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Abstract

Two-dimensional monocrystalline platelets of theopskite structured lead—free
system (N@sBiops)o.oBao7TiO3 (NBBT) were synthesized from platelets of
layer-structured NaBissTi4015 (NBIT), using a topochemical route. Both NBIT and
NBBT platelets showed high aspect ratios with aerage size of 1Gum and
thickness of 0.qum, for the latter. A structural transformation frdayer-structured
NBIT to perovskite NBBT was identified in a transital platelet, which contained
phases of both NBIT and NBBT. The composition ofBUBlies at a morphotropic
phase boundary (MPB), with the coexistence of mbmoc and tetragonal
polymorphs confirmed by X-ray powder diffractionadysis. Transmission electron
microscopy and piezoresponse force microscopy weee to investigate the domain
structure, with stripe-like domains in the unpodgtem transformed into lamellar
domains after poling. The piezoresponse amplitwdeafNBBT platelet indicated a
large piezoresponse strain, corresponding to d-freluced strairgya,/Emax Of around
800 pm/V at 5 kV/mm, which is significantly hightfran that in ceramic samples of

NBBT at the same applied potential.



1. Introduction

Energy harvesting (EH)™ and nanoelectromechanical (NEM) systefiis have
attracted great interest in the scientific and eegiing communities, due to their
potential application in smart and portable elattalevices. Flexible and stretchable
nanogenerators, which are capable of exhibitingirstrinduced piezoelectric
polarization, are typically the core part of EHteyss for scavenging small amounts
of energy effectively, through mechanical actiorlrsas rolling, bending, or even
applied pressure through human motid#f. NEM systems are often integrated with
micro/nano- mechanical resonators, which can aseikind create electrical signals at
very high resonant frequencies, due to their sisiaé and remarkable sensing and
detection ability®”’

Recently, several piezoelectric materials with aefg of micro/nano-structures
and device configurations have been successfuligldped. Initial work focused on
ZnO based system$:*®However, the piezoelectric response of ZnO is Bohiand so
attention switched to other materials, such as AZOs (PZT), ***'which exhibits
excellent piezoelectric behaviour. However, theme @mportant environmental
concerns regarding the use of PZT based matedats,to the toxicity of lead and
current work is focused on lead free alternatiBes/eral lead-free materials show the
potential to replace lead based systems. The sdlidtion system (NaBios)1x
BaTiO3 (NBBT) ?**°has received considerable attention in recent yeaesto its
high piezoelectric coefficient near the morphotcophase boundary (MPB) in the

compositional range.05< x < 0.07.



NBBT materials at the MPB have been intensivelydigt. Mauryaet al. %
prepared textured NBBT ceramics with piezoeleategponse values as high as 300
pC/N. Levin and Reaney’ Ma et al. *>* and Dittmeret al. ** used transmission
electron microscopy (TEM) and piezoresponse fora@arcopy (PFM) techniques to
study the microstructure of NBBT ceramics and thdomain transformation
processes under electric fields. Their studies gdddBBT materials at the MPB had
large piezoelectric responses and explained thgingriof these. Despite extensive
studies on NBBT ceramics, the influence of différenicro/nano-structures has

seldom been reported. Maurggal. *°

reported the synthesis and characterization of
NBBT whiskers, which were used as templates to gmepextured ceramics.
Compared to the one-dimensional morphology of wdnisk the two-dimensional
morphology of monocrystalline platelets could bevaadageous for particular
applicationsWe have shown that incorporation of NBBT platelatso polymer
composites leads to materials with excellent enetgyage properties® Potential
applications for the platelets include using thesnsabstrates for the growth of
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nanowire arrays to assemble nanogenerators andsemsws and using

micro/nano fabrication techniques, such as focusedeam lithography, on platelets
to prepare EH microdevices and high frequency NEMesns %4

The synthesis of two-dimensional NBBT plateletscieallenging due to their
perovskite structure, which typically results iretgrowth of cubic crystals. In the

present work, a topochemical route is developedhersynthesis of NBBT platelets,

TEM and PFM are used to investigate the piezoéteptoperties of these platelets



and understand their origins, in particular, changeerroelectric domain structure as

a result of poling.

2. Experimental

2.1 Synthesis of single crystalline NBBT platelets

Bi,O3 (99.9%), TiQ (99.9%), NaCO; (99.9%), BaC®@ (99.9%) and NaCl (99.5%),
obtained from Sinopharm Chemical Reagent Co. Ltiin& were used as starting
materials. NBBT was synthesized in a two-step mechitially, NBIT was prepared
from stoichiometric amounts of B3, TiO, and NaCQO; using a molten salt synthesis
method. The starting materials were mixed with gonaé weight of NaCl and ball
milled for 24 h in ethanol. The mixture was themedrat 60°C. The dried mixture
was heated at 1050 °C for 4 h in a covered alurainaible, before cooling in the
furnace to room temperature. The resulting NBITgd&ds were separated by washing
with hot deionized water to remove the NaCl (uskgNO; solution to confirm
complete removal of NaCl).

The NBIT platelets were used as precursors inyhéhssis of NBBT platelets of
composition (N@sBios)o.odBaoo7TiO3. To preserve the platelet morphology of the
NBIT crystals, stoichiometric amounts of NBIT, X&D;, BaCQ and TiQ were
mixed with an equal weight of NaCl as a suspengioethanol, with a magnetic
stirrer at 60°C and the ethanol evaporated. The dried mixturephssed in a covered
alumina crucible at 950 °C for 6 h, before coolingoom temperature in the furnace.

The product was washed with hot deionized wateersg\times to remove the salt



(using AgNQ solution to confirm this) and dried at 80 for 24 h.

2.2 Fabrication of TEM and PFM samples

For TEM, the NBBT platelets were first mechanicatiyushed in liquid nitrogen,

while for PFM measurements, the platelets wereedssga in ethanol and dropped
onto a thin Pt coated Si conductive wafer, witthigakness of 1 mm. After drying at

60 °C for 8 h, the wafer was treated at 500 °C for 10 h

2.3 Poling
Poling was conducted on platelet samples at 8Qsg a potential of 8 kV and a
point source height of 70 mm, with a corona polygtem (HYJH-Y10/3, Xianyang

Huiyuan Automation Equipment Co. Ltd.).

2.4 Characterization

Phase identification was carried out using X-rayger diffraction (XRD) analysis,
with graphite monochromated CuxKadiation @ = 1.5418 A, D500, Siemens Inc.,
USA), over the B range 5 to 100 in steps of 0.001 with a count time of 4 s per step.
Structure refinement was carried out using theveldtmethod with the GSAS suite
of programs' Starting models were based on the structures tegpoy Blanchardt

al. ** and Jones and Thoma¥, for the monoclinic €c) and tetragonal R4bm)
polymorphs of NasBiosTiO3, respectively, with appropriate substitution of/Bidby

Ba. Atomic parameters were not refined in the aialyThe morphologies were



observed by scanning electron microscopy (SEM, mad& 6460LV, JEOL, Tokyo,
Japan). TEM (JEOL, JEM-2100 F, Japan) was useduidy she NBIT to NBBT
structural transformation process, with an accélggavoltage of 200 kV.

A commercial scanning probe microscope (Nanoscop®&rdker Instruments
Inc.) was used for PFM measurements. A Pt/Ir coatuductive tip (SCM-PIT,
Bruker Instruments Inc.), with a resonant frequeaty5 kHz, a spring constant of
2.8 N m, and length 12&m was utilized in this study. The PFM images repnéshe
“piezoresponse” signal measured by AFM equippedh wat lock-in. Only the
out-of-plane vibration direction perpendicular teetsample surface of the tip was

recorded.

3. Resultsand Discussion

3.1 Topochemical transformation of NBBT platelets

The XRD patterns of the NBIT and NBBT platelets @both in good agreement with
the corresponding JCPDS standard patterns (nos3¥@-and 89-3109, respectively).
Close inspection of the XRD pattern for the NBB@&tplets (Fig. 1) shows splitting of
peaks indicative of the coexistence of at least pbymorphs of NBBT and is
consistent with the composition being close to WeB. A number of different
polymorph combinations were used to try to model diata, with a mixture of the
tetragonal P4bm) and monoclinic €c) polymorphs resulting in a significantly better
fit to the observed data (Fig. 2 (a)) than othedet®. The monoclinic phase is very
closely related to the rhombohedr&3€) phase. Indeed, in pure BNaysTiO3 the

R3c phase, characterized lay a~ a~ octahedral tilting along the pseudo-cubic [111]



axis, had long been reported as the stable phasms® it temperature, until recently
when its average structure was shown to be monodliith a~ a” c octahedral tilting

31 Barium substitution into BkNaysTiO3 has been shown to induce a transition from
the Cc phase to the true rhombohedR8c phase at around 3-4 mol% substitutith,
followed by a transition to the tetragorfdbm phase at around 6%. In the present
work, the apparent coexistence of the monoclinicl detragonal phases at a
composition close to the MPB might be attributatalethe novel synthesis method,
which may afford the isolation of a non-equilibritgtate. The unit cell volume of the
monoclinic phase in the present study is signifigatarger than that of the
unsubstituted BisNaysTiOs (235.35 R)*® consistent with the the substitution of the
smaller Bf*/Na’ cations with larger B4 cations ( = 1.17, 1.18 and 1.42 A,
respectively for the ions in 8-coordinate geometry)

Fig. 3 (a) and (b) show the morphology of NBIT plats, which have
dimensions in the range 5 tofBn, with thicknesses of 0.5 to Quén. The high aspect
ratios and regular shape of the NBIT platelets mtained in the topochemical
reaction to make NBBT. Fig. 3 (c) and (d) show SkEhges of the NBBT platelets.
Most of the NBBT crystals preserved the plate-likerphology of the NBIT
precursor, with an average size of ifn and a thickness of 0.am. Such
two-dimensional platelets with high aspect ratiag goarticularly suitable for
preparing textured ceramié?® and assembling NEM systertfsFig. 4 shows SEM
EDX mapping images of a single NBBT platelet, whicbnfirm a uniform

distribution of the constituent elements Na, Bi, Biaand O.



Fig. 5 shows high resolution TEM images of platlbefore (Fig. 5 (a)) and
after (Fig. 5 (c)) the topochemical reaction, wkily. 5 (b) showing a partially reacted
platelet. A lattice image of an NBIT crystal isustrated in Fig. 5 (a) which shows a
typical layer type structure. Two dimensional ttifringes are clearly seen in this
image, with interplanar spacings of 2.9 and 6.7cdrresponding to the (109) and
(006) planes, respectively. Although XRD resultsdicated the complete
transformation from NBIT precursors to NBBT platslesome remaining NBIT
phase was found within a NBBT platelet in TEM imsgas shown in Fig. 5 (b). The
transitional area where the lattice changes fromiTNi® NBBT is indicated in the
image. The image also gives valuable informatiooualthe mechanism of this
structural transformation. Fig. 5 (c) shows thehhigsolution TEM image of a NBBT
platelet. The measuratispacings were 2.8 and 3.9 A, which could correddorthe
(101) and (001) planes of the pseudo-cubic pertessubcell, respectively. The
d-spacings of the (101) and (001) planes are slightljer than those of pure NBT,
and are consistent with the increase in unit celume seen in the XRD analysis,
attributed to the chemical expansion of the lattleast-Fourier transforms (FFT) of
selected areas from the lattice images of NBIT [dB8T were indexed on the [010]
zone axis (Fig. 5(a) and 5(c) inset) and confirrheth the selected NBIT and NBBT
platelets were monocrystalline.

NBIT has an Aurivillius layer-type structure corsig of perovskite likeblocks

2n+

interleaved with layers of (BD.),”  which can berepresented by a formula

(Bi202)n®™ (Nay sBi»sTisO15),> where Bf* and N& correspond to the perovskite
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A-site with twelvefold coordination, and “fiis the perovskite B-site cation in
six-fold coordination*®The bismuthate and perovskite blocks are highligtitethe
high resolution TEM image in Fig. 6 (a). Fig. 6 (Blustrates the structural
transformation from NBIT to NBBT. During the topawhical reaction, the
bismuthate layers are effectively replaced by pskite layers, with Bi' ions
throughout the structure partially replaced by" Nad B&". In doing so, NBIT
transforms into NBBT without extensive rearrangetdrihe structural framework.
3.2 Polarization behaviour

Both the tetragonal and monoclinic polymorphs aéteevident after poling (Fig.
2(b)), although there are significant differenaeshe relative intensities of the peaks
associated with the individual phases (Fig.1). @ablsummarizes the structural and
refinement parameters resulting from Rietveld asialpf the X-ray diffraction data
of NBBT platelets, before and after poling. It igdent from the results presented in
Table 1 that poling has the effect of increasirgrionoclinic fraction of the platelets,
to give roughly equal weight fractions of both pulyrphs. Additionally, there is a 1%
increase in unit cell volume for both polymorphsaagsult of poling. It is known that
poling at high fields in ceramics of compositioreanthe MPB in this system favours
the transition to the rhombohedral phase from bioghtetragonat’ and monoclinic®
polymorphs. Both of these transitions are achidwedhanges in the octahedral tilting
and are accompanied by increases in macroscopio.sin the present study, where
poling was carried out on powder samples usingctirena method, the extent of

induced polarization in the samples is expectedadosignificantly lower than in
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ceramic samples. Thus, only a small lowering of tdteagonal weight fraction is
observed, while there is no evidence in the X-rajadf theCc to R3c transition.
However, the small increase in lattice paramet&ser/ed in both monoclinic and
tetragonal polymorphs after poling points to insesh structural disorder in the
average structure, which would be a precursor ¢otitlinsition to the rhombohedral
phase.

Fig. 7 shows TEM images along the [001] zone akia platelet of NBBT. The
bright field image of the unpoled sample in Fig.(a) displays clear brightness
contrasts, which indicate the presence of strip-lilomains, due to uneven charge
distribution. These domains can be envisaged asrexdregions in a disordered
matrix. The brightness contrast image shows parsiigos with approximately 30
and 180 domain boundaries, indicated in Fig 7 (a). Thgped of features are typical
of the domain configurations of NBBT and are coasid to arise from the release of
internal stress by the 9@omain boundarie$®*° The selected area diffraction pattern
of the unpoled sample in Fig. 7 (b) confirms théected platelet has tetragonal
symmetry, showing superlattice ordering of the pekde subcell, with reflections of
the type ¥z (ooe) (o0 and e denote odd and evenmtildgces, respectively), as marked
by rings in the image® After poling at 8 kV/mm, the strip-like domainsatesce, as
shown in Fig. 7 (c). The corresponding selectea-atectron diffraction pattern (Fig.
7 (d)), shows significant differences to that o timpoled sample, including changes
in relative intensity and the disappearance of é&)superlattice reflections along the

pseudo-cubic [001] zone, consistent with a chao@gctsymmetry.
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To further understand the ferroelectric behaviond alomain structure of
single-crystalline NBBT platelets, PFM was emplayédgs. 8 (a)-(c) show the
out-of-planepiezoresponse images for an unpoled NBBT platélbéese results
clearly show the domain structure of the platel@ise unpoled platelet exhibited
small size domains and irregular domain walls, =test with the bright field TEM
image shown in Fig. 7. In order to study the effexftpoling on the domain structure
through piezoresponse, the samples were pole#\&t8m. Subsequently, the sample
was scanned with a small a.c. voltage (1 V, pegbek) for imaging. The
corresponding images of the sample after polingsa@vn in Figs. 8 (d)-(f). After
poling, the domains in the NBBT platelet became enmrdered and homogeneous,
and changed from an irregular strip-like shape tanaellar shape. The PFM phase
images reveal interesting details of the poling aodhain switching processes in
NBBT. Poling with an electric field applied upwaydberpendicular to the platelet
surface leads to the formation of more uniform poéd domains. It is believed that
the evolution of crystal structure and domain moipgy during the poling-induced
phase transitions in NBBT inevitably leads to lapigzoelectric straifi’

The phase-voltage curve, measured at a scannie@frdt Hz is shown in Fig. 9
(a) and shows hysteresis typical of ferroelectebdviour. The strain response of the
NBBT platelets was calculated according to the foceht of the platelet thickness
and the deflection (Fig. 9 (b)). The monocryst&IMBBT platelet exhibited excellent
actuating performance, with up to 0.4 % free stedib kV/mm at room temperature.

The value of field-induced straBn./Emax Was calculated to reach around 800 pm/V
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at 5 kv/mm. This compares to a value in texturechmmgc samples of the same
composition of around 500 pm/V at 5 kV/mthThe high piezoelectric response is
related to the electric field induced phase tramsiand domain switching, consistent
with the work of Zhanget al. 2 who suggested that the exceptionally high stréin o
tetragonal 0.91BisNay5TiO3-0.06BaTiQ-0.03AgNbQ crystals is mostly due to
electric field induced domain switching and traiosit from ergodic relaxor to
ferroelectric behaviourThe higher piezoelectric response of crystalline BNB
platelets compared to ceramics of the same conipogsihake them attractive for
application in flexible and stretchable piezoelecttevices, such as EH and NEM

systems, where a high output electrical signaddgiired.

4. Conclusions

NBBT platelets were synthesized using NBIT plateles precursors by a
topochemical reaction method. The high aspect rafiche NBIT precursor is
maintained in the NBBT product. During the topochmhreaction, the bismuthate
layers are effectively replaced by perovskite layavith BF* ions throughout the
structure partially replaced by Nand B&'. In contrast to previous studies on
ceramic samples, the monoclinic and tetragonalmotphs are found to coexist in
(N&y sBio.5)0.90Ba007TiO3, which may be a result of the novel processingerokor
NBBT platelets, two types of domain configurationgluding 90 and 180
arrangements are observed, as well as the eld@licinduced domain evolution,

where strip-like domains coalesce into thin lanrelilomains. The final NBBT
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platelets had large piezoelectric responses, wittolD.4 % free strain at 5 kV/mm at
room temperature and a field-induced str8in,/Emax Significantly higher than in

isocompositional ceramics at the same applied piaten
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Table 1 Refinement detailsand refined structural parametersfor NBBT platelets

before and after polarization.

Chemical formula
Formula weight
Sample description
Phase 1

Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)

Weight fraction
Texture index

Phase 2

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Weight fraction
Texture inde&
R-factorg

No. of variables
No of profile points used
No of reflections

Before poling
NeusBio.468880.07T103
213.37 g miol

Pale yellow platelets

Tetragonal
P4bm
a=5.4826(2) A
c=3.88462(8) A
116.770 (6) A
2

6.069 Mg ™

0.555(3)
2.947

Monoclinic
Cc
a=9.5354(3) A
b =5.5200(4) A
c=5.5942(5) A
B=125.472(D
239.80(2) A
4

5.910 Mg ™
0.445(13)
3.575
Rwp = 0.0678
R, = 0.0530
Rex = 0.0234
Re2 = 0.1149
X% = 8.466

75

8122

350

After poling
Ny 468i0.468320.07T103
213.37 g mot

Pale yeliatelets

Tetragonal
P4bm
a=5.4995(2) A
c = 3.90046(9) A
117.968 (9) A
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Figure captions
Fig.1l. Detail of the X-ray diffraction pattern of NBBT toge (lower) and after (upper)
poling corresponding to the (110) peak of the peeuudbic perovskite subcell.

Reflections due to th€c (asterisks) an&@4bm (triangles) are indicated.

Fig. 2 Fitted X-ray diffraction profiles for NBBT plateile (a) as prepared and (b)
after poling showing observed (points) calculatéidef and difference (lower)
profiles. Reflection positions are indicated by keas: tetragonal phase (lower) and

monoclinic phase (upper). Detail of the fits argein

Fig. 3 Scanning electron microscopy images of (a) theINBéatelets synthesized by
the molten-salt synthesis process, and (b) the N&iplates by a topochemical

reaction method.

Fig. 4 Na, Bi, Ba, Ti and O SEM EDX mapping images oNBBT platelet.

Fig. 5 HRTEM images viewed down the [010] zone axis dfaf@NBIT platelet; (b) a
platelet showing both NBIT and NBBT structures,hwé transitional area showing
features of both structures indicated by red lexed (C) an NBBT platelet. Insets in (a)
and (c) show fast Fourier transforms of selectedsr Characteristid-spacings are

shown.
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Fig. 6 (a) Detail of the high resolution TEM image of arfmlly converted NBIT
platelet, with bismuthate and perovskite blockN&AT indicated (above) as well as
the perovskite structure of NBBT (below); (b) scladim illustration of the

topochemical conversion from layer-structured NBiperovskite NBBT.

Fig. 7 Bright field TEM images {(a) and (c)} and selectagta diffraction patterns
along the [001] zone axis {(b) and (d)} of a platebf as prepared NBBT {(a) and (b)}

and a platelet poled at 8 kV/mm {(c) and (d)}.

Fig. 8 PFM images of ferroelectric domains for an unp®™&BT platelet: (a) to (c)
and an NBBT platelet poled at 8 kV/mm, where (a) @) correspond to height (b)

and (e) to amplitude and (c) and (f) to phase image

Fig. 9 PFM characterization of NBBT platelets, (a) phaskage hysteresis; (b)

amplitude-voltage butterfly loops.



22

before poling
after poling

Counts

32.0 32.2 32.4 32.6 32.8 33.0

Fig.1



23

() so000
before poling
60000
60000 40000
20000
40000 |
13.0|
[}
@ ﬂ
c
e §
O 20000
(@]
0
R | L 1] I um | | IN NN O DOMRN 0NN (R
I A A O iy MO O N 1 A T 1 o O i B Y
“ |
-20000 ! g '
T Y T Y T Ly T i T
20 40 60 80 100
20(°)
(b) 40000
after poling o
30000 20000
10000
20000 o
3.0
2
= L]
3 100004
(&}
04
| O T TR T B BT (N7 T
I [ e B e N N RN N R
A 4 A A e
-10000 S
T L) T g T L T L) T
20 40 60 80 100

Fig.2



10pm




25

; 1807
b i} 1180

(b)

(Na, Bi, Ti,0,)*

4718

Topochemical

reaction

@5i
O BiNa
@ BaBiNa
o
(Na, Bi, ), ,,Ba, ,, TiO, =
A0 O O 4 Na, Bi Ti 0, (Na, Bi, ), ,,Ba,,TiO,

4Na, Bi,Ti,0 +2.72Na,CO, + 1.12BaCO,—> 16 (Na,Bi,.),, Ba,, TiO, + 5.28B1,0, + 3.84C0 ]

Fig. 6



26

csssssssgsssssnsnaceee
. .

L}
'
.
.
.
)
.
1
.
'
.
.
*
.
.
-
1

. .
H .
H .
e .
. .
. .
H .
H .
H .
. .
.
H .
.
H -
.
H .
.
H .
5 ]
> .

amuses®
sananss®

strip-like domains S50nm

domain houndar

210V

-53.7nm| 38V
bo L Heigt BS54 00 4 15 75 haglitude 85 4
150° 225
-180° % ’ 2 =206V
o 5015 1 Base w4 00 3 15 1 bes



27

356.2 am|
8854 nm
S$3mv
-15.0mVY
Fig. 9
a
@ (b)
0.4
150 4
F) 03]
S 100 2
=, =
E’ 50 § 0.24
o n
04 0.1
-50 T T T T T 0.0 . T T T T
-10 -5 0 5 10 -5.0 -2.5 0.0 25 5.0
Voltage (V) Electric field (kV/mm)

Fig. 10



