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Abstract. Perovskites of nominal composition NaCe1-xLaxTi2O6 (0 ≤ x ≤ 1) crystallise
directly under hydrothermal conditions at 240 oC. Raman spectroscopy shows distortion from
the ideal cubic structure and Rietveld analysis of powder X-ray and neutron diffraction
reveals that the materials represent a continuous series in rhombohedral space group R c. Ce
LIII-edge X-ray absorption near edge structure spectroscopy shows that while the majority of
cerium is present as Ce3+ there is evidence for Ce4+. The paramagnetic Ce3+ affects the
chemical shift and line width of 23Na MAS NMR spectra, which also show with no evidence
for A-site ordering. 2H MAS NMR of samples prepared in D2O shows the inclusion of
deuterium, which IR spectroscopy shows is most likely to be as D2O. The deuterium content
is highest for the cerium-rich materials, consistent with oxidation of some cerium to Ce4+ to
provide charge balance of A-site water.
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Graphical Abstract

A multi-element A-site perovskite crystallises directly from aqueous, basic solutions at 240
ºC; while the paramagnetic effect of Ce3+ on the

23

Na NMR shows a homogeneous solid-

solution, the incorporation of A-site water is also found from 2H NMR and IR, with oxidation
of some cerium to charge balance proved by XANES spectroscopy.
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1. Introduction
Mixed-metal oxides are important materials with wide-ranging properties of relevance
for a number of well-established applications, such as in areas of electronics, magnetism,
ferroelectrics and catalysis [1-4]. Among the mixed metal oxides, ABO3 perovskites stand out
due to their versatility in terms of both their chemical composition and structural flexibility
[5, 6]. The ideal cubic perovskite structure consists of a network of corner-shared BO6
octahedra in which all 12-coordinate interstitial sites are filled by A-site metals [7].The
structure can accommodate most metal ions, and partial substitution on the A and B sites is
also possible, with distortion possible by concerted rotation of octahedra about their common
oxide bridges so to lower the coordination of the A-site to accommodate smaller ions. Local
distortion of the octahedra themselves is also possible, such as off-centre displacement of the
B-site metal cations. This results in practical applications that have high commercial value.
For example, BaTiO3 and lead zirconium titanate, PbZrxTi1-xO3, have ferroelectric properties
and are widely used to make capacitors [8, 9]. Owing to the toxicity of lead, there have been
an increasing number of studies trying to develop alternative materials for these important
applications, such as solid solutions based on the perovskites Na0.5Bi0.5TiO3 and NaNbO3 [1013].
Perovskite oxides are commonly prepared by solid-state synthesis, where high
temperatures above 1000 oC are used for extended periods of time to bring about reaction
between solid oxide or carbonate precursors. Such approaches give highly crystalline
products, however, they provide very little control over the particle size and usually only give
the most thermodynamically stable products. Hydrothermal synthesis provides a convenient,
low-temperature route to mixed-metal oxide materials [14-18]. For example, the perovskites
BaTiO3 and SrTiO3 can be crystallised directly at 80-100 oC from metal salts in basic solution
[19, 20].The preparation of more complex oxides, more challenging by solid-state synthesis
where inhomogeneity can result [21], can also be performed hydrothermally in a single step
(i.e., without any high temperature annealing needed to bring about crystallisation); examples
include Ba1-xSrxTiO3 [22, 23] and Ln1-xBxMnO3 (Ln = La,Pr and B = Ba,Sr,Ca) [24-28]. By
using temperatures below 250 oC and solutions of reagents in a sealed reaction vessel, the
hydrothermal technique ensures that the reagents are well mixed to give homogeneous
products and the solvent-mediated crystal growth provides control over the particle size and
morphology of the products. This may be important in areas such as catalysis, where
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nanoscale crystallites are often desired, and in electronic or magnetic applications, where the
preparation of fine-grained ceramics is possible by sintering the as-made powders. The low
reaction temperature may also prevent the loss of volatile metals such as Bi and Na, which
occurs readily at elevated temperatures, giving compositionally homogeneous materials. The
crystal morphology of the materials can also be controlled by replacing water with other
solvents. For example, hollow cubes and spheres of CaTiO3 can be made solvothermally in
polyethylene glycol [29, 30], and ethylenediamine and ethanolamine have been used to adjust
the morphology of Ba1-xSrxTiO3 from spherical to cube-shaped particles [31].
This paper is concerned with the preparation of the Ce and La analogues of
Na0.5Bi0.5TiO3 by hydrothermal synthesis. NaLaTi2O6 exhibits a dielectric property, known as
quantum paraelectricity, at low temperatures, where samples prepared by conventional solidstate reactions have been studied [32, 33]. NaCeTi2O6 is a synthetic analogue of the mineral
loparite and has been prepared using hydrothermal synthesis by Wright et al., who reacted
CeCl3 7H2O and TiF3 in 4 M NaOH solution at temperatures above 100 oC, and also prepared
Nd and V doped analogues[34], while cubic particles of NaLaTi2O6 were prepared
hydrothermally by Shi et al. from TiN and La(NO3)3 6H2O [35].The aim of the present study
was to investigate the scope for the preparation of complex perovskite solid solutions from
these end members, to prove the degree of element mixing using a variety of structural
probes, and to investigate the level of defects in the hydrothermally prepared samples.

2. Experimental Section
Material synthesis. Hydrothermal syntheses of the samples were performed using 20 mL
Teflon-lined stainless steel autoclaves. The reagents used were: CeCl3 7H2O (Sigma Aldrich,
99.9%), LaCl3 7H2O (Alfa, 99%) and TiF3 (Alfa, 98%). The exact amount of water in the
salts was determined by thermogravimetric analysis. The three reagents were stirred in 5 mL
of deionised water for 5 min in a Teflon liner before 5 mL of NaOH solution (either 4 M or
12 M) was added and then stirred for 1 hour. The reaction vessel was then sealed in the steel
autoclave and placed in an oven pre-heated at 240 oC for 24 hours and then allowed to cool to
room temperature. The solid products were recovered by suction filtration, washed
thoroughly with warm water and dried overnight in a drying oven. The products were then
ground into powder for further characterisation. Deuterated samples of NaCeTi2O6 and
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NaLaTi2O6 were prepared using the same procedure as above but using D2O and NaOD. The
aim here was to prepare samples for solid-state NMR to investigate the level of defects in the
samples, thus samples once crystallised were washed with copious amounts of deionised H2O
to ensure that any surface D2O or [OD] was removed and that any remaining deuterium was
present only within the crystal structure. Solvothermal reactions were also carried out, where
ethylene glycol was used to replace water as the solvent. CeCl3.7H2O / LaCl3.7H2O and TiF3
were mixed with stirring in 5 mL ethylene glycol for 15 min, then 1.6 g NaOH was added and
the mixture stirred for 1 hr. The reaction vessel was then sealed and heated at 240 oC for 24
hr. Reactions with a 1:1 mixture of H2O and ethylene glycol were prepared by mixing the
reagents in 2 mL deionised water, then 3 mL NaOH (4 M) was added and the mixture stirred
for 15 min. Then 5 mL ethylene glycol was added and stirred for 1 hour before being sealed
and heated at 240 oC for 24 hr.
Characterisation. Powder X-ray diffraction (XRD) data were collected using a Panalytical
X-Pert Pro MPD diffractometer (Cu K
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radiation). Neutron powder data were collected at

room temperature on diffractometer D2B at the Institut Laue-Langevin, Grenoble, France,
where the samples were loaded into a cylindrical vanadium canister and a wavelength of
1.594 Å was used. The data collection times for neutron diffraction were typically around 6
hours and Rietveld analysis of diffraction data was performed using the TOPAS software
[36]. Raman spectroscopic data were recorded at room temperature using Renishaw inVia
Raman Microscope equipped with an Ar+ laser with wavelength 514.5 nm and Renishaw
CCD detectors. SEM images of the samples were recorded using Zeiss SUPRA 55VP FEG
scanning electron microscope. A working distance of 3 mm and a gun voltage of 20 kV were
used. Energy Dispersive X-ray Analysis was also performed using the SEM in order to
determine the elemental composition of the materials. IR spectra were recorded from the
solid samples using a Perkin-Elmer Spectrum100 diamond ATR-FTIR spectrometer. ICP
analysis for metals was performed by Medac Ltd (UK).
Solid-State NMR. Solid-state NMR spectra were acquired using a Bruker 600 Avance III
spectrometer, equipped with a wide-bore 14.1 T magnet, giving Larmor frequencies of 158.7
MHz for
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Na (I = 3/2) and 92.1 MHz for 2H (I = 1). Powdered samples were packed into

conventional 4-mm ZrO2 rotors, and a magic-angle spinning (MAS) rate of 12.5 kHz was
employed. 23Na chemical shifts were referenced to 1 M NaCl(aq) using a secondary reference
NaCl(s) (δiso = 7.8 ppm), and

2

H chemical shifts were referenced to deuterated
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tetramethylsilane, using the OD resonance of fully deuterated malonic acid (δiso = 13.0 ppm)
as a secondary reference. Conventional 23Na and 2H MAS NMR spectra were obtained using
single-pulse experiments at 14.1 T, with typical pulse lengths of 1.5 and 4 μs, respectively.
Recycle intervals of 5 and 3 s were used for 23Na and 2H, respectively, with a radiofrequency
nutation rate of ~100 kHz and ~50 kHz, respectively. Further experimental details can be
found in the relevant figure captions.
Ce LIII-edge XANES. Ce LIII-edge X-ray absorption fine structure (XANES) experiments
were performed using beamline B18 of the Diamond Light Source, UK [37]. This beamline
provides X-ray energies in the range 2.05 - 35 keV using a fixed-exit, double-crystal Si(111)
monochromator, which provides an energy resolution ( E/E) of 2

10 4. The optics of the

beamline includes a collimating mirror and a toroidal focussing mirror before and after the
monochromator, respectively. The measurements presented here were carried out using the
Cr coating of these two optical elements and a pair of harmonic rejection mirrors with a Ni
stripe were also used. Under this configuration, the typical flux on the sample is of the order
of 5

1011 photons s-1 and the size of the beam at that position is approximately 200 µm

(vertical) by 150 µm (horizontal). The samples were ground finely with polyethylene powder
(~ 80% by mass as diluent) under acetone to achieve uniform dispersion and pressed into 13
mm diameter pellets of ~1 mm thickness under a pressure of 5 tonnes. The reference
materials CeO2 (used as provided by Sigma Aldrich) and CeAlO3 (prepared by solid-state
reaction between Al2O3 and CeO2 at 1450 °C under a flow of 5 % H2 in N2 for 10 hours)
provided examples of cerium with well-defined oxidation states and coordination
environments. XANES data were collected in transmission mode with ion chambers before
and behind the sample filled with appropriate mixtures of inert gases to optimise sensitivity.
The spectra were measured with a step size equivalent to less than 0.5 eV. Data were
normalised using the program Athena [38] with a linear pre-edge and polynomial post-edge
background subtracted from the raw ln(It/I0) data.

3. Results and Discussion
X-ray diffraction (XRD) studies were carried out to confirm that the hydrothermal
synthesis of the complete series of NaCe1-xLaxTi2O6, for the range 0 ≤ x ≤ 1 was successful.
NaCeTi2O6 has been reported to have an orthorhombic Pnma structure [34, 39] while several
6

different structures have been reported for NaLaTi2O6 at room temperature including cubic
[32], rhombohedral [40, 41], tetragonal [42] and orthorhombic [33, 43, 44] unit cells. Ranjan
et al. [40] attributed the contradicting reports for NaLaTi2O6 in the literature to the fact that
the distortion of the perovskite structure is weak and that other authors had used only X-ray
diffraction data for structure analysis. They collected powder neutron diffraction data and by
using Rietveld refinement showed that NaLaTi2O6 prepared by solid-state synthesis has a
structure best described with the rhombohedral, R c, space group [40].
The powder XRD data collected for the NaCe1-xLaxTi2O6 series agree with the
structure reported for NaLaTi2O6 with space group R c. However, the weak peaks caused by
slight distortions in the perovskite structure could not be resolved by X-ray diffraction. Weak
peaks expected for rhombohedral R c were observed, however, in the neutron diffraction
data, which are more sensitive to oxygen atomic positions than X-rays in these metal oxides.
Although the end member NaCeTi2O6 has been reported in the literature with the space group
Pnma [34, 39] there were fewer peaks observed in the neutron diffraction pattern than were
expected for this model. A tetragonal model (I4/mcm) was also tested but it gave a slightly
poorer fit than the R c model. The neutron diffraction data and the final Rietveld refinement
fits for the materials NaCeTi2O6, NaCe0.5La0.5Ti2O6 and NaLaTi2O6 are shown in Fig. 1 using
the R c model, with the refined structural parameters given in Table 1. The formation of a
solid solution can be confirmed by changes in the cell parameters, shown in Fig. 2. Both the a
and c lattice parameters increase as the La concentration is increased; this is due to La3+ ions
(1.36 Å) having a larger ionic radius than Ce3+ (1.34 Å) [45].
In the literature, there are no reports found on the Raman spectrum of NaCeTi2O6 but
there have been several reports for NaLaTi2O6 [35, 46, 47]. The Raman spectroscopic data
shown in Fig. 3 confirm that the structures of the samples all have distortions from the ideal
cubic aristotype perovskite as no first-order Raman bands are expected for cubic symmetry.
The spectra show broad bands consistent with other reports for NaLaTi2O6 and for related
perovskites such as Na0.5Bi0.5TiO3 [42, 46, 48-50]. This broadening may be due to the
disorder on the A-site and the overlapping of multiple Raman modes. The main bands for all
the samples are observed at approximately 150, 260, 450, 550 and 830 cm 1. The band at 150
cm 1, assigned to modes of A1 symmetry, has been attributed to Na-O vibrations [51]. The
band at around 260 cm 1, also assigned to modes of A1 symmetry, increases in intensity
relative to that at 150 cm

1

with increasing La content. This band is also observed in the
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Raman spectra of BaTiO3 and PbTiO3 at almost the same position, indicating that it is
dominated by Ti-O vibrations [51]. The band at around 450 cm-1, which is most prominent in
NaLaTi2O6, increases in intensity when NaLaTi2O6 is annealed. This band has been
correlated to the particle size of NaLaTi2O6; Zhang et al. observed an increase in the intensity
of this peak with increasing NaLaTi2O6 particle size from 14 to 50 nm [47].
High-frequency Raman bands in oxides are usually dominated by vibrations involving
oxygen displacements so the band at around 550 cm-1 has been reported to be due to TiO6
octahedral vibrations and assigned to a mixture of A1 and E modes [42, 51, 52]. For
Na0.5Bi0.5TiO3, with space group R3c, there are 13 Raman active modes and they are all
observed below 700 cm-1, while the high-temperature LaGaO3, which has the same space
group (R c) as NaLaTi2O6, is expected to have 5 Raman active modes (52, 160, 252 and 444
cm-1) that are also observed below 700 cm-1 [53, 54]. Most Raman studies for NaLaTi2O6 and
Na0.5Bi0.5TiO3 only provide Raman data below 700 cm-1 so the last broad band at around 830
cm-1 is not usually reported. Selvamani et al. have reported an increase in the intensity of the
band at 830 cm-1 as more BiCrO3 is doped into Na0.5Bi0.5TiO3 and have attributed this band to
the presence of oxygen vacancies [55]. In the Raman spectra of (LixNa1-x)NbO3, a band at
875 cm-1 was observed, where it was assigned to an impurity band by Yuzyuk et al. [56] but
to an overtone by Juang et al. [57]. In the case of tetragonal BaTiO3, Raman bands above 700
cm-1 have been reported, where the band at 720 cm-1 is assigned to a mixture of E and A1
mode while the band at 810 cm-1 may arise from the deformation of lattice OH groups as it
was not present after annealing at 700 oC [58, 59]. However, NaLaTi2O6 still exhibits the
broad band at around 830 cm-1 even after annealing.
Fig. 4 shows SEM images of NaCe1-xLaxTi2O6 powders prepared by hydrothermal
synthesis using 4 M NaOH. The particles have irregular shapes with particle size around 100
nm. There is little change in morphology between NaCeTi2O6 and NaLaTi2O6. A degree of
control of the particle size, however, was achieved by altering the solvent, or by increasing
the NaOH concentration, as shown in Fig. 5. By changing the solvent from water to ethylene
glycol, the particle size of the product is clearly reduced, whilst the particle size was
increased when the NaOH concentration was increased from 4 M to 12 M. The morphology
of NaCeTi2O6 and NaLaTi2O6 particles became more spherical when a 1:1 mixture of H2O
and ethylene glycol was used as shown in Figs 5e and 5f. The atomic composition of the

8

samples was determined by EDXA on the SEM and as shown in Table 2, and reasonable
agreement was found between the intended and expected atomic percentages of metals.
The Ce LIII-edge XANES spectra of NaCeTi2O6 prepared using different reaction
times or concentrations of NaOH are shown in Fig. 6, along with those for the materials
CeAlO3 and CeO2, where the Ce has oxidation state of +3 and +4, respectively. For the
cerium (III) oxide a single white line is seen, corresponding to the electronic transition 2p3/2
→ (4f 1)5d, whereas the spectrum of the cerium (IV) oxide shows a typical double feature
comprising of 2p3/2 → (4fL)5d and 2p3/2 → (4f 0)5d transitions, with an absorption edge shift
of ~ 5 eV to higher energy [60-62]. The material CeAlO3 is a tetragonal (I4/mcm) perovskite
[63], which contains cerium (III) in a similar environment to that expected in the
rhombohedral NaCeTi2O6 we have studied. The XANES spectra of the NaCeTi2O6 samples,
and the NaCe0.5La0.5Ti2O6 material, all show distinct differences from the CeAlO3 reference,
with some evidence for the presence of Ce4+ in addition to the predominant Ce3+: this is clear
from the observation of a weak higher energy 2p3/2 → (4f 0)5d feature, an asymmetry of the
white line in the region of the 2p3/2 → (4fL)5d transition, as indicated on Fig. 6, and a shift of
the absorption edge to higher energy. It is noteworthy that the sample of NaCeTi2O6 prepared
at the shortest reaction time with the lower concentration of NaOH appears to show less
evidence for presence of Ce4+ (note this is the sample whose structure refinement is described
above). The previously published XANES spectrum of hydrothermal NaCeTi2O6 was
compared only with cerium (III) chloride [34]; our new comparison with CeAlO3 provides
clear evidence for the partial oxidation of cerium in apparently stoichiometric NaCeTi2O6.
Since the intensity of the white line depends on the coordination number and local geometry
about cerium, the position of the absorption edge (simply defined as the energy of 50 % of
the edge step) provides the most convenient means of quantifying the oxidation state of
cerium. Assuming a linear correlation between edge position and oxidation state [34], then
we can estimate that the oxidation state of cerium in the NaCeTi2O6 materials is +3.2 in the
material prepared in 4 M NaOH for short reaction time (i.e., 20 % of the cerium is present as
Ce4+) and reaches +3.4 in the material prepared in 12 M NaOH. Since the high-resolution
powder diffraction experiments show no evidence for crystalline CeO2 impurities in the
samples, three possible explanations for the presence of Ce4+ may be put forward: (1)
amorphous CeO2 is present, (2) the surface of the fine powders contains oxidised cerium or
(3) cerium is oxidised within the perovskite structure to accommodate structural defects (see
below).
9

The samples were studied by 23Na NMR to examine the level of A-site ordering. The
chemical shift of Na in a site with high coordination number, such as in a perovskite, should
be close to 0 ppm [64-66], which is the case for all the samples studied. The chemical shift
and line width varies across the series, however, as shown in Fig. 7. When the chemical shift
and linewidth are plotted against the La concentration, the trend in both cases is identical.
There are two effects that may be responsible for the trends seen. One arises from the
presence of paramagnetic Ce3+ (resulting in paramagnetic contributions to both linewidth and
shift of the Na resonance), and the other is from the disorder due to the three different metals
occupying the A-site (again with potential contributions to linewidth, through a distribution
of local environments, and to the shift as the neighbouring cations vary). It is, therefore,
expected that NaLaTi2O6 should have the narrowest peak width since there is no
paramagnetic Ce in the material, and there is less local disorder, with only two A-site metals
present. As the La concentration is lowered with cerium added to the material, the potential
for disorder increases with three A-site metal cations present, and a broadening of the
resonance is expected. If the A-site disorder is the only effect on the linewidth, then the
NaCe0.5La0.5Ti2O6 sample should have the broadest peak (i.e., maximum disorder if no
clustering or ordering is present). However, the peaks continue to broaden across the series
until the NaCe0.9La0.1Ti2O6 composition is reached. This can be understood in terms of the
additional contribution to the linewidth of paramagnetic broadening from the Ce3+. The
linewidth then drops slightly at NaCeTi2O6 as there are only two A-site metals and hence,
less A-site disorder.
For comparison,
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Na NMR spectra of physical mixtures of NaCeTi2O6-NaLaTi2O6

were also obtained. The physical mixtures with 20% and 50% NaLaTi2O6 showed
considerably less peak broadening compared to the samples made hydrothermally, as shown
in Fig. 8. This indicates that when the Ce3+ is not incorporated into the same structure as La,
no paramagnetic effects are observed on the Na signal resulting from this phase. This is
consistent with the fact that the samples made hydrothermally are a genuine solid solution,
with an intimate mixture of A-site metal cations, rather than simply physical mixtures of the
oxides.
We now consider the possibility of water or hydroxide being incorporated in the
perovskite structure. In Fig. 9 it can be seen that the 2H NMR spectra of both of the
deuterated perovskites made in D2O / NaOD give a small but significant NMR signal. In
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order to ensure that the low intensity signal observed did not result from natural-abundance
levels of 2H in the background the probe/rotor, experiments were also conducted for empty
rotors. No signal was observed, confirming that the 2H signal seen in Fig. 9 does indeed result
from 2H trapped within the perovskite structure. Once the deuterated NaLaTi2O6 was then
heated above 900 oC, the signal was not observed by 2H NMR suggesting that the deuteriumcontaining species, although within the crystals, can be removed on heating. The presence of
water and hydroxide in hydrothermally prepared oxides has been reported by other authors.
Goh et al. observed two separate signals in the 1H NMR spectrum of KNbO3 prepared
hydrothermally [67]. They attributed the two signals to the presence of both water and
hydroxyl ions in the perovskite lattice. Chien et al. performed 2H NMR on deuterated BaTiO3
to detect the presence of [OD] groups within the BaTiO3 lattice (on oxide sites), showing a
single narrow peak with a broad, overlapping component [68]. They attributed the narrow
peak to D2O trapped between the BaTiO3 crystallites, or close to the surface of the crystals,
while the broad component is due to D2O or [OD] trapped within the BaTiO3 lattice; thus
our results are rather similar. The 2H resonance for NaCeTi2O6 is slightly shifted compared to
NaLaTi2O6. This is undoubtedly because of the effect of paramagnetic Ce, similar to the
small shift found in the 23Na NMR spectra. This also suggests that the deuterated species are
within the perovskite structure since they are influenced by the paramagnetic effect of Ce3+.
The amount of deuterium within the samples can, in principle, be quantified using
NMR spectroscopy, by comparing the 2H signal obtained from the sample (when a known
number of transients were averaged) to that obtained from a natural-abundance sample of a
known amount of water. Thus, the concentration (mmol/g) and then a percentage by weight
of 2H in each sample can be determined. For NaLaTi2O6, we calculate 1.7 mmol/g 2H for the
centreband signal and a further 1.4 mmol/g from the sidebands, therefore 0.6 % 2H by weight.
For NaCeTi2O6, the sidebands are broad and too low in intensity to integrate but by
integrating the sharp centreband we determine 13.88 mmol/g 2H to be present in the
centreband, which by weight gives 2.8% 2H. Although many assumptions have been made in
these calculations and the errors are large, we can clearly deduce that a significantly larger
amount of deuterium is incorporated in the crystal structure of the NaCeTi2O6 compared to
NaLaTi2O6. To rationalise this observation, the presence of Ce4+, seen by XANES, can be
used: the extra charge of the Ce4+ may be balanced by removal of sodium from the A-site,
which is then replaced by D2O molecules. ICP analysis for metals produces a consistent
picture: the nominal NaCeTi2O6 material is best formulated as (Na0.7Ce0.9(H2O)0.4)Ti2O6
11

(observed 4.77 % Na, 35.71 % Ce and 27.36 % Ti, calculated 4.71 % Na, 36.96 % Ce and
28.07 % Ti). This formulation results in an average Ce oxidation state +3.6, slightly higher
but not inconsistent with the XANES analysis described above, while for the nominal
NaLaTi2O6 material the formula (Na0.7La1.1(H2O)0.2)Ti2O6 best fits the observed analysis
(observed 4.46 % Na, 40.26 % La and 27.72 % Ti and calculated 4.41 % Na, 41.95 % La and
26.29 % Ti, with the La oxidation maintained at +3, as expected). Thus the cerium-containing
phase is able to accommodate more A-site water than the lanthanum containing material. As
a final verification of this idea, the occupancy of the A site was investigated in Rietveld
refinement against the powder X-ray diffraction data, Table 3. This shows that inclusion of
oxygen as a third A-site component (representing a water molecule) and refinement of the
occupancy of each species gives a composition consistent with the presence of water at the
expense of sodium. This also gave a smaller improvement in the overall fit and, importantly
resulted in physically meaningful temperature factors for all sites, which was not the case for
the simple model without inclusion of water. We note also that the refinement predicts most
water present in the NaCeTi2O6 end member, entirely consistent with the spectroscopic
results presenetd above. The presence of water molecules on the A-site of a perovskite is not
unprecedented; for example, it has been reported for a barium potassium bismuthate
perovskite, also prepared by hydrothermal synthesis [69].
The IR spectra of NaLaTi2O6 and NaCeTi2O6 in Fig. 10 show absorption bands due to
O-H stretching at around 3400 cm-1. This band was not observed in sintered NaLaTi2O6
confirming that all the O-H containing species are removed upon heating (note that sintering
NaCeTi2O6 causes phase separation so IR of that sample was not recorded). Similar results
are reported in the literature for perovskites prepared hydrothermally [58, 68, 70, 71]. Noma
et al. observed a sharp band at around 3500 cm-1 in hydrothermal BaTiO3, which they
attributed to lattice hydroxyl groups occupying the oxide sites, and a broad band from 30003600 cm-1 which was ascribed to surface-adsorbed hydroxyl groups, present either as
hydroxide or as water. In our perovskite samples, no sharp bands are observed in this region
of the IR, Figure 10, which suggests minimal incorporation of hydroxide within the lattice.
Therefore, the broad band we observe must be due to some more weakly bound protoncontaining species. This we propose is the A-site water deduced from the NMR studies.
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4. Conclusions
The perovskite solid solution with nominal composition NaCe1-xLaxTi2O6 over the
whole composition range has been successfully prepared under hydrothermal conditions. All
the samples are assigned the space group R c, which matches NaLaTi2O6 previously
prepared by solid-state synthesis, and the lattice parameters show a linear increase with
increasing La concentration. The effect of changing the solvent and NaOH concentration
showed that particle size was reduced by using ethylene glycol as the solvent, while an
increase in the particle size was achieved using higher NaOH concentrations.
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Na MAS

NMR confirms that the materials produced are a genuine solid solution where the three A-site
metals are randomly arranged, where the effect of paramagnetic Ce3+ proves the intimate
mixing of substituent metals. XANES spectra recorded at the Ce LIII-edge show clearly that
the materials all contain some degree of Ce4+, and the presence of varying amounts of this
ion, depending on synthesis conditions, may provide a means of balancing the charge of
defects seen by 2H MAS NMR and IR. All analysis results produce a consistent picture of the
inclusion of A-site water in the hydrothermally-synthesised materials, which can be
accommodated to a greater extent by the oxidation of some Ce3+ to Ce4+. This compositional
variation may explain the different crystal symmetry seen for various specimens of assumed
composition NaLaTi2O6 and NaCeTi2O6 reported in the literature, especially from specimens
prepared by different methods.
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Fig. 1 Rietveld refinement of neutron diffraction of (a) NaCeTi2O6 (b) NaCe0.5La0.5Ti2O6 and
(c) NaLaTi2O6, with the points showing the measured neutron diffraction pattern, grey line
for calculated, black for the difference and the tick marks shows the peak positions for R c
space group.
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Fig. 2 Plot of the lattice parameters and cell volume of NaCe1-xLaxTi2O6 series calculated by
combined analysis of the neutron and XRD powder data.

18

Fig. 3 Raman spectra of NaCe1-xLaxTi2O6.

19

Fig. 4 SEM images of (a) NaCeTi2O6, (b) NaCe0.5La0.5Ti2O6 and (c) NaLaTi2O6 synthesised
in 4 M NaOH solution under hydrothermal conditions.

20

Fig. 5 SEM images of NaCeTi2O6 and NaLaTi2O6 powders prepared in (a) and (b) ethylene
glycol, (c) and (d) 12 M NaOH and (e) and (f) ethylene glycol and water mixture,
respectively.

21

Fig. 6 Ce LIII-edge XANES spectra of NaCeTi2O6 and Ce reference materials with known
oxidation state. NCT = NaCeTi2O6 and NCLT = NaCe0.5La0.5Ti2O6. The inset shows the
correlation between oxidation state and edge position, with deduced average oxidation states
of the NCT and NCLT materials labelled using the same symbols as in the main figure.

22

Fig. 7 (a) 23Na NMR (14.1 T) of NaCe1-xLaxTi2O6 series, (b) plot of the chemical shift and
linewidth extracted from the spectra.

23

Fig. 8 23Na (14.1 T) MAS NMR of NaCe1-xLaxTi2O6 with (a) 20% and (b) 50% La,
comparing spectra from perovskite solid solutions and physical mixtures of the pure end
members with the same compositions.

24

Fig. 9 2H (14.1 T) MAS NMR of deuterated NaCeTi2O6 and NaLaTi2O6 prepared in D2O and
NaOD. Spectra were recorded under conditions that enabled quantitative analysis, by
comparison to (natural-abundance) 2H NMR spectra of H2O.
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Fig. 10 IR spectra of (a) NaLaTi2O6, (b) NaCeTi2O6, and (c) NaLaTi2O6 after heating at 1100
o

C.
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