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Synthesis of shape-tunable PbZrTiOz nanocrystals
with lattice variations for piezoelectric energy
harvesting and human motion detectionf
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PbZrqy 7Tip 303 cubes with tunable sizes and cuboids have been hydrothermally synthesized. PbZrTiOs cubes
with three different Zr : Ti atomic percentages were also prepared. Analysis of synchrotron X-ray diffraction
(XRD) patterns reveals the presence of two lattice components for these samples. Fast Fourier Transform
(FFT) processing of high-resolution transmission electron microscopy (HR-TEM) images shows
discernible lattice spot differences between the inner bulk and surface layer region for a PbZrg;Tip 303
cube, while a cuboid has distinct lattice spot deviations. The lattice variations yield different dielectric
constant numbers for these two samples, despite being bound by the same crystal faces. The PbZrTiO3
crystals give size- and composition-dependent band gaps. Cuboids show notably larger piezoelectric
and ferroelectric responses than cubes. Piezoelectric nanogenerators (PENGs) containing 30 wt%
cuboids produce the highest open-circuit voltage of 20.36 V and short-circuit current of 2300 nA. The
PENGs harvest energy through bending/releasing cycles to power devices and show photothermal
pyroelectric activity. Moreover, a single 30 wt% cuboid PENG device integrated into a shoe insole can
deliver an impressive 96.8% accuracy for human motion detection using a machine learning approach.
This work illustrates that considerable lattice variation through crystal shape control is effective in
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Introduction

Semiconductor crystals broadly possess facet-dependent
behaviors in their electrical conductivity, photocatalytic
activity, and optical properties."® Moreover, MnS and Co3;0,
nanocrystals exhibit surface-specific magnetic properties.>*®
BaTiO; cubes and octahedra also present appreciable differ-
ences in ferroelectric, piezoelectric, and pyroelectric
responses.” The emergence of all these phenomena should
arise from the existence of bulk and surface region lattices with
slight changes in their lattice constants, which are related to the
particle shape or the exposed faces, just like steaks from
different cuts. The evidence for such structural features in ionic
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solids comes from synchrotron XRD analysis and HR-TEM
characterization.**'* Because of this structural variation, parti-
cles exposing different surfaces absorb light with shifted
wavelengths to present distinct colors.**® This surface lattice
deviation occurs naturally as the crystals are synthesized, but
has not been recognized previously. To extend the discovery of
facet effects observed in BaTiO; polyhedra, it is desirable to
synthesize lead zirconium titanate crystals with different
shapes, as this material is known to possess ferroelectricity,
piezoelectricity, and pyroelectricity.*** Since Zr*" and Ti**
cations can randomly occupy the octahedrally coordinated
center of the perovskite unit cell, PbZrTiO; has variable Zr/Ti
ratios. Charge distribution asymmetry from zirconium and
titanium atom arrangement produces electric dipoles within
the material and creates an internal electric field, resulting in
spontaneous polarization.

Tetragonal- and rhombohedral-phased PbZrTiO; submicron
and microcrystals have been prepared by a hydrothermal
synthesis approach.’® Acicular and agglomerated PbZrTiO;
cubes were co-synthesized hydrothermally.'”** However, the
formation of PbZrTiO; polyhedral crystals with tunable sizes,
shapes, and composition is still not reported. Polyhedra are best
for shape-related piezoelectric response comparison. Previ-
ously, flexible porous piezoelectric nanogenerators incorpo-
rating irregular PbZrTiO; particles or nanorods and silver
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nanowires have been fabricated to improve the strain response
and energy conversion efficiency."®*® PbZrTiO; thin films with
a composition gradient were deposited on mica substrates to
fabricate PENGs.”* PbZrTiO; microcubes mixed with polymers
have also been used to prepare PENGs.”” It is also useful to
compare the performance of piezoelectric nanogenerators
incorporating PbZrTiO; crystals with different shapes to illus-
trate the effect of interior lattice features on various field-
induced properties.

In this study, PbZrTiO; cubes with tunable sizes and cuboids
have been hydrothermally synthesized. PbZrTiO; cubes having
three Zr: Ti atomic percentages were also obtained. In addition
to in-house XRD measurements, synchrotron XRD patterns
have revealed the presence of two lattice components. TEM
analysis shows distinctly different lattice spots between a cube
and a cuboid. The lattice variation between cubes and cuboids
is also reflected in their dielectric constants. The cubes present
size- and composition-dependent band gaps. Cubes and
cuboids exhibit notable differences in their piezoelectric and
ferroelectric responses. Piezoelectric nanogenerators were
fabricated to determine the amount of material that delivers the
best output voltage and current. The devices were then char-
acterized for their electrical output performance in energy
harvesting applications through bending cycles and photo-
thermal heating. Furthermore, these PENGs are showcased as
self-powered wearable devices for human motion detection with
high accuracy using a machine-learning approach.>** Wear-
able sensors that can produce their own electricity are essential
for long-term health monitoring of the elderly or those who
have just recovered from illness. The self-powered sensor
reduces the use of batteries for long-term sensing.*®

Results and discussion

Large PbZrTiO; cubes have been synthesized by mixing an
aqueous solution containing titanium bis(ammonium lactato)
dihydroxide, or TALH, and ZrOC]l, with another aqueous solu-
tion containing lead nitrate and KOH (see Table S1, ESI{ for the
exact reagent amounts used) in an autoclave, and the mixture
was heated to 200 °C for 2.5 h in an oven. To grow smaller
PbZrTiO; cubes, addition of LiNO; and adjustment in the
amount of KOH introduced were found to be effective. Adding
LiNO; may affect the rate of Pb(NO3), dissociation to tune the
Pb** concentration, while KOH is involved in the redox reaction.
Increasing the amounts of TALH and ZrOCl, yields cuboids. The
overall reaction equation is provided below.

Pb(NO), + ZrOCl, + [CH;CH(O-)CO,NH,],Ti(OH), + 2KOH
— PbZrTiO; + 2KCl + 2NH,NO; + 2CH;CH(OH)COOH + O,

Fig. S1t provides scanning electron microscopy (SEM)
images of size-tunable Pb ;Zr, ;TiO; cubes with average edge
lengths of 538, 413, and 282 nm. SEM images of PbZr,Ti; ,O3
cubes with Zr: Ti atomic percentages of 60 : 40, 55 : 45, and 45 :
55 and similar sizes are also shown in Fig. S1 (ESI).f Size
distribution histograms of the six samples are available in
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Fig. 1 SEM images of the synthesized PbZry7Tig 303 (a) cubes and (b)
cuboids.

Fig. S2 (ESI).t The cubes are highly uniform in size and shape.
They also appear to be individual particles without any
agglomerated growth. Energy-dispersive X-ray spectroscopy
(EDS) analysis was used to determine the Zr to Ti atomic
percentages (see Fig. S3, ESIT). This is also how the size-tunable
cubes were determined to have a composition of approximately
PbZr, ;Tip30;3. Fig. 1 shows SEM images of PbZr,,Tis30;
cuboids and 555 nm PbZr,,Tip30; cubes prepared using
different volumes of TALH and ZrOCl; from those added for
growing the series of size-tunable cubes. Additional SEM
images of the cuboids are shown in Fig. S4 (ESI).t The cuboids
generally have a more elongated geometry compared to the
cubes. Fig. S5 (ESI)T presents size distribution histograms of
these two samples. The cuboids have average dimensions of
413 nm X 620 nm X 660 nm.

Fig. 2 shows XRD patterns of the 555 nm PbZr, ;Ti, 303 cubes
and 660 nm cuboids. XRD patterns of the size-tunable cubes are
provided in Fig. S6 (ESI).T All the samples appear to match with
a reference pattern of tetragonal phase PbZr 5,Tij 4503 (COD
ID: 1521044) with a PAmm space group. No impurity peaks were
detected. For the series of size-tunable cubes, the peak positions
shift slightly to higher angles, indicating smaller lattice
constants. Particle size-related lattice constant variation has
been observed in MnS crystals.” The XRD patterns show
enhanced (001)/(100) peaks, as well as strong (002)/(200) peaks,
suggesting the PbZrTiO; crystals should expose {001} and {100}
surfaces. The peak positions of cuboids also shift slightly to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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higher angles compared to cubes. The tiny XRD peak shifts are
often not recognized, if the precise peak positions are not

recorded. Fig. S7 (ESI)T shows XRD patterns of the PbZ, ¢Ti, 403,
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Fig. 2 XRD patterns of the synthesized PbZry-TiosO5 cubes and Perovskite composition.
cuboids. A tetragonal phase pattern of PbZrTiOs is also shown.
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Fig. 3 Expanded (001)/(100), (101)/(110), and (111) synchrotron XRD peaks of PbZrq;Tig 303 cubes and cuboids, and PbZrg ¢Tig 403, PbZrg s5-
Tio.4503, and PbZrg 45Tip 5503 cubes. The gray lines are outcomes of the two-phase simulation from the Rietveld refinement process.
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To carefully analyze the interior lattices of the synthesized
cubes and cuboids, a synchrotron X-ray wavelength of 0.43503 A
was used to obtain high resolution diffraction patterns (see
Fig. S8, ESIT). The HR-XRD patterns were imported into GSAS IT
software and refined with the P4mm space group. Unit cell
constants were adjusted, and a zero-point shift correction was
applied to ensure that the calculated peak positions match the
observed ones. Various parameters such as microstrain,
thermal vibration, and two-phase simulation were incorporated
to better match the calculated peak profile with the observed
peaks. Constraint equations were added to confine the fraction
and position of atoms, aiming to stabilize the atomic thermal
vibration. A two-phase simulation was conducted to better fit
the asymmetric XRD peaks. The resulting simulation profiles
are shown in Fig. 3. The simulation peaks are presented in gray,
with the lighter gray representing the bulk phase and the darker
gray representing the surface phase. The presence of two lattice
phases indicates the existence of a surface layer in the PbZrTiO;
crystals. The refined cell parameters of PbZrTiO; are detailed in
Table S2, ESLt All resulting refinement patterns meet the
standard criteria for accuracy, as indicated by wR and R(F?).
Microstrain is used to describe the degree of stretching expe-
rienced by lattices. Lattices in the crystal surface layer typically
exhibit a higher microstrain, allowing for the distinction
between surface and bulk phases. Table S2, ESIt reveals that the
proportion of the surface layer in the PbZr, ;Ti, 305 cubes and
cuboids is greater than that of the bulk. On the basis of bulk and
surface layer fractions, the surface layer thicknesses are depic-
ted in Fig. S9, ESL.f On the other hand, the bulk is the major
lattice component for the three samples with different Zr to Ti
atomic percentages. They also have larger c/a numbers.
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HR-TEM characterization of a single PbZr, ;Ti, 305 cube and
cuboid is displayed in Fig. 4. The selected-area electron
diffraction (SAED) patterns, obtained along the [010] zone axis,
give discrete spots, implying their single crystallinity. However,
streaks are only observed in the SAED pattern of the cuboid,
suggesting lattice differences exist between the two samples.
Through the fast Fourier transform process to convert a HR-
TEM image to its diffraction pattern and reversing the diffrac-
tion pattern back to an image, a lattice spot image is obtained.
Distinctly different lattice spot features can be identified for the
cube and cuboid. Lattice fringes with d-spacings corresponding
to the (110) and (100) planes of PbZrTiO; were measured. On the
basis of the TEM and XRD characterization, both samples
should expose the same {100}, {010}, and {001} surfaces.
However, the interior lattice features differ noticeably.

The FFT-processed lattice point images provide visual
evidence of the existence of the crystal surface layer region.
Fig. 5¢ shows that the lattice points are elliptical dots in the
crystal bulk of a cube, with dashes pointing toward certain
directions. The streaks suggest that the atoms are slightly dis-
placed due to the reaction temperature. Within ~3 nm of the
cube edge (Fig. 5f), each lattice spot appears to split into two
parallel dashes. The separated dashes can merge together near
the crystal surface. Also, the interior and surface dashes point
along roughly perpendicular directions. These differences
support the presence of bulk and surface layer lattices. For the
cuboid bulk (Fig. 5i), slanted dashes running along two direc-
tions can be easily recognized. This lattice feature is clearly
different from that of the cube and extends all the way to the
cuboid surface, agreeing with the XRD refinement results of
a greater surface layer fraction for cuboids (Fig. 51). The streaks

(001)

# (i01)

(100)

8A (110)

» (101)

(001)
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Fig.4 TEMimages, SAED patterns, and FFT-derived lattice point images of (a) a PbZrg 7 Tig 303 cube and (b) a PbZrg 5 Tig 303 cuboid. The models

show their exposed faces.
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(a, d, gand j) HR-TEM image of a portion of (a and d) a PbZrg 7Tig 303 cube and (g and j) a cuboid. (b, e, h and k) The corresponding FFT-

derived lattice point images of the red square areas. (c, f, i and |) Enlarged images of the white square areas.

also become more elongated near the surface, indicating
a larger degree of surface lattice deviation. The interior lattice
differences between cubes and cuboids are also reflected in
their dielectric constants (Fig. 6). At varying frequencies
between 0 and 300 kHz, the dielectric constants of PbZr, -
Tio303 cuboids can be twice as large as those of cubes. This
indicates their considerable lattice variations.

Fig. 7 shows UV-vis diffuse reflectance spectra and the cor-
responding Tauc plots of all the synthesized PbZrTiOj; crystals.
The absorption tail is red-shifted with increasing cube sizes.
The band gaps of PbZr, ;Tio ;03 cubes measured at 538, 413,
and 282 nm are 3.13, 3.18, and 3.22 eV, respectively. Despite
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Fig. 6 Frequency dependence of the dielectric constant of PbZrq -
Tip303 cubes and cuboids.

© 2025 The Author(s). Published by the Royal Society of Chemistry

their large dimensions, the band gap energy decreases contin-
uously with increasing crystal sizes. This is the general obser-
vation for semiconductor crystals. The 555 nm PbZr, ;Tiy ;03
cubes have a band gap of 3.19 eV, which is between those of the
282 and 413 nm cubes. An examination of their in-house XRD
patterns shows that the 555 nm cubes have peak positions
closer to the 282 nm cubes, and the peak positions deviate
considerably from those of the 538 nm cubes. This result
demonstrates that the interior lattice constant is also an
important factor in light absorption. The cuboids have a band
gap of 3.22 eV. With similar particle volumes to the 555 nm
cubes, the shape-related optical effect should still be present
due to their large lattice differences, although both samples
expose the same crystal faces. PbZrTiO; cubes with varying Zr :
Ti atomic percentages also display band gap changes. The band
gap increases slightly with a higher Zr ion percentage.
Piezoelectric and ferroelectric responses of all the PbZrTiO3
crystals were evaluated. Using piezoresponse force microscopy
(PFM), the piezoresponse of a crystal, in terms of output voltage,
was measured through tapping of a conductive atomic force
microscopy (AFM) probe onto a particle, with an imposed swipe
bias of —5 V to 5 V. Fig. S10 (ESI) shows the AFM system. The
amplitude-voltage butterfly loops of the crystals for piezoelec-
tricity, generated from the spontaneous polarization, as well as
phase-voltage hysteresis loops for ferroelectricity, were
collected and are shown in Fig. 8 and S11 (ESI).t The cuboid
achieved a maximum amplitude of 54-60 mV in this voltage
range, while a cube from the 555 nm sample only delivered an

Chem. Sci., 2025, 16, 3285-3295 | 3289
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Fig. 7 UV-vis diffuse reflectance spectra of (a) size-tunable PbZrg7Tipg 303 cubes, (b) 555 nm PbZrg ;Tig 303 cubes and 660 nm PbZrg 7 Tig 303
cuboids, and (c) PbZr,Ti;_,Osz with different Zr : Ti atomic percentages. (d—f) Their corresponding Tauc plots.

amplitude of 22-30 mV. The three samples with tunable Zr: Ti
atomic percentages have maximum amplitudes in the range of
around 32-42 mV, so they have intermediate piezoelectric
responses. The hysteresis loop arises from the reorientation of
electric dipoles in response to an applied electric field,
providing information about the ferroelectric performance of
a material. The area enclosed by the hysteresis loop is largest for
the cuboid and smallest for the PbZr,,Ti, ;05 cube. PbZr, 55-
Tio.4503 and PbZr, ¢Tiy 403 cubes have an intermediate tip bias
separation in their hysteresis loops. The greater lattice devia-
tions in cuboids contribute to enhanced polarization and the
alignment of electric dipoles, resulting in overall higher ferro-
electric and piezoelectric responses.

To further examine the piezoelectric output performance of
PbZr, ;Tip 303 cubes and cuboids, piezoelectric nanogenerator
devices were constructed by mixing different weight percent-
ages (10%, 20%, 30%, and 40%) of PbZrTiO; powder with pol-
ydimethylsiloxane (PDMS) to determine the optimal
composition, as shown in Fig. 9. The working principle of
a PENG is based on the polarization of electric dipoles in the
piezoelectric materials. Fig. S12 (ESI)T shows photographs of
the fabricated PENG device for measurements of mechanical-to-
electrical energy conversion. Fig. S13 (ESI)f illustrates the PENG
mechanism under bending and releasing operation. When no
external stimulus is applied, the piezoelectric material is elec-
trically neutral with no piezoelectric signal or current flow.
However, when an external stimulus like bending is applied, it
causes deformation of the piezoelectric material's crystal
structure. This structural change induces polarization of the
electric dipoles, generating a piezoelectric potential field and

3290 | Chem. Sci, 2025, 16, 3285-3295

consequently an electrical current flow in the external circuit. As
the piezoelectric potential field diminishes, a current is induced
in the opposite direction. The open-circuit voltages and short-
circuit currents increase with the particle content from 10 to
30 wt%. However, the output signals drop with the content
increasing to 40 wt%. Table S3 (ESI)} shows the output voltages
and currents of the PENG devices. Lattice differences in
PbZr, ;Tiy 303 cubes and cuboids should be linked to the output
results, with cuboids exhibiting better performance at both
open-circuit voltage and short-circuit current. The device con-
taining 30 wt% PbZr,,Tiy;0; cuboids exhibits the highest
output signals, with an open-circuit voltage of 20.36 V and
a short-circuit current of 2.30 pA. As seen in Table S4 (ESI),T
both the cubes and cuboids exhibit generally stronger output
signals than PENGs made using other reported PbZrTiO;
morphologies.

To determine the effective output power of the PENG device
with 30 wt% cuboids, the connected load resistances were
varied to measure the output signals (see Fig. S14, ESIT). The
effective output power is the product of output current and
output voltage. The maximum output power is 2.4 pW under
a load resistance of 986 kQ. To substantiate the energy har-
vesting capability of the fabricated PENGs, we have utilized the
device under continuous bending and release cycles with
a linear motor (Fig. S15a, ESIt). Before the energy harvesting
application, switching polarity tests were performed to verify
that the output signals originate from the piezoelectric
response. The forward and reverse circuit connections of the
device are depicted in Fig. S15b (ESI).f Under either circuit
connection, the amplitudes of output voltage and current are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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similar but opposite in direction. For real-life applications, the
fabricated PENG should provide a stable long-term output
performance. Hence, the device was subjected to a long-term
stability test at a frequency of 1 Hz (Fig. S16, ESIT). Very stable
open-circuit voltage was recorded over 1500 s of bend-release
cycles.

Furthermore, the devices containing 30 wt% crystals
underwent electrical poling at ambient temperature by exposing
them to a 5 kV electric field for 1 hour. While this poling process
significantly enhanced the open circuit voltage outputs, the
overall pattern of device response remained consistent with the
unpoled samples, as demonstrated in Fig. S17, (ESI).T Besides,
the humidity-dependent stability of a device was investigated,
confirming the robustness of the PENG under different
humidity conditions (Fig. S18, ESIT). The frequency-dependent
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performance of the same device was also examined. Fig. S19
(ESI)T shows that an increase in frequency will increase the
output. However, as the average frequency of human motion is
1 Hz,**® this frequency is used for all the measurements.
Moreover, Table S5 (ESI)t provides a comparison of the output
performance of this device with other state-of-the-art PENGs
based on different materials. PENGs incorporating the
PbZrTiO; cuboids give the best open-circuit voltage.***
However, the large substrate area (6 cm?) results in a lower
current density.

The rectified output is utilized to charge a range of capacitors
(0.1, 0.2, 0.3, 0.4, and 1.0 pF). The electrical circuit for the
capacitor charging experiment and the results are shown in
Fig. 10a—-c. The harvested energy in the capacitor is then utilized
to power a digital hygrometer and stopwatch (Fig. 10d-g). After
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Fig. 10 Capacitor charging experiments and energy harvesting demonstrations. (a) Schematic representation of the circuit connection for the
capacitor charging by utilizing the PENG. (b) Charge output of the PENG with 30 wt% PbZrTiOz cuboids. (c) Charging capability of the PENG
under different capacitance capacities. (d and e) Powering a digital hygrometer. (f and g) Powering a digital stopwatch. (h) Powering two LEDs. (i)
Cyclic changes in the temperature of the cuboid-based nanogenerator from infrared lamp irradiation cycles. (j and k) Pyroelectric responses of
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Output class

(@) Human motion detection using a single PENG sensor and the observed outputs for various movements. (b) Schematic representation

of the flow diagram of the machine learning model for motion detection. (c) The confusion map of the machine-learning outcomes of human

motion detection.

the successful capacitor charging tests, the fabricated PENG was
utilized to light commercial LEDs (Fig. 10h). Besides piezo-
electric and ferroelectric behaviors, the PbZrTiO; crystals
should also possess pyroelectricity. Here, the PENGs were sub-
jected to photothermal heating and cooling cycles by switching
on and off an infrared lamp (PHILIPS, IR-175R-PAR, 175 W,
780-1400 mm in wavelength) every minute. A temperature
difference of approximately 27 K can be achieved between the
on and off states of the infrared lamp (Fig. 10i). Fig. 10 also
shows the observed pyroelectric output voltages for the nano-
generators. Cuboids give higher pyroelectric output voltages
than cubes.

The fabricated PENGs can also be utilized as self-powered
motion detectors with very high precision. A single PENG

© 2025 The Author(s). Published by the Royal Society of Chemistry

device with 30 wt% cuboids was integrated with a shoe insole
using double-sided adhesive tape. Various kinds of physical
motions including walking, running, hopping, and squatting
were performed by wearing that shoe, and the PENG can
generate voltage outputs with different values and signal shapes
(Fig. 11a). The accrued signal is then processed through the
AutoML machine-learning model. The frequency and pressure
of motion are also related to these output signals. Therefore,
judging and recognizing exercise forms is possible by
comparing the voltage peak value and frequency. A flowchart
describing the method of motion detection using the machine
learning-enhanced PENG is shown in Fig. 11b. The machine
learning model's data analysis and classification procedures
were applied to the collected sensing data. Herein, an
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integrated data collection system was utilized via wireless data
transmission from the PENG to a computer (Fig. S20, ESIT).
Using the machine learning model's predictive power, a confu-
sion matrix is presented in Fig. 11c to support this result
explicitly. The machine learning model achieves an accuracy of
96.8%. Hence, the device has potential applications in motion
detection, physical abnormality detection, self-powered pres-
sure sensing, and many more.

Conclusions

PbZrTiO; crystals with different sizes, shapes, and Zr : Ti atomic
percentages have been hydrothermally synthesized. Synchro-
tron XRD analysis reveals the presence of bulk and surface layer
lattices in all these samples. TEM characterization also shows
lattice variations between the surface region and the inner bulk,
and a PbZr, ;Tiy 305 cube and a cuboid have notably different
lattice spot appearances even though they expose the same
faces. Their dielectric constants also differ considerably. The
crystals display size- and composition-dependent band gaps. A
cuboid gives stronger piezoelectric and ferroelectric responses
than a cube. A piezoelectric nanogenerator incorporating
30 wt% cuboids exhibits the highest open-circuit voltage of
20.36 V and short-circuit current of 2300 nA. The PENGs can
harvest energy through bending/releasing cycles and photo-
thermal heating/cooling. Remarkably, a single 30 wt% cuboid
PENG device integrated into a shoe insole achieved an
impressive 96.8% accuracy for human motion detection using
a machine learning approach. Thus, crystal lattice variation
through particle shape control can be a new way to enhance
material properties. Future research could focus on developing
environmentally friendly lead-free alternatives while maintain-
ing comparable performance. Additionally, investigating the
potential of different crystal morphologies beyond cubes and
cuboids may provide even higher piezoelectric responses. The
integration of these materials with flexible substrates and
exploration of their applications in more complex wearable
systems, such as full-body motion tracking or health moni-
toring devices, could expand their practical utility.

Experimental
Synthesis of PbZr, ;Tiy ;0; cubes and cuboids

To grow PbZr,,Tip 303 cubes with tunable sizes, 100.3 pL of
titanium bis(ammonium lactato)dihydroxide (TALH) solution
was added to a vial containing 1 mL of water and stirred for
10 min. After the stirring period, 0.5 mL of 0.65 M ZrOCl,
solution was added into the titanium solution and stirred for
15 min. In another vial, 10 mL of 0.5 M KOH solution was added
dropwise into a 1 mL solution containing 0.2898 g of Pb(NOj3),
and stirred for 25 min. Afterward, the two solutions were mixed
together and stirred for 15 min. LiNO; was not added in making
538 nm cubes, but was introduced to grow smaller cubes at the
10 min point of the 15 min stirring period. Next, the solution
was transferred to a 30 mL Teflon-lined autoclave and heated at
200 °C for 2.5 h in an oven. The resulting white precipitate was
collected by 11 000 rpm centrifugation for 4 min, followed by
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sonicating with 4 mL of 10% acetic acid to remove unreacted
lead oxide. Four more cycles of washing were carried out,
including two times with 6 mL of deionized water, one time with
a deionized water/ethanol mixture, and one time with 6 mL of
ethanol. Finally, the particles were dispersed in 6 mL of ethanol
for storage before characterization. The exact reagent amounts
used are listed in Table S1 (ESI).f The same procedure was
followed to grow 555 nm PbZr, ,Ti;30; cubes and 660 nm
cuboids. LiNO; was not added. The reagent amounts used are
also listed in Table S1 (ESI).t

Synthesis of PbZrTiO; crystals with different Zr : Ti atomic
percentages

PbZrTiO; crystals with different Zr : Ti atomic percentages were
prepared using the same steps as those for making 413 nm
PbZr, ;Tiy 303 cubes. By mainly tuning the relative amounts of
TALH and ZrOCl, solutions and adjusting the concentration
and volume of KOH in making PbZr, ,5Ti, 5503 cubes, PbZr, ¢
Tio.4O5 and PbZr, 55Tiy 4503 cubes were also synthesized. Table
S1 (ESI)t shows the reagent amounts used.

Piezoelectric nanogenerator fabrication

A 10:1 weight ratio of silicone elastomer base to silicone elas-
tomer curing agent was added to a beaker. Next, PDMS and
PbZrTiO; nanocrystals were added and mixed by probe soni-
cation with PbZrTiO; contents of 10, 20, 30, and 40%. Subse-
quently, the solution was placed into a vacuum oven to degas.
The PENG devices were fabricated by spin-coating the mixed
solution of PDMS and PbZrTiO; crystals onto an ITO/poly-
ethylene terephthalate (PET) substrate (3 cm x 2 c¢cm) at a spin-
ning rate of 200 rpm for 30 s. Another piece of the ITO/PET
substrate was then placed on the composite to construct
a sandwich structure. Finally, the device was dried at room
temperature for 30 h to allow the gel layer within the structure
to solidify. Finally, copper wires were connected to the ITO
electrodes for testing the nanogenerator device. A flowchart of
the PENG fabrication process is shown in Fig. S21 (ESI).T

Instrumentation

XRD patterns were obtained using a Bruker D2 PHASER
diffractometer operating at 30 kv and 10 mA with Cu Ka radi-
ation. Synchrotron XRD patterns were collected at the Taiwan
Photon Source 19A (TPS 19A) high resolution powder X-ray
diffraction beamline with an X-ray energy of 28.5 keV. SEM
images were taken with the use of a JEOL JSM-7000F electron
microscope. TEM characterization was performed on a JEOL
JEM-F200 electron microscope. UV-vis diffuse reflectance
spectra were collected by using a JASCO V-770 spectrophotom-
eter with a solid sample holder. Using a Pt/Ir-coated silicon-
based conductive AFM tip (OSCM-PIT), piezoelectric responses
and hysteresis loops were obtained by piezoresponse force
microscopy (PFM) using a Bruker Dimension Icon atomic force
microscope that was enabled with ScanAsyst.** Measurements
of output voltage and current were made with a high resistance
Keithley 6517B electrometer. An extremely accurate LCR meter

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(LCR-6300, GW Instek) was used to measure the dielectric
constants. A TENMARS TM 747 4-channel thermometer was
used to detect the temperature. A CHI 6025E electrochemical
analyzer was used to measure the pyroelectric output voltage.
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