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Abstract

The direct crystallisation of perovskites NaBi(Ti;.4Zrx),O¢ with x = 0, 0.01, 0.05 and 0.1 at 240 °C is
achieved from aqueous alkali (NaOH) solutions of NaBiOj, TiF; and ZrOCl,. For each material, a
single rthombohedral polymorph (R3¢ a ~ 5.51 A, ¢ ~ 13.50 A) can be fitted to powder X-ray
diffraction data, with Rietveld refinement showing a linear increase in lattice parameters and unit cell
volume with increasing Zr content. Scanning electron microscopy shows micron-sized cube-shaped
crystallites for each sample, with energy-dispersive X-ray analysis giving Bi:Ti:Zr ratios consistent
with the expected substitution. Raman spectroscopy shows no perturbance of local structure upon Zr
doping and the spectrum shows five broad bands, consistent with the literature on similar materials.
Attempts to increase the Zr content further (x > 0.1) were unsuccessful by this hydrothermal synthesis
method, leading instead to crystalline ZrO, by-products. For NaBiTi,Os and NaBi(Tip99Zr001).06
densified ceramics were prepared (~ 95 % of crystallographic value) and the remnant polarisation
was found to be reduced upon Zr substitution, with a higher maximum piezoelectric coefficient, dss,

measured and comparable permittivity and dielectric loss reported to other NaBiTi,Og materials.
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Introduction

The perovskite NaBiTi,O¢ has been proposed and investigated as a lead-free alternative to the
widely used PbTi;«ZryO; (PZT) perovskites that find commercial application because of their
ferroelectric and piezoelectric properties in numerous electronic devices, such as actuators
transducers, and sensors.' The crystal structure of NaBiTi,O¢ was originally reported at ambient
conditions as rhombohedral (space group R3c),” but more recent work using Raman spectroscopy,’
single crystal X-ray diffraction® high-resolution powder diffraction,’ and total neutron scattering® has
assigned monoclinic symmetry (Cc). Some of these studies have reported the coexistence of the
rhombohedral and monoclinic structures at room temperature, and Rao et al. reported that the relative
amount of each is dependent on sample history (heating and mechanical treatment).” As well as
ferroelectricity and piezoelectricity, Sinclair and co-workers have recently reported high-temperature
oxide ion conductivity in NaBiTi,Os comparable to the fluorite-type oxides such as yttrium-stabilised
zirconia.® This effect is optimised by small adjustments in metal ratios that give oxide deficiency.

The addition of dopant metals to any perovskite oxide is a powerful means of controlling and
optimising electronic and other properties, and a variety of dopants have been added to NaBiTi,04.’ Only
last year Blanchard e al. reported a comprehensive study of the effect of B-site Zr doping in NaBiTi,O¢
in terms of the crystal chemistry of the resulting phases.'® The aims of their work were to clarify some
of the literature in the field concerning the evolution of crystal structure with composition and to
explore the possible existence of a morphotropic phase boundary by analogy to PZT, where the
coexistence of two or more ferroelectric phases can give enhanced piezoelectric response, although
they did not report any property measurements.

Sample homogeneity and precise control of stoichiometry is important in the electronic properties
of all materials, not only to ensure reproducibility for practical applications, but also to establish correct
structure-property relationships for fundamental understanding of the origin of properties. Carter et al.
recently explored the effect of non-stoichiometry in NaBiTi,Os and found that small adjustments in Na

and Bi content away from the ideal composition had a detrimental effect on ferroelectric hysteresis and
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piezoelectric coefficients." From a materials synthesis and processing viewpoint, homogeneity of
NaBiTi,Og is not easy to achieve, since bismuth oxide, and to a lesser extent sodium oxide, are highly
volatile. Thus in any high-temperature preparative method, loss of reagents occurs easily and
precautions must be taken to contain this potential source of sample irreproducibility.lz’ 13 Alternative
synthesis methods for these materials that use low reaction temperatures and, particularly, solution-
mediated crystallisation are thus desirable. Although co-precipitation, such as the Peccini method, and
other related sol-gel processing methods use ambient temperature precipitation of homogeneous
solids, treatment at several hundred degrees is still needed to induce crystallisation,14 which may still
result in loss of intended substituents when multi-element mixed oxides are being studied. Direct
crystallisation from solution using hydrothermal, or more generally solvothermal conditions, is thus
desirable as a ‘one pot’ synthesis approach to complex oxides, with the closed conditions preventing
loss of reagents to the atmosphere, while the low reaction temperatures (typically around 200 °C) and
use of solutions enable some control over crystal morphology and potentially the chemistry of the
phase produced.” The hydrothermal synthesis of a number of perovskite materials has now been
reported, including ferroelectric titanates and niobates, magnetoresitive manganites and multiferroic
chromites.'® For example, Handoko and Goh prepared complex thin films by hydrothermal synthesis
based on (Na,K)NbOs;-LiTaO; solid solutions that showed piezoelectric activity after heat treatment at
only 600 °C, thus avoiding loss of volatile potassium.17

The hydrothermal synthesis of NaBiTi,O¢ has been reported by a number of groups, using

181920 \while Li et al. used

highly alkali solutions and a variety of Ti and Bi-containing precursors,
citric acid as an additive in hydrothermal reactions as a means of modifying crystal size and shape of
the material.*' In this paper we consider the hydrothermal formation of Zr-doped NaBiTi,Og, a system
not previously studied using this synthesis method, with the aim of investigating how electroceramics

with favourable properties may be formed from the fine polycrystalline powder produced, and

compare our results with the recent crystal chemistry study published by Blanchard and co-workers
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and with the electronic properties reported for other titanate perovskites formed by hydrothermal

synthesis.

Experimental Section

Hydrothermal syntheses were performed using 45 mL Teflon-lined stainless steel autoclaves
(Parr 4744). Stoichiometric amounts of NaBiO;-2H,O (Acros, 85%), TiF; (Alfa, 98%) and
ZrOCl,-8H,0 (Sigma Aldrich, 99.5%) were weighed to give products of intended composition
NaBi(Ti;.xZrx),06 with x = 0,0.01, 0.05 and 0.1, using 0.6320 g of NaBiO3.2H,0. The water contents
of all salts were determined using thermogravimetric analysis to allow accurate weighing. The
reagents were mixed in 2 mL deionised water for 5 min in the Teflon liner before 18 mL of NaOH
solution was added and stirred so that the final NaOH concentration was 10 M. The reaction mixture
was then stirred for 1 hour before it was sealed in a steel autoclave and placed in an oven pre-heated at
240 °C. After heating for 4 days, the autoclaves were left to cool naturally to room temperature. The
solid products were recovered by suction filtration, washed thoroughly with warm water and dried
overnight at 70 °C in a drying oven. The products were then ground into powder for further
characterisation.

Powder X-ray diffraction (XRD) patterns were recorded at room temperature using a
Panalytical X’Pert Pro MPD operating with monochromatic Cu Ka,; radiation and equipped with a
PIXcel solid-state detector. Full pattern analysis of powder patterns was performed using the Rietveld
method within the TOPAS software.”> 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 (EDXA) was also performed within the SEM using an
EDAX Genesis analytical system with thin window detector, in order to determine the elemental
composition of the materials. Raman spectroscopic data were recorded at room temperature using a
Renishaw inVia Raman Microscope equipped with an Ar’ laser with wavelength 514.5 nm and

Renishaw CCD detectors.
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Samples that were investigated for their dielectric properties were first pressed into a pellet of
diameter 13 mm using a load of 2 tonnes. Approximately 1 g of powder was used to make each pellet.
The pellets were placed on Pt foil, covered with an alumina crucible and heated to 1100 °C for 2 hours
at a heating rate of 5 °C min™. After being left to cool to room temperature, a second heating at 1150
°C for 4 hours was carried out. The mass, thickness and diameter of the pellets were then measured to
determine their density. Silver paint was then applied on both faces of the pellet for dielectric and
piezoelectric measurements. The pellets were poled by placing them in silicone oil and applying a
fixed voltage for 1 minute. The longitudinal piezoelectric coefficient, d33, was then measured at 5
different points on each sides of the pellet using a YE2730A d33 meter. An average and standard
deviation of these values was then calculated. Dielectric hysteresis measurement was studied on
pellets immersed in silicone oil using a triangular waveform at a frequency of 50 mHz. The peak
voltage was increased until a current peak associated with the coercive field was observed. Data were
collected using Labview software. The dielectric permittivity and loss of the pellets were measured at
frequencies of 1 kHz, 10 kHz, 100 kHz and 1 MHz using a HP 4192 A LF Impedance Analyser at a

heating rate of 60 °C h™" from 30 to 600 °C.

Results and Discussion

Perovskites of composition NaBi(Ti;.4Zrx),0¢ with x =0, 0.01, 0.05 and 0.1 could be prepared
using the hydrothermal synthesis approach we adopted. Note that this method differs from most
previous hydrothermal synthesis conditions in that we used NaBiVO3-2H20 as an oxidant and TiHIF3
as reductant, with the aim of achieving atomic-scale homogeneity of the metal cations in the oxide
product."”” Figure 1 shows powder XRD patterns of the three Zr-containing samples along with an
undoped NaBiTi,O¢ sample made by the same method. The structural parameters from Rietveld
refinement using a single phase fit in space group R3c gave the structural parameters shown in Table
1. Although, as discussed in the Introduction, monoclinic symmetry has been assigned to NaBiTi,Og,
Aksel et al. pointed out that the monoclinic distortion is only apparent after the samples have been

annealed and the subtle changes in powder diffraction profile on symmetry lowering can easily be
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obscured by sample-dependant peak broadening.” Furthermore it is conceivable that the sample
preparation method dictates which crystal symmetry is found, or at least the proportion of phases
present in the product mixture.” Thus it is not unexpected that for our samples we found that lower
symmetry spacegroups gave no improvement in fit and for comparison purposes it is also convenient
to use the rhombohedral symmetry. The lattice parameters a and ¢ show a linear increase with
increasing Zr content over the limited composition range that this method allows, and these are plotted
on Figure 2, along with the same values reported by Blanchard ef al. for materials prepared using a
high-temperature annealing method.'® Blanchard er al. found that for their samples, prepared by
annealing at 800 °C, for Zr content of up to x = 0.2 the high-resolution powder XRD was best fitted
as a mixture of thombohedral and monoclinic phases with increasing proportion of the rhombohedral
phase with Zr content. The points on Figure 2 are those of the rhombohedral component. It can be
seen that the absolute values give moderate agreement between those from our samples and the data of
Blanchard et al., and the differences may possibly be due to the actual level of Zr inclusion. But
importantly, the trend of increasing lattice parameters with Zr content is very similar in each case.
Attempts to include larger amounts of Zr in our hydrothermal synthesis lead to solid products
contaminated with crystalline ZrO,, and similarly the pure zirconium analogue of the material could
not be prepared using this hydrothermal method. This suggests there is a limitation to the amount of
Zr that can be included into NaBiTi,O¢ by hydrothermal crystallisation.

The Raman spectra of NaBi(Ti;xZrx)>0¢ shown in Figure 3 agree well with previous Raman
studies of NaBiTi;O¢. From group theory, NaBiTi,O¢ is expected to have 13 Raman active modes,
7A; + 6E.” However, the spectra observed for all three samples show only five broad bands. This
reduction in the number of observed modes may be due to the overlapping of multiple Raman modes
and the broadening of the peaks due to the disorder on both the A-site and B-site. The addition of Zr
clearly has very little effect on the Raman spectra of NaBiTi,Og at the concentrations studied in the
present work. The hydrothermal synthesis of NaBi(Ti,.xZrx)>O¢ gave cubic particles which are 2-4 um

in size as shown Figure 4. The atomic composition was determined by EDXA and the presence of Zr
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was confirmed in the doped samples, with the calculated Zr content similar to the expected values
(Table 2).

Polarisation hysteresis for NaBi(Ti;xZrx),O¢ is shown in Figure 5a. A hysteresis loop is
observed for NaBiTi;O¢ and x = 0.01 but on the addition of Zr at x = 0.05 and x = 0.1, the loop loses
the inflection feature that identifies it as ferroelectric. This may result from either a composition-
dependent phase transition to a non-ferroelectric structure or from the coercive field increasing to a
value above the limit of this experiment. The result is that the loop becomes elliptical and the remnant
polarisation (polarisation at zero field) is reduced with increasing Zr substitution. This trend is similar
to the results obtained by Rachakom et al. where elliptical loops were observed for NaBi(Ti;xZrx),0¢
with Zr concentration between 0.2 < x < 0.8.*

The piezoelectric coefficient, d33 of NaBi(Ti;.xZrx),0Os is shown in Figure 5 plotted against
the electric field applied on poling. For undoped NaBiTi,Og, x = 0.01 and x = 0.05 showed a
hysteresis loop as the poling field was varied. This was not the case for x = 0.1, and no hysteresis loop
was obtained due to the sample breaking down electrically during poling. The mean maximum ds;
values of each material are shown in Table 2, along with the measured densities of the pellets studied.
The measurement of a reversible d3; up to x = 0.1 demonstrates that some ferroelectric character is
present in all samples and therefore the elliptical appearance of the hysteresis loops in Figure 5a is due
to the dielectric breakdown of the ceramics at an electric field below the coercive field for these
samples. Although the maximum ds; for all samples is recorded at x = 0.01, this may not represent the
true maximum across the series, as the pellets with x = 0.05 and 0.1 had low densities that
significantly lower the d; that is measured. The inability to densify the higher Zr content perovskites
under identical conditions to the other samples may be due to Zr*" inhibiting the solid-state diffusion
or recrystallisation processes necessary for densification. While higher temperatures would be
expected to yield higher densities, volatilisation of Bi and Na becomes significant, potentially leading
to the appearance of secondary phases. For the NaBiTi,04 sample, the measured d33 is typical of many

other samples of the perovskite that have been reported for materials prepared by a variety of
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methods: for example solid state synthesis (ds3 = 68 pC N™)* and hydrothermal synthesis with
different reagents (ds; = 53 pC N).? It is interesting to note that the replacement of just 1% of Ti by
Zr gives an increased value of d33, a phenomenon which is also seen with A-site substitutions such as
Ba’® or K.?” B-site substitutions of Mn®" and Fe’" over a similar range have been shown to result in a
lowering of the ds; of ceramics,?® although as these have a lower valance than the Ti*" ions that they
replace, oxygen vacancies are also introduced that will have additional effects on the electrical
behaviour. It can be speculated that the addition of Zr assists in locally stabilising more directions for
the polarisation vectors, leading to an increase in the ceramic ds;. A concurrent reduction in the
magnitude of the polarisation vector can explain both the reduction in the remnant polarisation and the
anticipated peak in d3; across the series.

Permittivity and dielectric loss of the NaBi(Tig99Zr01)0¢ are shown in Figure 6. The
maximum relative permittivity is observed at ~360 °C with a value of 2450 which is comparable to
values reported for solid-state NaBiTi,O4 (~3400)* or hydrothermal NaBiTi,Og in the literature
(~2800).%” The overall shape of these curves is very similar to other NaBiTi,O4 reported in the
literature. Hiruma et al. studied the permittivity of NaBiTi,O¢ ceramics with variable stoichiometries
3 and the data presented here for NaBi(Tig99Z1901),06 appear most similar to those where the
proportion of Bi slightly exceeds that of Na as these are seen to have low losses up to higher
temperatures than when Na is in higher proportion than Bi. This may indicate a small preference of
the structure for a slight excess of the larger Bi ion as the unit cell expands, but this level of non-

stiochiometry is not detected in the analysis we have made.

Conclusions

A hydrothermal synthesis method allows low concentrations of Zr to be introduced into the
ferroelectric perovskite NaBiTi,O¢. Although the method cannot be used to prepare a complete solid
solution, the polycrystalline powder formed can be effectively sintered into a dense ceramic for the

case of NaBi(Tig99Zr¢01)20¢. This produces a material with enhanced polarisation hysteresis and
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piezoelectric response compared to the undoped, parent material prepared by the same method, and
overall characteristics that match the literature on NaBiTi,O¢ prepared using conventional ceramic

syntesis methods.
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Table 1: Refined structural parameters and R-factors of NaBi(Ti;. Zr,);0¢ from Rietveld analysis of
XRD. Note that occupancies were fixed at values expected from synthesis and elemental analysis.

Sample x=0 x=0.01 x =0.05 x=0.1
Space group R3c R3c R3c R3c
a=b/A 5.5015(13) 5.5050(10) 5.5162(6) 5.5341(17)
c/A 13.487(6) 13.495(3) 13.523(3) 13.548(8)
Cell vogume / 353.5(4) 354.18(13) 356.36(8) 359.3(4)
A
Na/Bi (x,y,2) (0,0,0.264(2)) (0,0,0.266(2)) (0,0,0.261(2)) (0,0,0.275(2))
TVZr (x,y 7) (0,0,0.018(2)) (0,0,0.020(2)) (0,0,0.016(3)) (0,0,0.016(3))
O (x,0,2) (0.163(4),0.387(6), (0.160(4),0.380(6), (0.153(6),0.369(9), (0.153(3),0.369(5),
0.0833) 0.0833) 0.0833) 0.0833)
Fractional
Occupancy
Na 0.5 0.5 0.5 0.5
Bi 0.5 0.5 0.5 0.5
Ti 1 0.99 0.95 0.9
Zr - 0.01 0.05 0.1
0) 1 1 1 1
Ry, 15.231 16.255 14.913 15.223
R, 12.052 12.683 11.524 11.836
Gof 1.310 1.696 1.263 1.289
Biso / AZ
Nf‘ 5.92(16) 7.7 (2) 6.76 (2) 7.03(18)
Bf 5.92(16) 7.7(2) 6.76(2) 7.03(18)
Ti 0.80(12) 0.19(14) 0.69(15) 0.12(9)
Zr - 0.19(14) 0.69(15) 0.12(9)
o 0.3(4) 0.93) 0.2(4) 0.4(3)

Table 2: Atomic composition of NaBi(Ti;.Zr,),0¢ obtained from EDXA. Expected values are in brackets.

Zr conc., x | Na/ % Bi/ % Zr | % Ti/ % Zr conc.
(Nominal value) measured

0 10.9 (10) 10.9 (10) - 21.8 (20) 0

0.05 10.6 (10) 8.6 (10) 0.6 (1) 16.3 (19) 0.04

0.1 9.7 (10) 9.3 (10) 1.8 (2) 15.0 (18) 0.11

Table 3: Piezoelectric coefficient, d;;, and relative density of NaBi(Ti; Zr,),0¢ Note: Relative density
was calculated from observed density/crystallographic density

x in NaBi(Ti;.,Zry),0¢ Maximum mean dz; / pC N Relative density / %
0 619+1.1 95.0
0.01 797+13 95.2
0.05 7.1+£0.7 79.9
0.1 0.5+0.2 77.8

10
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Figure Captions
Figure 1: Results of Rietveld refinement of powder X-ray diffraction data of NaBi(Ti;.xZrx),O¢ for (a)
x =0, (b) x=0.01, (c) x=0.05 and (d) x = 0.1 refined with space group R3c (see Table 1 for refined

structural parameters).

Figure 2: Rhombohedral lattice parameter vs composition for NaBi(Ti;xZrx),Os. The filled symbols
are those for the hydrothermal samples prepared in the current work and the open symbols are those

reported by Blanchard et al. for samples prepared by solid-state synthesis.10

Figure 3: Raman spectra of NaBi(Ti;xZrx),O¢ with increasing Zr concentration.

Figure 4: SEM images of NaBi(Ti; xZry),0¢ for (a) x =0, (b) x =0.01, (c) x = 0.05 and (d) x =0.1.

Figure 5: (a) Polarisation hysteresis and (b) piezoelectric coefficient, d33 measured for pelletised and

annealed samples of NaBi(Ti; xZry)>0¢

Figure 6: Permittivity and dielectric loss curves of NaBi(Tig99Zr01)205 at frequencies 1 kHz, 10 kHz,

100 kHz and 1 MHz measured upon cooling from 570-40 °C
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Hydrothermal synthesis produces polycrystalline NaBi(Ti; Zr,)O¢ with small composition range; densified x =

0.01 material shows favourable piezoelectric coefficient and permittivity.



