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In situ variable temperature XRD (VT-XRD) measurements on the transformation of nano-precursors to
La-Ni-O phases are presented. Experimental results showed that LaNiO; and La;NiO4 phases were
formed at ca. 700 °C via the reaction of La;O3; and NiO (from the initial nano-precursors), where a
relatively low temperature of 700 °C was found for the synthesis of La;NiO4. The formation of LazNi,O
at higher temperature (up to 1150 °C) appeared to proceed through a further reaction of La;NiO4 with
unreacted NiO, whilst the formation of LazNiz0¢ (at 1075 °C) proceeded via a further decomposition of
LaNiOs. Although phase pure La3zNi;O, and LagNizOq9 were not directly obtained under the processing
conditions herein, the results of this study allow for a better understanding of formation pathways,
particularly for the higher order La-Ni-O phases.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The structures of lanthanum nickel oxides, with the general
formula La,, Ni,Os3,,1, are essentially those of a Ruddlesden-
Popper (RP) series [1] and are described by stacking along the
c-axis of n finite LaNiO3 perovskite layers separated by LaO rocksalt-
like layers [2]. The processing conditions used in the synthesis of
La-Ni-O phases are of considerable interest, as these can affect their
properties as cathode materials in intermediate-temperature solid
oxide fuel cells (IT-SOFCs) [3-12]. For the successful preparation
of these phases with high purity, it is useful to understand the
mechanisms under which phase formation occurs, since it is well
known that phase pure syntheses of higher members of the
La,1Ni,O3,, 1 series, particularly for n=2 and 3 compounds
(corresponding to the formulae LasNi;O; and LazNizO1, respectively),
are laborious and difficult, normally requiring prolonged heating
(several days) and energy intensive re-homogenization procedures
[4,13-18]. There are only limited reports on thermodynamic data for
the La-Ni-O system [13,19-23] and to the best of our knowledge,

Abbreviations: VT-XRD, variable temperature X-ray powder diffraction;
CHFS, continuous hydrothermal flow synthesis
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there are no real-time in situ thermodynamic analytical studies of
these compounds.

In a previous report, we described the direct syntheses of
LasNis0,¢ and La3Ni,0-, via one step heat-treatments in a muffle
furnace in air (ca. 12 h) of the corresponding intimately mixed
nano-precursors of La(OH); and Ni(OH), [24]. Thereafter, we
reported the direct syntheses of n=1 and oo compounds, which
correspond to the formulae La,NiO4 and LaNiOs, respectively,
using a similar route, although it is noted that these materials are
relatively easy to access via conventional synthesis methods [25].
The nano-precursors used in these studies were synthesized using
a continuous hydrothermal flow synthesis (CHFS) system [24].
CHFS or similar reactors have been used to rapidly and efficiently
produce numerous inorganic metal oxide nanoparticles from pre-
mixed metal salt solutions, which can rapidly be co-precipitated
as homogeneously mixed oxides or solid solutions when mixed
with a flow of supercritical water (which is typically at > 400 °C
and >22 MPa). Further details of this process are given
elsewhere [26-36].

Currently, in situ VT-XRD has been extensively employed to
study the formation or characterization of PbTiO5 [37], BaTiOs [37],
calcium phosphate [38], hydroxyapatite (HA) [39,40], sodium
yttrium fluoride [41], y-Bi;MoOg [42], CoAl,0,4 [42], silicon nitride
compounds [43], and others. This technique offers an opportunity to
follow thermodynamic phase changes at elevated temperatures.
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In the present work, we describe the utilization of VT-XRD to follow
the transformation of different nano-precursors (made via CHFS) to
La-Ni-O phases under dynamic heating in order to elucidate
possible reaction pathways for their formation.

2. Materials and methods

2.1. Nano-precursor synthesis

The powders were prepared using a continuous hydrothermal
flow synthesis (CHFS) system as described elsewhere [26-36].
The as-prepared powders were mixtures of La(OH)3; and Ni(OH),
nanoparticles with La/Ni metal ion ratios of 1:1, 2:1, 3:2 and 4:3.
These powders were intimate mixtures of hexagon plate-like
nickel hydroxides (ca. 80 nm in diameter) and needle-like lantha-
num hydroxides (ca. 40 x 10 nm) [25]. Metal analysis showed that
the actual lanthanum and nickel ratios of these powders were
0.96:1, 1.94:1, 2.92:2 and 3.90:3, respectively [25].

2.2. Variable temperature XRD characterization

Experiments were performed using a Bruker D8 Advance dif-
fractometer with Ni filtered Cu-Ko radiation and a Lynx Eye detector.
To perform the high temperature experiments, an Anton Paar HTK16
heating stage with an Anton Paar TCU 2000 control unit was used,
integrated with the Bruker control software. The as-prepared pow-
ders were loaded onto a platinum heater stage. The heating
temperature was monitored by a type R thermocouple, which was
welded to the bottom of the platinum heater strip (temperature
accuracy was controlled within + 1 K). The platinum heater enclo-
sure was sealed and purged with either nitrogen or air at a flow rate
of 2mLmin~'. The sample was heated continuously at a rate of
10°Cmin~"! up to a maximum of 1150 °C (see Table 1). During
heating, data were collected over the 26 range 25-50°, with a step
size of 0.02° and a count time of 0.1 s. The sample was held at the
target temperature for upto 12 h (depending on the sample). During
this hold time, the sample temperature was kept constant and the
delay between each complete data collection was 472 s, using the
same collection parameters as above. For the attempted synthesis of
LagNizOqq (experiment 6), a slightly different regime was used. The
hold temperature used was 1075 °C and better quality data was
collected at this temperature using a count time of 0.5 s and a delay
time between each data collection at the hold temperature of 300 s.
The resultant products in each experiment were all subjected to a
room-temperature scan over the 20 range 10-120° with a step size
of 0.02° and a count time of 0.1 s, which were used for Rietveld
refinement using GSAS [44] for phase identification and unit cell
parameter refinement. Note: these materials are very sensitive to
partial pressure of oxygen; hence, phase transformations under

Table 1
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direct Pt strip heating (such as that in the HTK16) may result in
slight differences in phase behavior compared to that obtained in a
muffle furnace as used in previous studies.

3. Results and discussion
3.1. Attempt to synthesize LaNiO3 compound

The heating conditions used for the synthesis of LaNiO3 via
VT-XRD were based on our previous experimental results [25],
which suggested that phase pure LaNiOs could be obtained after
heat-treatment of the as-prepared powder (with 1:1 La/Ni ratio of
the hydroxides) at 750 °C for 6 h in static air in an electric muffle
furnace. Fig. 1 shows the evolution of the X-ray diffraction
patterns (experiment 1 as shown in Table 1). At low temperatures
the XRD patterns show characteristic peaks corresponding to the
hydroxide precursors La(OH); (JCPDS pattern 36-1481) and
Ni(OH), (JCPDS pattern 14-011), although those for Ni(OH), are
rather weak reflecting the poorer X-ray scattering of this phase
compared to La(OH)s. Peaks at ca. 20=40.1° and 46.1° are due to
the Pt heating strip. Thermal expansion of the lattice parameters
was observed, with peaks shifting to lower 26 values with
increasing temperature. With increasing temperature, a decrease
in intensity of the precursor peaks was generally observed, which
were no longer evident at ca. 371 °C. Interestingly, between 371
and 717 °C, only peaks attributable to the Pt substrate were
observed and at 717 °C, peaks attributable to the product LaNiO;
(JCPDS pattern 34-1028) appeared (XRD characteristic peaks at 260
values ca. 32.6°, 40.6° and 46.9°). The presumed condensation of

*
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¥ Ni(OH), ®Pt

" v
25 26 27 28 29 30 31 32 33

34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

X

Fig. 1. 3D stacked VT-XRD patterns for the synthesis of LaNiO3 via heat-treatment
in air of nano-precursors (with 1:1 La/Ni ratio) at 750 °C for 6 h; where x, y, and z
axes represent the 20 scan range, scan number (corresponding to heating times)
and peak intensity, respectively.

Details of heat-treatments in VT-XRD used for experiments 1-7, showing the products identified by XRD data.

Expt. Target phases Total heating Heating temperature Gas Intermediate Products Comment
(time/h) (°C) phases
1 LaNiOs 6 750 Air - LaNiO; <
2 La;NiO4 6 1000 Air - LayNiO4* Lay03 LasNiyO5 d
3 La;NiO4 3 700 Air - La;NiO4 ¢
4 La;NiO4 3 700 Argon - La,;NiO4 ¢
5 La;sNi»0- 12 1150 Air La,NiO4 ® La,NiO4 LasNi,07_5 d
6 LagNiz010 12 1075 Air LaNiOs ° LaNiO3 LagNiz01¢.5° d
7 LagNiz040 4 1075 None LaNiOs ° LagNisOq6 ® or LagNiz040.5* LaNiO3 d

¢ Major phase of mixture as observed in XRD data.

b No NiO was observed in XRD pattern but its presence is inferred from the reagent stoichiometry and other lanthanum-containing phases identified.

€ Results were consistent with furnace heating.
94 Results were different to those obtained via muffle furnace heating.
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the hydroxides with increasing temperature would be expected to
yield La;03 and NiO. The absence of Bragg peaks associated with
these phases or indeed any others, suggested that at these
intermediate temperatures the mixture was poorly crystalline
and might indeed be amorphous. Above 717 °C, LaNiO3 peaks
grew in intensity as the temperature increased up to the
holding temperature of 750 °C. After ca. 4 h at 750 °C, no further
significant changes in intensity were observed suggesting com-
pletion of the reaction.

3.2. Attempted direct synthesis of La;NiO4

Based on our previous study on the direct synthesis of La;NiO4
in an electric muffle furnace [25], a target temperature of 1000 °C
and a holding time of 6 h were used for the in situ VT-XRD
experiment (experiment 2, Fig. 2). As before, peaks corresponding
to the individual hydroxide precursors were evident up to around
357 °C which disappeared to be replaced by a poorly crystalline or
amorphous mixture. At ca. 663 °C, characteristic peaks of La;NiO4
(similar to JCPDS pattern 36-1481) first appeared, with peak
intensities increasing with increasing temperature. At ca. 833 °C,
a peak appeared at ca. 29.6°, which is attributable to La,03. The
intensity of this peak increased with increasing temperature up to
the holding temperature of 1000 °C. After ca. 1 h at the holding
temperature, a new peak (20=ca. 31.78°) was clearly seen, which
persisted on further heating at this temperature. It is believed
that this peak is associated with the formation of a higher order
lanthanum nickelate, probably LasNi,O (JCPDS pattern 35-1243)
resulting from a reaction between La;NiO4 and NiO (unseen by
XRD) [19]. The presence of excess NiO would be consistent with
the observation of La;Os in the higher temperature diffraction
patterns and might be the result of phase separation and/or
incomplete reaction. This is in contrast to our previous observa-
tions using a muffle furnace, where phase pure La;NiO; was
obtained under a similar heating regime (albeit in a different
mode of heating to the Pt strip heater where the nano-precursors
are in direct contact with the heating element) [25]. The differ-
ence is attributed to the different heat treatment atmospheres in
the case of the Pt heater, which will be discussed later.

Experiment 2 revealed, La;NiO4 could be obtained at ca. 663 °C
in air, which was significantly lower than suggested by our earlier
studies (synthesis temperature of ca. 1000 °C [25]). Therefore,
experiment 3 investigated the synthesis of La;NiO4 at a lower
temperature. A nano-co-crystalline mixture of hydroxides with a
La:Ni ratio of 2:1 was heated in air as in experiment 2. However,
for experiment 3, a target temperature of 700 °C was used with a
hold time of 3 h. The X-ray diffraction patterns (Fig. 3) show that

* 4La,0, ¥ LaNiO, #La(OH),
/ m La;Ni,O, ¥ Ni(OH), Pt
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X

Fig. 2. 3D stacked VT-XRD patterns for the synthesis of La;NiO4 via heat-
treatment in air of the nano-precursors (with 2:1 La/Ni ratio) at 1000 °C for 6 h.
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Fig. 3. 3D stacked VT-XRD patterns for the synthesis of La,NiO, compound via
heat-treatment in air of the nano-precursors (with 2:1 La/Ni ratio) at 700 °C
for 3 h.
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Fig. 4. XRD patterns for the synthesis of La,NiO, compound via heat-treatment in
air of the nano-precursors (with 2:1 La/Ni ratio) at 700 °C for 3 h in an electric
muffle furnace.

crystalline peaks associated with La;NiO4 first appeared at
ca. 681 °C, which is similar to experiment 2. The intensities of
these peaks increased with increasing temperature (and heating
time) as expected. After holding for ca. 3 h at 700 °C, there was no
change in peak intensities, suggesting a completion of the reac-
tion. Due to the broadness of peaks in the XRD patterns, the
peaks at 20 values of ca. 31.2° and 32.3° overlapped. The unit
cell parameters of this tetragonal product were calculated as
a=0.394 nm and c=1.272 nm.

A further test was conducted to simulate the experiment
3 heating regime, but in an electric muffle furnace. Heat-
treatment of the identical as-prepared powders in an electric
muffle furnace, at 700 °C for 3 h did not yield pure La,NiO4 upon
cooling, with additional La,03 peaks observed in the XRD pattern
(Fig. 4). The observed differences between preparations in situ
in the VT-XRD apparatus and those prepared in an electric
muffle furnace are most likely due to the differences in oxygen
partial pressures and/or as a result of convection originating from
the different heaters, leading to differences in the relative
thermodynamic stabilities of individual phases in the La-Ni-O
system [19].

The synthesis of La;NiO4 in air is well known to yield
a hyperstoichiometric compound, with a general formula
La;NiO4, s (0 >0) [7-9,45-50]; hence, a stoichiometric com-
pound may only be obtained in an inert atmosphere (e.g. argon).
It is useful to assess the effect of the incorporation of excess
oxygen in La;NiO4 on the unit cell parameters, since this may
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provide some valuable information on the structure or for any
future ion conductivity pathway simulation. In light of this, in
experiment 4, heat-treatment of a nano-precursor powder (from
CHFS) with 2:1 La/Ni metal ratio (of the hydroxides) was carried
out in argon at 700 °C for 3 h, after which, the gas was switched to
air for further a 1.5 h. Fig. 5 shows the resulting X-ray diffraction
patterns. Well-defined characteristic peaks of La;NiO4 formed as
the temperature approached ca. 674 °C (similar to the tempera-
ture observed in experiment 3) and the reaction showed little
change after ca. 3 h holding time (no change in peaks). Unit cell
parameters of this tetragonal product were calculated at
a=0.390 nm and ¢=1.277 nm. In contrast to experiment 3, over-
lapping of the peaks at 20 values of ca. 31.1° and 32.5° was not
observed. This was assumed to be attributed to the genuine
differences in crystal structure or sintering behavior obtained in
argon and air. After switching from argon to air, a sudden increase
in peak intensities was observed. This is due to the lower X-ray
absorption characteristics of the gas in the high temperature
chamber. A small shift in peak positions to lower values was
observed upon switching from argon to air. This is consistent with
the incorporation of excess oxide ions to yield the hyperstoichio-
metric compound, La;NiO,4, 5, with a resulting expansion of the
unit cell. Fig. 6 shows the variation of the tetragonal cell para-
meters a and c as a function of heating time after switching from
argon to air. A slight increase of the c lattice parameter was

FeLa,NiO, #La(OH),
v Ni(OH), ®Pt

'25 26 27 26 29 30 31 32 33 34 35 36 37 38 30 4D 41 42 43 44 45 46 47 4B 49 50

X

Fig. 5. 3D stacked VT-XRD patterns for the synthesis of La;NiO4 compound via
heat-treatment in argon of the nano-precursors (with 2:1 La/Ni ratio) at 700 °C
for 3 h.
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Fig. 6. Variation of a and c unit cell parameters for La,NiO4, ; made by heat-
treatment of the nano-precursors (with 2:1 La/Ni ratio) at 700 °C in argon for 3 h
and then subjected to a further heat-treatment in air for 1.5 h (shown above for
this latter period).

observed after ca. 10 min heat-treatment in air and remained
virtually constant thereafter. This observation is promising and
supported a previous suggestion from Boehm et al. [51] that the
incorporated additional oxide ions in the La;NiO4 . 5 phase would
mainly exist in the interstitial sites between the perovskite and
rock-salt layers.

In summary, from the VT-XRD results, it can be deduced that the
phase changes for the syntheses of LaNiO3 and La,NiO, are via the
reaction of an amorphous or ill defined intimate mixture of La,03
and NiO (from initial La(OH)s and Ni(OH), nano-precursors), which
is consistent with the literature [13,19-23]. See Scheme 1.

3.3. Attempted direct synthesis of LazNi>O,

We previously reported the direct synthesis of phase pure
La3Ni,O7 via 12 h heat-treatment at 1150 °C in air, in an electric
muffle furnace, of a nano-precursor powder with 3:2 La/Ni ratio of
the hydroxides [24]. In light of this, experiment 5 was conducted
in an attempt to synthesize and observe the formation of this
material using VT-XRD (Fig. 7). The resulting XRD patterns show
that on heating, La,NiO, appeared when the temperature
approached ca. 781 °C. At around 1150 °C, peaks with 20 values
at ca. 31.7°, 32.34°, 37.41°, 38.32°, 41.8° and 46.5° appeared and
their intensities increased with time. A subsequent extended
X-ray diffraction data collection carried out at room temperature
on the cooled sample confirmed the presence of LaszNiO, but
also indicated the presence of a second phase, thought to be
La,;NiOy4 (see Fig. 8). Again, possible differences in oxygen partial
pressure in the VT-XRD experiment may lead to the coexistence
of La;NiO4 and LasNiO7, rather than pure LazNiO-, as obtained in
the electric muffle furnace under a similar heating regime.
Although completely phase pure LazNi,O; was not obtained, it
could be concluded that the formation of LazNi,O; was probably
from the reaction of Lay;NiO4 and NiO (in most cases, NiO
characteristic peaks were not clearly visible due to its relatively
poor X-ray scattering compared to the lanthanum-containing
phases), which is consistent with suggestions in the literature
[13,19-23]. The phase changes observed in VT-XRD can be repre-
sented in Scheme 2.

. -2.5H,0+0.50 .
1La(OH); + INi(OH), ----------- » LaNiO;
Amorphous
i 0 La;NiO
2La(OH); + INi(OH), - _A;n-o_rﬁﬁo_u-s- » La;N104
Scheme 1

FeLa,NiO, #La(OH), ELaNi,0,.
¥ Ni(OH), e Pt

Fig. 7. 3D stacked VT-XRD patterns for the synthesis of LasNi,O; via heat-
treatment in air of the nano-precursors (with 3:2 La/Ni ratio) at 1150 °C for 12 h.



1692 X. Weng et al. / Journal of Solid State Chemistry 184 (2011) 1688-1694

6.0 -

4.0

20

H

Counts X10E 3

hgs‘r"#w# b—t———t 4+

i
i

oot v

WWQMMW

=20

L | 1 l 1 I | 1 1 l ! I
10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 110.0 120.0
2-Theta, deg

Fig. 8. Fitted X-ray diffraction profile of the sample made via heat-treatment in air
of the nano-precursors (with 3:2 La/Ni ratio) at 1150 °C for 12 h in the VT-XRD
(experiment 5). Only the major phase La3zNi>O, was modeled. Observed (+ signs),
calculated (line) and difference (lower) profiles are shown, with reflection
positions indicated by markers.
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Fig. 9. 3D stacked VT-XRD patterns for the synthesis of LazNizO;o compound via
heat-treatment in air of the nano-precursors (with 4:3 La/Ni ratio) at 1075 °C
for 12 h.

3.4. Attempted direct synthesis of La;Niz01¢

As for LaszNiyO5, LagNizOq9 can also be synthesized via heat-
treatment in air of the as-prepared powder (with 4:3 La/Ni ratio
of the hydroxides) at 1075 °C for 12 h in an electric muffle furnace
[24]. Experiment 6 was conducted in an attempt to recreate these
conditions in the VT-XRD experiment. As shown in Fig. 9, the
characteristic peaks of LaNiO; appeared when the temperature
approached ca. 719 °C and the intensities of these peaks gradu-
ally decreased with increasing heating time (and temperature). It
is difficult to determine the onset decomposition temperature
of the LaNiO; phase due to peak overlapping of peaks from
LaNiO3 and La4Ni30,¢ phases at 260 values of ca. 32.34°, 41.36°
and 46.52°. Extra peaks at 20 values ca. 31.7°, 37.4°, 39.2° and
45.6° appeared when the temperature approached ca. 1064 °C.
Again, these peaks did not perfectly fit the characteristic peaks of
the LayzNisO,¢ phase (JCPDS pattern 35-1242) and a long X-ray

data collection of the product at room temperature was con-
ducted in order to clarify the identity of the phases present.
Refinement against these data showed the product was a mixture of
LasNisOq0 and LaNiOs type phases (Rwp=0.0797, R,=0.0598) and
their unit cell parameters were calculated as a=0.54291(7) nm,
b=0.54762(7) nm, c=2.8027(4)nm and a=0.55585(9) nm, c=
1.3512(4) nm, for the orthorhombic and tetragonal phases, respec-
tively (see Fig. 10). Note: The sudden increase of peak intensities
shown in Fig. 9 was due to the change of count time from 0.1 t0 0.5 s
with an aim to get better quality data collected when the tempera-
ture approached 1075 °C. In particular, the presence of LaNiO3 at
such a high temperature (1075 °C) suggests that the oxygen partial
pressure in the VT-XRD was possibly higher than 1 bar, since this
phase is known to decompose at ca. 850 °C under relatively lower
oxygen partial pressures [19]. As such, the oxygen partial pressure in
the VT-XRD experiment was significantly higher than that normally
encountered in the electric muffle furnace (ca. 0.2 bar), which may
explain the difference in the products obtained from the VT-XRD
and the muffle furnace heating experiments. Again, although phase
pure LayNizO,o was not obtained on this occasion, it can be
concluded that the formation of LazNi3O;o phase was initially from
the decomposition of LaNiOs, which was consistent with the
literature [13,19-23] and the phase changes observed in VT-XRD
can be represented in Scheme 3.

In addition, an extra experiment (experiment 7) was con-
ducted to heat a 4:3 La/Ni ratio of the as-prepared powder up to
1075 °C in an unsealed VT-XRD chamber. No gas was purged
through in this case. The purpose for the design of this experi-
ment was to best simulate the airflow in an electric muffle
furnace on heating, to investigate whether changes in oxygen
partial pressure could result in changes in the thermodynamic
stability of La-Ni-O phases as proposed above. Supplementary
Figure S1 shows that LaNiOs; phase appeared when the tempera-
ture approached ca. 725 °C, where this temperature is similar to
experiment 6 (with purging air). Again, it is difficult to determine
the onset decomposition temperature of LaNiOs;. Based on
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Fig. 10. Fitted X-ray diffraction profile of the sample made via heat-treatment in
air of nano-precursors (with 4:3 La/Ni ratio) at 1075 °C for 12 h in the VT-XRD
(experiment 6). Observed (+ signs), calculated (line) and difference (lower)
profiles are shown with reflection positions indicated by markers LasNi30q¢
(lower) and LaNiO3 (upper).
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Scheme 3
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refinement against the subsequently collected room temperature
X-ray diffraction data, the product was more than likely a mixture
of either LayNi30,¢ or maybe even LagNis0,¢ (JCPDS pattern 42-
0091) and LaNiOs; phases (R.,,=0.0789, R,=0.0591), similar to
those obtained from experiment 6. However, differences in the
relative intensities of the diffraction peaks compared to those
obtained in experiment 6, suggests that the differing oxygen
partial pressures during synthesis, resulted in differences in the
amounts and types of each phase obtained.

It was very difficult to distinguish the LazNi30;¢ and possible
LagNis0¢ phases from the refinement due to the similarity in the
XRD patterns of these two phases. However, it should be noted
that some authors have suggested that the LagNisO;¢ phase might
not exist and was actually either LazNizO1o [13] or LasNi,O7 [19].
The LagNisOq6 phase (not in a pure form) was first reported by
Kitayama in 1990 [13], which was synthesized via heating a La;03
and NiO mixture (with the mole ratio of 10:40 and 45:55) at
1200 °C for ca. 55 h with intermittent mixings. The oxygen partial
pressure used by the aforementioned author was at 0.68 bar,
which is significantly higher than ambient oxygen partial pres-
sure (0.2 bar). As such, if the LagNisO;¢ phase was present in the
mixture (resulting from experiment 7), the different oxygen
partial pressures in the VT-XRD and muffle furnace would be
the reason for its formation. Therefore, further analysis on the
mixture is required. Nevertheless, unit cell parameters for the
LasNi30q¢ (or possibly LagNisO;6) and LaNiO3 phases were calcu-
lated at a=0.54240(8) nm, b=0.54676(8) nm, c=2.7987(5) nm
and a=b=0.5557(2)nm, c=1.3327(6) nm, respectively (see
Figure S2), which were slightly different from those obtained
from experiment 6.

4. Conclusions

An in situ VT-XRD study of La/Ni hydroxide nano-precursors to
several La-Ni-O phases was conducted. The syntheses of higher
members of La-Ni-O series (n=2 and 3) was not totally consis-
tent with previous results obtained via muffle furnace heating,
which is likely to be due to differences in oxygen partial
pressures. However, the studies were extremely illuminating
and clearly suggested reaction pathways for the formation of
the target compounds. As such, further optimization of oxygen
partial pressure in VT-XRD experiments, making them compar-
able to that in a muffle furnace, will be necessary in any future
work. The use of a nano-precursor route for the attempted direct
synthesis of the La-Ni-O pure phases worked very well for the
lower members of the La-Ni-O series (n=1 and o0 ), in that both
of these phases were formed. Notably for the synthesis of La;NiOyg4,
only a 700 °C heating temperature (both in air and argon) was
required, which is the lowest synthesis temperature for this phase
reported so far.
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