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Abstract. Lanthanum-based electrolytes for Solid Oxide Fuel Cells (SOFCs) gain extensive attention
due to their lower activation energy and low-cost preparation to convert the energy stored in
gaseous chemicals into electricity. In this context, a Lag33Sic026-LaosSro2GassMgo.202.55 (LSO-LSGM)
SOFC electrolyte composite with various mass ratio LSO:LSGM (w/w) (5:0, 4:1, 3:2, 2:2, 2:3, 1:4) are
successfully prepared for the first time using different LSO precursors with various mass target of
3g (LSO-LSGM,) and 5g (LSO-LSGMzg), respectively. The result shows that the lower mass target in
the synthesis of LSO induced formation of protoenstatite and coesite secondary phases on the
composite of LSO-LSGM based on XRD, FTIR, and XPS analysis. The SEM micrograph suggests that
agglomeration occurred more in LSO-LSGM, than in LSO-LSGMs. Generally, the composites signified
high chemical stability on LaggSro.2C00.6Fe.40255 (LSCF) cathode based on the XRD analysis. The LSO-
LSGM4 composites which contained a high percentage of protoenstatite and coesite resulted in an
additional peak of MgSi,Sr, especially for the sample with the mass ratio of 41 (LSO-LSGM41)
suggesting that the chemical stability of LSO-LSGMja on LSCF cathode is much lower than LSO-
LSGMg.
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1. Introduction

The Solid Oxide Fuel Cell (SOFC) is a device that can generate electricity from gaseous
chemicals (hydrogen or short-chained hydrocarbon). It operates at high temperatures up
to 1400K (Abdalla et al., 2018). Similar to the fuel cell (Mulyazmi et al,, 2019), the electrolyte
in SOFC portrays an important role in a set of operating temperatures and thermochemical
stability at high temperatures. Yttrium-stabilized zirconia (YSZ) with general formula
(ZrOz2)1-x (Y203)x and 0.08 < x < 0.1 can generate ionic conductivity for oxide ion up to 2.00
x 101 S.cm (1273K) for an ideal condition (Rahmawati et al, 2017; Preux, Rolle, and
Vannier, 2012). However, a lower temperature can drop the conductivity to 1.02 x 10-3
S.cm1 (973K) (Rajesh and Singh, 2014) due to high activation energy (Ea) varied from 0.89
to 1.16 eV (Zarkov et al., 2015), and another study noted the value as 1.21 eV (Rajesh and
Singh, 2014). YSZ electrolyte is also reported unavailable to sustain chemical stability with
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perovskite electrodes such as LSCF and LSM cathode at 1300 K (Fan, Yan, and Yan, 2011;
Minh and Takahashi, 1995).

Lanthanum silicate oxides (LSO) electrolyte with the formula of La10-x(SiO4)602-4, x=0.1-
0.6 has a potential characteristic to substitute YSZ conventional electrolyte. LSO is more
stable than YSZ at high temperatures in the case with no reactivity to perovskite cathode at
1300 K (Marrero-Lopez, et al., 2010). Moreover, the Ea of LSO is much lower than YSZ (up
to 32 eV) (Kim et al., 2011) despite the ionic conductivity that is required to be improved.
The ionic conductivity of LSO varied from 1.58 x 10-2to 3.16 x 10-1 S.cm-! (1273 K) (Higuchi
et al, 2010). The structure of LSO is made of an isolated unit of SiO4 tetrahedral which
creates disparate channels parallel to the c-axis. The smaller of these channels contains
lanthanum cations and vacancies, while the larger one contains both lanthanum cations and
oxide ions which are responsible for the ionic conduction channel (Masson et al, 2017). The
lanthanum ions are coordinated with this isolated tetrahedral SiOs4 which can form a
hexagonal structure with P3, P63, or either P63 space group which can be doped with other
elements such as bismuth (Noviyanti et al,, 2021).

The composite strategy is one of the best methods to manage this issue due to its ability
to signify a better result in lowering Ea rather than the doping method. The composite
method also can overcome a reduction issue in some SOFC electrolytes that may lead to
lowering electrical performance (Raza et al., 2020). LSO-YSZ (Noviyanti et al., 2016), LSO-
CGO (Noviyanti et al., 2018), and LSGM-YSZ (Raghvendhra et al., 2014) denoted a decrease
of Ea as the addition of the composites, while the addition of Sr-doping to La site in LSO
phase increases the value of Ea two times larger, from 0.56 eV to 1.26 eV (Leon-Reina et al.,
2004). LSGM electrolyte was chosen with LSO for the composite due to the high ionic
conductivity (5.62 x 10-1 S.cm'! at 1273 K) and a thermal expansion coefficient (TEC) of
12.7 x 10-¢ K-1 (Kharton, Marques, and Atkinson, 2004), and lower Ea than YSZ (0.82 eV)
(Huang, and Goodenough, 2000). With this combination of LSO-LSGM, it is expected to
result in excellent performance and high thermochemical stability on the LSCF cathode.
Thermochemical stability is quite important to enhance the electrochemical performance
of SOFC cells during high operating temperatures. The low thermochemical stability will
lead to cell degradation and the short life of SOFC energy generation. However, to obtain a
high-stable electrolyte composite on a typical perovskite SOFC cathode at high operating
temperature, any impurities from constituents of the composite should be reduced. From
all the aforementioned studies, the impurity effect was not comprehensively studied. Thus,
an attempt to design a novel composite of LSO-LSGM and a thorough study of impurities
effect in LSO-LSGM composite on thermochemical stability of LSO-LSGM on LSCF cathode
was carried out to understand the origin of enhanced thermochemical stability of LSO-
LSGM composite.

To our knowledge, the detailed preparation of LSO-LSGM with various mass ratios of
LSO and LSGM and its chemical stability test on the LSCF cathode has not been reported yet.
Our study found that the different mass targets during the synthesis of LSO can implicitly
induce a formation of protoenstatite and coesite phase in LSO-LSGM which can increase the
formation of LaSrGaOas in the LSO-LSGM/LSCF interface. This study aims to prepare the
composites of LSO-LSGM and examines the chemical stability of LSO-LSGM on the LSCF
perovskite cathode. The LSO precursor was synthesized using the hydrothermal method
accorded with our previous study. In addition, the investigation of the effect of La(OH)3
impurities amount that was found in LSO synthesis on the phase formation in LSO-LSGM
composites and chemical stability on the LSCF perovskite cathode was carried out.
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2. Methods

2.1. LSO-LSGM preparation

The LSO-LSGM composites were prepared using the conventional solid-state method
(Malik et al., 2018). Generally, the synthesized LSO and commercially-available LSGM were
mixed with the different mass ratios in ethanol using Agate mortar. The mixture was
subsequently dried in the oven at 393K for 2h. The mixture powder was pelleted with a
circular diameter of 15 mm. The pellet of LSO-LSGM was sintered in a furnace at 1473K for
8h as illustrated in Figure 1. LSOs with 3 and 5 g mass targets were synthesized using the
hydrothermal method as provided in our previous study (Malik et al.,, 2019). LSGM and
LSCF were obtained from Sigma (99.99%, metal basis trace). The composites were divided
into two categories: A (using LSO precursors with 3 g mass target) with various mass ratios
of LSO:LSGM (w/w) = 5:0 (LSOa), 4:1 (LSO-LSGMa41), 3:2 (LSO-LSGMa32), 2:2 (LSO-
LSGMa22),2:3 (LSO-LSGMaZ23), 1:4 (LSO-LSGMa14), 5:0 (LSGM) and B (using LSO precursor
with 5 g mass target) with various mass ratio of LSO:LSGM (w/w) = 5:0 (LSOs), 4:1 (LSO-
LSGMB41), 3:2 (LSO-LSGMB32), 2:2 (LSO-LSGMs22), 2:3 (LSO-LSGMs23), 1:4 (LSO-
LSGMg14), 5:0 (LSGM). LSO-LSGM composites were characterized using XRD (D8 Bruker
Advanced) at 26 range of 10-70° with Cu Ka radiation, A = 0.15418 nm and v = 0.02° min-1
to examine the crystal structures, Fourier transformation infrared /FTIR (Fischer Scientific)
to study the chemical bonding, X-ray photoelectron spectroscopy/XPS (JEOL JPS-9010MX)
to examine the chemical state of the composition elements, and SEM (JEOL JSM-7500f) with
10000x magnification to analyze the microstructure of LSO-LSGM composite electrolytes.

wod| o 3g mass target

[ S 55 mass target

Mixed in ethanol, Pelleted,
Dried 393K (2h) Sintered at 1473K (8h)

Susmmm—

-2 LSO-LSGM
’ Electrolyte
La, 33Sic0,6 (LSO) La, Sr.,Gap sMgo ;0 55 (LSGM) Composite

Figure 1 Schematic illustration of LSO-LSGM electrolyte composite preparation

2.2. Thermochemical stability analysis

Thermochemical stability was assessed based on the level of LSO-LSGM electrolyte
reactivity to the LSCF cathode. LSO-LSGM electrolytes are mixed with LSCF cathode using
ball milling for 2 hours with a mass ratio (w/w) LSO: LSGM of 1:1. This mixture is heated in
a furnace for 48 hours at a temperature of 1473 K. The heating mixture was characterized
using XRD Bruker D8 Advanced, Cu Ka radiation, A = 0.15418 nm, T = 298 K, v = 0.02° min-
1 in the range of 10-70°. The results of the XRD pattern are analyzed to observe the
possibility of new crystalline phases emanating from the electrolyte-electrode interactions.
The XRD patterns were refined using Highscoreplus© (Degen et al., 2014).
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3. Results and Discussion

3.1. Characterization of Novel LSO-LSGM Electrolyte Composites

The prepared LSO-LSGM composite was characterized using XRD and FTIR. The results
suggested that the formation of LSO-LSGM was successful. The detail of each
characterization is discussed below.

3.1.1. XRD Characterization

The LSO-LSGM electrolyte composites were successfully prepared using the solid
phase synthesis method. The XRD diffraction patterns varied from each LSO-LSGM
composition (as shown in Figure S1). The main peak intensity of LSGM diffraction at 26 =
33° decreases along with increasing LSO composition in LSO-LSGM composites which are
characterized by strengthening intensities of LSO peak diffraction. Based on this XRD
pattern, the composting process ran according to our expectations, where both the LSO and
LSGM peaks are found in each LSO-LSGM diffraction composite pattern, in all LSO-LSGM
various mass ratios.

The LSGM deployed in this study has a cubic-based structure with a P m-3m space
group that correlates with Lao.sSro.2Gao.sMgo.202.55 (LSGMosoz) ICSD No. standard phase. 98-
009-8170. The structure of LSGM with this composition can be maintained in a mixed phase
of the LSO-LSGMa32, LSO-LSGMaZ22, LSO-LSGMaZ23, LSO-LSGMa14, and LSO-LSGMg32, LSO-
LSGMB22, LSO-LSGMs23, LSO-LSGMg14. Meanwhile, for the LSO-LSGMa41 and LSO-
LSGMg41 composite electrolytes, the LSGM constituent was compatible with the LSGM
phase of Lao.9Sro.1Gao.sMgo.202.55 (LSGMo9o1).

The XRD pattern, shown in Figure 2, informs that the LSO yielded a secondary phase
with LSGM known as protoenstatite (MgSiOs) and coesite (Si02) in both categories of LSO-
LSGMa32, LSO-LSGMa22, LSO-LSGMa23 and LSO-LSGMs32, LSO-LSGM322, LSO-LSGMg23.
The main peak of protoenstatite was signified at 27.67°, while the peak of the diffraction
phase of the coesite was indicated at 29.28°.
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Figure 2 XRD pattern of LSO-LSGMa (left) and LSO-LSGMs (right) composite electrolytes at
the range of 26 = 25-30°. The coesite phase is indicated at 26 of 27.67° and protoenstantite
phase

As shown in Figure 3, the LSO-LSGM 41 and 14 composites in both categories show a
peak phase of LaGaSrO4, which is a common secondary phase that is often found in LSGM-
based composites. This phenomenon indicates that the LaGaSrO4 phase can be formed in
composites with a low precursor composition concentration of LSGM and LSO. Moreover,
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the composition of the LaGaSrO4 phase in the LSO-LSGMa composite is known to be higher
than in the LSO-LSGMB composite which indicates that the target mass of 5g could be better
than LSO with a target mass of 3g as a precursor of LSO composites. Moreover, the
formation of coesite (SiO2) may closely relate to the preparatory stage of LSO-LSGM
electrolyte composite using the solid-phase method at 1273K (Mart et al, 2008).
Meanwhile, the presence of hydroxide (-OH) species from La(OH)3 impurities in the LSO
precursors contribute to the formation of the protoenstatite (MgSiOs3) phase in LSO-LSGM.
This behavior is in line with research by Karakchiev et al. (2009), which explains that a
protoenstatite phase can be formed if species such as Mg2+, OH-, and SiO2 are introduced in
the system.

The percentage of impurity phases in the LSO-LSGM electrolyte composite is shown in
Table 1. The level of impurities in LSO-LSGMs was much less than that of LSO-LSGMa
electrolytes. This behavior indicates that the impurity of La(OH)3 from LSO is assumed to
influence the formation of the two phases. Composites prepared from LSO with lower levels
of impurities tend to reduce the level of impurities on the composite electrolytes. Thus, the
LSO-LSGMsB composite electrolyte can be said to have better characteristics compared to
the LSO-LSGMa.
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’ ‘ LSO LSGMA22 n F ' ‘ LSO-LSGMy22 n
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Figure 3 XRD pattern of LSO-LSGMa (left) and LSO-LSGMs (right) composite electrolytes at
the range of 26 = 30-33°. LaGaSr0O4 phase is indicated at 26 of ~31.5 in LSO-LSGM41 and
LSO-LSGM14, respectively.

Table 1 Percentage of impurity phase in LSO-LSGMa32, LSO-LSGMaZ22, and LSO-LSGMa23
electrolyte composites.

LSO- Coesite/ Protoenstatite/ LSO- Coesite/  Protoenstatite/
LSGMa % % LSGM3s % %
32 16.8 17.5 32 8.3 9.8
22 14.2 16.8 22 7.6 12.5
23 6.5 13.5 23 5.4 11.3

The composite electrolyte lattice parameter of LSO-LSGM is shown in Table 2. As shown
in Table 2, the LSO phase of the LSO-LSGM composite has a larger volume of crystal cell
units than the standard LSO (589.26 A3). Meanwhile, the LSGM phase tends to have a fixed
volume with the standard LSGM (60.01 A3) except for LSO-LSGMa41. This result confirmed
that the LSO-LSGMa41 correlated to LSGMo9o1 more than to LSGMosoz. The presence of
La(OH)3 impurities from high LSO precursors in this composition is thought to affect the
volume expansion behavior of the cell unit of the composite electrolyte.
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Another behavior that can be observed from the changes in the volume of LSO-LSGM
electrolyte composite cell units is thatitinduced an increase in LSGM cell unit volume which
consistently occurred in LSO-LSGM32, LSO-LSGM22, LSO-LSGM23 (both composite
categories) accordingly with the decrease in LSO cell unit volume (Figure S2). This behavior
is closely related to the discovery of the same type of impurity phase.

Table 2 LSO-LSGMa and LSO-LSGMs composite electrolyte lattice parameters

Category A (LSO-LSGMa)
Lattice Parameters

LSOa LSGM
LSO- b/ & ¢/ A V/A  asb=c/A  V/As3
LSGM
41 9.7494(8) 7.2531(8) 597.08 3.9829(9) 63.19
32 9.7434(6) 7.2555(0) 596.53 3.9151(9) 60.01
22 9.7372(0) 7.2527(2) 595.54 3.9154(9) 60.03
23 9.7380(7) 7.2537(0) 595.72 3.9158(3) 60.04
14 9.6983(4) 7.1922(4) 585.87 3.9131(8) 59.92
Category B (LSO-LSGMzg)
Lattice Parameters
LSOs LSGM
LS0- a=b/ A c/A v/ A3 a/A v/ A3
LSGM
41 9.7465(3) 7.2517(3) 596.60 3.9171(7) 60.11
32 9.7435(8) 7.2552(3) 596.52 3.9131(1) 59.92
22 9.7400(5) 7.2538(5) 595.98 3.9139(7) 59.96
23 9.7365(1) 7.2536(9) 595.53 3.9148(4) 60.00
14 9.7198(2) 7.2411(0) 592.46 3.9133(0) 59.93

3.1.2. FTIR Analysis

To confirm the occurrence of the impurity phases of protoenstantite and coesite and to
investigate the bond interaction in the LSO-LSGM composite, FTIR analysis was also carried
out (see Figure 4). The occurrence of these impurities may affect the chemical stability of
LSO-LSGM with the LSCF cathode. LSO has the main band at a wave number of 915-980 cm-
1 which shows the SiO4 asymmetric stretch vibration, while LSGM shows the stretch of Ga-
O bonds band at 635 cm-!, La-Mg bonds at 1470 cm-!, and Mg-O bonds at 3368 cm-!
(Byszewski et al, 2006; Baran, 1975). The increasing LSGM mass in the LSO-LSGM
composite affected band changes at 635cm-! which corresponds to the number of Ga-O
bonds. The vibration band for the -OH bond (3600 cm1) that was found in LSO, does not
appear at the LSO-LSGM composite. On the other hand, there is an occurrence of the band
from the Mg-O bond shown at 3368 cm-1.

The LSO-LSGMa showed a different peak from LSO-LSGMp at 2800 cm-, which
corresponds to the stretch vibration of Mg-Si of protoenstatite phases. The Si-0-Si bonds
from LSOa considerably have contributed to an increasing intensity of wave number 1500
cm! due to Mg-Si bonds in the MgSiO3 enstatite phase can occur at 1509 cm-! (Kalinkina et
al., 2001).
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Figure 4 FTIR spectrum of LSO-LSGM prepared from LSOa (left) and LSOs (right).

3.2. Fourier Map Analysis of LSO-LSGM

The Fourier map analysis was carried out to observe changes in electron density in the
ionic conduction pathway. The result of the Fourier map is shown in Figure S3 and Figure
S4. The green color represents the high electron density level (positive) in the LSO phase
which becomes more concentrated as the level of LSGM increases. Meanwhile, the color
blue or red represents negative density or low electron density (Masson et al., 2017;
Galindo-hernandez, and Gémez, 2009).

The different levels of electron density reinforce the notion that variations in target
mass synthesis can affect the fundamental characteristics of the LSO-LSGM electrolyte
composites. Composite electrolytes containing LSO with higher impurity levels have lower
electron density compared to composite electrolytes prepared from LSO precursors with
lower impurity levels.

3.3. Surface characterization of LSO-LSGM by Scanning Electron Microscopy (SEM)

The micrograph SEM (as seen in Figure 5) was conducted to study the surface and grain
morphology of LSO-LSGM and to examine microstructure differences between LSO-LSGMa
and LSO-LSGMs powders. The micrographs suggested a disparate microstructure of the
electrolytes at which the agglomeration of LSO-LSGMa micro-grains more pronouncedly
observed comparing to the LSO-LSGMs, especially for LSO-LSGMa32, LSO-LSGMa22, and
LSO-LSGMaZ23. The grains form a nearly uniform rectangle-to-hexagonal-like shape which
resembles the hexagonal and cubic-based structure according to XRD analysis.
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Figure 5 SEM micrographs of LSO-LSGMa and LSO-LSGMz (10.000x magnification)
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3.4. X-ray photoelectron spectroscopy (XPS) of LSO-LSGM

X-Ray photoelectron spectroscopy was employed to examine the chemical state of the
composition elements and the surface properties of LSO-LSGMa and LSO-LSGMs. The XPS
spectrum is shown in Figure S5. The C1s spectrum displays a characteristic shoulder due to
carbonates at a binding energy (BE) of 289.5 eV. The strong peak at BE 285.0 eV indicates
the presence of amorphous carbon on the surface. The BE peaks of La 3d, Sr 3d, Ga 2p, and
O1s have been observed at 836, 135, 1117, and 530 eV, respectively, which is similar to
Raghvendhra et al. (2014). However, Si 2s spectra were not observed at 152 eV for LSO-
LSGMa. It may be due to an overlap with the Ga 3s spectrum that emerged at 153 eV
(Kharlamova, 2014).

3.5. Thermochemical stability test of LSO-LSGM

To investigate the thermochemical stability of LSO-LSGM towards a typical LSCF
perovskite cathode, a thermal test was performed. As prepared LSO-LSGM was mixed
equally with the LSCF cathode and heated at a high temperature of 1473 K for 48h.
Thermochemical stability refers to the ability of the LSO-LSGM electrolyte composite to
maintain its phase when reacted with the LSCF cathode. The chemical reactions that do not
occur between the LSO-LSGM and LSCF phases indicate good thermochemical stability, in
this case: LSO-LSGM towards LSCF. This chemical reactivity can be observed through the
formation of other phases which are by-products of the LSO, LSGM, and LSCF components.
The formation of these by-products is marked by the appearance of new peaks on the XRD
pattern (Figure 6 and Figure S6. The LSCF perovskite cathode depicted typical peaks at 26
of 23°,32.5° and 40° (Figure S6) which was consistently found in other studies (Adi, Manaf,
and Ridwan, 2017). These peaks, moreover, remained the same even after being combined
with LSO-LSGM electrolyte composite, except for the emergence of a new peak at ~27.6°,
which was furthermore indicated as a discussed protoenstantite phase below.

The LSO-LSGMs composites with all the LSO to LSGM ratios showed relatively lower
reactivity toward the LSCF cathode compared to LSO-LSGMa as expected (as shown in
Figure 5a and Figure 5b). Surprisingly, the protoenstantite phase which priory found at 26
of 27.67° noticeably disappeared at LSO-LSGMg32, LSO-LSGMs22, and LSO-LSGM3s22,
respectively. The result indicates that the higher mass target during LSO synthesis can lead
to the lower reactivity of the LSO-LSGM composite toward the LSCF cathode. The ratio of
protoenstantite phase in all LSO-LSGMs is much lower than in LSO-LSGMa (shown in Figure
5c). Hence, the LSO electrolytes with lower impurity levels can increase the chemical
stability of the LSCF cathode in LSO-LSGM composite electrolytes and the chemical stability
of the LSO-LSGM electrolyte can be controlled through the LSO precursor.
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Figure 6 XRD pattern of LSO-LSGMa (A), LSO-LSGMs (B) composite electrolytes at the range
of 20 = 27-30°, and (C) Peak ratio of protoenstantite phase to a neighbour peak of LSO at
20 of 28°
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4. Conclusions

The LSO-LSGM composite has been successfully prepared. The XRD pattern suggested
that LSO-LSGMs has higher thermochemical stability compared to LSO-LSGMa. This higher
stability originated from the different phase impurities in the LSO precursor which lead to
the formation of protoenstantite and coesite phases in LSO-LSGM composites. The phases
of protoenstatite and coesite appeared in the LSO-LSGM with the range of mass ratio (LSO
to LSGM) of 3:2 to 2:3. The LSO-LSGMa contained more coesite of 6.5 to 16.8% and
protoenstatite of 13.5 to 17.5% compared to the LSO-LSGMs which showed the coesite
phase of 5.4 to 8.3% and protoenstatite of 9.8 to 11.3%. It is believed that the amount of
LSO precursor affects the formation of coesite and protoenstatite. The characteristic
behavior was confirmed by the differences in the LSO-LSGM Fourier map which indicates
the denser electron revealed in the LSO structures in the LSO-LSGMz. In this work, no
reactivity of LSO-LSGM occurred on LSCF. The LSO-LSGM could be the promising SOFC
electrolyte with excellent chemical stability and low impurities through an adjustment of
the mass ratio between LSO and LSGM. Moreover, it can be confirmed that the mass target
could be the characteristic parameter in the synthesis of LSO. The optimum composition of
LSO-LSGM composite electrolyte with enhanced chemical reactivity toward LSCF cathode
which was found in this study will open a new possibility for the development of SOFC
component with low thermochemical reactivity during the high operating temperature of
SOFC cell through a key parameter of a mass target during LSO precursor synthesis.
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