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Abstract

The heteronuclear LaNi(dhbaen)(NO3)(H,0), complex was synthesized and its thermal decomposition products were analyzed
by differential thermal analysis (TG/DTA), X-ray diffraction (XRD), Fourier-transform infrared (FT-IR) spectroscopy, Auger
electron spectroscopy (AES) with scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Hexagonal
perovskite-type LaNiO3; having fine particle size was obtained by sintering at 600 °C. AES showed that the elemental distributions
of La, Ni, and O on the surface were very homogeneous for the sample decomposed at 900 °C. The LaNiO; decomposed to
La3;Ni,O; and NiO when the heating temperature increases up to 1000 °C. Heteronuclear LnNi(dhbaen)(NO5)(H,0),, complexes
(with Ln=Pr, Nd, Sm, and Gd) were also synthesized. The perovskite-type LnNiO; phase could not be formed by their thermal

decomposition.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Perovskite-type oxides (LnMO5, Ln=1lanthanoid and
M =transition metal) have useful functional properties
and have been investigated for many applications such
as catalysts,! fuel cells,> solid electrolytes,® and gas
sensors.*~!" Amongst these oxides, compounds of the
LnNiO; family are promising for applications as cata-
lysts and cathode materials for solid oxide fuel cells
(SOFC).!?

The conventional method of heterometallic oxide
production involves a solid-state reaction of the corre-
sponding single oxides. However, the preparation of
LnNiOj; single phases is difficult using the solid-state
reaction because these phases are not stable at high
temperatures.'>!3 In addition, powder materials with
controlled stoichiometry and microstructure are needed
for these applications. Chemical processing methods
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can be used to obtain better control of powder quality
and microstructure. For these reasons, LnNiO3; com-
pounds have been prepared by chemical synthesis at low
temperatures with methods such as sol-gel and
coprecipitation.'#13

The thermal decomposition of heteronuclear com-
plexes is a promising method for the preparation of di-
or tri-metallic oxides, as previously proposed by the
authors of this paper.'® Homogeneous heterometallic
oxides with relatively high specific surface area are
formed at low temperatures when heteronuclear com-
plexes were used as precursors.!”>8 The synthesis of a
LaNi-heteronuclear LaNi(dhbaen)(NO3)(H,0), com-
plex, where dhbaen is N,N'-bis (3-hydroxysalicylidene)-
ethylenediamine, has been reported in the literature
together with the study of its crystal structure.?®-3°
Then, the synthesis of LnNi(dhbaen) (NO3)(H,0),,, with
Ln=La, Eu, or Gd, complexes has been also reported
by some of the authors of this paper.>! However, the
thermal decomposition products of the LaNi(dhbaen)-
(NO3)(H»0),, complex have not been investigated in detail
yet.3? Moreover, the thermal decomposition of the other
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LnNi-complexes such as LnNi(dhbaen)(NO3)(H,0),,
with Ln=Pr, Nd, Sm, and Gd, has not been studied at
all.

In this paper, we report the synthesis of LnNi(dhbaen)
(NO3)(H50),, complexes (Ln=La, Pr, Nd, Sm, and Gd)
and the study of the products of their thermal decom-
position. Perovskite-type single phases could be
obtained only from the decomposition of the LaNi-
complex.

2. Experimental procedure
2.1. Materials preparation

The lanthanoid-nickel heteronuclear complexes were
synthesized according to our previously reported
method.?' To prepare a mononuclear Ni(Il) complex,
[Ni(H,dhbaen)], an aqueous solution (50 cm?) of
Ni(CH;COO),-4H,0 (10 mmol) and then ethylenedi-
amine (10 mmol) were added to a solution of 2,3-di-
hydroxybenzaldehyde (20 mmol) in methanol (60 cm?).
After the mixture was stirred at room temperature for 2
h, brownish red [Ni(H,dhbaen)] crystals were collected
by suction filtration, washed subsequently with water,
methanol and diethylether, and then dried under
reduced pressure. A methanolic solution (6 cm?®) of
lithium hydroxide monohydrate (3 mmol) was added to
a suspension of the synthesized mononuclear Ni(II)
complex (1.5 mmol) in methanol (30 cm?). The mixture
was stirred for 1 h at room temperature and hydrated
lanthanoid (La, Pr, Nd, Sm, or Gd) nitrate (1.5 mmol)
in methanol (3 cm?) was added. After the mixture was
kept warm under stirring for 3 h, brownish yellow
microcrystals were collected by suction filtration,
washed with methanol and diethylether, and then dried
under vacuum. Elemental analyses were carried out at
the Instrumental Analysis Center of Chemistry, Faculty
of Science, Tohoku University, Japan. C, H, and N ele-
mental contents in the complex were determined by
measuring CO,, H,0, and NO, concentrations in the
gas formed from the decomposition of the complex at
elevated temperatures.

The complexes were decomposed upon heating at
selected temperatures in ambient air for 1 h to obtain
the oxide samples.

2.2. Materials analysis

The thermal decomposition behavior of the hetero-
nuclear complexes was examined by simultaneous ther-
mogravimetric and differential thermal analysis (TG/
DTA, Seiko Instrument TG/DTA 32), performed with a
heating rate of 5 °C/min in air flow. The results of TG/
DTA were used to select the heating temperatures for
the complex decomposition. X-ray diffraction (XRD,

Cu-K, radiation, Rint 2000, Rigaku, sweep rate 2°/min.
40 kV, 20 mA) analysis was used to study the phases
present in the decomposition products. Fourier-trans-
form infrared (FT-IR) absorption spectroscopy
(JASCO, FT/IR-600) was used to analyze the functional
groups present on the surface of the decomposed sam-
ples. Particle size and morphology were evaluated by
transmission electron microscopy (TEM, Jeol JEM-
100cx) (Bright field image) at an accelerating voltage of
100 kV (camera length of 600 mm). The surface ele-
mental distribution of La, Ni, and O for the decom-
posed powders were characterized by Auger electron
spectroscopy (AES, Perkin-Elmer Phi 650) using the
La(MNN), Ni(LMM), and O(KLL) lines, at a voltage
of the incident electron beam of 5 kV. Before AES
measurement, the powders were pressed into pellets at a
pressure of 1x10% Pa and then sputtered with Ar gas for
20 min to remove the surface contaminants before the
measurements.

3. Results and discussion
3.1. Characterization of the LaNi-complex

The results of elemental analyses for C(32.47%),
H(2.72%), and N(7.10%) were in good agreement with
the theoretical values estimated to be 32.23% for C,
2.83% for H, and 7.04% for N, for the LaNi(dhbaen)
(NO3)(H,0), complex with 2 molecules of hydration
water. Fig. 1 shows the TG/DTA curves for the LaNi-
complex. All the measurements performed showed that
dehydration started below 50 °C and a plateau was
observed in the temperature range 150-230 °C. The
weight was ca. 93 wt.% which agreed with the theore-
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Fig. 1. The TG/DTA curves for the LaNi-complex, at a heating rate
of 5 °C/min in air.
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tical value of 93.9% caused by the loss of two molecules
of crystallization water. The TG curve showed an
abrupt weight loss at around 300 °C followed by a
slower loss that ended at about 600 °C, accompanied by
exothermic effects, as shown by the DTA curve, which
can be attributed to the decomposition of the ligand.
The weight percentage 41.4 wt.% measured in the last
plateau range was in good agreement with the theore-
tical value of 41.5 wt.%, calculated by assuming the
formation of LaNiOj from the complex with two mole-
cules of water tied up in the crystallization. From these
results, the complexes were estimated to be LnNi(dh-
baen)(NO;)(H,0), (Fig. 2).

3.2. Thermal decomposition process for the LaNi-
complexes

Fig. 3 shows the XRD powder diffraction patterns for
the products of the decomposition of the LaNi-complex
at various temperatures. The XRD patterns for the
samples fired at 500 °C showed broad peaks of NiO and
La,COs and contained no LaNiO; peaks. The peaks of
the perovskite-type phase were observed for samples
decomposed at 600 °C, although small peaks of NiO
and La,COs were still present in the XRD patterns.
Only LaNiO; peaks were detected for samples decom-
posed in the 700-900 °C temperature range. It is con-
firmed that the full-width-at-half-maximum (FWHM)
of all the LaNiO; peaks decreases with an increase in
decomposition temperature until 900 °C because of
crystallite growth. The XRD peaks for LaNiO; were
indexed with hexagonal phase (space group: R3-c). The

Fig. 2. LnNi(dhbaen)(NO3)(H,0)4 complex.

lattice constants were a=5b=0.5434 nm and ¢=1.3111
nm for the sample sintered at 900 °C. The LaNiO;
decomposed to a mixture of LazNi,O; and NiO due to
Ni(III) reduction into Ni(Il) when the decomposition
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Fig. 3. XRD powder diffraction patterns for the LaNi-complex
decomposed at selected temperatures. Decomposition temperatures in
°C are shown in the figure. hkl values (hexagonal: R3c) are shown for
the sample sintered at 900 °C.
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Fig. 4. FT-IR spectra for the LaNi-complex decomposed at various
temperatures. Decomposition temperatures in °C are shown in the figure.
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Fig. 5. SEM-Auger results for the LaNi-complex decomposed at 900 °C for 1 h. White and black spots in the Auger results represent the high and
low concentrations of each analytical element: (a) SEM, (b) La map, (c) Ni map, (d) O map.

Fig. 6. Bright field TEM micrograph at an accelerating voltage of 100 kV (camera length of 600 mm) for the LaNi-complex decomposed at (a)
600 °C, (b) 700 °C, (c) 800 °C, (d) 900 °C.
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temperature increased up to 1000 °C. This decomposi-
tion at high temperature has been reported for similar
Ni-containing perovskite-type materials.*?

Fig. 4 shows the FT-IR results for the decomposed
LaNi-complex samples. Signal peaks attributable to
carbonate and nitrate groups were observed at 1400 and
1500 cm~! for the samples decomposed at 500 °C.
Those signals disappeared for the samples decomposed
at 600 °C. Therefore, one can conclude that the car-
bonate and nitrate groups formed by the thermal
decomposition of the complex remained at the surface
of the perovskite-type oxide grains for the sample
decomposed at 500 °C.

Fig. 5 shows the SEM-Auger results for the surface of
the LaNiO; pellet prepared by using the powder
obtained by the complex decomposition at 900 °C for 1
h. In the case of the AES measurement, the elemental
analysis is very sensitive, because the detectable depth
on the surface is around 1 nm. Elemental analyses were
operated on the same surface observed by SEM and
shown in Fig. 5a. The elemental distribution of La, Ni,
and O on the surface was highly homogeneous (Fig. 5b,
¢, and d, respectively). It is assumed that the thermal
decomposition of the heteronuclear complex is a process
suitable to prepare single-phase, homogeneous per-
ovskite-type LaNiO; powders at a temperature as low
as 600 °C.

3.3. LnNi-complexes, Ln= Pr, Nd, Sm, or Gd

The results of elemental analyses and TGA for the
other LnNi-complexes (Ln=Pr, Nd, Sm or Gd) were in
agreement with the theoretical values for complexes
containing two molecules of hydration water, thereby
confirming the chemical structure and composition of
the complexes, as reported above for the LaNi-complex.

However, the thermal decomposition behaviour of the
LnNi-complexes was different from what observed for
the LaNi-complex. In the case of the NdNi-complex,
the decomposition product was a mixture of Nd,NiOy
and NiO. The perovskite-type phase was not obtained
at any temperature. For the Ln=Pr, Sm and Gd sys-
tems, heating the complexes led to a mixture of NiO and
Ln,O5; (PrgO;; for Pr) without formation of any poly-
metallic oxide. For these complexes, the decomposition
products did not change even when sintered at 1000 °C.

It should be emphasized that while LaNiO3 samples
have been synthesized by chemical processing methods
at low temperatures in ambient air, in the case of other
LnNi oxides the perovskite-type phase could be synthe-
sized only at high oxygen pressure.** The thermal sta-
bility of the perovskite phase becomes lower with a
decrease in ionic radius, since the perovskite structure
distorts from the ideal structure, as shown by the toler-
ance factors for the LnNiOj3 phases reported in Table 1.
Table 1 shows also the decomposition products

Table 1
Decomposition products at 900 °C, ionic radius for Ln ions, and
tolerance factor (7)* for LnNiO3

Complex Decomposition IR (A) t
products

LaNi(dhbaen)(NOs3)(H,0), LaNiO; 0.116 0.905

PrNi(dhbaen)(NO3)(H,0), PrsOq;, NiO 0.1126 0.893

NdNi(dhbaen)(NO;)(H,0), Nd,NiO4, NiO 0.1109 0.887

SmNi(dhbaen)(NO3)(H,0), Sm,03, NiO 0.1079 0.876

GdNi(dhbaen)(NO;)(H,0), Gd,0;, NiO 0.1053 0.867

4 Tolerance factor (1) was
(A + O)/[ﬁ(B + 0)}, where A, B, O were ionic radius of La* (see
this table), Ni** (0.060 nm), O>~ (0.140 nm), respectively.

calculated using t=

obtained at 900 °C for the tested complexes, and the
ionic radius for Ln3* ions.?® Although the ionic radius
of Pr3* ion is larger than that of Nd**, polymetallic
oxides were not obtained because trivalent Pr3* ion is
less stable than tetravalent Pr*™* ion.

3.4. Morphology of LaNiO; samples

It is of paramount importance to characterize the
microstructure of the powders obtained, given that it is
well known that many oxide properties such as the cat-
alytic activity and the gas sensing characteristics are
strongly influenced by particle size.’*3® Fig. 6 shows
bright field TEM photographs for the LaNi-complex
samples decomposed at 600, 700, 800, and 900 °C for 1
h. The average particle size was estimated to be about
20, 3040, 50, and 100 nm for the samples decomposed
at 600 °C (Fig. 6a), 700 °C (Fig. 6b), 800 °C (Fig. 6c),
and 900 °C (Fig. 6d), respectively.
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Fig. 7. The relationship between decomposition temperature and specific
surface area for the decomposed LaNi-complex samples.
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Fig. 7 shows the influence of the heating temperature
on the powder specific surface area for the decomposed
samples. The specific surface area decreased with an
increase in the decomposition temperature above 600 °C,
being 14.8 and 7.7 m? g~! for the samples decomposed
at 600 and 700 °C, respectively. These values were
smaller than the calculated theoretical values, around 43
and around 30 m? g~!, assuming the particle shape to be
spherical. This should be ascribed to agglomeration
and/or necking of particles (see Fig. 6), given that the
difference with the theoretical value decreased with
increasing the decomposition temperature.

4. Conclusions

Hexagonal LaNiO; powders having nano-sized parti-
cles were prepared by the thermal decomposition at low
temperatures of the synthesized heteronuclear complex.
These characteristics make these LaNiO3; powders very
promising for the application as electroceramics mate-
rials. In particular, a good processability to form thick-
film coatings is expected for these powders, attractive
for applications such as electrodes of SOFCs and che-
mical sensors.
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