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Abstract

Yttrium and aluminium co-substitutions on lanthanum molybdate ceramics with the nominal formula
La, ,sY,,sMo, Al Oy s (LYMA, x =0, 0.1, 0.2, 0.3 and 0.4) were synthesized by citric acid-nitrate combustion
method and used for preparation of solid electrolyte for intermediate-temperature solid oxide fuel cells (IT-
SOFCs). Phase composition, structure, conductivity and electrical properties of LYMA have been investigated
as a function of aluminium content by X-ray diffraction, scanning electron microscopy and electrochemical
impedance spectroscopy, respectively. Experimental results showed that the substitution of La and Mo with
appropriate amounts of Y and Al can effectively stabilize the B-form of La,Mo,O, at room temperature and in-
hibit its phase transition to a-form. The LYMA synthesized by combustion method exhibited a better sinterabil-
ity where relative density of the samples sintered at 950 °C for 4 h was higher than 95 %TD. The performance
of the LYMA electrolyte was found to be related to Al-content. The La, ,5Y,,sMo, (Al, Oy, exhibited high
oxide ion conductivity (o = 42mS/cm at 800 °C) and low electrical activation energy (E, = 1.18¢eV). These
preliminary results indicate that the LYMA is a promising electrolyte for IT-SOFCs.
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I. Introduction nents, mechanical and thermal degradation, thermal ex-
pansion, mismatch and high cost of materials. There-
: A X fore, a major challenge in reducing the operating tem-
attention because of their high energy-conversion ef- perature of SOFCs is to develop alternative electrolyte
ficiency, low pollution and good fuel flexibility [1- . .-rials that can operate at intermediate-temperatures

3]. SOFCs mainly consist of electrolyte, cathode and (500-800°C) with high oxygen-ion conductivity [7—
anode materials. Among these, the electrolyte is the 12].

most important component as it acts as a membrane,
transporting ionic oxygen from cathode to anode side.

Solid oxide fuel cells (SOFCs) have attracted great

In recent years, La,Mo,0, based ceramics (LAMOX)

o have been regarded as a candidate for electrolyte material,
Therefore the electrolyte should have fast ionic trans-  po ..o of high ionic conductivity (~10"2S cm™") of the

port, negligible electronic conduction and stability at parent compound at 800 °C which is comparable to the

the operating temperature [1-6]. Yttria-stabilized zirco- conductivity of YSZ at 1000°C [11-16]. However, it is
nia (YSZ) is a well-known electrolyte for SOFCs, which

requires operating temperature above 800 °C. However,
the high working temperature leads to a series of prob-
lems such as interfacial reaction between the compo-

noteworthy that La,Mo,Oy has two polymorphs, a low-
temperature monoclinic @-phase (P2;) and a high temper-
ature cubic B-phase (P2;3), with a first-order phase transi-
tion around 580 °C. La,Mo, O, exhibits high ionic conduc-
tivity only in cubic phase (8) at a temperature higher than
580°C. La,Mo,0, conductivity reduces approximately
two orders of magnitude below 580 °C due to the phase
transition from cubic structured high-temperature conduc-
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tive 8 phase to monoclinic structured low-temperature o
phase. The @ < g phase transition is also causing abrupt
volume change. On the other hand, the readily occur-
ring reduction of Mo®" to Mo*" under reducing condi-
tions causes mixed ionic-electronic conduction and also
promoting LAMOX degradation [12,15—17]. Substitutions
have been done to suppress the monoclinic (@) to cubic
(B) phase transition of the parent compound that occurs at
around 580 °C and furthermore to overcome the reduction
issue of Mo®" at low oxygen partial pressures. At La site
of La,Mo,0,, various dopants, like Y3*, K*, Rb*, Ca**,
Ba%*, Sr**, Dy**, Er’*, Sm>*, Bi’", etc. have been re-
ported to be effective in the stabilization of S-polymorph
at room temperature and in the increase the ionic conduc-
tivity. But the long-term stability of LAMOX is still ques-
tionable as the Mo®* is very much prone to reduction under
reducing atmosphere [11,12,18,19]. AI**, V3, W&, Cr5*,
Nb>*, Ga®*, etc. substitution on Mo sites have exhibited
enhancement in the stabilization of La,Mo, 0O, in reducing
atmosphere. By considering the advantages and disadvan-
tages of the substitution effect on La and Mo sites, double
substitutions offer the opportunity to improve the stabil-
ity of La,Mo,O, by suppressing the phase transition and
improving ionic conductivity [11,12,18-20]. Therefore, Y
and Al co-substituted La,Mo, O, could be possibly used as
SOFCs electrolytes in the intermediate temperature range
and under moderate reducing conditions.

Nanopowders provide sufficient densification at the
lower sintering temperature, good mechanical prop-
erties and enhance electrical properties. Ultrafine
nanopowder of LAMOX has been reported to be syn-
thesized by various wet chemical routes, such as freeze-
drying precursors, high power ball milling, EDTA com-
plexing method, combustion method, etc. [12,17,21-
23]. Among the above-mentioned processes the solu-
tion combustion process is characterized by fast reac-
tion rate and low cost. In the solution combustion route
a self-sustaining exothermic redox reaction is allowed
to take place in the gel that is formed upon dehydrating
an aqueous solution of a fuel (such as citric acid) and an
oxidant (metal nitrate).

In the presented work, La and Mo were substituted
with Y and Al in order to suppress the thermal activation
order-disorder phase transition and stabilize the 8 phase
in La,Mo, 0, at lower temperature. Oxides with nomi-
nal composition of La, ;5Y,,sMo, Al O, ; (LYMA, x
=0, 0.1, 0.2, 0.3 and 0.4) were synthesized by citric
acid-nitrate combustion method. The effects of x on the
crystal structure, morphology, ionic conductivity and
electrochemical performance were systematically inves-
tigated.

II. Experimental

2.1. Sample preparation

The La,;5Y,,sMo, Al Oy, (LYMA, x 0,
0.1, 0.2, 0.3 and 0.4) materials were synthesized
via the citric acid-nitrate combustion method. All
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raw materials, La(NO,);-6H,0, Y(NO;);-6H,0,
(NH,)¢Mo,0,,-4H,0 and AI(NO,),-9H,0, were
from Shanghai Aladdin Biochemical Technology Co.
Ltd. and the purity was higher than 99.0% (AR). At
first, stoichiometric amounts of precursors were dis-
solved in deionized water in a glass beaker and allowed
to stir on a hot plate for 0.5h to get a homogenized
mixture of metal ions. Then the corresponding mass
of citric acid was added in a molar ratio of citric acid
: metal cations = 2 : 1, in order to chelate cations. In
order to promote the complexation of the metal ions,
the pH was adjusted to around 7 by slow addition
of ammonia solution. The mixture was heated under
stirring at 80°C for 12h forming a transparent and
viscous gel. On further heating, the temperature of the
gel increased and an auto-combustion of the gel took
place with production of large amount of gas. The
as-synthesized powder was then calcined at 600 °C for
2h to remove the residual organic species and get the
final powders. The calcined powders were reground
and pressed into pellets (diameter 10 mm and thickness
~1.0mm) by uniaxial pressing under 120 MPa. The
pellets were sintered at 950 °C for 4h with a heating
rate of 5 °C/min and cooling rate of 3 °C/min.

2.2. Characterization

Fourier transform infrared (FTIR) spectra of the sam-
ples were obtained on a FTIR analyser (Model 8400S,
Japan) in the wavenumber range of 400-4000cm™'. The
xerogels were studied by simultaneous thermogravimet-
ric (TG) and differential scanning calorimetry (DSC)
(Model Netzsch STA 409PC, Germany) in the tempera-
ture range of room temperature to 700 °C under a flow
of air with a heating rate of 10 °C/min. The crystal phase
structure of the synthesized powders was gauged by X-
ray diffraction (XRD, Model Rigaku) with a 26 range of
10-70°, a scanning rate of 5 °/min, and a Cu K, radia-
tion source (4 = 0.15406 nm). The surface morphology
of the electrolyte was inspected by scanning electron
microscopy (SEM, Model SU8220). For conductivity
measurements, silver contacts were applied on both the
sintered sample surfaces and cured at 700 °C for 10 min.
An impedance analyser (Model Solartron SI-1260, Eng-
land) was used to measure the impedance spectra in fre-
quency range from 20 Hz to SMHz and temperatures
from 400 to 800 °C in air. To determine the ionic con-
ductivity of electrolytes, the impedance data were fitted
to equivalent electronic circuit using ZSimpWin soft-
ware.

II1I. Results and discussion

3.1. FTIR and thermal analysis

FTIR spectra of the La, ,5Y, ,sMo, Al O, ; xerogels
are shown in Fig. 1. It shows that there are few bands in
the range from 400 to 4000cm™' and the bands were
attributed to the various functional groups. The peaks
around 3741, 2314 and 1681 cm™! could correspond to
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O-H stretching, —OC and COO- antisymmetric stretch-
ing, respectively [24-26]. The peak at 1519 cm™! possi-
bly arises due to the stretching vibrations of the NO,~
ion, demonstrating that NO,™ is involved in formation
of the colloid [27]. Peaks observed at wavenumbers 964
and 521 cm™! are ascribed to the characteristic stretch-
ing of metal-oxygen bonds, supporting the presence of
citrate metal chelate species [28].

TG-DSC curves of the La, ;5Y, ,sMo, Al ,Oq 5 xe-
rogel are presented in Fig. 2. They showed that the xe-
rogel decomposes in the following three stages: dehy-
dration, decomposition of the citrate and oxidation of
the decomposition products. A small weight loss from
room temperature to about 150°C is due to desorp-
tion of physisorbed water. In the DSC curve, the first
exothermic peak at 215°C reveals the combustion of
organic species. The second exothermic peak at 285 °C
corresponds to the residual organic matter. As the TG
curve shows, the weight of the sample decreases sig-
nificantly between 190 and 400 °C and no remarkable
change can be seen in the DSC curve above 400 °C.
This proves that the La, ;5Y, ,sMo, ¢Al, ,Oq ; has been
almost perfectly crystallized beyond this temperature.
But, the slight weight losses can be found above 400 °C
in the TG curve, which are due to the oxidation of re-
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Figure 1. FTIR spectra of La, ;5Y,sMo, Al O, _; xerogels
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Figure 2. TG-DSC curve of La, ,5Y ,sMo, gAl, ,O5 ; xerogel
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maining carbonaceous material. Based on the TG-DSC
results the powders synthesized by combustion route
were calcined at 600 °C.

3.2. Crystal structure and particle size analysis

Figure 3 shows XRD patterns of the
La, ;5Y,,sMo, Al Oy (x = 0, 0.1, 0.2, 0.3 and
0.4) calcined at 600°C for 2h. The XRD patterns
confirm that the compositions having x = 0 and x =
0.1 exhibit a single cubic phase (JCPDS Card No. 28-
0509). The formation of a single phase clearly indicates
that Y and Al cations were successfully introduced into
the La and Mo sites, separately. The sample can be
indexed as the cubic system, space group P2;3 having
the S structure. XRD patterns of the samples with
x > 0.2 reveal the presence of secondary phases. These
suggest that the solubility limit of Al in La,Mo,0, is
no more than 20%. The solubility of Al in La,Mo,O,
is limited because of the different ion size and crystal
structures, which leads to the generation of other phases
[29]. From Table 1, the cell lattice parameter of the
La, ;sY,,sMo, Al Oy s (calculated from the XRD
patterns in Fig. 3) changes with Al content (x), and
decreases from 7.1517 to 7.1477 A with x increasing
from 0 to 0.2, because the radius of AI** (0.0535nm) is
smaller than Mo®* (0.065 nm). However, as x increases
further from 0.2 to 0.4, the lattice parameter increases
from 7.1477 to 7.1582 A. The slight increase in the cell
parameter for the x > 0.2 compositions may be linked
with the formation of excess AI’* in these cases [29].
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Figure 3. XRD patterns of La, ,5Y,,sMo, Al O, ; powders

The average crystallite size of the sample was calcu-
lated by using the Debye-Scherrer equation:

_09-2
~ B-cosf

)

where D is the crystallite size in nm, A is the radiation
wave length (for Cu K, 4 =0.15406 nm), 8 is full width
at half height of the strongest Bragg’s peak correspond-
ing to (210) reflection of the samples, 6 is the corre-
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Table 1. Lattice parameter and crystallite size of La, ,5Y,,sMo, Al O, (0 < x < 0.4) powders and properties of ceramics

X Lattice parameter, Average crystallite Relative density Electrical conductivity, Activation energy,

[mol] a[A] size, D [nm] [%TD] ogoo°c [mS/cm] E, [eV]
0 7.1517 62 96.5 2.4 1.47
0.1 7.1509 61 96.9 28 1.26
0.2 7.1477 54 98.3 42 1.18
0.3 7.1479 46 97.4 30 1.59
0.4 7.1582 43 95.2 25 1.61

T
10.0um

1 1
5.00um

Figure 4. Images of La, ,5Y,,sMo0, Al Oy s SEM.(a) x = 0; (b); x = 0.1; (¢) x = 0.2; (d) x = 0.3; (e) x = 0.4

sponding peak diffraction angle. The average crystallite  crystallite sizes of the La, ,5Y ,sMo, ,Al Oy ; powders
size values of the La, ;5Y,sMo, Al Oy, nanopow-  calcined at 600°C for 2h, calculated by the Debye-
ders at various compositions are given in Table 1. The  Scherrer equation, were between 43 and 62 nm. Thus,
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ultrafine La, ;5Y,sMo, Al O, s powders with cubic
phase () structure were successfully prepared after cal-
cination at 600 °C for 2h, further demonstrating that
the citric acid-nitrate combustion method permits the
use of a lower temperature for the synthesis of the
La, 5Y,,sMo, Al O, s powders.

3.3. Sinterability and microstructure

A dense electrolyte is needed in SOFCs to prevent
gas mixing and transport of oxygen ion. Relative density
of the La, ,5Y,sMo, Al O, ; sintered in air at 950 °C
for 4 h was measured by the Archimedes’ principle and
shown in Table 1. It can be seen that the relative den-
sity of the samples increases with x and then decreases.
The highest relative density (98.3 %TD) was reached
for the ceramics with x = 0.2. Also, the measured den-
sity of all samples is greater than 95 %TD, while other
kinds of solid electrolytes often require sintering tem-
perature over 1000 °C in order to obtain this density
[1-3,7,9]. The density results demonstrate the high sin-
tering activity of the La, ;5Y,5Mo, Al O, s powders
prepared by citric acid-nitrate combustion method. As
shown in Fig. 4 the cross-sectional SEM images of
the La, ;5Y,,sMo, Al O, , sintered at 950°C for 4h
reveal that the surface has a good densification with
very few small pores and that average grain size is
2 um. This may be assumed to be the reason for the
high conductivity of the sample. The electrolyte with

larger grain size is therefore expected to yield better
cell performance, since grain boundaries induce space
charge layer decrease thus increasing ionic conductiv-
ity [30]. Therefore, it can be said that the citric acid-
nitrate combustion method is a facile route to synthesize
La, ;5Y,,sMo, Al O, s materials for SOFCs applica-
tions.

3.4. Electrical characterization

Figure 5 shows the AC impedance diagram of the
La, ;5Y,sMo, ¢Al, ,Oq; sintered at 950 °C for 4h. It
can be seen that the impedance spectrum consists of
a semicircle and a arc. The semicircle corresponds to
the overlapping of grain and grain boundary impedance
contribution, the arc corresponds to ionic and elec-
tronic conduction of the electrode [1,31]. Grain resis-
tance (R,) and grain boundary resistance (R,) were dis-
tinguished using the ZSimpWin software by modelling
the impedance spectrum with the equivalent circuit.

Total resistance (R;) of the sample was the sum of R,
and Rg;,. Total ionic conductivity (o) at different tem-
peratures was determined using the following equation
[32]:

D
SR,

2)

o

where D, S and R, represent the thickness, area and re-
sistance of the sample, respectively.

250
b
4007 Q [ (a) Q] Q] . (b)
2001 H H -
350 H H V) / vy v Re -
300 Rg Rgb
150-]
~os0] / T=500°C | _ ~ T=e00°C
N 200 N 1007
Rg+Rgb f'/.
150- .
o~ 50
100- o
50 e Re o
O T T T T T T
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600
Z'(Q) Z'(Q)
161 Q) Q o (c) 5 Q] Q] ) /_,__._.-.\_\_\.(d)
14- H H — H H -~
Re = Re /
124 Rg Rgb 4 Rg Rgb
1o T=700°c | ] / T=800°C
<) S y,
= 84 =
N o] f/ N 5 -.-."F
".’(
4- Iy N
1/
0 07 )
5 10 15 20 25 30 35 40 45 50 " s 10 15 20" 25 '
Z'(Q) Z'(Q)

Figure 5. AC impedance diagrams of La, ;Y ,sMo, 3Al,,04 ; at: a) 500 °C, b) 600 °C, ¢) 700 °C and d) 800 °C
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Figure 6 shows the temperature dependence of total
ionic conductivity of the La, ;5Y, ,sMo, Al Oy ;. As it
can be seen from Fig. 6, ionic conductivity of the sys-
tem improves on doping with Al, and conductivity of the
samples abruptly increases from 2.4 mS/cm to a maxi-
mum of 42mS/cm at 800 °C, with x increasing from 0
to 0.2. However, as x further increase, conductivity falls
and drops to 25 mS/cm at x = 0.4. In addition, conduc-
tivity for the La, ;5Y, ,sMo,_ Al Oy ; is nearly indepen-
dent of the oxygen partial pressure between 0.21 and
107 atm at 1073 K, which indicated that within the oxy-
gen partial pressure range the conductivity was predom-
inantly oxygen ionic in nature [11,17,33]. The conduc-
tivity values of the La, ,5Y, ,sMo, Al O, ; are compa-
rable to the data already published in the literature (Ta-
ble 2). Based on the electrical measurements at an in-
termediate temperature, we present these materials for
future use in SOFCs. This study also suggested that Y
and Al co-doping could enhance the electrical proper-
ties of the La,Mo, O, based electrolyte.
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Figure 6. Conductivity of the samples in air at different x

Table 2. Conductivity of some important materials

Material Conductivity Ref.

YSZ 25mS/cm at 1000°C [19]
La,Mo, ;W50 60.4 mS/cm at 800 °C [34]
La,Mo, 45V 5005 34.6 mS/cm at 750 °C [32]

La,Mo, 4,Sn 1304 5 55mS/cm at 800°C  [35]
La, ,Dy,;Mo, ;W,;0, 10.5mS/cm at 800 °C [18]
La, ¢Ba) Mo, ¢sW 5055 30.7mS/cm at 800 °C [15]
Ce(95Gd; 45055 10.5 mS/cm at 800 °C [36]

Figure 7 shows the Arrhenius plot of total conductiv-
ity of the La, ,5Y,sMo, Al O, ; electrolyte. The to-
tal conductivity data were well fitted with straight lines
throughout the operating temperatures, indicating that
conductivity of the La, ;5Y,sMo, Al Oy s obeys the
Arrhenius law in the test temperature range. It is showed
that no phase transition has happened in the investigated
temperature range which further illustrates that Al and
Y co-doping could suppress the first-order phase trans-
formation of La,Mo, O, and stabilize the cubic structure
at room temperature [15,37].

The temperature dependence of total conductivity
of the La, ,5Y,,sMo0, Al Oy s electrolyte can be ex-
pressed by the Arrhenius equation [32]:

o= Texp(- %) ()

where o, E;, k and T are the pre-exponential fac-
tor, activation energy, Boltzmann constant and absolute
temperature, respectively. Figure 8 shows the variation
of activation energy as a function of Al dopant con-
centration in the La, .5Y,,;Mo0, Al Oy ;. The activa-
tion energies are 1.47eV (x = 0.0), 1.26eV (x = 0.1),
1.18eV (x = 0.2), 1.59eV (x = 0.3) and 1.61eV (x =
0.4). The enhanced AI** concentration causes the gen-
eration of oxygen vacancies and minimizes the associ-
ation energy between dopant cations and oxygen va-
cancies leading to the high oxygen ion conductivity.
From Table 1 it can be clearly seen that the composition
La, ;5Y,,sMo, ¢Al;,0q; has the highest conductivity
and the minimal activation energy, which is because of
interaction amongst the dopant-cations and mobile oxy-
gen vacancies within the La,Mo, O, lattice. The elec-
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-10 T T T T T T
0.9 1.0 11 1.2 1.3 1.4 1.5
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Figure 7. The Arrhenius curves for La, ;5Y,,;Mo, Al Oy ;
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trochemical results reported in this work show the effi-
ciency of the citric acid-nitrate combustion process for
the low temperature preparation of Y and Al co-doped
La,Mo,0, ceramics as candidates to be used as elec-
trolytes in SOFCs applications.

IV. Conclusions

Electrolyte La, ;5Y, ,sMo, Al Oy, (x =0, 0.1, 0.2,
0.3, 0.4) materials were prepared by citric acid-nitrate
combustion reaction. XRD results indicated that sin-
gle cubic B-phase was successfully obtained after cal-
cination at 600°C for 2h and the solubility limit
of Al in La,Mo,0y is no more than 20%. The
La, ;5Y,,sMo, Al O, ; powders synthesized by com-
bustion reaction had very good sinterability and rela-
tive density of all samples sintered at 950 °C for 4 h was
more than 95 %TD. The impedance spectroscopy results
indicated that the Y and Al doped La,Mo,0O, can im-
prove ionic conductivity. Moreover, Y and Al co-doping
suppress the phase transition and effectively stabilize the
B phase at low temperature. Among all compositions,
the La, .Y, ,sMo, (Al ,Oq ; shows the highest conduc-
tivity of 42 mS/cm at 800 °C and minimal activation en-
ergy of 1.18eV, which can be a promising electrolyte
material for IT-SOFCs.
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