CHAPTER IV
SOL-GEL AND SOLID STATE SYNTHESIS AND PROPERTY STUDTY OF
La2vSr*Ni04 (x<0.8)

41 Abstract

In this stuay, sol-gel synthesis conditions for the formation of Laz-jcSNio «
(x=0,02 04, 0., and 0.8) compounds were investigated. Effects of Sr substitution
on A-site on the properties of the compounds were studied using Fourier transform
IR spectroscopy, X-ray diffractometry, scanning electron microscopy, and electrical
and thermal analyses. A simple sol-gel preparation process was successfully
developed at room temperature using water as the solvent in the presence of
ethanolamine as the directing agent. The sol-gel synthesis method was effective in
yielding higher purity and more homogenous samples than those synthesized via the
solid-state reaction method. The addition of Sr helped stabilize the Ruddlesden-
Popper structure, and a highly agglomerated morphology of the sintered samples
with Sr substitution was observed, resulting in lower density. Sr helped increase
conductivity, whereas its effect on thermal expansion was not as pronounced.
Lai..Sr0.eNio 4 Synthesized via the sol-gel process provided a conductivity of 160
s/cm at 500°c with a coefficient of thermal expansion value of 13 X 10 &°¢ |
between 400 and 700°c.

(Keywords: Ruddlesden-Poppen Sol-gel process; SOFCs; Cathode)
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4.2 Introduction

A major worldwide research thrust in solid oxide fuel cell (SOFC)
technology has been the lowering of the system operating temperature from 800-
1000 to 400-600°c [1], The reduction decreases cost, prolongs life, and increases
safety of the system, and thus is recognized as a critical step for a successful
commercial implementation of SOFCs. Maintaining high efficiency at the lower
temperature range has led to a large focus on a new electrode and electrolyte material
development. Materials in the group of lanthanum strontium manganite have
successfully been used as SOI'C cathodes for operation above 800°c. At lower
temperatures, however, their conductivities, especially oxygen conductivity, are
insufficient [2]. Alternative materials such as lanthanum cobalite perovskites exhibit
very good conductivities but exhibit large thermal expansion mismatch with the other
cell components, causing thermomechanical failure [3], Materials with the Rudadles-
den-Popper structure (A.BO..) such that of the LaiNiOa system have been identified
as potential cathode materials for the lower operating temperature SOFCs [4],
La:Nio4 is also a mixed ionic and electronic conductor with high oxygen diffusivity
due to its high oxygen vacancy concentration [5J. Moreover, materials in this group
also exhibit coefficient of thermal expansion (CTE) values close to those common
SOFC electrolyte materials [¢]. The low electronic conductivity of LaNiCH,
however, needs to be improved [7],

Ishikawa et al. synthesized LaSrNi0. via solid state using a L1 ratio of
Sr:La and found that the electron density was almost an order of magnitude larger
than that of La.Nio 4 []. Since then, several works on the Sr substitution on the A-
sitc in Laz2Ni04-based system have followed [9-11]. It has been reported that
processing route and conditions could strongly affect the properties of the material
[4.12,13]. La.Nios powder is generally synthesized via the solid-state method using
oxides, carbonates, or nitrates. Necessarily high firing temperatures result in a low
surface area and yield fuel cells with low power because of limited exchange current
density. More recently, polymeric methods such as sol-gel synthesis have been
explored due to their many advantages over other methods, such as homogeneity,
low temperature processing, strong adherence between electrode and electrolyte, etc
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[10-12,14], In the present work, the preparation of La:Ni0. via a simpler and
environmentally friendly sol-gel route using water as the solvent in the presence of
ethanolamine as the directing agent was explored. The effect of the Sr substitution on
the A-site on the physical and electrical properties and phase formation of
La:-VOANiUs (x - 010 0.8) was also investigated. Data for the samples of the same
materials prepared via the solid-state reaction route is also presented for comparison.

4.3 Experimental

4.3.1 Pow'der Synthesis

For the sol-gel process, the La-¥SrtNio. powders were prepared by
dissolving lanthanum (I1l) acetate hydrate [(CHICOOfiLa'xFFO, 99.9%, Sigma-
Aldrich}, strontium acetate [(CFICOOiSr, 99.995%, Sigma-Aldrich], and nickel
acetate [(CHsCo o )aNi*sHzo , 98%, Sigma-Aldrich] in deionized water. The mixture
was homogeneously stirred to obtain a clear solution before adding ethanolamine
(Labscan Co.), which was used as the directing agent with a 3.21:3 directing agent to
cation mole ratio. The mixture was stirred continuously for ¢ h before being left at
room temperature to gel. The gel was then calcined at 1050°c with a heating rate of
3°c/min for 2 h, resulting in a black powder.

For the solid-state reaction process, the La-xSriliC- powders were
prepared by adding the stoichiometric amount of the same starting materials as those
used in the sol-gel method into a polypropylene hottle partially filled with 5 mm
diameter Zr0. halls. The mixture was ball milled at 250 rpm for 10 . Afterward, the
powders were ground and calcined using the same conditions as those prepared via
the sol-gel process to obtain the final products.

4.3.2 Characterization

To understand the structure of the synthesized gel formed, a Fourier
transform infrared spectroscope (FTIR, Nicolet) was used. The gel obtained from the
sol-gel synthesis was directly examined by an FTIR operated at the resolution of 2
cm-: with a scanning range of 400-4000 cm . The phase and crystal structures of the
calcined samples were characterized using an X-ray diffractometer (XRD, JEOL
JDX3530) with a Cu Ka source, 20-80° 29 range, 0.02° step angle, and 1 count



40

time. High resolution XRD scans with 0.003° step angle and 1 count time using
LaBs (SRM 660a, National Institute of Standards and Technology) as the internal
reference standard were performed using a high power XRD (Cu Ka, Rigaku,
TTRAX 111) on the samples with X=0, 0.4, and 0.8 to obtain more detailed data on
the lattice parameters and unit cell volumes. The morphologies of the powders were
investigated using a scanning electron microscope (SEM, JEOL 5200-2AE).

For electrical and CTE measurements, the calcined powders were
uniaxially compressed into bars (s o X s X « mm) at 115 MPa before being sintered in
air at 1200°c for 5 h with a heating rate of 5°c/min. The conductivities of the bar
specimens were measured as a function of temperature by the standard dc four-
terminal method. Four platinum electrode terminals were connected to the sample
using a Pt paste (Heraeus). The samples were first heated to 850°c and were
stabilized for 2 h in the measurement system. The measurements were performed
starting from 850°c to room temperature with 50°c measurement intervals. The
cooling rate used was 5°c/min. DCs of 50, 100, 150, 200, and 250 mA were passed
through the wires attached to the end of the samples. The corresponding voltages
measured between the two inner wires were recorded. The current-voltage responses
were linear in all the samples, and the conductivities of the samples were calculated
from the specimen dimensions and the slopes of the current-voltage plots obtained.
The CTE measurements were carried out from room temperature to 1000°c on a
dilatometer (DIL 402 PC. NETZSCH) using 3°c/min heating and cooling rates.

4.4 Results and Discussion

44.1 Gel Formation

The formation of three-dimensional La-Sr-Ni network complexes
using a simple room-temperature water-based sol-gel process was achieved. Three
parameters affecting the sol and gel formation were studied: the molar ratio of water
to A-site, directing agent, and gelation time. The amounts of water needed per 1 mol
of cation of La-JrSnNios are as follows: 190, 178, 165, 155, and 145 for Xequals to
0,02, 0.4, 0.6, and 0.8, respectively. As the amount of Sr increases, the amount of
water needed to dissolve the starting materials decreases by -25% when adding 0.8
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mol Sr as compared to 0 Sr. This is due to the dissolving property of the starting La
compound, which has a lower solubility in water compared to the Sr and Ni
compounds [15]. Thus, the amount of water needed decreases with decreasing La
content. The second processing factor investigated was the choice of directing agent.
The mixture solutions formed gel when ethanolamine was introduced, indicating that
ethanolamine is an effective agent in controlling hydrolysis and condensation
reactions to enhance the formation and stabilization of three-dimensional network
structures, as also discovered by Xie et al. on the Sri -rBaxBiaTi«o s System [16]. Fig.
4.1 shows the FTIR spectra of the gels produced using ethanolamine. No significant
difference was observed between the gels of the different compositions. All spectra
show a broad absorption peak -3360 cm”% referring to the stretching vibration of
hydroxyl groups (O-H) and acetic acid produced during the gel formation. The
strong absorption peaks localized at 1550, 1425, and 1380 ¢cm”1, corresponding to the
stretching vibration carbonyl groups (CQOO), were also observed. In this study,
ethanolamine can help the gel formation by slowing down the hydrolysis reaction
[16]. Thus, the absorption peaks localized at 1014 and 1052 cm- belong to those of
the C-0 vibrations. The strong broad peak at 650 cm-. came from the M-O
vibrations of the metal-oxygen-metal networks in the gel samples. All samples
started to form stable gels after being left at room temperature for ¢ h. The gel is
stable up to 72 h. Gelation time longer than 72 h resulted in further hydrolysis or
reverse reaction (re-esterification) generating excess solvent [17].
4.4.2 Phase Formation

Fig. 4.2 shows the XRD patterns of the La-¥rdNio. powders
prepared using the different synthesis methods. The La.Nio « phase (JCPDS 34-
0314) with the Ruddlesden-Popper structure, K"NIFX, was the dominant phase in all
cases. The samples prepared by the sol-gel method with a Sr substitution existed as a
single phase (Fig. 4.2-1b-g). With no Sr substitution (Fig. 4.2-1a), however, the
sample shows extra small peaks at 20 = 23.544, 26.003, 31.913, 38.678, 42.653,
47,010, 58.037 and 58.463e corresponding to LasNi.C+ (JCPDS 50-0244) and 20 =
23.387, 25436, 32.225 and 33.086° corresponding to LaNi0s (JCPDS 12-0751).
From this observation, it is evident that a Sr substitution on the A-site helps stabilize
the Ruddlesden-Popper structure. This phenomenon was described by Nei et al. who
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stated that the formation of -Ac-Av 'BO. structure was partially related to the
oxidation state of cation at the B-site and that the valence of the B cation was
approximately +2 for the KoM F. structure [18]. This is not always the case as Ni can
possess the valences of +2 or +3 in air [19], and therefore, LasNI.C+ (Ni = +2.5)and
LaNiCss phase (Ni = +3) could form. When La3t is substituted by Sr2+, Ni3t could
then be compensated by SrZL’ Therefore, it is easier to form the KNiF. structure
when La is partially substituted by Sr. Similar results were found for the samples
synthesized via the solid-state method (Fig. 4.2-2d-e) with a small difference in
slightly more pronounced additional impurity phases. La-os (29 = 29.095, 39.450°,
JCPDS 83-1345) and NiO (20 = 37.249, 43.327°, JCPDS 89-7131) were found in the
samples produced via the solid-state synthesis, whereas these phases were almost
undetectable in the samples synthesized by the sol-gel method. The difference i
likely due to the more intimately mixed starting precursors through the gel formation
compared to the solid-state mixing before calcination.

Table 4.1 presents the unit cell parameters and unit cell volumes of the
samples with different Sr content. For the samples synthesized either by sol-gel or
solid-state methods, the lattice constant (a) decreased quite significantly between x =
0and x = 0.4, By increasing the amount of Sr doping from x = 0.4 to 0.8, very little
change in the lattice constant was observed. The lattice constant along the c-axis,
however, increased when x was increased from 0 to 0.4 and decreased again when x
= 08. The unit cell volume decreases almost linearly with increasing Sr content.
These observations are similar to what was reported by Gopalakrishnan et al. [20]
The decrease in the overall unit cell volume upon Sr doping, although Sr2+ is larger
than La3t. could be attributed to the larger effect of the change in ionic radius from
the smaller Ni2+to the larger Nid+with Sr doping.

4.4.3 Morphological Observation

The SEM images of the La-\SnNio. powder after the calcination at
1050°c are shown in Fig. 4.3. For the samples with no Sr substitution, slightly larger
particle sizes with higher agglomeration were observed in the case of the solid-state
synthesized powder (right), as compared to the powder synthesized via the sol-gel
route (left). The substitution of Sr for La had a significant effect on powder
morphology. The powder gave a highly agglomerated plate like morphology. No
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distinctive particle morphology of the impurity phases could be observed in the SEM
images in all samples. Figure 3 also shows the SEM images of the sintered
La.-cMNio. fabricated from the powders prepared by the sol-gel and the solid-state
methods. For the samples with no Sr substitution, the sample produced from the sol-
0el synthesized powder is denser than that produced via the solid-state method. This
is expected as the pow'der from the sol-gel synthesized method had a slightly smaller
particle size and to be less agglomerated, and thus should be easier to sinter.
Moreover, the lower density of the solid-state materials may be caused by the higher
amount of impurities than the sol-gel synthesized materials, as evident in XRD (Fig.
4.2). Such impurity phases could have a pinning effect during sintering. In addition,
these impurity phases, La-0 and NiO, possess higher melting points than La:Nio«
(mp, 1957°c for LaO, 2227°¢ for NiO, and 1750°c for La:Nio« ), and thus, a lower
sintering rate could be expected for the impure samples compared to the pure
samples [21]. This phenomenon is also observed in the lanthanum chromite system
by Mori et al. [22] and Yang et al. [23] who reported that the sintering temperature
of materials also depended on the mp of the second phase. The Sr substitution for La
on the A-site had a pronounced effect on the morphology of the sintered samples,
especially on the sol-gel synthesized samples. Lower density and smaller grain size
were observed for the samples with Sr substitution. Reduction in the mobility of the
oxygen atoms for La-*SrNio s, as compared to | aiNICL, was reported by Skinner
and Kilner [1]5J. Therefore, the slower atomic movement could cause a lower
sintering rate and result in lower density samples. Another reason for the lower
density observation for the samples with Sr substitution may come from the highly
agglomerated powder morphology of the starting powders before sintering, as
reported in the above section. Highly agglomerated, nonequiaxed particles are
expected to yield samples with low green packing density, resulting in final products
with low density and high porosity.
4.4.4 Electrical Conductivity

Fig. 4.4 shows the conductivity results of the sintered samples
produced by the sol-gel and the solid-state reaction synthesized powders as a
function of temperature. In the temperature range (300-900°C) measured, a decrease
in conductivity with increasing temperature was observed in all samples, indicating a
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metallic conducting behavior of the materials. The result is consistent with what was
reported by Ishikawa et al. [s] and Goodenough [24] who found that L&Nio«
exhibited a semiconducting behavior at temperatures below 300°c and a metallic
conducting behavior at temperatures above 300°c. In our study, the conductivity
values obtained, as summarized in Table 4.2, were similar to what had been reported
by other researchers for the samples with no Sr substitution, having the values
between 40 and 100 s/cm in the temperature range of 300-850°C [8-10], With a
small amount of Sr substitution (x <0.4), the conductivity decreased and the values
increased again at a higher amount of Sr substitution, x > 0.4. The results of
decreasing conductivity when x < 0.4 and increasing conductivity when x > 0.4 are
consistent between the samples synthesized by the solid-state and the sol-gel
methods with slightly lower values for the solid-state samples. The slight differences
in conductivity values between the sol-gel and the solid-state synthesized samples
and the nonsystematic values of the samples with the amount of Sr might be due to
the variance in the density of the sintered pellets shown earlier (Fig. 4.3).
Nevertheless, it is clearly seen that although the La.-xSrNio samples with x = 0.8
show a much more porous structure than the samples with no Sr substitution, the
samples still exhibit significantly high conductivities. The conductivity of the
Lai..SrosNiOa sample produced from the sol-gel synthesized powder was much
higher, 160 S/cm at 500°c, than those reported by others [8,10] using an even higher
amount of Sr.

The Arrhenius plots for electrical conductivity of samples are shown
in Fig. 45. For the sol-gel samples (Fig. 4.5(a)), the results show the linear
relationship in low temperature range (300GC-600°C) with no Sr substitution. When
Sris added (x = 0.2), the nearly linear is found with higher temperature range
(400°C-850°C). With the higher amount of Sr substitution (x > 0.4), the linear
relationship is found with the whole temperature range (300°C-850°C). The linear
relationship agrees with small polaron conduction mechanism which follows the
Arrhenius law as shown in Eq.l where Ea is the activation energy, k is the
Boltzmann constant and ¢ is the pre-exponential constant [18,25], The slight
differences hetween the sol-gel and the solid-state synthesized samples were shown
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in Fig. 4.5(b). For the solid-state reaction, the non-linear relationship is found again
with the higher amount of Sr substitution (x> 0.8).

0=(Hep( -) (1)

The activation energies with respective temperature ranges are
calculated and included in Table 4.3. The results show that the activation energies for
the electrical conductivity of La.-jStjNio «materials almost follow the Arrhenius law
suggesting that the small-polaron hopping conduction mechanism also occurs in
La.-jSrjNio 4 [26], In addition, Ea values of all Laz-jSrjNio « compositions are lower
than those of the other types of A--aA',Mo « [18, 25] and the perovskite cathode such
as La.jSrjCoo.Fe0 o  [26] which could be due to the high carrier concentration in
La-|SrNio « [26], The two different slopes observed in Fig. 4.5 may result from the
tetragonal-orthorhombic phase transition which general found in these materials [27],
This could be due to Sr helps stabilized the Lax-jSrjNio 4 structures and might cause
no phase transition. It is seen that the two different slopes disappear with Sr content
increase and indicate that the small polaron conduction can occur with higher
temperatures. However, Ea values are in agreement with the trend of electrical
conductivity which increases with Sr content up to 0.4-0. mol ratio and then
decrease as Sr content up to 0.8 mol ratio.

4.4.5 Thermal Expansion

Fig. 4.6 shows the expansion rates of La.-jSrtNio « prepared via the
sol-gel process whenx is0 (), 0.4 (......), and 0.8 ( 1)and prepared by the solid-
state reaction whenx is0 (), 0.4 ( ..),and 0.8 (). With no Sr substitution
(x=0), a nonlinear expansion rate at low (150-300°C) and high (more than 800°C)
temperatures was observed. The reason for this behavior may be similar to what was
reported by Skinner and Kang for CeNbo «s compound, which have been
demonstrated to contain mobile oxygen interstitials [28]. The change at low
temperature was attributed to the oxidation of the stoichiometric compound, whereas
the change at high temperature is still unclear. The expansion rate with temperature
i not clearly observed for the Sr substituted compound, however. This might be due
to the addition of Srto help stabilize the A.BO. structure, as shown earlier by the
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XRD results. The TEC values of the Sr-substituted compounds from Fig. 4.6 are
listed in Table 4.2, and are in the range of 12.4-13.6 X 10“6oc . As can be seen, the
values are much closer to those commonly used for IT-SOFC electrolytes such as
Ceria Gadolinium Oxides (CGO) (13.6 X I(rsoC~!) than some of the cathode
material candidates such as LaojSro-CoOs* (TEC = 25.0 X 10%0c i) and
1.80.6310..F02C00.60s (TEC = 214 X 10“°CH) [29]. Also, the samples from the sol-
gel process provide a lower expansion than those from the solid-state reaction
because of the smaller and more homogeneous pore size of the sol-gel samples, as
shown in the SEM micrographs (Fig. 4.3). No systematic relation between the
amount of Srand the thermal expansion coefficient (TEC) values could be observed,
however. This is likely due to the difference in density of the sintered samples.

45 Conclusions

The synthesis of La.*SrVNlo « (x = 0, 0.4, and 0.8) via a simple room-
temperature sol-gel process using a water-based solvent in presence of a little amount
of ethanolamine was successfully carried out. Suitable gelation time was in the range
0f 6-72 h, depending on the amount of Sr added. The sol-gel method was shown to
yield more homogenous pow'ders with higher purity than the solid-state reaction
method. The substitution of Sr for La on the A-site affected the phase, sintering, and
conducting ber\avior of the synthesized samples. The La™iSr.iNiCh phase was more
stable than La-Ni04, resulting in only single phase. The TEC values of the materials
were close to and should be suitably close to those of IT-SOFC electrolytes. A high
conductivity Lai..Sro.8Nios cathode, 160 s/cm at 500°c, Was obtained via the sol-gel
powWder.
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Table 41 Unit cell dimensions and unit cell volumes of La.-15r¥io. Synthesized
via sol-gel and solid state methods

La2A8rWio4
Parameter Sol-gel Solid state
X~0 x=04 <=2 X0 «—@z.—0o8
a(A) 40206 39768 39753 40135 3.9754 39768
c (A) 13072 13084 12960 13.040 13.080 12.956
V(A3 21131 206,96 20481 21005 206.71 204.89



Table 4.2 Electrical conductivities and TEC of samples produced via the different
synthesis routes

Sol-gel Solid state
La--SrfNioa  *TEC x 106 *TEC x 106 *kg
(¢ (Slem) (C1 (Slem)
X=0 131 50 132 50
x=02 - 40 - 3
x=04 131 3 13.6 27
x=0.6 . 96 ] 8
x=08 124 160 128 00

* The thermal expansion coefficient measured at 400-700°C.
** The electrical conductivity measured at 500°c.



Table 4.3 Activation energy with respective temperature ranges for the electrical conductivity for the different materials

La2)SrxN i0 44 Al- A' M ofl
. La2xCaxNi0 4 R ~ La,xSrxCo0Fmng 3 1AL
Sr content x Sol-Gel Solid State A 14 rQ6NiO4 I'r.4 1 &NiO4  Prl7 )3Ni04
(molratio) ~ Temp Ea Temp Ea  Temp Fa  Temp Ea Temp Ea Temp Ea Temp Fa

(c) ) (0 ) (C ) (0 (V) €v) (C) ) (0 (V)
x- 00 300600 0016 300-600 0020 100550 0055 100900 0.1226 100900 0067 100900 0091 100400 062

500-900 032

X=01 - - 100-600  0.052 400-900 0.18

x=02 300400 0029 300-400 0.029 100-600  0.055 200-800 0.14
400-850 0.020 400-850 0.017

x=03 - - - - 100-600  0.061 100-600 0.13

><—o 300-850 0.035 400-850 0.034 - - 100-500 0.10

x=06  300-850 0.036 400-850 0.022
x=08 300-850 0.020 300-400 0.040
400-850 0.013
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Figure 41 FTIR spectra of the dried gels of LaA8nNios prepared using
ethanolamine for (a) x = 0, (b) x =0.4, and (c) x = 0.8.
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Figure 4.2 XRD patterns of the calcined La.-AmNio « powders prepared via the sol-
gel and the solid state reaction processes when x is la-e and 2a-g, respectively  (
La:Nios, 1 LasNi-07 V LaNiOs, * La.Usand 1 NiO )



55
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Figure 43 SEM images of La.-\SrNiC powder calcined at 1080°C and the
samples sintered at 1200°c prepared by the sol-gel (left) and the solid state (right)
methods.
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Figure 4.4 Electrical conductivity vs temperature plot of La-rSrtNio « prepared via
the sol-gel process (closed symbols) when xis 0 (i ), 0.2 (-)s0.4 (A), 0.6 (¢ ), and
o.s () and La:*SrNios prepared by the solid state reaction (opened symbols) when
Xis0( ) 02(),04(A),06(0)and 08 (



o7

Temp (°C)
800 700 600 500 400 30
5.2
7 4
o
-~ 5.04
g
(¥
w48
N’
—
=
046
20 b
=
4.4
42 Y T T | <7 " oo T T
0.8 1.0 1.2 1.4 1.6 1.8
iy o |
1000/T (K )
(a)
Temp (“C)
5.0 800 700" 600 500 400 300
2.
e 'k#-t.* e .
< 48 i
5 v
[ B [ = e
E-‘b/ ] 8%. 0"O~vo.,o“. - b -
4.4 o k-s8a.k)
OD : il
2 :
4.2 !
X T T T T ¥ T ¥ l
0.8 1.0 1.2 1.4 16 1.8
o -1
1000/T (K)
(b)

Figure 4.4 Log gT versus 1000/T in air of La~rSmNio prepared via (a) the sol-gel
process (closed symbols) when x is 0 (et ww) 0.2 (wewed o) 04 (—| —) 0.6
(—t —) and os (— —)and La-tSriNio. prepared by (b) the solid state reaction
(opened symbols) when « s O (we] we) 0.2 (sese -, 0.4 (""A™), 0.6 (— 0—1 and

0.8 (_ _)
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Figure 4.6 Expansion rates of La.-ASmNio. prepared via the sol-gel process when x
50 (), 04 (...) and 08 (_.) and La.-\SrANio. prepared by the solid state
reaction whenx is0 (), 04 (. ) and 0.8 ().
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