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Nanostructured lead-free ferroelectric Nag 5Big sTiO3;—BaTiO3; (NBTBT) whiskers with a high aspect ratio
were synthesized topochemically using Na,TigO13 (NTO) as a host structure for the first time. High
energy X-ray diffraction coupled with an atomic pair distribution function (PDF) and Raman scattering
analyses were used to confirm the average structure of the lead-free NBTBT whiskers, which was found
to be rhombohedral, i.e. a ferroelectric enabling type. High resolution transmission electron microscopic
(HRTEM) analysis revealed local monoclinic-type structural distortions, indicating a modulated structure
at the nanoscale in the morphotropic phase boundary (MPB) composition of the lead-free NBTBT
whiskers. The structural rearrangement during the synthesis of the lead-free NBTBT whiskers was found
to occur via translation of the edge shared octahedra of NTO into a corner sharing coordination. High
temperature morphological changes that depict the disintegration of the isolated whiskers into their
individual grains due to the higher grain boundary energy have been found to occur in close analogy with

Rayleigh-type instability.

Introduction

Ferroelectric perovskite oxides in the form of single crystals,
polycrystalline ceramics and thin or thick films constitute an
important class of materials widely used in capacitors, electro-
mechanical systems, ferroelectric memories, etc."> Moreover, in
recent years, owing to the shrinking size of electrical and electro-
mechanical components, fabrication and characterization of
micro- and nano-sized perovskite oxides have attracted much
attention.”® Ferroelectric nanostructures with high aspect ratios
are highly desired but their synthesis is extremely challenging
since, at reduced dimensions, most perovskites adopt a structure
with cubic symmetry resulting in a highly isotropic shape during
high temperature processing. There have been several approaches
to obtain nano-structured materials with anisotropic shapes, such
as the template-directed method,’ vapor phase synthesis,'®
vapor-liquid-solid (VLS) growth,'" the solution—liquid—solid
(SLS) technique,'” solvothermal synthesis,'® solution phase
growth-based on capping reagents,'* self-assembly'> and litho-
graphy.'® These techniques require multiple processing steps and
a controlled environment, which limit their large scale appli-
cation. Therefore, a new powder processing-based technique
capable of providing ferroelectric perovskite structures of a high
aspect ratio morphology is highly desired.
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Furthermore, current generations of ferroelectric devices and
resonators are fabricated mainly using lead-based ferroelectric
compositions. However, there is growing environmental concern
in the use of lead, which has prompted research in to alternative
lead-free compositions. The present work addresses both these
issues and demonstrates the molten salt synthesis of lead-free
Nay sBig sTiO3—-BaTiO; (NBTBT) ferroelectric whiskers through
a topochemical transformation using Na,TigO3 as a host struc-
ture. This technique is highly cost-effective and can provide
large quantities of lead-free NBTBT whiskers with a controlled
morphology at a relatively low synthesis temperature.'”'® The
topochemical reaction involves the introduction of guest species
(ions) in to a host structure resulting in a product with a different
structure, but with a morphology similar to that of guest struc-
ture. In previous work, this method has been successfully used
for the synthesis of shape anisotropic ABOs-type perovskites
using Aurivillius type PbBi;Ti4O;5 and BisTiz;O;, oxides as the
host structures.' >

Nag 5sBig sTiO5 is a well known lead-free ferroelectric material.
Solid solution of (NaolsBO'sTiO3)(1_x)*(BaTiO3)X (NBTBT) exhi-
bits a morphotropic phase boundary (MPB) for x = 0.05-0.08
providing enhanced piezoelectric properties.>! We optimized the
composition near the MPB of the (NagsBosTiO3);_x—
(BaTiO3), (ref. 22) system and selected x = 0.07 for the synthesis
of NBTBT whiskers (hereafter, whiskers having the composition
(Nag 5B 5TiO3)1_»y~(BaTiO3), with x = 0.07 will be denoted as
NBTBT). In the MPB region, both tetragonal and rhombohedral
phases co-exist as the space group symmetry of these two ferro-
electric phases is not connected by a direct group theoretical cor-
relation.”> The piezoelectric/ferroelectric materials at MPB are
characterized by an enhanced piezoelectric response. The
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enhancement in the piezoelectric properties at the MPB has been
attributed to increased spontaneous polarization and near degen-
eracy of the tetragonal and rhombohedral states, which facilitates
domain orientation under an applied electric field.?*

The structural and morphological characterizations of NBTBT
whiskers were performed using high-energy X-ray diffraction
(XRD) and scanning electron microscopy to elucidate the phase,
grain size and grain boundary morphology. Furthermore,
HRTEM analysis was used to understand the change in the local
microstructure and the mechanism of the topochemical trans-
formation to lead-free NBTBT whiskers. The high temperature
behavior and morphological changes of these lead-free NBTBT
whiskers were investigated to elucidate the role of the surface
energy.

Experimental

Na,TigO13 (NTO) whiskers were synthesized by the molten salt
synthesis method.?® The molten salt synthesis method is suitable
for realizing crystallites of complex oxides with shape anisotropy
at low temperatures and with smaller reaction times due to the
enhanced diffusion of reactants in molten salts.'® In this method,
the starting materials are mixed together with a suitable salt
(NaCl in the present case) and heated at a temperature higher
than the melting point of the salt. After completion of the reac-
tion, the product is washed several times with hot deionized
water to remove the salt. In our case, stoichiometric amounts of
Na,CO; and TiO, (rutile) powders were ball-milled for 24 h in a
polyethylene bottle with yttria-stabilized ZrO, balls as the
milling media and high purity ethanol as the solvent. The result-
ing slurry was dried in an oven at 80 °C for 6 h. This dried
mixture was mixed with controlled amounts of NaCl followed
by ball milling for 24 h to achieve homogeneous mixing. After
drying, the homogeneous mixture was crystallized at 1100 °C
for 2 h in a covered platinum crucible with a heating and cooling
rate of 5 °C min~'. The resulting product was washed several
times with hot deionized water to achieve NTO whiskers without
a trace of salt. Various combinations of oxide to salt ratios (1: 1,
1:2 and 1:3) were investigated; however, 1:2 ratios were
found to provide a high aspect ratio of the host NTO whiskers.
The concentration of the host matrix powder and whiskers for
the MPB composition of lead-free (NagsBgsTiOz)q_y—
(BaTiO3), with x = 0.07 (denoted as NBTBT) was calculated
using the chemical reaction as follows:

0.93{N32Ti6013 + 1/2(N3.2CO3) + 3/2(B1203)}
+6{0.07(BaCO; + TiO,)}
— 6{0.93Nay 5Bi( s Ti03—0.07BaTiOs } + 0.885CO, (1)

Stoichiometric amounts of oxide powders were mixed in 1 : 2
weight ratios with the salt and stirred for 6 h at room temperature
(RT) in ethanol to ensure proper mixing. This mixture was dried
in an oven for 24 h, followed by heating (heating rate: 5 °C
minfl) in a covered platinum crucible at 200, 500, 600, 700, 800
and 900 °C for 2 h followed by cooling (cooling rate: 5 °C
min~") to RT. All the high temperature experiments were done in
a Nabertherm muffle furnace. The resulting whiskers were
washed with deionized water several times and dried at 80 °C

for 24 h in an oven. XRD experiments (Cu Ko radiation) were
conducted on these whiskers to confirm the formation of the
perovskite phase at RT using a PANalytical X’Pert Pro powder
X-ray diffractometer at an operating voltage of 45 kV and a
current of 40 mA. The morphological investigations were per-
formed using a Zeiss LEO 1550 scanning electron microscope at
a 5 kV accelerating voltage. In order to record the SEM image,
NBTBT whiskers were dispersed on a platinized silicon substrate
followed by a conductive gold—palladium coating. HRTEM
analysis was performed using a FEI Titan 80-300 transmission
electron microscope. For the TEM analysis, the whiskers were
mixed with G,-epoxy (Gatan Inc.) and then filled into brass
tubes of 3 mm in diameter. The tubes were then sliced into thin
sections that were mechanically polished. Finally, dimple grind-
ing followed by Ar ion milling was performed to obtain TEM
transparent foils.

Room temperature micro Raman studies were conducted in
the backscattering geometry using a Jobin-Yvon T6400 Triple-
mate instrument utilizing laser radiation of 514.5 nm from a
coherent Innova 99 Argon source. The green laser light was
focused to a ~2 um diameter using a Raman microprobe with a
50x objective. A charge-coupled device (CCD) system collected
and processed the scattered light. The integration time of the
spectrum and the slit width and laser beam power were adjusted
in order to achieve a high signal-to-noise ratio. The typical spec-
tral resolution for the Raman system with 1800 grooves per mm
grating and 1 in the CCD was less than 1 cm™'. The system was
calibrated using a Si spectra at room temperature before and after
recording the sample spectra. Raman spectra of all the samples
were taken at different geometrical positions; the results pre-
sented here were the same throughout the matrix.

Results and discussion

Fig. 1 shows the powder diffraction patterns of the pure NTO
matrix and products of the chemical reaction (see eqn (1))
carried out at different temperatures (in °C). The data was taken
with Ag Ko radiation (A = 0.56 A) up to Bragg angles, 26, of
120°; ie., to wave vectors ¢ = 4msin(6)/A of approximately
20 A™'. Only the range of XRD data up to 26 = 80° is shown
here for the sake of clarity. The XRD patterns for pure NTO and
NBTBT obtained at 800 °C show sharp Bragg peaks indicating
good crystallinity. The Bragg peaks in the XRD patterns of the
reaction products (e.g. the sample treated at 200 °C) are very
broad indicating a low degree of crystallinity. This data was then
reduced to the atomic pair distribution functions (PDFs) shown
in Fig. 2. According to recent studies, high-energy XRD and
atomic PDF analyses are very suitable for studying materials
structured at the nanoscale.”® The experimental PDFs peak at
real space distances, where well defined atomic coordination
spheres exist in the material under study, can be easily used to
test and refine structural models. Fig. 2 depicts the atomic pair
distribution functions G(r) (solid line in black) extracted from
the full 26 range of the XRD patterns shown in Fig. 1. The pair
distribution functions (PDFs) for pure NTO and NBTBT
(800 °C) show a series of well-defined peaks at high interatomic
distances reflecting the presence of a sequence of well-defined
coordination spheres in these crystalline materials. These PDFs
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Fig. 1 Powder diffraction patterns of the pure NTO matrix and the pro-
ducts of its reaction (see eqn (1)). The experiment was conducted at
different temperatures (in °C) in an increasing order to understand the
transformation sequence. Note that the XRD patterns of pure NTO and
NBTBT obtained at 800 °C show sharp Bragg peaks indicating good
crystallinity. The Bragg peaks in the XRD patterns of the reaction pro-
ducts (e.g. samples treated at 200 and 500 °C) are very broad indicating
a low degree of crystallinity.

of the starting and ending products of the reaction are very well
approximated with the structure models (dotted line in red),
which feature the monoclinic (S.G. C2/m) and rhombohedral (S.
G. R3c) structures of crystalline Na,TigO;3 (NTO, JCPDS
#460001) and Na sBiosTiO; (NBT, JCPDS #850530), respect-
ively. The PDFs of the samples treated at 200 °C show only a
few peaks at relatively low interatomic distances reflecting a
poor crystalline state. Crystallinity improves with an increase in
the reaction temperature as manifested by the increased sharp-
ness of the peaks in the PDFs of the samples treated at tempera-
tures higher than 200 °C.

Fig. 3 shows the schematics of the fragments from the struc-
tures of NTO and NBTBT. TiO4 octahedra are shown in blue
and Na/Bi/Ba atoms are shown in yellow. Several of the intera-
tomic distances between connected TiOg octahedra are marked
with arrows. The low-r part of the experimental atomic PDFs of
Fig. 2 is depicted in Fig. 4. The arrows mark several distances
between the atoms sitting on the vertices of the corner sharing
TiOg units (see Fig. 3) that exist in NTO and persist in the pro-
ducts of its reaction (see eqn (1)) until a lead-free perovskite
NBTBT is formed. This result indicates the existence of a topo-
chemical relationship between NTO and lead-free NBTBT.
These kind of layered titanates have been found to be suitable
precursors for framework perovskites in other studies as well.>’

800 C/NBTO

200 ¢C
14
) NTO
WWW
N
0 S 10 15 20 25 30 35 40

Radial distance r[A]

Fig. 2 Atomic pair distribution functions, G(r) (full line in black),
extracted from the full 26 range of the XRD patterns shown in Fig. 1.
The PDFs for the starting NTO and resulting NBTBT are very well
approximated with the structure models (broken line in red), which
feature the monoclinic (S.G. C2/m) and rhombohedral (S.G. R3c¢) struc-
tures of crystalline Na,TigO;; (NTO) and NagsBigsTiO; (NBT),
respectively.

Fig. 3 A schematic of the fragments from the structures of NTO (left)
and NBTBT (right). TiOg octahedra are shown in blue and Na/Bi atoms
are shown in yellow. Several interatomic distances between connected
TiOg octahedra are marked with arrows.

Fig. 5(a) shows the XRD pattern of the Na,TiO;3 (NTO)
whiskers taken with Cu Ko radiation, which allows a better res-
olution in reciprocal space. The data confirms that these whiskers
crystallize in a monoclinic phase (JCPDS #460001). Fig. 5(b)
and (c) show the Cu Ko XRD patterns of NBTBT whiskers syn-
thesized topochemically at 800 and 900 °C and reveal the
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Fig. 4 The low-r part of the experimental atomic PDFs of Fig. 2.
Arrows mark several distances between the atoms sitting on the vertices
of corner sharing Ti—Og units (see Fig. 3) that exist in NTO and persist
in the products of its reaction (see eqn (1)) until a perovskite NBTBT is
formed.

formation of a perovskite phase for these whiskers. However, a
small impurity peak, marked with ‘*’ in the XRD-pattern of the
sample synthesized at 800 °C, suggests more than 95% trans-
formation occurs at this temperature. A magnified view of the
{111}, and {200}, Bragg peaks for the sample processed at
900 °C is shown in the inset of Fig. 5(c). The subscript c stands
for the cubic crystal system. A small shoulder, appearing in the
{111}, and {200} peaks, indicates that the composition is near
the MPB. In order to determine the structural type of the whis-
kers processed at 900 °C, higher energy XRD patterns were
recorded using Ag Ko radiation [Fig. 5(d)]. This data was then
reduced to an atomic pair distribution function (PDF) shown in
Fig. 5(e). The experimental PDF for the whiskers [see Fig. 5(¢)]
shows well defined peaks at high real space distances. The PDF
peaks decay to zero at distances of about 10—-15 nm, which may
be considered to be the length of structural coherence, also
known as the crystallite domain size, in this material. These
XRD/PDF results indicate that the larger grains observed in
these whiskers by SEM (discussed later in this article) are made
of relatively small size crystallites. Furthermore, the data in
Fig. 5(f) shows that the PDF can be well fitted with a model
based on the rthombohedral structure JCPDS (#850530) of the
NBT perovskite’® confirming that the whiskers are a single
phase ferroelectric material.

Fig. 6 shows the Raman spectra of the NTO matrix and of
specimens after reaction at different temperatures (in °C). The

Raman spectra of pure NTO and the sample processed at 200 °C
are similar indicating no change in the structure of NTO. The
peaks observed in the Raman spectra of NTO in the present
study are similar to those reported previously.”’ The Raman
spectra of NTO depict modes at 276 and 334 cm™' due to
vibration of Na—O-Ti (ref. 30). The Raman modes in the region
of 600—700 cm™" have been attributed to the Ti—O-Ti stretch in
the edge shared octahedra. However, the mode observed at
743 cm™" is characteristic of corner sharing octahedra in NTO
(ref. 31). The mode at 872 cm™' was attributed to short Ti-O
bonds in the distorted TiOg octahedra of NTO (ref. 32). Further-
more in the specimen processed at 500 °C and at higher tempera-
tures, Bi and Ba start diffusing inside the system in the presence
of the molten salt. This can be seen in terms of the new bands
that appeared at 55 cm™' and the peak around 91 cm™'
(observed in NTO), which becomes asymmetric indicating a
shoulder peak. Another small peak appeared as a shoulder on the
main peak observed at 137 cm™". At 600 °C, the increase in the
intensity of the band observed at 55 cm™' was noticed and the
peaks at about 91 cm™' and 137 cm™' gave rise to a doublet,
which was attributed to the increased inharmonicity of the
vibration and a change in the local symmetry due to the substi-
tution of heavier Bi in the Na site. The decrease in the intensity
of the various peaks below 200 cm™ could be a result of the
substitution of Bi and Ba at the Na site. However, the effect of
the substitution of Ba would be smaller due to its smaller con-
centration. A mode at 276 cm™' becomes broad and diffuse indi-
cating the appearance of two more peaks for samples processed
at 600 °C, which appears to be perturbation in the Na—O-Ti
vibrations due to the Na site substitution. A noticeable change
occurs in the intensity of the Raman peak at 525 cm™', which
increases with the reaction temperature. The bands in the range
of 400-600 cm™" are attributed to the bending motion of the
TiOg octahedra.®® Therefore, the increase in the intensity of the
peak at about 525 cm™' with the reaction temperature could be
attributed to the enhanced TiOg bending motion in the transform-
ation process from the TiO4 octahedra edge sharing to the corner
(vertex) sharing. Moreover, with an increase in the reaction
temperature, a gradual decrease in the intensity of the modes
appearing within the 657-680 cm™' region could be interpreted
as a loss of the edge sharing coordination that is prevailing in
the NTO-type system (see Fig. 3a). The decrease in the intensity
of the mode observed at 748 cm™" is likely to be due to the Ti—
O-Ti corner sharing coordination. It shows subtle changes with
an increase in the reaction temperature. However, this band
appears to still be present, although buried under a broader band,
in the region of 700-850 cm™" in the Raman spectra observed
for the 700, 800 and 900 °C treated samples. The persistence of
the modes observed in the higher wavenumber region of
700-850 cm™!, which are attributed to the corner-shared TiOg
octahedra, also suggests a topochemical-type conversion in line
with the results of the high-energy XRD and PDF analysis. The
poorly resolved Raman spectra of the specimens processed at
700 °C resembles a density of states spectrum because the dis-
order due to the random distribution of Na, Bi and Ba ions
breaks the & = 0 selection rule and permits phonons from the
entire Brillouin zone to become Raman active. The Raman
spectra of the specimen processed at 800 and 900 °C are similar
to those previously reported for an NBT-based system (space
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Fig. 5 Cu Ko X-ray diffraction data at RT for (a) NTO powder whiskers with monoclinic symmetry, (b) NBTBT processed at 800 °C and indexed
with reference to the cubic phase, (¢) NBTBT processed at 900 °C with an inset depicting the magnified view of the {111}, and {200} reflections,
where ¢ stands for the cubic phase. The high energy X-ray diffraction data of NBTBT/900 °C (d) and the respective atomic PDF (e). The low-r part of
the experimental PDF data is shown in Fig. 5f (open circles). The data can be fitted very well with the structure model (line in red) based on the rhom-

bohedral (S.G. R3c) structure of the NBT perovskite.

group R3¢ (C3))) with broad modes due to the local disorder in
the structure.>® This confirms the successful transformation of
NTO, which is made of mostly edge sharing octahedra, to the
lead-free NBTBT system, which is made of corner sharing octa-
hedra (see Fig. 3(a) and (b), respectively).

Fig. 7(a) shows the morphology of Na,TisO;5 whiskers pre-
pared using the molten salt synthesis method at 1100 °C. Fig. 7
(b)—(d) show the micrographs of the ferroelectric NBTBT whis-
kers synthesized at 700, 800 and 900 °C, respectively. It can be
clearly seen from these micrographs that, despite the structural
transformation, the overall morphology of the whiskers is main-
tained up to 900 °C. For the sake of clarity, the magnified view
of the surface morphologies of the whiskers treated at various
temperatures is presented in Fig. 8(a)—(f). As can be seen in this
figure, the lead-free NBTBT whiskers processed at 900 °C
(Fig. 8(f)) are composed of densely packed grains revealing
their polycrystalline nature. However, this kind of grain growth
in the sample processed at a relatively low temperatures
(<900 °C) is not very obvious. Still, the surface clearly shows a
change in morphology (Fig. 8) due to the diffusion of Ba®" and
Bi*" during the reaction. NTO with tunnel structures (see Fig. 3
(a)) have excellent ion exchange properties and the Na' atom
can be easily replaced by Ba®" and Bi**. The presence of these
ions with a higher positive charge further facilitates the structural
transformation from NTO to lead-free NBTBT. The estimated
grain size on the NBTBT whiskers after reaction at 900 °C was
found to be in the range of 100-500 nm (Fig. 8(f)). In order to
analyze the local microstructure and identify the phase content at

the various of thermal processing, HRTEM was
performed.

Fig. 9(a) shows the lattice fringes of Na,TigO;; whiskers
viewed along the [010]y; zone axis, where the subscript M
stands for a monoclinic system. The {001}, planes parallel to
the length of the whiskers were found to run along the growth
direction. Fig. 9(b)—~(d) show the HRTEM image of the sample
processed at 800 °C. EDS analysis conducted on the edge
marked ‘A’ and towards the core marked ‘B’ in Fig. 9(b) shows
an atomic % ratio of Na/Ti = 13.3 and 1.50, respectively. This
indicates that during the topochemical reaction, Na ions diffuse
outward. At the same time, Ba and Bi ions diffuse inside the
whiskers due to difference in the chemical potential.*® This
results in a rearrangement of the octahedral building blocks as
explained in the forthcoming paragraph. A lattice image showing
the atomic planes with an interplanar spacing ~0.80 nm from the
vicinity of the region marked with B on Fig. 9(b) is shown in
Fig. 9(c). The interplanar spacing is smaller than dpo; ~
0.903 nm of the host Na,TigO,3 matrix. This change in the inter-
planar spacing is expected due to the outward diffusion of Na
atoms from the core of the sample and the concomitant inward
diffusion of Bi/Ba atoms. This state can be related to a transient
intermediate phase. Since this ion exchange is carried out in a
molten salt and is of a topochemical type, it can produce a meta-
stable intermediate state, which is otherwise inaccessible with
high temperature reactions.*® Moreover, molten salt (NaCl) pro-
vides a strong oxidizing atmosphere, which helps to stabilize the
higher oxidation state of Ti*" in the system. The area towards the

stages
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Fig. 6 (a) Raman spectra of the pure NTO matrix and the products of
its reaction (see eqn (1)). The syntheses were conducted in the tempera-
ture range of 200—700 °C. The Raman spectrum of NTO and the speci-
men processed at 200 °C are similar. Note the systematic changes in the
intensity of various peaks in the spectra of the specimens reacted at and
above 500 °C. (b) Raman spectra of samples reacted at 700, 800 and
900 °C. The spectra of the specimen reacted at 800 °C and 900 °C are
similar to the typical Raman scattering behavior observed in NBT-based
systems.

edge marked A in Fig. 9(b) is enlarged in Fig. 9(d). The lattice
fringes, with planes of various orientations, can be observed
showing a polycrystalline transient state and nucleation sites.
The planes are marked with arrows and the area near the arrow
head is magnified in the small figures next to Fig. 9(d). The
edge-type dislocation marked in the magnified figure of “region
3” acts as a potential site for nucleation and growth of the
grains.?” Thus, only partial transformation occurs at 800 °C and
further thermal treatment is required to obtain a homogeneous
phase. Fig. 9(e) shows the microstructure of the NBTBT whis-
kers processed at 900 °C for 2 h. The inset image shows the fast
Fourier transform (FFT) of the image in Fig. 9(e). The spots in
the FFT can be indexed in a monoclinic-type structure (JCPDS
#460001). The zone [221]y was obtained by indexing this FFT.
Interestingly, the average NBTBT structure obtained by high
energy XRD and PDF analysis was found to be of a

Fig. 7 SEM micrographs of (a) NTO whisker matrix. NBTBT whiskers
after reaction at (b) 700 °C, (c) 800 °C and (d) 900 °C. The length of the
whiskers varies from 7.0-20 um and the width varies from 0.30-1.0 pm.
The overall shape of the whiskers was maintained, even after reaction at
varying high temperatures, but a noticeable change in the surface mor-
phology was observed.

()

Grains

Fig. 8 Magnified SEM micrographs depicting the morphological
changes in the whiskers reacted at (a) 200 °C, (b) 500 °C, (c) 600 °C,
(d) 700 °C, (e) 800 °C and (f) 900 °C. Note the effect of the reaction
temperature on the surface morphology, which leads to development of
nano-size grains at 900 °C.

rhombohedral type. The results indicate the presence of a differ-
ence between the local and average lead-free NBTBT structure
implying an incommensurate-type modulated structure at the
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Fig. 9 The lattice fringe of (a) Na,TigO;3 matrix whiskers synthesized at 1100 °C. (b) An HRTEM image of a NBTBT whisker processed at 800 °C.
(c) The lattice fringes corresponding to the region marked as ‘B’ in (b), which depict the core of the whiskers with larger a interplanar spacing than
NBT-based systems. (d) The lattice fringes corresponding to region ‘A’ in (b) near the edge of the NBTBT whisker processed at 800 °C; the regions
marked 1, 2 and 3 depict the planes with various orientations on the same whisker and the symbol |~ is used to depict the edge-type dislocation in (d).

(e) The lattice images of the NBTBT whiskers processed at 900 °C.

nano-scale. Furthermore, the intermediate phases with monocli-
nic distortions are considered to be responsible for the enhanced
piezoelectric response in the MPB compositions of lead-based
oxide solid solutions, including Pb(Zr,_,Ti,)O3 (PZT), PZN-PT
and PMN-PT.***° Various studies employing high energy
probing techniques have shown that the local symmetry of the
MPB compositions can be different from the average bulk sym-
metry. In perovskite ferroelectric materials, these local distortions
are generally found to be of a monoclinic type.*'** Therefore,
the observed local monoclinic distortion in NBTBT appears to
be main cause of the enhanced ferroelectric/piezoelectric
response at the MPB in this system.

The detailed mechanism of the microstructural change and
transformation of the NTO host into the ABOs-type NBTBT
structure can be summarized as follows: when stoichiometric
amounts of the starting materials are mixed with NaCl and
heated to 800 and 900 °C, the salt melts and the decomposing
BaCOs and Bi,O5 provide Ba®" ions and Bi*" ions. These ions
react with the host NTO matrix due to difference in the chemical
potential, resulting in the formation of an ABOj3-type perovskite
structure. NTO belongs to the M,Ti,,0,,,+; family of compounds,
where n = 6 or 3 and M = Na or K. It has a base-centered

monoclinic structure with lattice parameters, ¢ = 1.51310 nm, b
=0.37450 nm, ¢ = 0.91590 nm and B = 99.3 °C and is of space
group C2/m (ref. 43). The NTO structure is a 3-D network of
TiOg octahedra joined by corners and edges resulting in a zig-
zag structure (see Fig. 3(a)) with rectangular tunnels along the y-
axis of the monoclinic lattice, where the sodium ions are located.
On the other hand, the ABO; perovskite structure features a
simple cubic lattice in which the octahedra shares only corners
and the B cation is at the origin of the Bravais cell.** In the
present case, the A site is shared by Na'/Ba®'/Bi*" ions and the
B site is occupied by Ti*'. The transformation process of NTO
to NBTBT can be rationalized as follows:

(i) During the synthesis, Ba*"/Bi*" diffuse into the host lattice
of Na,TicO,5 through an ion exchange mechanism with Na',
resulting in a rearrangement of the octahedra sharing scheme to
minimize the energy and allow for a thermodynamically stable
configuration. A schematic of the NTO-to-NBTBT transform-
ation (ABOs;-type perovskite) is shown in Fig. 10(a) and the
coordination of the octahedra in the perovskite structure is pre-
sented in Fig. 10(b). The geometrical connection of the octahedra
plays an important role in this transformation. The perovskite
structure is composed of corner (vertex) sharing octahedra® at
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Fig. 10 (a) A schematic of the transformation of the Na,TigO,3 structure into an ABO3-type perovskite structure (NBTBT) through rearrangement of
the octahedral connectivity type. (b) A schematic representation of the perovskite structure (ABO3). (c) The change in the distance between two Ti—Ti
atoms with the tilt angle of the corner sharing octahedra depicting the optimum distance between two Ti-Ti atom at 180°, as in ABOs-type

perovskites.

180° and any deviation from this angle decreases the distance
between the Ti atoms (Fig. 10(b)), resulting in an increased repul-
sion potential experienced by the Ti atom and a smaller screening
effect from the negative charge of the oxygen atoms. As a result,
the free energy of this structural configuration increases and the
structure becomes unstable. The equation describing the distance
between two Ti—Ti (Fig. 10(b)) atoms can be given as:
d=a(\/[2(1 —cos 6)]) (2)
where 6 is the angle between the Ti—O-Ti in the corner sharing
octahedra and “@” is the Ti-O bond length in the Ti-O-Ti
bonding bridge between octahedra sharing two vertices. The
order parameter 7 = 180 — 6 has two limiting values of 180° and
0°, where 6 is the deviation of the bond angle from 180° in the
Ti-O-Ti bonding bridge, i.e. in the geometrical connection of
the vertex sharing octahedra. Therefore, the system will be most
stable for n = 0° i.e. & = 180°. Fig. 10(c) plots eqn (2) with €
ranging from 0 to 180°. However, in reality, the inclination angle
can vary from 131.8° to 180° (ref. 45). The bond length ‘a’ of
Ti-O was taken to be 2.009 A from the archetype perovskite
BaTiOs with a cubic phase*® as the reaction occurs at high temp-
erature, where most ABOs-type perovskites have a cubic

structure. This plot (see Fig. 10c) shows the change in perpen-
dicular distance between two Ti atoms with the angle between
the vertex sharing octahedra. It can be noticed here that this dis-
tance is optimal for & = 180°. We can further comprehend the
mechanism of rearrangement of Na,TigO;3 into the ABO;s-type
NBTBT structure as follows: the energy of the edge shared octa-
hedra configuration is higher than that of the corner sharing
configuration and, consequently, the edge sharing octahedra are
driven into a more energetically favorable coupling scheme
during the reaction. According to our model, during the reaction,
octahedra with shared edges in Na,TigO;3 move in the {100}
direction to achieve the corner sharing connection of the ABOs-
type structure. This rearrangement is shown schematically in
step 2 of Fig. 10(a) and is supported by the findings of the
atomic PDFs analysis that indicates the existence of a relation-
ship between the NTO and NBTO (see Fig. 4 and 5) structures.
The arrows marked in step 2 indicate the direction of the transla-
tional motion of the octahedra.

(i1) The perovskite structure is isotropic and, therefore, after
the topochemical conversion, the sample at a higher temperature
exhibits a well-defined grain morphology, which could be under-
stood by assuming Rayleigh-type instability as observed in
Fig. 7(d) and &(f) (ref. 25).
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The schematic representation of the ABOs-type structure
depicted in Fig. 10(b) shows the presence of O —T*-0*"
triples parallel to the x, y and z axes. Considering the ABO5-type
perovskite with no center of symmetry, under the application of
an electric field along the z axis, the O —T*—0?~ chains paral-
lel to the z axis get polarized without a significant effect on the
chains parallel to the other two axes. The whisker polarized in
the direction of the z axis imparts ferroelectricity to the system.
Moreover, when the configuration of the A site cation suffers a
distortion (i.e. the A site atom is displaced from its average pos-
ition) during the displacement of the oxygen ions in the above
process, the shape of the unit cell changes resulting in a piezo-
electric effect.*® However, in NBTBT, the distortion would be
different for the A site occupied with different atoms (Bi*", Ba®"
or Na") as they have different charges and ionic radii and this
results in disorder in the lattice as has also been indicated by the
broad Raman modes.

Furthermore, the NBTBT whiskers were dispersed on an
alumina plate and subjected to heat treatment in air at various
temperatures for 2 h in order to investigate the high temperature
morphological transformation and the role of the surface and
grain boundary energies (Fig. 11). Upon heat treatment at
1000 °C, coalescence occurred among the grains of the whiskers
as the small grains (Fig. 8(e—f)) that were observed at RT are no
longer visible due to the high dihedral angles. A further increase
in the temperature leads to the appearance of relatively large
grains within the whiskers, which form a bamboo-type structure
at 1100 and 1175 °C (Fig. 11(b) and (c)). At 1175 °C, the
whisker starts to get thinner in the vicinity of the grain bound-
aries showing grain boundary grooving as a result of the surface/
grain boundary diffusion and a local evaporation—condensation
process*’ [Fig. 11(c)]. According to Mullins” model:*® y, = 2y
sin 0, where, y, and y, are the grain boundary and surface
energy, respectively, and 0 is the surface inclination at the root of
the groove (Fig. 11(c)). In the present case, 8 is measured from
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Fig. 11 The change in the morphology of the isolated whiskers heated
on an alumina plate in air at various temperatures (a) 1000 °C, (b)
1100 °C, (c) 1175 °C and (d) 1200 °C. The higher grain boundary
energy leads to the disintegration of the whiskers to achieve the equili-
brium cubical shape.
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________________________________________________________ >

Fig. 12 A schematic representation of the change in the morphology
during disintegration of the NBTBT whisker with an increase in temp-
erature. The polycrystalline whisker disintegrates into isolated cubic
grains via grain boundary grooving and Rayleigh-type instability.

the SEM micrograph (Fig. 11(c)) and is found to be 41° and,
therefore, y,/ys equals 1.31. Thus, the system has an unusually
higher grain boundary energy compared to the surface energy.
As a result, upon further heating at 1200 °C, the whiskers even-
tually disintegrate into individual grains, which is in close
analogy with Rayleigh-type instability*”*>>* so that the grain
boundary energy is minimized by thermal grooving; i.e., grain
boundary grooving (Fig. 11(d)) to achieve an equilibrium
cubical shape of the grain. Rayleigh-type instability was orig-
inally developed to explain the breaking of liquid jets into small
droplets but has since been used to explain phenomena such as
the disintegration of nanowires into small beads®' and the fission
of charged finite systems, such as atomic nuclei or liquid dro-
plets.’> Grain boundary grooving and Rayleigh-type instability
could both lead to the disintegration of polycrystalline whisker
with the bamboo-type structure, as both these mechanisms are
driven by surface energy.”®> However, in the present case, grain
boundary grooving is considered to be the dominant mechanism.
Fig. 12 depicts a schematic representation of the disintegration
of lead-free NBTBT whiskers into isolated cubical grains.

Conclusions

The reaction route adopted in this work allows the topochemical
conversion and structural rearrangement via translation of the
edge shared octahedra of the starting NTO material, which leads
to the formation of nanostructured NagsB(sTiO3—BaTiO3
(NBTBT) ferroelectric whiskers. These whiskers have a rhombo-
hedral-type average structure of the perovskite phase indicating
their ferroelectric nature as confirmed by high energy X-ray dif-
fraction coupled with pair distribution function (PDF) analysis
and Raman scattering. High-resolution transmission microscopic
(HRTEM) analysis reveals a local monoclinic structural distor-
tion of the NBTBT whiskers suggesting the presence of a modu-
lated structure at the nanoscale. Upon high temperature
treatment, morphological changes take place resulting in break-
ing of the whiskers into individual grains as a consequence of a
thermal grooving effect driven by minimization of the higher
grain boundary energy. The lead-free NBTBT ferroelectric
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whiskers have potential applications in environmentally benign
microelectronic devices.
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