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Low-dimensional nanomaterials, such as nanowires[1] and
nanotubes,[2, 3] have received extensive attention because of
their fascinating catalysis,[4] optics,[5] and electronics[6, 7] prop-
erties, which offer the opportunity to fabricate nanodevices.
Much attention has been paid to materials with two-dimen-
sional (2D) nanostructure because of their unique electronic,
magnetic, and storage properties.[8–10] In particular, the recent
development of stable graphene has stimulated great interest
in studying free-standing 2D nanomaterials.[8] So far, a variety
of 2D free-standing materials with nanostructure, such as PbS
nanosheets,[9] WO3 nanoplates,[10] CeO2 nanoplates,[11] MoS2

nanoflakes,[12, 13] and TiO2 nanosheets,[4] have been success-
fully synthesized. Compared to these simple compounds, 2D
free-standing, single-crystal multicomponent oxide nanoma-
terials, such as ferroelectric oxides, have been rarely reported
because of the relatively complex crystal structures and rigid
crystalline properties of these oxides.

Ferroelectric oxide nanomaterials, such as PbTiO3 (PT),
Pb(Zr,Ti)O3, and BaTiO3, have versatile properties for
various technical applications ranging from nonvolatile ferro-
electric random access memories (NFERAMs) to electro-
mechanical applications.[14, 15] Among these nanomaterials, 2D
free-standing, single-crystal ferroelectric materials are highly
attractive because of their potential performances. For
example, ultrathin single crystals of BaTiO3

[16,17] prepared
by focused ion beam (FIB) microscopy have been used as
single-crystal capacitors with thicknesses down to about
65 nm. These ferroelectric platelets fabricated by FIB have
greatly improved our understanding of the fundamental
properties of thin films.[18,19] However, recent theoretical
research predicts that ferroelectric nanodiscs could even favor

an ultimate NFERAM density of 60 � 1012 bits per square inch
as well as a new toroid moment.[20] In contrast to the
conventional properties, the surface chemistry of ferroelectric
oxides only gradually became an active field of research.[21] In
particular, it has been predicted that CO and NO catalysis
could be favored on ultrathin Pt(100) films supported on
ferroelectric PbTiO3.

[22]

Various methods have so far been applied to fabricate 0D
and 1D ferroelectric nanomaterials, including templated
methods,[23–26] sol-gel processing,[27, 28] soft-chemistry
routes,[29] solvothermal/hydrothermal reactions,[30, 31] and elec-
trospinning techniques.[32, 33] Despite much effort, there is still
an absence of a simple wet-chemistry method to prepare 2D
single-crystal ferroelectric nanomaterials, such as nanoplates
and nanodiscs. Here we report, for the first time, that free-
standing, single-crystal PT nanoplates can be synthesized by
a facile hydrothermal method. The characterization of the
microstructure by X-ray diffraction (XRD) and high-resolu-
tion transmussion electron microscopy (HRTEM) demon-
strates that these PT nanoplates, with side lengths of 600–
1100 nm and heights of about 150 nm, grow along the ab plane
of the tetragonal perovskite structure and that {001} facets at
the top and bottom surfaces are exposed. The “self-tem-
plated” crystal growth has been employed to discuss the
mechanism for the formation of PT nanoplates under hydro-
thermal conditions. Electrostatic force microscopy in the
dynamic contact mode (DC-EFM) of operation was also used
to study the ferroelectric properties of the PT nonaplates.
Furthermore, the catalytic performance of the nanoplates for
the oxidation of carbon monoxide (CO) has been evaluated.

In brief, tetragonal-phase PT nanoplates were synthesized
by a hydrothermal method at 200 8C by using 6m KOH.
Figure 1a shows a typical XRD pattern (JCPDS 70-0746) of
PT nanoplates prepared by the hydrothermal process at
200 8C for 12 h with 6m KOH, and indicates that the product
has a pure tetragonal perovskite PT structure. More impor-
tantly, the intensity of the (001) diffraction peak is dramat-
ically higher than that of (100), which is opposite to the case in
conventional perovskite PT (JCPDS 70-0746). This observa-
tion reveals that {001} crystal planes are prevailent in the
sample. Scanning electron microscopy (SEM) and TEM
analysis show that the products consist of well-defined
structures with a rectangular outline and a side length of
600–1100 nm (Figure 1b,c). The HRTEM image (Figure 1d)
of a PT nanoplate shows a clear crystal lattice with uniform
interplanar spacings of 0.390 nm and 0.390 nm, which corre-
spond to the tetragonal (100) and (010) planes, respectively,
and indicate that the PT nanoplates grow along the ab plane
of the perovskite structure. The effect of the KOH concen-
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tration on the formation of free-standing, single-crystal PT
nanoplates has also been investigated (see Figure S1 in the
Supporting Information).

The topography and domain images of the PT nanoplates
was investigated by DC-EFM.[34] NSC15 Ti-Pt cantilevers
with a force constant of 5.5 N m�1 and a resonance frequency
of 160 kHz were used. Figure 2 displays the topographic
image, line profiles, and domain contrast of the PT nanoplates
observed by DC-EFM. Figure 2 a,b shows that individual PT
nanoplates possess a plate-shaped structure and a relatively
smooth surface. The height and the lateral size of the PT

nanoplates have been determined to be approximately
150 nm and 950–1100 nm, respectively. Figure 2c shows the
topography of three PT nanoplates, while Figure 2d shows the
corresponding domain contrast of the PT nanoplates. The
topographic and domain contrast images were obtained
simultaneously by DC-EFM. A huge difference—dark and
bright regions—can be observed in the domain contrast
images. The charge-density image distinctly shows two levels
of dark and bright regions that correspond to the positively
and negatively polarized domains,[34] respectively, which
indicates that the PT nanoplates are single-domain ferro-
electric nanoplates. Furthermore, the positively and nega-
tively polarized domains (500 nm � 500 nm) were centered
where the DC-EFM tip was positioned on a PT nanoplate
during writing, which clearly demonstrates that the PT
nanoplates have potential in ferroelectric memory devices
(see Figure S2 in the Supporting Information).

The evolution of the crystal structures and morphologies
of the products synthesized at 200 8C in 6m KOH for different
periods of times was studied (see Figure S3 in the Supporting
Information). When the products were prepared at 200 8C for
20 and 30 minutes, large-scale thin nanoplates and nano-
particles were synthesized, respectively. A prolonged syn-
thesis led to a gradual increase in the thick nanoplates at the
expense of the thin nanoplates and nanoparticles. To under-
stand the growth mechanism of the PT nanoplates we focused
on the product synthesized hydrothermally at 200 8C for 0.5 h.
Figure 3 depicts a comparison of the as-prepared product
before and after the acid-washing procedure. Before acid
washing (Figure 3a,b), the product consists of TiO2 (JCPDS
21-1236), Pb3O4 (JCPS 41-1493), and tetragonal PT (JCPDS
70-0746), with large-scale thin nanoplates and nanoparticles
being observed (Figure 3b). Some nanoparticles are absorbed
on the surfaces of the thin nanoplates. Moreover, Pb, Ti, and
O were detected in the product in a Pb/Ti/O molar ratio of

Figure 1. a) Typical XRD pattern and b) SEM image of PT nanoplates
synthesized hydrothermally at 200 8C for 12 h. c) Low-magnification
TEM image of an individual PT nanoplate. d) HRTEM image of an
individual PT nanoplate; the inset shows the corresponding fast
Fourier transform (FFT) ED pattern along the [001] zone axis.

Figure 2. a) DC-EFM topographic image of a PT nanoplate in three
dimensions. b) Line profiles of the former PT nanoplate. c) Topo-
graphic image and d) domain contrast of three PT nanoplates obtained
by DC-EFM.

Figure 3. Typical XRD patterns (a,c) and SEM images (b,d) of as-
prepared products synthesized at 200 8C for 0.5 h by a hydrothermal
process. a,b) As-prepared products; c,d) after acid washing with 1%
HNO3. For (a) ! TiO2 (JCPDS 21-1236), * Pb3O4 (JCPDS 41-1493), *

PbTiO3 (JCPDS 70-0746); for (c) ! anatase TiO2, & rutile TiO2.
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approximate 1:1:3 by energy dispersive spectroscopy (EDS;
see Figure S4a in the Supporting Information). After acid
washing the product with 1 % HNO3 (Figure 3c,d) only
anatase and rutile TiO2 nanoparticles remain, with a Ti/O
molar ratio determined by EDS (Figure S4b) to be close to
1:2. Furthermore, the XRD results were further confirmed by
Raman spectroscopy analysis (Figure S4c,d).

The microstructure of the product prepared for 0.5 h has
been characterized by high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) and
HRTEM (Figure 4). The HAADF STEM images (Figure 4 a)

and DC-EFM detection (see Figure S5 in the Supporting
Information) show that the individual thin nanoplates usually
have side lengths of 400–800 nm and heights of about 22 nm.
There are two types of crystal structures in the HRTEM
image of the thin nanoplate (Figure 4b). The crystal lattice in
Part 1 shows an interplanar spacing of 0.291 nm, which
corresponds to the (112) crystalline plane of Pb3O4. The
crystal lattice in Part 2 reveals that a particle with a size of
approximately 18 nm is a single crystal with an interplanar
spacing of 0.350 nm, which corresponds to the (110) crystal-
line plane of TiO2. Such an observation strongly suggests that
TiO2 nanoparticles are embedded in the Pb3O4 thin plate.
Interestingly, these thin nanoplates stacked into a thick
nanoplate with a side length of 400–800 nm (Figure 4c).
Figure 4d shows the HRTEM image of stacked thin nano-
plates, which demonstrates a clear crystal lattice with uniform
interplanar spacings of 0.390 nm and 0.390 nm, which corre-
spond to the tetragonal (100) and (010) planes, respectively,
and indicate that perovskite PT structures are formed.
Moreover, the HRTEM images of unstacked thin nanoplates

(areas A and B in Figure 4c) are the same as that of the
individual thin nanoplates (Figure 4b; see Figure S5 in the
Supporting Information). Furthermore, the size of the thick
nanoplate is close to that of the PT nanoplates. The PT
nanoplate (height of ca. 150 nm, Figure 2b) probably forms
by the stack and Ostwald ripening process of 5–7 layers of thin
nanoplates (height of ca. 22 nm; see Figure S5 in the Support-
ing Information). In particular, the negatively polarized
domains (Figure S5f) detected in some regions suggested
that tetragonal phase PT was formed in these regions within
the thin nanoplate. Furthermore, the Pb, Ti, and O mappings
(see Figure S6 in the Supporting Information) demonstrate
that the Pb, Ti, and O atoms are almost uniformly distributed
in the thin nanoplates. However, the Ti mapping shows that
the Ti is concentrated only in the bright regions (Figure S6b).
A quantitative phase analysis of the products synthesized at
200 8C for different times (0.5 h, 2 h, and 6 h) was carried out
using Rietveld refinement analysis on the XRD data (see
Table S1 in the Supporting Information). After refinement,
the phase compositions of the samples were determined to
consist of completely crystallized PT, partially crystallized PT,
Pb3O4 (JCPDS 41-1493), and TiO2 (JCPDS 21-1236). The
weight fractions of completely crystallized PT gradually
increase, and the weight fractions of partially crystallized
PT, Pb3O4 (JCPDS 41-1493), and TiO2 (JCPDS 21-1236)
gradually decrease at prolonged reaction times (see Table S1
in the Supporting Information).

On the basis of the above results, a growth mechanism of
single-crystal PT nanoplates under hydrothermal conditions
is proposed (Figure 5). Firstly, lead oxides (Pb3O4) are

produced immediately in the alkaline solution and form the
backbone of the nanoplate. TiO2 particles are then absorbed
and embedded within the lead oxide templates, and thin
nanoplates are formed (Figure 5a). This stage occurs within
a short time (20–30 min) at the reaction temperature (see
Figure S3 in the Supporting Information). Thin nanoplates
then attach and stack along the vertical direction to the thin
nanoplate, a process probably induced by electrostatic forces
(Figure 5b). Finally, perovskite-phase PT nanoplates are
formed by the surface reconstruction and Ostwald ripening
process of thin nanoplates (Figure 5c). Such a process is

Figure 4. HAADF STEM images of the product synthesized hydro-
thermally at 200 8C for 0.5 h. a) An individual thin nanoplate. c) A
stacked nanoplate. b,d) The corresponding HRTEM images of (a) and
(c), the inset in (d) shows the corresponding fast Fourier transform
(FFT) ED pattern along the [001] zone axis.

Figure 5. Mechanistic model for the growth of single-crystal PbTiO3

nanoplates prepared under hydrothermal conditions.
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supported by a long hold time (1–10 h) and the coexistence of
two phases (thin nanoplate and perovskite-phase PT nano-
plate; see Figure S3 in the Supporting Information). More-
over, the results confirm that lead oxides play a key role in the
formation of the perovskite-phase nanoplates (see Figure S7
in the Supporting Information). When the Pb/Ti molar ratio
was set at 1.0:1, the coexistence of only two phases instead of
PT nanoplates with a pure perovskite structure was obtained.
Hence, the formation of the perovskite PT nanoplates is
closely related to the lead oxide/titanium dioxide nanoplates.
Therefore, a “self-templated” crystal-growth process under
hydrothermal conditions is the dominant mechanism for the
formation of the PT nanoplates.

The catalytic activity of ferroelectric PT nanoplates and
Pt/PT nanoplates for the oxidation of carbon monoxide (CO)
were evaluated as a function of temperature (Figure 6). For

the pure PT nanoplates, the CO conversion into CO2 starts
around 110 8C and increases slowly up to 250 8C. At least 80%
conversion is observed at 250 8C for the PT nanoplates.
However, for the Pt/PT nanoplates, the CO conversion into
CO2 starts around 60 8C and increases significantly from 70 8C
to 100 8C, with 100 % conversion occurring at 100 8C (image of
a Pt/PT nanoplate shown in Figure S8 in the Supporting
Information). In particular, it was found that CO dissociation
does not occur on the bulk Pt surface.[24] The BET surface
area measurement yielded a value of 1.71 m2 g�1 for PT
nanoplates, far lower than that of other oxides.[35–37] Even with
such a low surface area, the temperature of the 100%
conversion of CO with the Pt/PT nanoplate system remains
lower by at least 40 8C than that of Pt/CeO2 nanocomposites
(the 100 % conversion of CO was 144–223 8C).[35] This finding
suggest that a different principle could be involved compared
to other oxide catalysts. The ferroelectric polarization of the
PT nanoplates may play a crucial role in the CO oxidation,
where changes in the molecular potential energy surface are
made to the platinum centers to promote the reaction
kinetics.[22] Although the catalytic activity was evaluated
only for the oxidation of CO in the present study, PT
nanoplates or Pt/PT nanoplates could also be effective

catalysts for other systems, such as NOx and automotive
exhaust emission.

In summary, we have developed a facile synthetic method
to prepare free-standing, single-crystal PT nanoplates. PT
nanoplates grow along the ab plane of the tetragonal
perovskite structure, with exposed {001} facets at the top
and bottom surfaces. The PT nanoplates have a side length of
600–1100 nm, a height of about 150 nm, and an aspect ratio of
about 6:1. Furthermore, the present findings indicate that PT
nanoplates probably form by a “self-templated” crystal-
growth process under hydrothermal conditions. More impor-
tantly, the PT nanoplates have a ferroelectric single-domain
structure, where writing and reading manipulation of the
polarization areas within such nanoplates has been realized.
Furthermore, the nanoplates could serve as effective catalysts
for the oxidation of carbon monoxide (CO). The findings
presented here not only provide an opportunity to understand
the morphology and size effects on ferroelectricity at the
nanoscale but also offer the possibility to explore the catalytic
application of ferroelectric oxides, for example, as sensors and
in the treatment of automotive exhaust emissions.

Experimental Section
Single-crystal and single-domain PT nanoplates were synthesized by
a hydrothermal method as follows: TiO2 and Pb(NO3)2 were used as
the starting materials. Analytical grade KOH was used as the
mineralizer. The Pb/Ti molar ratio was set at 1.25:1 and the
concentration of KOH was 6m. The hydrothermal treatment was
performed in an autoclave at 200 8C for different time periods. The
resultant products were filtered and washed with 1% nitric acid,
deionized water, and ethanol, and subsequently dried at 60 8C in air
for further characterization. The sample was dispersed in ethanol
solution, and a drop of solution was dropped onto the Si(100)
substrate under ambient conditions until all the ethanol had
evaporated. The samples were then analyzed by DC-EFM. The PT
nanoplates were dispersed in deionized water in an ultrasonic bath for
30 min. A 0.05m aqueous solution of chloroplatinic acid
(H2PtCl6·6H2O) was then added to the above suspension. After
stirring the mixture for 15 min at room temperature, a 0.2m solution
of NaBH4 (reductant) was added dropwise and the mixture kept in an
ultrasonic bath for 30 min. The Pt/PT nanoplates were obtained after
centrifugation, washing with deionized water for five times, and then
drying at 60 8C for 24 h.

The XRD patterns were obtained on a RIGAKUD-MAX-C with
CuKa radiation (l = 1.54056 �). SEM images were collected on
a Hitachi field emission SEM MODEL S-4800 equipped with an
EDX detector. TEM images were collected on a JEOL JEM-200CX
microscope at an accelerating voltage of 160 kV. HRTEM images and
high-resolution STEM studies were recorded on a 200 kV FEI F20
transmission electron microscope. DC-EFM was employed to inves-
tigate the topography and ferroelectric properties. NSC15 Ti-Pt
cantilevers with a force constant of 5.5 Nm�1 and resonance
frequency of 160 kHz were used. The BET surface area of the PT
nanoplates was determined from the linear part of the BET isotherm
(Brunauer curve in 0.05–0.35 partial pressure range). The ambient
pressure CO oxidation model reaction was performed in a continuous
flow fixed-bed quartz tubular reactor (6 mm i.d.). 50 mg (40–60 mesh)
of a 1% PT powder or Pt/PT powder catalyst was packed in the
reactor and pretreated at 120 8C for 2 h under a dry He flow
(50 mLmin�1). After cooling the mixture to room temperature, a dry
0.7 vol% CO/33.3 vol % O2/He mixture feed stock (30 mLmin�1) was

Figure 6. Catalytic activity in terms of carbon monoxide (CO) conver-
sion as a function of reaction temperature.
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introduced into the reactor. All reactants and products were analyzed
by on-line gas chromatography.
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