refined diffraction patterns of the sintered LSGM,
YSZ and LSGM-YSZ10 composite are shown in
Fig. 2(a), (b) and (c), respectively. The XRD patterns of
LSGM and YSZ are also included as reference. To obtain
the structural parameters, we have performed Rietveld
analyses of the XRD data applying Fullprof program. The
peak shape was assumed to be pseudo-Voigt functions.
The background of each profile was approximated by a
6-parameter polynomial. It was found that the composite,
after sintering at 1400 °C, consists perovskite orthorhom-
bic LSGM as a major phase (space group, Pnma, 62)
along with minor YSZ phase having structure similar to
that of the cubic fluorite ZrO, phase (space group, Fm 3m,
225). Goodenough and Feng [2] reported that the Laggo.
Srg.1Gag Mg 0,35 (LSGM) phase as cubic perovskite,
whilst Ishihara et al. [1] have reported an orthorhombic
structure for this material. In this study, the powder pat-
terns of LSGM were indexed using the orthorhombic cell
and Rietveld refinements was carried out on this basis [22,
23]. The results of Rietveld full pattern refinement are
shown in Fig. 2. The atomic model, which gives the best
fit to the data for LSGM, was orthorhombic space group
Pnma (no. 62) with refined cell dimensions as mentioned
in Table 1. Prominent diffraction peaks of LSGM system
are indexed with ICDD card no. 89-7946. X-ray Rietveld
analysis of the zirconia system was performed assuming it
as cubic phase and peaks are indexed with ICDD card no.



J Mater Sci (2014) 49:5571-5578

5573

© |}, = [—LsGM-ysz15
1 .2, 1 d ! .
|\ w2z o oAzt k22 o
() 1 —— LSGM-YSZ10
1 2 J 1 1 ! 1
2 1
A S R SN FE N SN
©) —— LSGM-YSZ05

Intensity (arb. units)

20 30 40 50 60 70 80
20 (degree)

Fig. 1 X-Ray diffraction patterns of a LSGM, b YSZ and ¢ LSGM-
YSZ05, d LSGM-YSZ10 and e LSGM-YSZ15 composites at room
temperature. / and 2 represents the LSGM and YSZ phase,
respectively. Asterisk correspond the secondary phase of La,Zr,O;
in LSGM-YSZ15 composite

89-9065. Rietveld analysis of the composite system was
performed assuming a two-phase system (LSGM and
YSZ). On the basis of Rietveld refinement process, we
found ~89 wt% of LSGM phase and ~11 wt% of YSZ
phase in the LSGM-YSZ10 composite. Table 1 enumer-
ated the various structural parameters obtained from the
Rietveld refinements of the three synthesized systems. The
densities of the sintered samples were determined using
Archimedes principle and for composite, it was found to
be about 96 % of its theoretical density. SEM micrographs
of the fractured surface of the sintered pellets were
recorded for all the three systems. Figure 3 depicts the
SEM micrograph of LSGM-YSZ10 composite. This figure
shows spherical- and oval-shaped dense and well-con-
nected grain and grainboundary morphology. Composite
phases (LSGM and YSZ) are also indicated in this figure.
X-ray photoelectron spectroscopy (XPS) spectra of
LSGM, YSZ and the composite LSGM-YSZ10 are shown
in Fig. 4. XPS studies were carried out on air-annealed
samples in order to identify the bond character and
chemical states constituents of LSGM, YSZ and com-
posite. In LSGM and YSZ system, binding energy peaks
may be attributed to their characteristic chemical states.
The appearance of C 1s peak may originate from external
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Fig. 2 X-ray Rietveld refinement diffraction patterns fitting of
a LSGM, b YSZ and ¢ composite LSGM-YSZ10. Here Yobs, Ycal,
Yobs—Ycal and Bragg position represent the experimental data,
calculated data, the difference of experimental and calculated data
and Bragg’s positions, respectively

contamination. This is common to XPS spectra of any
material. After calibration with respect to the C 1s refer-
ence peak at 284.6 eV, XPS analysis was performed for all
the samples. In the survey of the XPS spectra of LSGM,
La 3d, Sr 3d, Ga 2p, Mg 1s and O 1s were assigned at the
characteristic peak positions. The binding energy peaks of
La 3d, Sr 3d, Ga 2p and Ols have been observed at ~ 836,
~135, ~1117 and ~530 eV, respectively. These binding
energy peaks also corroborate with earlier reported liter-
ature [24, 25]. In YSZ system, the binding energy peaks of
Y 3ds;, and Zr 3ds,, were found to appear at ~157.4 and
~182.1 eV, respectively. This agrees well with published
values for Y 3ds, at 157.2-158.6 eV and Zr 3ds, at
182.2-184.0 eV [26]. The XPS spectra of the composite
LSGM-YSZ10 show the presence of constituent element
of both systems. The XPS spectra of the composite
material indicate very low relative intensity peaks of the
YSZ constituents and relatively high intensity peaks of the
LSGM constituents. This confirms the presence of a trace
amount of the YSZ and major amount of LSGM in the
composite system of the LSGM-YSZ10.
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Table 1 Parameters obtained from the Rietveld refinement of the XRD data for the LSGM, YSZ and LSGM-YSZ10 composite system

System Lattice parameters Atoms Wyckoff Fractional position co-ordinates “R” values
positions >
X y e Rp pr X
LSGM a = 5.5424 (5) La (Sr) 4c 0.005 (5) 0.25 (6) —0.0017 (4)
b =7.8502 (9) Ga (Mg) 4b 0 0 0.5
¢ = 5.5602 (6) O (01 4c —0.027 (2) 0.25 (5) 0.433 (8) 9.12 12.8 4.16
0 (02) 8d 0.256 (9) 0.460 (3) —0.267 (5)
YSZ a = 5.1481 (8) Zr (Y) 4a 0 0 0
o 8¢ 0.25 0.25 0.25 9.78 13.5 3.82
Composite LSGM phase La (Sr) 4c 0.015 (9) 0.250 (6) —0.0027 (7)
(LSGM-YSZ10) ;= 55176 (8) Ga Mg) 4b 0 0 0.5 104 144 496
b =17.7681 (6) O (01 4c —0.047 (9) 0.25 0.543 (8)
¢ = 5.4863 (3) 0 (02) 8d 0.266 (7) 0.480 (3) —0.284 (5)
YSZ phase Zr (Y) 4a 0 0 0 9.82 13.8 3.84
a = 5.1584 (9) (¢ 8c 0.25 0.25 0.25
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Fig. 3 SEM image of the sintered polished surface of LSGM-YSZ10
composite

Real part of the frequency-dependent electrical conduc-
tivity of the three studied systems is shown in Fig. 5(a), (b)
and (c), at a few temperatures. Any polycrystalline ceramic
material comprises the contributions of the grain, grain-
boundary and the electrode-specimen interface to the total
electrical conductivity. In Fig. 5, the low-frequency plateau
represents the total conductivity (the DC conductivity, g4.)
of the sample followed by a dispersion region (AC conduc-
tivity, g,.) caused by the combined effect of grain conduc-
tivity and grainboundary relaxation processes [27]. Clearly,
Fig. 5 reveals that conductivity isotherms of these systems
consist of two parts viz. a frequency-independent part in the
low-frequency regime (DC conductivity, g4.) and fre-
quency-dependent dispersion part (AC conductivity, g,.) in

@ Springer
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Fig. 4 XPS spectra of LSGM, YSZ and LSGM-YSZ10 composite

the high-frequency regime. The DC conductivity is caused
by the random hopping motion of the ions among the crystal
defects, and the AC conductivity is caused by the correlated
forward-backward hopping of the ions among the localized
sites [28]. The DC conductivity can be evaluated by
extrapolating the low-frequency plateau. Nevertheless, the
real part of the electrical conductivity of the system can be
written as

OJ:C"dc'i'o'ac; (1)

where the ac conductivity, o,., can be, in general, given as
o..(v, T) = A(T)."" [28, 29]. Here factor A depends on
several parameters like absolute temperature, number of
vacant sites in the material and the average hopping length
between randomly distributed localized sites. Equation (1)
can be rearranged as
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Fig. 5 Frequency-dependent conductivity spectra of the LSGM, YSZ
and LSGM-YSZ10 composite
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where vy is the hopping frequency, v is the frequency and
exponent p is usually found to be less than unity. Equa-
tion 2 is the Almond and West formulation of Jonscher
power law [30-32].

The conductivity spectra for the three systems are
described using Eq. (2). The solid line in Fig. 4 shows the
fitting to the data points using Eq. (1). A very good fitting
with error less than 2 % is obtained in present investiga-
tion. The DC conductivity, 4., and the hopping angular
frequency (hopping rate), wy, were obtained from the fit-
ting parameters.

The activation energies of conductivity and hopping
frequency for all three systems were calculated from the
Arrhenius equations given as

(2)

ion hopping rate is also reported in the various literatures
[33, 34, 37]. The values of activation energy obtained for
YSZ and LSGM corroborate with the earlier reported
values [2, 3]. From the Table 2, it can be seen that the
activation energy for conduction of LSGM-Y SZ composite
electrolyte is lower than that of the LSGM and YSZ. This
reveals that the electrical conduction of the composite
electrolyte has lower energy barrier than that of the two
components. From Fig. 6(a), it can be seen that the LSGM-
YSZ composite exhibits the highest conductivity in the
measured temperature range. DC conductivity at 700 °C
for all the samples is mentioned in Table 2.

The electrical properties of two-phase system can be
understood in terms of defect chemistry. Interfaces play an
important role for the transport properties of polycrystal-
line and polyphase (composite) materials. It is generally
accepted that the space charge layer exists in the two-phase
system [9, 38, 39]. The inter-diffusion and reaction rate
depend strongly on the powder morphology. The co-pre-
cipitation method produces fine particles and an intimate
mix of the component oxides. This leads to a large con-
tacting interface between LSGM and YSZ. Jiang and
Wagner [40] have proposed that for composite electrolytes,
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Table 2 Structural and electrical parameters of LSGM, YSZ and
LSGM-YSZ composites

Composition Average Relative  Conductivity  Activation
crystallite  density (at 700 °C) energy
size (nm) Q'em™! (Es) (eV)

LSGM 44 96.8 % 0.156 x 1072 1.06

YSzZ 39 952 % 0102 x 107> 1.21

LSGM- 36 96.7 % 0.219 x 107> 0.99

YSZ05
LSGM- 38 96.3 % 0.227 x 107> 0.93
YSZ10
LSGM- 41 96.1 % 0.198 x 1072 0.92
YSZ15
00 H I T T L T T
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Fig. 6 Arrhenius representation of a DC conductivity and b the
hopping rate of LSGM, YSZ and LSGM-YSZ10 composite

the space charge is originated from the formation of a thin
amorphous phase by defect reaction at the interface
between the second phase and the matrix. They also
mentioned that the enhancement of the density of the
mobile ionic defects takes place in the space charge region.
The different mobile charge carriers can be generated in
the present systems as explained below.

The incorporation of yttria into the zirconia stabilizes
the cubic fluorite phase and creates the oxygen ion
vacancies, and hence increases the electrical conductivity.
The existence of vacancies on the oxygen site causes high
ionic conductivity in YSZ. The oxygen ions are transported
by hopping through these vacant sites [6]. This can be
written by the following defect equation

@ Springer

Y205 222, + 307 + V; (5)
LaGaOs is the base compound in which La and Ga sites
can be doped with divalent ions. When Sr** and Mg”" are
doped at La and Sr site of LaGaOs; oxygen vacancies are
formed according to the following defect reactions [25].

SrO + MgO " St) + Mg, + 20 + Vj; (6)
Kroger—Vink notions have been adopted to write the above
defect equation. The activation energy normally includes
the formation energy and the migration energy of the
oxygen vacancies. Knauth [39] proposed that the point
defects and the dopants interact with interfaces. These
defects can be trapped at the interface cores. The accu-
mulation of charges in the space charge regions leads to an
enhancement of the electrical conductivity. In the com-
posite of LSGM and YSZ, both the defect mechanisms
(generated by Eqgs. 5 and 6) are responsible for the gener-
ation of the defects interacting with the interfaces. This
results into an enhanced electrical conductivity in the
composite system in comparison to the individual
components.

In order to understand our findings of electrical con-
ductivity of the investigated systems, we have analysed the
conductivity data in terms of impedance plots also. The
impedance spectrum generally separates grain (bulk),
grainboundary and electrode processes of the ceramics
[41]. It is well known that the semicircle at low-frequency
regimes represents grainboundary contribution and the
semicircle at higher frequencies represents contribution of
grain (bulk) conductivity to the total conductivity. Figure 7
shows the Nyquist plot (cole—cole plot) of the sintered
specimens at 500 °C. This figure clearly reveals the pre-
sence of two semicircles, however, the boundary of the two
semicircles is not well separated and it is almost merged.
This indicates that grain and grainboundary relaxations
take place simultaneously at the common boundary of the
two semicircles. The intercepts of the semicircles on real
axis (on Z’-axis) represent the corresponding grain (bulk)
and grainboundary conductivities in high- and low-fre-
quency regimes, respectively. The inset of Fig. 7 shows the
Cole—Cole plot of the composite at a few temperatures.
Figure 7 clearly reveals that LSGM-YSZ10 composite has
the lowest total resistance (highest conductivity) in com-
parison to LSGM and YSZ. This may be due to the space
charge layer formed at the phase interfaces. It is generally
accepted that the space charge layer exists in the two-phase
system [42]. The enhancement of the concentration of
vacancies or interstitials is expected at the space charge
region which is more likely to form at the interfaces of the
grainboundary [43]. In other words, the mobile charges in
the composite electrolyte may exist along grain boundaries,
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Fig. 8 Thermal expansion curves for the LSGM, YSZ and LSGM-
YSZ10 composite samples sintered at 1400 °C for 12 h

and thus provides a space charge layer at the interfaces.
Therefore, LSGM-YSZ composite electrolyte, in present
case, exhibits enhanced electrical conductivity in compar-
ison to its individual components. Thus, LSGM-YSZ10
composite material could be a promising electrolyte
material for SOFC system.

Figure 8 shows the linear thermal expansion plots of the
LSGM, YSZ and LSGM-YSZ10 composite samples sin-
tered at 1400 °C for 12 h. It can be seen that thermal
expansion coefficients are very close before reaching
500 °C. As the temperature is increased above 500 °C, the
thermal expansion coefficient of the LSGM sample becomes
gradually higher than that of the YSZ sample. The thermal
expansion coefficient of the LSGM is somewhat higher than
that of the YSZ. Nevertheless, the TEC value of the

composite (LSGM-YSZ10) is slightly less than LSGM but
higher than that of the YSZ at higher temperature regime
[44]. The average thermal expansion coefficients of the
LSGM, YSZ and LSGM-YSZ10 samples were found to be
10.1 x 107, 9.73 x 107® and 9.98 x 107%°C, respec-
tively, in the temperature range 30—-1000 °C [44].

Conclusions

The structural and electrical properties of LSGM-YSZ
composite in weight ratios 9.5:0.5, 9:1 and 8.5:1.5 were
investigated along with the individual components LSGM
and YSZ. Composites of LSGM-YSZ contain LSGM
orthorhombic perovskite as a major phase and YSZ cubic
fluorite as a minor phase. The XPS spectra also confirm the
findings of XRD result. SEM micrograph also depicts the
existence of both the phases in the composite system. Con-
ductivity spectra were found to follow Jonscher Power Law
behaviour and found to consist of two parts the frequency-
independent (DC conductivity) and frequency-dependent
parts (AC conductivity). An improved electrical conductiv-
ity was obtained in the composite system (LSGM-YSZ10) in
comparison to that of the two individual components. The
space charge layers, formed at the interface between the two
phases (LSGM and YSZ), were found to be responsible for
the enhanced electrical conductivity in the LSGM-YSZ10
composite system in the temperature range 400—700 °C. The
conduction behaviour was also understood in terms of
impedance plot. The total conductivity was found to show
the similar behaviour to that of obtained from the analysis of
conductivity spectra. The enhanced conductivity of LSGM-
YSZ10 composite indicates that the composite processing
could be a promising method for improvement in electrical
conductivity of the electrolyte for SOFC.
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