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ABSTRACT

<001>-oriented PbTiO; nanoplates with an average aspect ratio of approxi-
mately 5 were synthesized by a one-step hydrothermal method. The factors that
could affect the growth of the PbTiO; nanoplates, such as the concentration of
the mineralizer (KOH) and ratio of Pb*"/Ti*" in the source materials, were
carefully investigated. A modified growth process of the PbTiO; nanoplates was
proposed by a time variation evaluation. Therefore, the typical growth param-
eters were set to 200°C/10h, Pb*T/Ti*t =125 (Mp25 = 5 mmol and
Mppno3z)2 = 6.25 mmol), and Mgoy = 8 mol/L (in 30 ml of DI water) with P25-
TiO, and Pb(NO;), as the source materials. Furthermore, the ds; versus applied
voltage curve showed good ferroelectric behavior with a maximum ds; value
of ~ 165 pm/V, indicating promising potential as seeds for templated grain

growth (TGG) of PbTiO3 nanoplates.

1 Introduction

To develop high-performance electroceramics, many
investigations have been performed, such as phase
boundary engineering by composition design [1-4],
element or compound additive doping [5-8], and the
preparation of textured ceramics [9, 10]. Among these
studies, the textured piezoelectric ceramics produced
by the templated grain growth (TGG) process have
received considerable attention since the corre-
sponding properties of the as-made ceramics could
be comparable to those of their single crystal forms
[11, 12]. During the TGG process, a small percentage
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of oriented-plates with single crystallinity are mixed
with the matrix powders and then oriented-pro-
cessed by a shear process (tape casting or extrusion,
etc.). Subsequently, with continued heat treatment,
the volume of the oriented parts will increase with
the growth of the larger, oriented grains by con-
suming the matrix based on the template plates,
resulting in highly textured ceramics. Because of the
existence of a high degree of texture in the polar
direction, the textured ceramics could exhibit a fair
number of properties of single crystal forms [12, 13].

To successfully produce textured ceramics, the
template crystals should meet several requirements.
First, the templates should have high aspect ratios
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with proper sizes and suitable crystallographic ori-
entation. More importantly, the lattice parameter
mismatch between the template crystal and the
matrix crystal should be lower than 15% so that the
matrix phase can nucleate and grow from the ori-
ented templates at the specific heat treatment tem-
perature [14].

So far, SrTiOs;, BaTiO; and BiyTizOj,, etc. have
usually been used as templates for the TGG process
to obtain textured piezoelectric ceramics [15-18], but
the disadvantages of these templates cannot be
ignored. For example, a two-step chemical conver-
sion process (a precursor with plate-like morphology
is synthesized first by molten salt synthesis with
NaCl and/or KCl working as the salts, and then the
as-synthesized precursors are converted into the final
perovskite plates through a topochemical reaction) is
usually employed to synthesize the plates. For
example, BaTiO3 and SrTiO; have been reported to
convert from plate-like BaBiyTi4O;5 and Sr3Ti,Oy,
respectively [19, 20]. However, such a process is
complex and time consuming. Furthermore, extre-
mely high temperature (over 1000 °C) heat treat-
ments are always employed [19, 20].

Though the research on lead-free piezoelectric
ceramics has received more and more attention, Pb-
based (especially PbTiO3;- or Pb(Zr, Ti)Oz-based)
ceramics are still the major choice for real applica-
tions due to their much superior and more
stable properties than that of lead-free ceramics
[21-24]. Therefore, to make textured lead-based
ceramics, PbTiO; nanoplates could be good candi-
dates for the TGG process because of their much
smaller lattice mismatch with PbTiO; (or Pb(Zr,
Ti)O3)-based matrix ceramics. To date, several studies
have reported the synthesis of PbTiO3; nanoplates
[25, 26]. For example, Chao et al. employed Pb(NOj3),
and TiO, powders as source materials to synthesize
PbTiO3 nanoplates via a hydrothermal process [25].
For this research, there are still some interesting and
valuable results worth further clarifying. For exam-
ple, we have investigated the effect of different TiO,
sources on the final morphology of PbTiO3 products
and found that P25-TiO, (a kind of special TiO,
powder composed of anatase and rutile crystallites
[27]) was the best TiO, source material to synthesize
uniform PbTiO3; nanoplates due to the hydrophilicity
and fine particle size of the P25-TiO, powder [28]. In
addition to the categories of source materials, the
ratio among the reactants could also greatly affect the
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final products [29, 30]. Therefore, it is worth studying
the effect of Pb*"/Ti*" ratio in the source materials
on the shape and composition of the PbTiO3 nano-
plates, and a modified growth process of the PbTiO3
nanoplates was further explored in the current work.
Additionally, in the hydrothermal synthesis process,
a mineralizer is generally used to control the mor-
phology of the products since it is conducive to
crystallization [31]. Perovskite crystals tend to be
formed in an alkaline environment, so KOH is nor-
mally used as the mineralizer [32-34]. Although the
effect of KOH was also reported in Chao’s paper, the
exact amount of KOH was not clear [25]. Thus, it is
necessary to briefly describe the effect of KOH con-
centration. Furthermore, the piezoelectric coefficient
(d33) was measured using contact mode piezoelectric
force microscopy (PFM) to study the ferroelectricity
of the PbTiO; nanoplates and their potential as seeds
for templated grain growth.

2 Experimental Procedures

PbTiO; nanoplates were synthesized with high purity
chemicals (> 99%) by the hydrothermal method.
Lead (II) nitrate (Pb(NOgz), 99.99%, High Purity
Chemicals, Osaka, Japan) and P25-TiO, (> 99%,
Evonik Corporation, Parsippany, USA) were used as
the source materials. Analytical grade solid potas-
sium hydroxide (KOH, > 99%, High Purity Chemi-
cals, Osaka, Japan) acted as the mineralizer. For the
specific synthesis processes, P25-TiO, powders were
first added into 30 ml of DI water mixed with 8 mol/
L KOH to form a milky white suspension. Then,
10 ml of Pb(NOs3), solution was injected into the
suspension dropwise. Here, to clearly clarify the
effect of the Pb/Ti ratio, two different conditions
regarding the amount of the starting Ti and Pb
sources were set: (i) P25-TiO, is 5 mmol with differ-
ent amounts of Pb(NOj), and (i) Pb(NO3), is
6.25 mmol with different amounts of P25-TiO,. The
stirring rate was kept at 600 rpm throughout the
whole process.

After thoroughly mixing by magnetic stirring for
approximately 2 h, the solution gradually trans-
formed into a red color (this phenomenon of the color
change will be explained in the latter part). Then it
was transferred into a stainless-steel autoclave,
heated directly in an oven at 200 °C for 10 h and
cooled to room temperature in air. The resulting
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samples were filtered and washed with deionized
water and ethanol several times and dried for the
following characterizations.

The phase structure of the specimens was identi-
fied by X-ray diffraction (XRD; Rigaku D/max-RC,
Tokyo, Japan) with Cu Ko radiation (4 = 1.5418 A).
Microstructural observation was performed using
scanning electron microscopy (SEM; Hitachi S-4300,
Tokyo, Japan). The mean lateral size and thickness of
the nanoplates were analyzed from the digitized
images with Image Tool software [35]. High-resolu-
tion transmission electron microscopy (HRTEM;
Tecnai F20, FEI, the Netherlands) was carried out to
analyze the oriented direction of the exposed crystal
plane of the as-synthesized nanoplates. Piezoelectric
force microscopy (Dimension 3100, Veeco Instru-
ments, Plainview, NY) and a lock-in amplifier (SR830,
Stanford Research Systems) were employed to mea-
sure the ds3 value of the PbTiO; nanoplates.

3 Results and discussion

After the reaction and following treatment (cleaning
and drying), the product powders show a yellow
color, indicating the successful growth of the PbTiO3
nanoplates. Typical TEM images of the as-synthe-
sized PbTiO; nanoplates are shown in Fig. 1. Fig-
ure la shows a low-resolution TEM image of a
PbTiO3; nanoplate with a square morphology. The
corresponding high-resolution TEM (HRTEM) image
is shown in Fig. 1b, and well-ordered lattice fringes
and the corresponding fast Fourier transform pattern
(FFT, inset of Fig. 1b) could be obtained. Both lattice
distances along the two directions are determined to
be ~ 0.39 nm and the intersection angle between
them is ~ 90°, which matches well with the (100)
and (010) planes of the tetragonal PbTiO; crystal
structure. Furthermore, the spot pattern of the FFT is
proven to be the {hk0} set reflections. Therefore, these
analyses confirm that the PbTiO; nanoplates are
bounded by the {100} planes and oriented with an
exposed plane of {001} of the perovskite tetragonal
structure [25, 28]. The effect of KOH concentration on
the growth of PbTiO; nanoplates was also studied
and the corresponding results are shown in Fig. S1
(Supplementary Material). Based on the analysis, the
optimum concentration of KOH in the starting
materials should be approximately 8 mol/L in 30 ml
of DI water since the morphology of the nanoplates
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was more uniform. In addition to KOH, NaOH or
NH;-H,O has also been used as a mineralizer [36, 37],
and their effect on the growth of PbTiO; nanoplates is
still under way.

3.1 The effect of Pb>*/Ti*" ratio

In addition to the effect of source materials and the
concentration of the mineralizer, the molar ratio
between Pb>" and Ti*" in the starting materials also
strongly affects the formation of the PbTiO; products
in the hydrothermal synthesis process, as demon-
strated by the model proposed by Lencka et al. [38].
Different from the former report, here, we discussed
this effect in two ways according to the initial amount
of Pb*" and Ti**: (i) Pb**/Ti*" =1 - 2.5 with Mpos.
=5mmol; (i) Pb*"/Ti** =125 - 25 with
Mppmosz)2 = 6.25 mmol.

The SEM images of the final products with the
Pb>*/Ti*" ratio from 1 to 2 in the source materials
(Condition (i)) are shown in Fig. 2. When the ratio of
Pb>*/Ti** was 1, the products were mainly com-
posed of cracked nanoplates and irregular crystals
(Fig. 2a). This should be due to the less amount of
backbones, i.e., there were not enough PbO crystals to
react with P25-TiO, nanoparticles to form regular
PbTiO; nanoplates (the role of PbO crystals will be
explained in detail in Part 3.2 and Fig. S2 of the
Supplementary Material). When Pb*"/Ti** reached
1.25 to 1.5, the backbones supplied by the PbO crys-
tals for the resulting nanoplates were enough for the
latter reaction with P25-TiO, powder, leading to well-
formed PbTiO; nanoplates with a lateral size of ~ 1
pm and thickness of ~ 200 nm as shown in Figs. 2b
and c. However, if the amount of Pb*"/Ti*" was
further increased to 2, aggregation occurred, as
shown in Fig. 2d, due to the excessive PbO crystals.
The SEM image of the specimen with Pb*"/Ti*" of
2.5 is not shown here due to its similar morphology
with that of Fig. 2d. The corresponding XRD patterns
of the products with the Pb**/Ti** ratio from 1.25 to
2 are shown in Fig. 3a—c, respectively. All the prod-
ucts show a pure perovskite phase without any other
secondary phases. Furthermore, compared with the
standard JCPDS card (# 70-0746), the relative inten-
sity of (001)/(100) is greatly enhanced for Fig. 3a and
b, indicating that the preferential growth planes of
the PbTiO; nanoplates are the {001} crystal planes.
This could also be proven by TEM analysis, which is
shown in Fig. 1. However, when the ratio of Pb*t/
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Fig. 1 a Low magnification
and b high resolution TEM
images of the as-synthesized
PbTiO; nanoplates. The inset
image of b shows the
corresponding fast Fourier
transform (FFT) pattern of the
nanoplate

@)

Fig. 2 SEM images of the
PbTiO3 nanoplates produced
with Pb>*/Ti** molar ratios of
al,b1.25 c1.5andd?2 with
an initial Mpys = 5 mmol

Ti*" reached 2.5, Pb*" was so excessive (approxi-
mately 4.14 g in the source materials) that the PbO
phase was found in the final products, as indicated
by XRD (Fig. 3d). Thus, for this condition, the
appropriate ratio of Pb**/Ti** is 1.25 to 1.5.

For Condition (ii), Fig. 4a—c show the SEM images
with Pb**/Ti** equal to 1.5, 2 and 2.5, respectively.
The corresponding XRD patterns are shown in
Fig. 3e—g. Different from the phenomenon observed
in Condition (i), when the Pb*"/Ti*" ratio reached
2.5, no secondary phase could be detected by XRD
(Fig. 3g). This difference might be due to the rela-
tively low amount of Pb(NOj3), compared with that of
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200 m

Condition (i). Although slight aggregation could also
be found (Fig. 4c), the relative intensity of the (001)/
(100) peak was still greatly enhanced for the ratio of
2.5. Therefore, for Condition (ii), the appropriate ratio
of Pb?*/Ti** could be 1.25 to 2.5. However, based on
the results of the above two cases, the best ratio of
Pb**/Ti** should be 1.25 since it has the highest
(001)/(100) relative peak intensity, which could
reveal the preferential growth planes of the PbTiO;
nanoplates.
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Fig. 3 XRD patterns of the PbTiO; nanoplates produced with
Pb?>*/Ti** molar ratios of a 1.25, b 1.5, ¢ 2, and d 2.5 with an
initial Mp,s = 5 mmol and e 1.5, f 2, and g 2.5 with an initial
Mppno3)2 = 6.25 mmol

3.2 The effect of heating time
and the corresponding growth process

Last but most importantly, experiments according to
time variations were performed to explore the
detailed growth process of the PbTiO; nanoplates.
Figure 5a shows the SEM image of the initial mixture
of the source materials (i.e., the specimen without
hydrothermal treatment). As indicated by the SEM
image at low magnification, the products were com-
posed of bulk crystals and tiny lamellate particles;
however, from the observation at a higher magnifi-
cation (inset of Fig. 5(a)), these bulk crystals were
actually several thinner nanoplates stacked layer by
layer. The tiny lamellate particles should come from
the P25-TiO, source powder, which was observed in
our previous research [28]. Therefore, these stacked
thinner nanoplates might be induced by the Pb
source. To evaluate this, only Pb(NOj3), was added to
the alkaline solution without the P25-TiO, powder.
After mixing by magnetic stirring, red-colored crys-
tals precipitated from the transparent solution. This
should also be the reason why the milky white sus-
pension transformed into a red color after adding
Pb(NO3), in the “Experimental Procedures” sec-
tion. As shown in Fig. S2a (Supplementary Material),
the red-colored crystals were recognized to be the
PbO phase according to the XRD patterns (JCPDS
card #05-0561). The corresponding morphologies
were found to be tetragonal-like crystals 5 ~ 7 pm in

Fig. 4 SEM images of the PbTiO; nanoplates produced with
Pb>*/Ti** molar ratios of a 1.5, b 2, and ¢ 2.5 with an initial
MPb(NO3)2 = 6.25 mmol

size, as shown in Fig. S2b. Furthermore, compared
with the standard XRD patterns, the (002) peak
intensity was greatly enhanced, indicating that the
PbO crystals were oriented with the exposed plane of
{001}, which might provide a template for the latter
PbTiO; nanoplate growth. Therefore, it could be
concluded that when PbO crystals precipitated from
the solution mixed with the P25-TiO, powder, the
larger bulk crystals might be crushed into smaller
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Fig. 5 a SEM images of the
PbTiO3 nanoplates produced
at 200 °C for a 0 min, b 0.5 h,
¢ 5 h, and d 10 h; the insets of
(a) and (b) show enlarged
SEM images of the parts
marked by the circles in

(a) and (b), respectively

sizes and exfoliated into stacked thinner nanoplates
in the alkaline solution by the P25-TiO, nanoparticles,
since without the addition of P25-TiO, powder, only
larger-sized PbO crystals were found in the final
products.

Figure 5b shows the SEM image of the specimen
synthesized at 200 °C for 0.5 h. The products were
still composed of tiny lamellate particles and thin
nanoplates (as marked by the circle; inset of Fig. 5b
shows the enlarged SEM image of the thin nano-
plates). To verify the detailed composition of the
mixture, XRD analysis was conducted on the samples
synthesized for 0.5 h, which is shown in Figure S3
(Supplementary Material). TiO,, PbTipgO,6 and
PbTiO; could be indexed in the XRD pattern, which
means that the PbO nanoplates reacted with P25-TiO,
nanoparticles to form PbTi,O, (stoichiometric com-
pound and Pb excess compound, i.e., PbTip O, and
PbTiO3) compounds in a short time. When the reac-
tion time increased to 5 h, thicker nanoplates with
rough basal planes appeared and mixed with a small
number of nanoparticles, indicating an incomplete
reaction (Fig. 5¢). Then, the PbTiO; nanoplates are
well formed with a relatively smooth surface as the
heating time increases to approximately 10 h, as
shown in Fig. 5d.

Based on the above discussion, a possible modified
growth process could be proposed as follows, and the
corresponding schematic image is shown in Fig. 6.
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Before heat treatment, i.e., during the mixing stage,
the large PbO crystals were crushed into smaller
crystals and exfoliated into stacked nanoplates, as
shown in Fig. 6a. This could be proven by the
observation in Fig. 5a. Then, in the initial stage of the
heat treatment, the exfoliated nanoplates reacted with
the surrounding P25-TiO, nanoparticles to form the
PbTiO; phase and the PbTipgO,6 phase with nano-
plate morphologies in a short time, as proven by the
XRD pattern shown in Fig. 53. With increasing heat-
ing time, the P25-TiO, nanoparticles continually
reacted with the PbTipsO,6 phase, and at the same
time, the thinner PbTiO; nanoplates restacked with
each other layer by layer along the [001] direction
(Fig. 6b). After that, the layered nanoplates trans-
formed into thicker PbTiO; nanoplates by the so-
called surface reconstruction and Ostwald ripening
process as proposed by Chao et al. [25] (Fig. 6¢).

3.3 The measurement of the d;; value

For ferroelectric materials, the piezoelectric coeffi-
cient (ds3) is one of the most important parameters.
To measure the ds; value, PbTiO; nanoplates were
first deposited onto Pt/SiO,/Si substrates via the
spin coating process, and then piezoelectric force
microscopy (PFM) was used to perform the mea-
surement [39].

Figure 7 shows the curve of the d3; value versus
the applied voltage of the PbTiO; nanoplates, and the
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Fig. 6 Schematic image showing the growth process of the
PbTiO; nanoplates. a The larger PbO crystals were crushed into
smaller crystals by the P25-TiO, particles and exfoliated into

inset image shows an AFM topographic image of a
single PbTiO; nanoplate. The d3; value of the PbTiO;
nanoplates is estimated to be approximately 165 pm/
V based on the curve. Compared with the ds3 values
of PbTiOj; single crystals (117 or 143 pC N~ ') sum-
marized by Yan et al. [40], this value is greatly
enhanced due to the preferable growth of the {001}
planes (<001>orientation), which could be used to
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Fig. 7 d;; versus E curves of the PbTiO; nanoplates; the inset
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layered structures; b dispersive PbTi,O, thinner plates mixed with
the unreacted P25-TiO, particles; ¢ the final PbTiO; nanoplates

produce <001>-textured  Pb-based

ceramics [11, 12].

piezoelectric

4 Conclusions

To conclude, PbTiO; nanoplates with an aspect ratio
of approximately 5 were successfully synthesized by
a hydrothermal method. To evaluate the effect of
different growth parameters on the growth of the
nanoplates, a series of experiments related to the
concentration of the mineralizer (KOH), Pb%"/Ti*"
ratio and heating time, etc. were performed. The best
growth conditions were set as 200 °C/10 h, Pb%+/
Ti4+ =1.25 (Mp25 =5 mmol and MPb(NO3)2-
= 6.25 mmol), Mgoyg = 8 mol/L (in 30 ml of DI
water) with P25-TiO, and Pb(NOj), as the source
materials. In addition, a modified growth process of
the PbTiO; nanoplates was proposed by studying the
results at different synthesis durations. Furthermore,
ds3 versus the applied voltage showed a good hys-
teresis curve with a maximum dz; value of ~ 165
pm/V, indicating good ferroelectric behaviors of the
as-synthesized PbTiO; nanoplates.
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