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Two different morphologies of ferroelectric bismuth titanate (BisTizO1,) nanoparticles, i.e., nanoplatelets
and nanowires, were synthesized by changing the concentration of NaOH during a hydrothermal treat-
ment of precipitated Ti** and Bi** ions. The nanoparticles’ crystal structures were characterized using
atomic-resolution imaging with a Cs-probe-corrected scanning-transmission electron microscope in
combination with X-ray diffractometry and Raman spectroscopy. The nanoplatelets (10 nm thick and
from 50 nm to 200 nm wide) exhibit the Aurivillius-type layered-perovskite crystal structure that is
characteristic of BisTizO1,, whereas the nanowires (from 15 nm to 35 nm wide and from several hundreds
of nm to several um long) exhibit an entirely new structure with an orthorhombic unit cell (a = 3.804(1) A,
b = 11.816(3) A, and c = 9.704(1) A). The nanowire structure is composed of two structural layers alternat-
ing along the orthorhombic c-direction: a structural layer composed of two parallel layers of Bi atoms
that resembles the (Bi,O,)?" layer of the Aurivillius structure, and a structural layer composed of two paral-
lel layers of Ti atoms, where every sixth Ti is replaced with Bi. Observations of the ferroelectric domains
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with transmission electron and piezo-response force microscopy indicated the ferroelectric nature of
both nanostructures. The nanowire structure is a metastable polymorph of the bismuth titanate stabilized
at the nanoscale. With annealing at temperatures above 500 °C the nanowire structure topotactically
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Introduction

Bismuth titanate (Bi;Ti3;O;,, BIT) is the most studied and
exploited member of a large family of ferroelectric Aurivillius
mixed oxides that are characterized by a layered structure com-
posed of bismuth-oxide layers alternating with perovskite-like
layers. The BIT structure can therefore be described in terms
of two layers: a (Bi,0,)*" layer and a perovskite (Bi,Ti30q0)>”
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transforms into the Aurivillius structure.

layer stacked along the pseudo-tetragonal c-axis. Below the
Curie temperature (T¢ ~ 675 °C) BIT adopts the monoclinic
Plal unit cell."” The ferroelectric BIT exhibits a modest spon-
taneous polarization with the larger component of ~50 pC
cm™? oriented along the a-direction and the smaller com-
ponent of ~4 pC cm™> along the c-direction, a high coercive
field, and an excellent fatigue resistance. As a bulk material,
BIT is promising for ferroelectric random-access-memory
devices and lead-free, high-temperature piezoelectric and pyro-
electric devices.>* Also, in its nano form, BIT is becoming
increasingly important for different applications, including
nanogenerators for biomechanical energy harvesting,’
sensing,®” visible-light photocatalysis,®'® electrocatalysis,”
and piezocatalysis.'""?

BIT nanoparticles can be synthesized using a simple hydro-
thermal treatment of precipitated Bi*" and Ti*" ions in an
aqueous alkali hydroxide at moderate concentrations.® ™"
Because of their layered structure the bismuth titanate nano-
particles tend to grow predominantly in the a/b plane to form
2-D rectangular platelet crystals, ie., nanoplatelets and
nanosheets, with the large surfaces parallel to the (001) crystal
planes.”®*%1%17 However, numerous other nanostructures
including 1-D nanocrystals (e.g., nanowires, nanobelts, nano-
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bundles, nanorods),”®'® and 3-D nanostructures assembled
from 1-D or 2-D nanoparticles,>*'"'*'>® were synthesized
using the hydrothermal method. The morphology of the BIT
nanoparticles can be controlled by selecting the synthesis con-
ditions, e.g., source of titania, type of mineralizer, reactant
concentrations, reaction temperature and time, and use of
surfactants.”®">17

In this investigation we synthesized BIT nanoplatelets
(NPLs) and nanowires (NWs) just by changing the concen-
tration of the NaOH during the hydrothermal treatment of pre-
cipitated Bi** and Ti*" ions. Their characterization showed that
both nanostructures are ferroelectric, but they differ in their
crystal structure: the NPLs exhibit the Aurivillius-type structure
characteristic for BIT, whereas the NWs exhibit an entirely new
layered structure, not described before.

Experimental

Bismuth-titanate nanoparticles were synthesized with a hydro-
thermal treatment of separately precipitated Ti** and Bi** ions.
In a typical experiment, 1.0 g of titanium butoxide was dis-
solved in 20 mL of tert-butanol. The Ti*" ions were precipitated
with the addition of 40 mL of water under vigorous stirring.
The white precipitate was separated with centrifugation and
washed two times with water and finally with NaOH at the
same concentration as used for the subsequent hydrothermal
treatment (0.5 mol L™ or 2 mol L™"). In parallel, a stoichio-
metric amount of Bi(NO;); (Bi/Ti = 4/3) was dissolved in
diluted HNOj; (0.68 wt%). The Bi** ions were precipitated with
the addition of aqueous ammonia (0.94 wt%) under vigorous
stirring to set the final pH to ~8. The white precipitate was
separated with centrifugation and washed two times with
water and finally with NaOH. After washing with NaOH, the
colour of the precipitate turned yellow. Finally, both precipi-
tates were quantitatively transferred to a 70 mL Teflon-lined
autoclave and filled with a NaOH aqueous solution (0.5 mol
L™ or 2 mol L") to a final volume of 45 mL. The autoclave
was closed and heated for 38 hours at 200 °C. The white
product was thoroughly washed with water and dried at 60 °C.
The materials used are listed in the ESL{

The BIT nanostructures were characterized with a trans-
mission electron microscope (TEM; Jeol 2010F) and a Cs-
probe-corrected scanning-transmission electron microscope
(STEM; Jeol ARM 200CF). X-ray powder diffraction (XRD) pat-
terns were recorded with a PANalytical X’Pert Pro MPD diffract-
ometer. The Raman spectra of the samples were recorded with
a NT-MDT model Integra Spectra for Materials Science
equipped with a confocal microscope. The chemical compo-
sitions of the samples were measured with inductively coupled
plasma (ICP-OES) using a Varian 715-ES ICP optical emission
spectrometer after lithium metaborate fusion digestion. The
topography and piezo-response force microscopy (PFM)
images were recorded using an atomic force microscope (AFM;
Jupiter XR, Asylum Research, CA). Details of the characteriz-
ation methods are given in the ESL¥
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Results
Morpho-structural properties

The hydrothermal treatment of the mixture of Bi and Ti pre-
cipitates resulted in the formation of BIT in the form of NPLs
at the higher NaOH concentration of 2 mol L™, whereas the
NWs grew at the lower NaOH concentration of 0.5 mol L™, as
evident from the TEM images in Fig. 1(a) and (b). The NPLs
were approximately 10 nm thick and from 50 nm to 200 nm
wide, whereas the NWs were from 15 nm to 35 nm wide and
from hundreds of nm to pm long.
Quantification of the energy-dispersive X-ray spectra (EDXS)
taken from the NPLs and the NWs in the TEM showed similar
compositions, with the Bi/Ti atomic ratio being 1.3 + 0.1 and
1.2 £ 0.1 for the NPLs and the NWs, respectively, matching the
composition of the Bi TizO;,. Sodium, which can be incorpor-
ated into the nanoparticles due to the synthesis in NaOH, was
not detected.

The compositions of the two morphologies were also con-
firmed with ICP-OES. The Bi/Ti atomic ratio was close to the
theoretical value for Bi,Ti;O;, of 1.33. The measurement
showed Bi/Ti = 1.34 for the NPLs and Bi/Ti = 1.40 for the NWs.
The concentration of Na in the samples with NPLs and NWs
was low, i.e., 0.4 wt% and 0.1 wt%, respectively. Here, it should
be noted that we cannot exclude the presence of a small quan-
tity of secondary phases in the analysed samples.

The XRD pattern of the NPLs (Fig. 1(c)) showed broad peaks
that match with the Aurivillius (AU) Bi,Ti;0,, phase. However,
the XRD of the nanowires is completely different. A compre-
hensive search showed no match with the XRD data for any
known phase, suggesting a new crystal structure. A similar

several several

3o(14) 137
220 20(14) 137
m‘:u) 03!4 1
" 1(15) .
L. it RUCIEH i
[ 226/ /
00(16) | A A

i

40 45 50 55 60 65
26(°)

-

20 25 30 35

Fig.1 TEM images (a and b) and XRD patterns (c) of NPLs (a) and
NWs (b).
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XRD pattern was previously reported for BIT nanowires, which
the authors ascribed to a mixture of Bi,Oz TiO,, and
K,TigO;5."” However, electron diffraction and atomic-resolu-
tion imaging with a STEM (discussed below) showed that the
material contains just one phase, having an orthorhombic
unit cell with the approximate dimensions a ~ 3.8 A, b ~
12.0 A, ¢ ~ 9.5 A. Based on this information it was possible to
find an unit cell that gave a satisfactory LeBail fit to the
observed powder pattern (see Fig. SI1 in the ESI{)."® The
refined unit-cell parameters were a = 3.804(1) A, b = 11.816(3)
A, and ¢ =9.704(1) A.

The Raman spectroscopy also revealed significant differ-
ences in the structure of the two morphologies of bismuth tita-
nate. The bands of internal vibrational modes of the TiO4 octa-
hedron occur for the NWs at significantly higher frequencies
than for the NPLs (Fig. SI2t). The difference in the position of
bands is most likely related to the difference in the TiO4 octa-
hedra’s connectivity, which is corner sharing in the NPLs and
edge sharing in the NWs (see the ESIf for details).">?°

Atomic-resolution STEM imaging

Differences in the crystal structures of the two bismuth-tita-
nate morphologies were revealed using direct atomic-resolu-
tion STEM imaging. Special care was taken during the STEM
imaging to avoid excessive degradation of the nanostructures
under the electron beam (see the ESI{ for details). However,
evaporation of the bismuth could not be entirely avoided. The
STEM images clearly show the main characteristics of the two
different structures. Fig. 2(a) and (b) show STEM images of the
NPLs oriented along the [001]yy direction and the [110]sy
direction, respectively.

The atomic-resolution high-angle annular dark-field
(HAADF) STEM images of the NPLs clearly correspond to the
layered, Aurivillius-type (AU) structure of Bi TizO;,. Since the
intensity of the individual atomic column in the “Z-contrast”
HAADF images depends on the column’s average atomic
number Z (~Z* with « slightly lower than 2)*' the positions of
the various columns in the BIT AU structure can be identified
by their brightness. Generally, the columns containing the
heavier Bi*" ions (Z = 83) appear much brighter than the
columns containing only the Ti** ions (Z = 22), while the 0>~
(z = 6) columns are too light to be detected in the HAADF
images. Along the [001],y orientation the brightness of the
spots in the HAADF image (Fig. 2(a)) remains constant
throughout the image because all the cationic columns have
the same composition (4Bi + 3Ti). When the NPL is oriented
along the [110]4y direction, we can clearly distinguish the
columns that contain the Bi atoms from the much weaker Ti
columns (Fig. 2(b)). The two alternating structural layers, i.e., a
(Bi,0,)*" layer and a (Bi,Tiz0,0)>" perovskite-like layer, can be
clearly resolved (Fig. 2(b)). Interestingly, the NPLs always termi-
nate at the large (001) surfaces with the (Bi,0,)*" structural
layer. The nanoparticles with layered structures, such as the
Aurivillius-type structure, normally adopt a specific structure
defined by a termination at surfaces with a specific, low-energy
atomic layer.*?

This journal is © The Royal Society of Chemistry 2022
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4Bi+3Ti

Fig. 2 BF STEM images (insets: corresponding electron-diffraction pat-
terns) and HAADF STEM images of bismuth-titanate NPLs oriented along
[001]ay direction (a) and [110],y direction (b). The projected structural
models are superimposed over the images to illustrate the positions of
the Bi** and Ti** ions. The unit cell of the BIT Aurivillius structure is
marked with red rectangles on the HAADF images.*

The structure of the NWs is very different to that of the
NPLs. An analysis of the electron-diffraction patterns
suggested an orthorhombic unit cell. Along the [001]xw direc-
tion, the electron-diffraction pattern (Fig. 3(b)) consists of
stronger reflections that match with the pattern of the
Aurivillius structure in the [001],y zone axis (see inset of
Fig. 2(a)) and the weaker, superstructural reflections in the
direction perpendicular to the NW. The a-direction of the new
structure was set along the length of the NW with the a-para-
meter of the unit cell being ~3.8 A. Interestingly, the super-
structural reflections are not periodic, as evident from the
corresponding intensity profile in Fig. 3(c). They consist of
groups composed of the primary reflections (marked with red
arrows in Fig. 3(c)) with a set of weaker satellite reflections
characteristic of a multiple diffraction (marked with lines of
different colours). The superstructural reflections originate
from the structural modulation clearly visible in the corres-
ponding HAADF image (Fig. 3(d)). In the thinner part, near the
rim of the NW, every sixth row of spots along the [010]xw direc-
tion is much stronger (marked on Fig. 3(d) with red arrows),
suggesting a larger proportion of Bi atoms. The h-parameter of
the unit cell was measured to be ~12 A. In the thicker part of
the NW, usually two rows have a stronger intensity (marked
with blue arrows), or the stronger intensity is distributed over
three rows (marked with green arrows). This uneven contrast is
a consequence of the stacking faults, ie., antiphase bound-
aries, lying perpendicular to the electron beam (visible in the
HAADF images taken along the [100]yw direction, see below).

Nanoscale, 2022, 14, 3537-3544 | 3539
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Fig. 3 TEM image (a), electron-diffraction pattern (b) and HAADF STEM
image (d) of a bismuth-titanate NW oriented along [001]yw direction.
Fig. 3(c) shows an intensity profile across the row of reflections marked
on (c) with a yellow rectangle. The projected model proposed for the
NW structure is superimposed over the image (d) to illustrate the posi-
tions of the Bi** and Ti** ions. The unit cell of the NW structure is
marked with a red rectangle on the HAADF image (d).

The HAADF image of the NW oriented along the [010]xw
direction (Fig. 4(c)) shows a layered structure with two cationic
layers alternating along the c-direction: a layer composed of
two parallel rows of brighter spots (marked in Fig. 4(c) with
“B”), which resembles the (Bi,0,)”" layer from the Aurivillius
structure (see Fig. 2(b) for the comparison), and a layer of two
parallel rows of weaker spots (marked with “T”). One row of
the Ti atoms in the T layer is brighter than the other,
suggesting that it contains a proportion of the Bi atoms. The
c-parameter of the unit cell was found to be ~9.5 A.

For the STEM imaging of the structure along the [100]|xw
direction (i.e., along the nanowire) the NWs were incorporated
into a polymer and cut with an ultramicrotome (see the ESI{
for details). Also in the [100]xw zone, the two cationic layers
alternating along the c-direction, ie., the B layer and the T
layer, are clearly resolved in the HAADF images (Fig. 5(a) and
(b)). At the (001) surfaces the NW structure always terminates
at the B layers. In a zig-zag arrangement of the two rows of
spots representing the T layer every sixth weak spot is replaced
by a much brighter spot, consistent with the exchange of Ti
atoms for Bi atoms. As can be expected from the non-periodic
weak reflections in the diffraction pattern of the [001]xw zone
axis (Fig. 3(c)), stacking faults are frequently observed in the
(010) planes. Due to the random and partial insertion of extra
layers of Ti**/Bi*" ions, the periodicity of the brighter spots in
the T layers locally change to 7, ie., locally, every seventh
weaker spot is exchanged with a brighter spot (indicated by
the blue arrows in Fig. 5(b) and Fig. 6).

Based on HAADF STEM images taken along the three axes
we propose a tentative arrangement of the cations in the ortho-
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Fig. 4 TEM image (a), electron-diffraction pattern (b) and HAADF STEM
image (c) of a bismuth-titanate NW oriented along [010]yw direction.
The projected model proposed for the NW structure is superimposed
over the image (c) to illustrate the positions of the Bi** and Ti** ions.
The unit cell of the NW structure is marked with a red rectangle on the
HAADF image (c).

Fig. 5 (a) and (b): HAADF STEM images of a bismuth-titanate NW
oriented along [100]yw direction (inset of (a): a corresponding FFT
pattern). The projected model proposed for the NW structure is super-
imposed over the image (b) to illustrate the positions of the Bi** and Ti**
ions. The unit cell of the NW structure is marked with a red rectangle.
Blue arrows indicate some random faults where an extra Ti** ion is
inserted in the T layer, changing the periodicity of brighter spots from 6
to 7 layers in the [010]yw direction.

rhombic unit cell of NW structure (Fig. 6). This tentative
model of the cation sublattice was superimposed over the
HAADF images to illustrate the positions of Bi** and Ti** ions
along all three zone axes (see Fig. 3(e), 4(c) and (b) for [001]xw,
[010]xw, and [100]nw zone axes, respectively).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Cation arrangement in a proposed, tentative model along the
[100]yw direction. Blue dashed line marks a stacking fault where an extra
Ti** ion (marked with blue arrow) is inserted in a T layer of the structure.

Topotactic transformation of the nanowire structure to the
Aurivillius structure

During annealing at temperatures above 500 °C the bismuth-
titanate NWs transform to the Aurivillius structure. XRD did
not show any significant changes after annealing of the NWs
for 2 hours at 500 °C, whereas after the annealing for 2 hours
at 550 °C the NWs completely transformed into the AU struc-
ture (XRD patterns are given in the ESI, Fig. SI3f). After the
transformation the particles with the AU structure grow in the
form of platelets (Fig. SI4T). When the NWs were annealed for
2 hours at 525 °C, they only partially transformed into the AU
structure. Fig. 7 shows HAADF STEM images of a particle from
the NW sample annealed at 525 °C. The particle is composed
of a NW sandwiched between two lamellas with the AU struc-
ture (oriented along ([010]xw||[110]au zone axes). The coherent
interface between the two phases ((100)xw]||(110)au, (001 )xw|
(001)ay), (010)Nw||(—110)ay) shows a topotactic NW-to-AU
transformation. Projected models are superimposed over the
atomic-resolution HAADF image of Fig. 5(b) to illustrate the
different arrangements of the Bi** and Ti** cations in the two
structures. Note that no precipitation of any secondary phases
during the topotactic transformation of the NWs was detected,

Fig. 7 HAADF STEM images of a BIT particle from the NW sample
annealed for 2 hours at 525 °C. The particle is composed of a NW sand-
wiched between two lamellas with the AU structure ([010]nwl|[110]a0).
Projected models of the AU structure and the NW structure are super-
imposed over Fig. 7(b) to illustrate the positions of the Bi?* and Ti** ions.

This journal is © The Royal Society of Chemistry 2022
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strongly suggesting that the NWs have the same composition
as the Bi,TizO;, Aurivillius phase.

Ferroelectric properties of the nanoplatelets and the
nanowires

Observation of domain structure. The diffraction patterns
taken from the NPLs oriented along [001],y (see inset of
Fig. 2(a)) show [010],u-type reflections, which are consistent
with a ferroelectric, monoclinic P1al phase.> The main com-
ponent of the polarization for the monoclinic BIT is along the
a-direction. By following the orientation of the a-direction in
different parts of an individual NPL 90°-domains were
observed (see Fig. SI5T).

In the 1-D ferroelectric particles the polarization vector P is
usually oriented along their longest dimension. For the ferro-
electric NWs the polarization is therefore expected along the
[100]nw direction. The polarity of the crystal structure can be
revealed using dark-field (DF) imaging with TEM based on a
failure of Friedel’s in the kinematical diffraction.
According to Friedel’s law a difference in the contrast should
be observed when DF images of a non-centrosymmetric struc-
ture are formed with +g and —g, where the diffraction vector g
lies in the direction of P.** Consequently, the contrast of a DF
image will reverse across a 180°-domain boundary. Fig. 8
shows BF and DF images of a NW. The DF images were formed
with (200) and (200) reflections. The contrast in the DF images
is alternating along the NW and it is reversed from (200) to
(200) for the same area of the NW, in accordance with the exist-
ence of 180°-ferroelectric domains, from approximately 50 to

law

Fig. 8 BF TEM image of a NW oriented along [001]yw direction with
corresponding DF images formed with (200) and (200) reflections.
Dashed lines mark approximate positions of domain boundaries.

Nanoscale, 2022, 14, 3537-3544 | 3541
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(a) AFM height and (b) AFM deflection images, (c) PFM out-of-plane amplitude, (d) PFM out-of-plane phase, (e) PFM in-plane amplitude, and

(f) PFM in-plane phase images of NPLs. (g) AFM height and (h) AFM deflection images, (i) PFM out-of-plane amplitude, (j) PFM out-of-plane phase,

(k) PFM in-plane amplitude, and (1) PFM in-plane phase images of the NWs.

100 nm in size. Note that the contrast doesn’t change signifi-
cantly when the DF images are formed with the diffraction
vectors g and —g oriented perpendicular to the NW (see
Fig. SI67).

Piezoresponse force microscopy. PFM images of the NPLs
inserted into a polymer are shown in Fig. 9(a)—(f). A bundle of
overlapping nanoplatelets is marked with a dotted blue arrow
in panel (b). The boundary of a single nanoplatelet positioned
parallel to the scan plane is marked by a dotted red line.
Comparing the AFM height and deflection images (Fig. 9(a)
and (b)) with the PFM out-of-plane and in-plane amplitude
images of this single plate (Fig. 9(c) and (e)), it is clear that the
PFM signal enhancements (bright regions) are observed in the
in-plane PFM amplitude signal, indicating a strong polariz-
ation in the lateral direction. Moreover, ferroelectric domains
are visible in the PFM in-plane amplitude and phase images
(Fig. 9(e) and (f)). Similar ferroelectric domains were pre-
viously observed in BaTiO; plates prepared by molten-salt syn-
thesis.”* The switching of the ferroelectric domains and the
induction of new domains in the in-plane direction could also
be observed in the PFM switching spectroscopy experiment,>”
as shown in the ESI (Fig. SI7+).

PFM images of the NW inserted into the polymer are
shown in Fig. 9(g)-(1). The boundary of a single nanowire
parallel to the scan plane is marked by a dotted red line.
Also in this case, the enhancement of the piezoelectric
response is observed in the in-plane PFM amplitude image,
indicating a strong polarization towards the longer axis of the
nanowire.

3542 | Nanoscale, 2022,14, 3537-3544

Discussion

The new structure of the NW can be viewed as a metastable
polymorph of BIT stabilized at the nanoscale. According to the
empirical Ostwald step rule, crystallization occurs in steps in
such a way that a thermodynamically unstable phase (i.e., the
new nanowire structure) often occurs first because it has a
lower nucleation barrier than the stable phase (ie., the
Aurivillius structure). The metastable polymorph remains
stable as long as it stays small, if the surface energy of the
metastable phase is lower to that of the stable phase.?® The
polymorphism is well known in simple oxides. Many techno-
logically important nanomaterials, e.g., magnetic maghemite
(y-Fe203) nanoparticles, photocatalytic anatase nanoparticles,
e-Fe203 nanoparticles with a giant coercivity, various iron
oxide hydroxide pigments, etc., are all metastable phases
stabilized at the nanoscale. Recently, we also demonstrated
polymorphism in strontium hexaferrite, a technologically
important oxide material widely used for magnets exhibiting a
complex, layered structure.””

During the topotactic transformation of the NWs to the
equilibrium Aurivillius structure no secondary phases were
precipitated, strongly suggesting that the two phases have the
same Bi,Tiz;O;, composition. Both structures consist of two
alternating structural layers. The B layer of the NW structure is
composed of two parallel rows of Bi atoms in a zig-zag arrange-
ment and resembles the (Bi,0,)>" layer of the Aurivillius struc-
ture. The T layer of the NW structure is much thinner than the
perovskite layer of the Aurivillius structure. It contains only

This journal is © The Royal Society of Chemistry 2022
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two parallel rows of cations, whereas the perovskite layer is
composed of 5 rows of cations (3 Ti and 2 Bi). The T layer can
be presented as the two rows of Ti ions in a zig-zag arrange-
ment, where every sixth Ti is exchanged with Bi (Fig. 5(b) and
6). The arrangement of the Ti atoms in the T layer is consistent
with two layers of edge-sharing (TiOg)*~ octahedra, as opposed
to the corner-sharing (TiO¢)*~ octahedra of the perovskite
layers in the AU structure, where the Ti*" ions are stacked one
above each other. Such an arrangement of the Ti*" ions in the
two structures is consistent with the results of the Raman
spectroscopy.

The proposed cation arrangement in the NW structure pre-
dicts a Bi:Ti ratio of 7:5, which is only slightly richer in Bi
(58.33 at% of cations) than 4:3 (57.14 at% of cations). The
excess Bi, predicted by the model, is compensated by a
random partial insertion of the Ti layers parallel to the (010)
planes, visible along the [100] direction (Fig. 5(b) and
explained there).

Both BIT nanostructures, the NPLs and the NWs, are piezo-
electric. An enhancement of the piezoelectric signal in the in-
plane direction is observed for both NPLs and NWs, indicating
a strong polarization in the longitudinal direction of the par-
ticles. Some tens-of-nanometres ferroelectric domains are
clearly visible in the NPLs. Moreover, switching and the indu-
cing of new domains were observed. On the other hand, the
domain structure of NWs was not visible in the PFM scans,
probably because the resolution of the technique is above 20
nanometres. However, the 180°-domains were clearly visible
on the DF TEM images of the NWs (Fig. 8).

Conclusions

Bismuth titanate (Bi,Ti30;,) nanowires and nanoplatelets were
synthesized with a hydrothermal treatment of the precipitated
Ti** and Bi** ions in aqueous NaOH with the concentration of
0.5 mol L™" and 2 mol L™, respectively. The nanoplatelets
(10 nm thick and from 50 nm to 200 nm wide) exhibit the
Aurivillius-type layered-perovskite crystal structure character-
istic of Bi,Ti30;,, whereas the nanowires (from 15 nm to
35 nm wide and from several hundreds of nm to several pm
long) exhibit an entirely new structure, not described before.
X-ray diffractometry showed an orthorhombic unit cell of the
new nanowire structure (a = 3.804(1) A, b = 11.816(3) A, and ¢ =
9.704(1) A). Atomic-resolution, high-angle annular dark-field
imaging with a Cs-probe-corrected scanning-transmission elec-
tron microscope showed the cation arrangement in two struc-
tural layers alternating along the orthorhombic c-direction: a
structural layer composed of two parallel layers of Bi atoms
that resembles the (Bi,0,)*" layer of the Aurivillius-type struc-
tures, and a structural layer composed of two parallel layers of
the Ti atoms, where every sixth Ti is replaced by Bi. Such an
arrangement of cations in the nanowire structure is consistent
with a Bi: Ti ratio of 7: 5. This discrepancy in the composition
is compensated by a random partial insertion of the Ti layers.
The basic arrangement of Ti in the structural layer is consist-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

ent with two layers of edge-sharing (TiOg)*~ octahedra, also
suggested by the results of the Raman spectroscopy. With
annealing at temperatures above 500 °C the nanowire structure
topotactically transforms into the Aurivillius structure without
the precipitation of any secondary phases, proving that the
nanowire structure is a metastable polymorph of the Bi Tiz;O4,
stabilized at the nanoscale. The observation of ferroelectric
domains with transmission electron microscopy and piezo-
response force microscopy suggested the ferroelectric nature of
both bismuth-titanate polymorphs.
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