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A B S T R A C T   

Developing highly piezoelectric nanoparticles (NPs) with inherent mechanical-electrical coupling effect is crit-
ically important for energy harvesters, self-powered sensors and actuators. Over the past decades, the NPs with a 
high longitudinal piezoelectric coefficient (d33) were developed for piezoelectric nanogenerators (PENGs) that 
operate under periodic vertical compression mode. As an alternative, high-performance PENGs can be developed 
by taking advantage of materials with a superior transverse piezoelectric coefficient (d31). In this work, we 
successfully synthesized an organic-inorganic hybrid perovskite (OIHP) nanorods (NRs) of (4-amino-
tetrahydropyran)2 PbBr2Cl2 [(ATHP)2PbBr2Cl2] that exhibits a large d31 of 64.2 pC/N, which is 3 times higher 
than the well-known poly (vinylidene fluoride) (PVDF) polymer (21 pC/N). A saturated polarization of 5.4 μC/ 
cm2 and a piezoelectric voltage coefficient (g33) of 900 mV•m/N are also reported. The (ATHP)2PbBr2Cl2 NRs 
can be dispersed homogeneously in a polymer matrix to make piezoelectric composite films. Due to their 
excellent flexibility, uniform dispersion and large surface area the concurrent vertical strain and lateral bending 
yield a high piezoelectric performance. We fabricate a unique piezoelectric composite film for PENGs, which can 
produce an output voltage (Voc) of 90 V and a short-circuit current (Isc) of 6.5 μA under an applied force of only 
4.2 N, outperforming a number of the state-of-the-art PENGs (Table S2). The harvested electrical energy is stored 
in a capacitor by a two-stage energy transfer mechanism for self-powered electronics. This is the first work, that 
not only reveals the large transverse piezoelectricity in the (ATHP)2PbBr2Cl2 NRs, but also coins a route to 
employ it in practical energy harvesting devices.   

1. Introduction 

Piezoelectric nanogenerators (PENGs), which can convert mechani-
cal energies into electricity, have been considered as a promising energy 
harvesting tool for self-powered small-sized electronics [1–3]. Since the 
first manifestation of PENGs based on ZnO nanowires in 2006 [4], great 
efforts have been devoted to the quest for new piezoelectric materials 
with larger piezoelectric coefficients [5–7]. In the piezoelectric crystals, 

the variation in the electric dipole moment is originated from the 
applied compressive or torsional mechanical stress. Under uniaxial 
compression, the induced dipole moment can be parallel or perpendic-
ular to the compressive stress, which is called longitudinal or transverse 
piezoelectric effects, respectively. In other words, from the analogy of 
inverse piezoelectric effects-the piezoelectric coefficients d33 and d31 
fundamentally quantifying the efficacy of piezoelectric material are the 
measure of the deformation of a material in a parallel and perpendicular 
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direction, respectively, regarding an applied electric field. Due to their 
high d33 value, perovskite-type ceramics (ABX3; A is the cations, B the 
anions, X the halogens), such as BaTiO3 (BTO), PbTiO3 (PT), and Pb (Zr, 
Ti) O3 (PZT), are the most widely explored piezoelectric materials for 
the PENG applications [8–10]. Unfortunately, these highly piezoelectric 
inorganic ceramics are inherently brittle and their synthesis is often 
associated with very high temperatures. 

In recent decades, as a promising alternative to inorganic ceramics, 
organic-inorganic hybrid perovskites conjoin the benefits of an organic 
molecule and inorganic crystal at the molecular level. Besides their 
distinct optical and electronic properties, the OIHPs are highly desirable 
for their structural tunability, mechanical flexibility, and low- 
temperature solution-based process [11–13]. In 2015, Kim et al. firstly 
employed the OIHPs of MAPbI3 as the piezoelectric centers for the 
PENGs [14]. Successively, a series of piezoelectric composite films with 
improved flexibility and durability were achieved via incorporating 
perovskite NPs in a soft polymer, including FAPbBr3, Fe-doped MAPbI3, 
and FASnI3 [15–20]. 

Atomically-thin layered two-dimensional (2D) Ruddlesden-Popper 
(RP) piezoelectric OIHPs, such as (PMA)2PbX4, (CHA)2PbX4 and 
(ATHP)2PbX4, have emerged from the shadows of the above ABX3 type 
perovskites and are expected to have numerous applications in the next 
generation smart electronics and sensors [21–24]. Previous studies have 
revealed the 2D piezoelectric OIHPs films can rival or exceed inorganic 
ferroelectrics in performance, such as high piezoelectric voltage coeffi-
cient, large piezoelectric response, and high spontaneous polarization. 
For instance-(ATHP)2PbX4 film exhibited a giant piezoelectric voltage 
co-efficient (g33) of 660.3 × 10− 3 mV•m/N, and a high d33 of 76 pC/N; 

(CHA)2PbX4 possess a high saturated polarization charge density (Ps) of 
5.8 μC/cm2. It has been reported that a one-dimensional ferroelectric 
thin film of DMAACdCl3 has a large d31 coefficient of 41 pC/N and a 
multiaxial ferroelectric thin film of TMBM-MnBr3 demonstrates a large 
d33 of 112 pC/N along its polar axis [25,26]. Even though the excellent 
piezoelectric performance was reported, however, during the fabrica-
tion of an efficient nanogenerator, the pristine 2D OIHP thin films still 
possess similar brittleness and inflexibility issues as the inorganic 
piezoelectric materials; hence inhibiting its practical applications where 
it endures a repeated cycle of mechanical vibration. Moreover, its 
complex synthesis approach makes it incompatible to be incorporated 
with the polymer materials for fabricating a high-quality piezoelectric 
composite film. In this work, we have synthesized novel piezoelectric 
NRs of (ATHP)2PbBr2Cl2 for a composite film based PENGs integration, 
where the piezoelectric performance from the NRs is mainly attributed 
to their transverse piezoelectric coefficient d31 rather than d33. Inter-
estingly these NRs have a longer length, which is suitable for bending 
during applied mechanical stress, and it has excellent dissolvability in 
polymer to fabricate composite piezoelectric films. Benefitting from this 
superior transverse piezoelectricity of the NRs we demonstrate a 
high-performance flexible PENG for self-powered electronics. 

Non-piezoelectric 2D perovskite nanomaterials can typically be 
synthesized at room temperature by using a ligand-assisted reprecipi-
tation (LARP) technique [27,28]. In this paper, we adopt a modified 
LARP technique [29] and successfully synthesize the piezoelectric NRs 
of (ATHP)2PbBr2Cl2 at room temperature. The crystal structure of 
(ATHP)2PbBr2Cl2 has an RP layered stacking, in which the amine groups 
of ATHP are bonded to the PbX6 (X is Cl or Br) octahedrons by hydrogen 

Fig. 1. (a) sketch of the synthesis process of (ATHP)2PbBr2Cl2 NRs (i) the growth of composite films (ii and iii) and the fabrication of PENGs (iv); (b) TEM and (c) 
AFM images of the (ATHP)2PbBr2Cl2 NRs. Insets: (b) close-in view (i-ii) of nanorods (iii) length and width distribution; (c) thickness distribution of the as-synthesized 
(ATHP)2PbBr2Cl2 NRs; (d) experimental (black) and simulated (red) XRD patterns of the (ATHP)2PbBr2Cl2 NRs film. The (ATHP)2PbBr2Cl2 NRs film gives sharp 
periodic (200) planar peaks in the XRD pattern denoting [100] orientation. 
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bonding interaction and the oxygen (O) atoms remain outwards (Fig. 1a) 
[24]. Using state-of-the-art piezo response force microscopy (PFM), we 
show that the synthesized (ATHP)2PbBr2Cl2 NRs exhibit a superior d31 
of 64.2 pC/N which is ~ 3-times higher than the commonly used 
piezoelectric PVDF polymer. By dispersing these NRs into a poly-
dimethylsiloxane (PDMS) polymer matrix, a homogeneous and chemi-
cally stable piezoelectric composite film of (ATHP)2PbBr2Cl2@PDMS 
was achieved where a vertical strain and lateral bending of the NRs are 
observed due to its higher surface stress and improved flexibility, 
confirmed through finite element simulation. Finally, benefited from the 
synergistic contribution from material piezoelectric coefficients of both 
d31 and d33, PENGs based on the synthesized (ATHP)2PbBr2Cl2@PDMS 
composite film produces a piezoelectric output voltage (Voc) of 90 V, 
short-circuit current (Isc) of 6.5 μA, and a power density of 1.7 μW/cm2, 
under a small periodic compressing force of 4.2 N (4.66 kPa). This 
output-power density is higher than the previously reported 
Sm-PMN-PT@PDMS, FAPbBr3@PDMS, and BaTiO3@PDMS composite 
film based PENGs in Table S2, which are 11.5 μW/cm2 (at 0.35 MPa), 12 
μW/cm2 (at 0.5 MPa), and 0.12 μW/cm2 (at 0.002 MPa), respectively. 
The harvested electrical energy is collected and stored by an 
energy-efficient two-stage charge transfer system. This study on syn-
thesizing the (ATHP)2PbBr2Cl2 NRs and revealing its transverse piezo-
electricity will innovatively enrich the versatility of OIHP ferroelectrics 
and promote their burgeoning potentialities to be used as the active 
material for next-generation PENGs applications. 

2. Results and discussion 

The fabrication processes of the PENGs based on (ATHP)2PbBr2Cl2 
NRs are consecutively illustrated in Fig. 1a: (ⅰ) (ATHP)2PbBr2Cl2 NRs are 
synthesized via the LARP technique (more details are in the experi-
mental section of the Supporting Information). (ⅱ) Piezoelectric com-
posite precursor is prepared via dispersing the (ATHP)2PbBr2Cl2 NRs 
into PDMS; (ⅲ) A piezoelectric composite film is formed by drop-casting 
the step-ⅱ precursor onto a polyethylene terephthalate (PET) substrate 
coated with a conductive indium tin oxide (ITO) and then curing the 
solution at 150 ◦C for 40 min; (ⅳ) Then a copper (Cu) tape is attached to 
the top surface of the OIHP piezoelectric composite film as a top elec-
trode and then a high electrical poling voltage of 6.0 kV is applied be-
tween the electrodes for 2–3 h to align the piezoelectric dipoles of the 
film (more details are in the fabrication method of the Supporting In-
formation). Finally, the device was thermally laminated with a top 
polyester substrate (Fig. 1a (iv)). 

The morphology of the (ATHP)2PbBr2Cl2 NRs is studied via trans-
mission electron microscopy (TEM), atomic force microscopy (AFM), 
and X-ray diffraction pattern (XRD). For the TEM and AFM experiments, 
the samples are prepared via dipping the diluted NPs solution (Fig. S1) 
onto a clean and smooth surface (average roughness < 1 nm) of a silicon 
wafer (AFM topography image in Fig. S2). From the high-resolution 
TEM image of the distinct NRs in Fig. 1b, the lattice spacing was 
measured to be 0.47 nm (inset i), which matches the (200) facet of the 
perovskite structure. The close-in view of the nanorod width obtained 
from the TEM image is also shown in Fig. 1b (inset ii). From the histo-
gram representation (inset iii) demonstrating the length and width dis-
tribution of the NRs, the average length of the nanorods was 771.3 nm 
with a minimum of 351.8 nm, and a maximum of 1480 nm. The average 
width was 175.65 nm with a minimum of 151.2 nm and a maximum of 
227.8 nm. The thickness of as-synthesized NRs is confirmed by the AFM 
in Fig. 1c. From the AFM, the thicknesses of the NRs ranges were 
measured from 100 to 200 nm. (see the inset height distribution in 
Fig. 1c). The TEM and AFM images (Fig. 1b and c) confirm the formation 
of the NRs of (ATHP)2PbBr2Cl2 crystal (crystal structure in Fig. S3). The 
phase purity of the NR film was confirmed by the infrared (IR) spec-
troscopy (Fig. S4). Compared with the simulated XRD in Fig. 1d, the 
measured XRD of the (ATHP)2PbBr2Cl2 NRs film on silicon only exhibits 
sharp (l00) planar peaks (l = 2, 4, 6, 8, 10, 12), suggesting that the NRs 

are mostly oriented in the [100] direction [29]. To determine the phase 
transition of the (ATHP)2PbBr2Cl2 NRs film, differential scanning calo-
rimetry (DSC) measurements were performed (Fig. S5). Two pairs of 
reversible peaks at 219/236 ◦C and 197/213 ◦C (heating/cooling) were 
observed indicating that the compound had two phase transitions at T1 
= 219 ◦C and T2 = 236 ◦C. The high T1,2 of the compound is expected 
due to the short distance between octahedral PbBr2Cl2 layers as 
compared to other perovskites, leading to a more compact crystal 
structure and thus restricts its cations movements [24]. The two 
reversible transitions may be due to the conversion of the compound at 
T1 to its coordination isomer with a modified crystalline packing and a 
different distance between the Pb atoms in adjacent chains [30]. 

The piezoelectric polarization in the (ATHP)2PbBr2Cl2 NRs is 
examined via the lateral (transverse) (Fig. 2a) and vertical (longitudinal) 
PFM methods (Fig. 2b). In the lateral PFM measurements (L-PFM), in- 
plane displacement (laser deflection in the x-axis) arises from the 
shear strain between the PFM cantilever tip and the sample (Fig. 2a). To 
probe the PFM cantilever tip a sequence of direct current (dc) voltages 
from − 10 to 10 V with a superimposed alternating current (ac) voltage 
of 2 V was applied. In principle, the electric domain forms in the 
ferroelectric material can be switched by an external electric field. Due 
to the inherent polarization switching characteristics, and remnant po-
larization phenomena at zero bias, the sequential application of an 
electric field to the ferroelectric material generate a phase loop and a 
butterfly-shaped amplitude loop in the PFM measurement. During the 
transverse piezo response measurements (L-PFM), the phase-hysteresis 
loop exhibits a 180◦ change (inset in Fig. 2c) and the amplitude curve 
in Fig. 2c shows a characteristic butterfly feature. The L-PFM is a strong 
indicator of the in-plane transverse piezo response produced by the in- 
plane polarization in the (ATHP)2PbBr2Cl2 NRs [25]. During the 
L-PFM measurements, the deformation of the sample is perpendicular to 
the cantilever motion and deformation-amplitude varies proportionally 
with the applied voltage. 

To determine the d31 in the (ATHP)2PbBr2Cl2 NRs, we used a stan-
dard poled PVDF film (Polyk Technologies, USA) as a benchmark in the 
L-PFM measurements, whereas the tip-cantilever was aligned perpen-
dicular to the a-axis of the PVDF. As shown in Fig. 2d, the slope of the 
measured L-PFM amplitude vs. drive voltage curve of (ATHP)2PbBr2Cl2 
(K1 = 0.12) is almost 3 times that of the reference PVDF sample (K2 
= 0.04) [31]. Therefore, the d31 of (ATHP)2PbBr2Cl2 should be 
~64 pC/N, which is rather competitive in comparison to traditional 
perovskites and other molecular materials listed in Table S1. 

Then the ferroelectric domain pattern of the (ATHP)2PbBr2Cl2 in the 
lateral mode was investigated in Fig. 2e–g. There was a clear contrast in 
the lateral amplitude and phase (− 180◦ to 180◦) images in Fig. 2f and g 
(small noises are present due to the lower bias voltage of 3.6 V). The 
minimum signal values in the amplitude image (Fig. 2f) are the domain 
walls separating the adjacent domains. This evidence of domains is the 
indication of in-plane ferroelectricity in the (ATHP)2PbBr2Cl2 NRs. In 
contrast, out-of-plane deformation (laser deflection in the y-axis) from 
the sample is estimated from the vertical bending motion of the tip 
during the vertical PFM (longitudinal) measurements. The vertical PFM 
(V-PFM) measurements does not exhibit a measurable phase change in 
Fig. S6c, and the piezo response amplitude contrast (Fig. S6b) was 
weaker than the L-PFM measurements. The results exclude the out-of- 
plane polarization, rather it is predominantly occurring in the trans-
verse direction-(100) plane of the (ATHP)2PbBr2Cl2 NRs, which is 
consistent with the previously reported work [25]. This superior po-
larization in the transverse direction is yielding higher piezoelectric 
coefficient (d31). Similarly, we observed ferroelectric domain patterns of 
an externally poled PVDF sample (Fig. S7). The sample was attached on 
an FTO/glass substrate by using conductive silver (Ag) paste. The 
domain patterns were visible in both L-PFM and V-PFM images, indi-
cating that both in-plane and vertical polarization components 
contributed to the total ferroelectric polarization. The piezo response 
signal strength (Fig. S7d-e) at the vertical polarization direction for the 
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PVDF was presumably to be the highest, however, the higher thickness 
of the film ("10 µm) was limiting the piezo response in the vertical di-
rection with a maximum applied voltage range of up to 10 V. The phase 
image during the L-PFM of the PVDF (Fig. S7c) exhibited an excellent 
contrast and varied from − 263.7◦ to 263.2◦, whereas in the V-PFM 
(Fig. S7e) it was within − 150.5◦ to − 134.7◦. It should be noted that the 
piezoelectric response from the PFM techniques may contain long-range 
electrostatic interactions and non-local interactions between the tip and 
sample surface [32]. Therefore we performed kelvin probe force mi-
croscopy (KPFM) on the surface of the (ATHP)2PbBr2Cl2 (Fig. S8) NRs. 
Since the surface topography in the KPFM does not exhibit any patterns 
as found in the PFM images; we exclude any significant influence of the 
topography on the domain patterns [33]. The homogeneous 
surface-potential distribution on the surface of the (ATHP)2PbBr2Cl2 in 
Fig. S8b rules out any contributions from the domains. Rounded surfaces 
and angled crystal flanks may result in a change of the surface potential 
due to the deviation of crystal faces from the three main faces of the 

perovskites [33]. However, a small deviation in the average surface 
potential (~200 mV) eliminates the major effects of any noteworthy 
remnant precursors on the surface (Fig. S8c and d). 

The polarization switching behavior at room temperature can also be 
observed by measuring the current density-voltage (J-V) curve and 
polarization-voltage (P-V) hysteresis loop. For this measurement, a 
sample is prepared by drop-casting and curing the NRs film between two 
ITO electrodes (the inset in Fig. 2h). As shown in Fig. 2h, two peaks with 
opposite signs in the J-V curve are observed at ±50 V, revealing two 
stable states with opposite polarization. The saturated polarization (Ps) 
is estimated from the P-V hysteresis loop to be 5.4 μC/cm2, which is 
close to the previously reported value of 5.6 μC/cm2 for the bulk 
(ATHP)2PbBr4 [24]. 

To explore the practical energy harvesting performance of the 
(ATHP)2PbBr2Cl2 NRs, the PENGs are fabricated by using the OIHP 
composite film as the piezoelectric layer. Fig. 3a shows the cross- 
sectional scanning electron microscopy (SEM) image of a fabricated 

Fig. 2. Origin of piezoelectricity from the (ATHP)2PbBr2Cl2 NRs: (a) a schematic representation of lateral (a) and vertical (b) PFM methods; (c) local lateral 
(transverse) piezoelectric response amplitude and phase hysteresis (inset) versus cyclic direct current (dc) voltage loops from − 10 to 10 V; (d) comparison of the 
lateral PFM resonance amplitude of the (ATHP)2PbBr2Cl2 NR and a commercial poled PVDF film; (e) surface topography (f) lateral PFM amplitude and (g) phase 
images of the (ATHP)2PbBr2Cl2 NRs (h) current density-voltage (J-V) curve and the integrated polarization-voltage (P-V) hysteresis loop of the (ATHP)2PbBr2Cl2 film 
at room temperature (25 ◦C) obtained by using the double-wave method. 
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PENG. It can be seen that the piezoelectric composite film loaded with 
30 wt% (ATHP)2PbBr2Cl2 has a thickness of about ~300 µm and is 
sandwiched uniformly between a top copper electrode and a bottom 
ITO-coated PET substrate. Fig. 3b is a zoomed-in SEM energy dispersive 
spectroscopy (EDS) mapping over the cross-section of the fabricated 
PENGs device (elemental mappings of Si, Pb, Br, and Cl in the insets (i- 
iv), and a fabricated device photo is shown in the inset (v) of Fig. 3b). 
From the SEM-EDS images in Fig. 3b, it is clear that the 
(ATHP)2PbBr2Cl2 NPs (corresponding to the elemental mapping of Br, 
Cl, and Pb) are dispersed homogeneously in the PDMS (corresponding 
mapping of Si) matrix. The uniform dispersion of the NPs in the com-
posite film is critical to obtain optimum piezoelectric performance, as 
the NPs will act as the mechanical load- carrying center and homoge-
neous NPs distribution will increase the high voltage poling breakdown- 
strength of the film. 

The orientation of polarization in the NRs is important for the 
piezoelectric performance as elucidated in the earlier studies of 2D 
MoS2-based PENGs [34–36]. From the grazing-incidence wide-angle 
X-ray scattering (GIWAXS) of the (ATHP)2PbBr2Cl2@PDMS composite 
film in Fig. 3c, quasi-Debye-Scherrer rings are observed, which is 

expected due to the random orientation of the NRs (Fig. 3d). This is 
different from the reported 2D perovskite quantum wells 
orientation-where the polarization is perpendicular to the vertical 
compression [37]. This phenomenal discrepancy should be attributed to 
supporting the flexible NRs by the PDMS scaffold. 

Based on the orientational evidence from the GIWAXS, the finite 
element simulation is performed to explore the origin of high piezo-
electric potential for this composite film structure. The simulation re-
sults are shown in Fig. 3e and f. The random orientation of the NRs in the 
composite film is found to generate an effective static potential along the 
vertical strain direction. As the NRs are supported by the polymer 
scaffold, the compressive stress will eventually induce an effective 
bending moment on them (stress distribution in Fig. 3e). Besides the 
vertical strain, due to its flexible rod-like feature much higher lateral 
bending in the NRs can synergistically enhance device piezoelectric 
performance. Therefore, the resulting piezoelectric potential in the 
composite film in Fig. 3f can be attributed to the combined contribution 
from their d33 and d31 coefficients (or the effective d33), in which the d31 
plays a dominant role. The finite element simulation was further 
extended in Figs. S9 and S10, where the generated piezoelectric 

Fig. 3. Morphology of (ATHP)2PbBr2Cl2 NRs @PDMS composite films: (a) the cross-sectional SEM and (b) SEM-EDS mapping images of spin-coated 30 wt% 
(ATHP)2PbBr2Cl2 NRs @PDMS composite films on ITO/FTO substrate (inset shows (i-iv) elemental mapping of Si, Pb, Br, and Cl, respectively in the PDMS; and (v) a 
large area PENG device); (c) GIWAXS image for 30 wt% (ATHP)2PbBr2Cl2 NRs @PDMS composite films (d) schematic illustration of the orientation of 
(ATHP)2PbBr2Cl2 NRs in PDMS; (e and f) finite element simulation of the composite films by COMSOL Multiphysics (the rod-like structure of the nanoparticles were 
approximated from the TEM and AFM images in Fig. 1b and c), demonstrating (e) stress distribution (inset shows the close-in view of a single nanorods with higher 
bending stress) and (f) electric potential distribution. 
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potential from a single nanorod (width and height of 100 nm and 
450 nm) was calculated and compared with a thin film structure of the 
same size. With the applied pressure of 100 N/m2, the stress and electric 
potential were computed in the direction both perpendicular (Fig. S9e 
and f), and parallel (Fig. S9g and h) to the applied pressure. From the 
finite element calculation, the nanorod with a high aspect ratio structure 
generating potential in the transverse direction due to its induced tensile 
and compressive stress in its two sides; the stress is, however, asym-
metric and depends on the orientation of the nanorods. Subsequently, 
the induced potential in the nanorod was compared to the thin film with 
a pressure range from 0 to 100 N/m2 (Fig. S10). From the slope of the 
induced potential to the applied pressure, the calculated piezo response 
corresponding to the effective piezoelectric voltage coefficient (g33*) 
was ~4-times higher in the nanorod; therefore, such nanorods could be 
valuable for designing efficient PENGs. 

The piezoelectric output of the PENGs is measured by mounting the 
test device on an electrodynamic shaker, which goes through a period-

ical vertical compressing and releasing process (characterization set-up 
in Fig. S11). According to the equation of short-circuit current density Jsc 
= (d33* × ΔP)/Δt, (where d33* is the effective piezoelectric coefficient 
of the composite film, ΔP is applied pressure, and Δt is time) the output 
Jsc is proportional to the d33* [15]. Fig. 4a shows that the measured d33* 
of a pure PDMS film is close to zero, which implies that the measured 
d33* value of the composite films is mainly attributed to the addition of 
the (ATHP)2PbBr2Cl2 NRs. When the mass ratio of embedded NRs in the 
PDMS matrix increases from 10 to 40 wt%, the d33* value of the com-
posite film linearly increases from 19 to 56 pC/N, which was measured 
by a quasi-static d33 meter. It is experimentally found that the mass ratio 
of the NRs in the PDMS beyond 40 wt% is rather difficult for thermal 
curing hence to fabricate a practical device. Note that the highest d33* of 
the composite film is two times higher than the commercial poled PVDF 
(28 pC/N) film. In contrast, the output voltage (Voc) is determined by 
the piezoelectric voltage coefficient (g33*) which is defined as (d33*/(ε0 
× εr)) and expressed in the unit of mV•m/N. From the equation of Voc 

Fig. 4. The output performance of the PENGs: (a) the measured d33* and g33* for the composite film with different (ATHP)2PbBr2Cl2 concentration; (b) the Isc and (c) 
Voc of the PENGs with different (ATHP)2PbBr2Cl2 concentration at an applied force of 4.2 N;(d) the polarity switching test of the Isc of the PENG (20 wt%, 4.2 N); (e) 
reliability testing for 1 min (30 wt% PENGs, 30 Hz, 3.5 N); (f) measured output power-density of the PENGs across various loads from 0 to 75 MΩ (g) block diagram 
of the two-stage energy management and regulation unit (h) storing the harvested energy to the capacitors; initially small value (1µF) capacitor is charged (black 
curve) up to 5 V, then the charges are transferred to large value (220 µF) capacitor (red curve) thus completing a single charging cycle. 
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= g33* × ΔP × L, (where L is the original thickness of the composite 
film) a high output voltage is associated with a high g33* value which is 
inversely proportional to the relative permittivity (εr) [38]. The εr of the 
(ATHP)2PbBr2Cl2 film is measured to be ~28–18 at frequencies ranging 
from 1 kHz to 1 MHz (Fig. S12), which is relatively much smaller than 
most of the reported highly piezoelectric perovskite ceramics, such as 
BTO or PZT (having high εr value of above hundreds) [39]. The thermal 
stability of the relative permittivity was also measured for one hour at 
130 ◦C, and 200 kHz for the 30 wt% (ATHP)2PbBr2Cl2@PDMS com-
posite film (Fig. S13). The permittivity values measured at every 10 min 
for 60 min showed a minor variation of ±0.02, due to the highly stable 
phase of this composite material system, which would be suitable for 
energy harvesting in harsh environments. 

Along with the measured quasi-static (110 Hz, 0.25 N) d33* values of 
the film, the g33* of the composite films are calculated and plotted in 
Fig. 4a with the previously measured εr values. 

Comparing Fig. 4a with c, the rising trend of g33* from 560 to a high 
value of 900 mV•m/N is consistent with that of the measured high Voc 
(peak to peak) from 30 to a maximum of 90 V. More specifically, the 
higher d33* value yields a maximum Isc (peak to peak) of 6.5 µA 
(Fig. 4b). Notably, the highest g33* of 900 mV•m/N from the 40 wt% 
(ATHP)2PbBr2Cl2@PDMS composite film is ~4 times that of standard 
piezoelectric PVDF film. 

The effect of the poling voltages on the PENG’s output was also 
studied in Fig. S14. The generated output voltages were recorded at 
30 Hz for a range of poling voltages from 0 V (non-poled) to 5 kV. The 
low output voltage (~7 V) from the non-poled PENG device was 
increased to ~75 V when the device was poled at 5 kV. Typical polarity- 
switching tests are carried out to validate the outputs originating from 
the piezoelectric contribution [8,40–42]. The Isc of the PENGs switches 
its polarity from positive to negative direction during the electrical 
connection reversal in Fig. 4d, arguably anticipated due to the surface 
piezoelectric polarization charges. Moreover, a non-symmetrical feature 
of the Isc value across the x-axis (time) is observed during the experi-
ments, which can be explained by the difference in the strain rate while 
applying and removing the stress on the PENGs (the detailed working 
mechanism in Fig. S15). The reliability of the PENGs is explored by 
continuously testing the device for 1 min (1800 cycles). Throughout the 
complete time span, no observable degradation (Fig. 4e) in the ampli-
tude of the output voltage is found. Moreover, the stability of the device 
was assessed for 2 weeks (Fig. S16), which exhibited a small deviation of 
only ±2 V of its output voltage. 

To optimize the maximum power delivered to the loads, the elec-
trical output power of the PENGs is measured as a function of load 
resistance ranging from 0.09 to 75.4 MΩ (Fig. 4f). The maximum output 
power density of 1.7 µW/cm2 is obtained with an external load resistor 
of 15 MΩ, and an applied force of 4.2 N. This power density value is well 
anticipated because the Isc of the PENGs varies proportionally with the 
applied pressure (Fig. S17) where the power density increases propor-
tionally with the squared of the Isc value. This optimized PENG perfor-
mance, including the Voc(p-p) of 90 V, Isc(p-p) of 6.5 µA, and power density 
of 1.7 µW/cm2 under an applied force of only 4.2 N, are rather 
competitive in terms of output power to input mechanical energy 
comparison to that of previously reported PENGs using the same PDMS 
matrix (Table S2). 

Finally, to store the harvested energy by the PENG, an energy- 
efficient two-stage charge transfer circuit was designed (Fig. 4g). The 
output electrical signal from the PENG is rectified by a full-bridge 
rectifier circuit in the energy harvesting and rectification unit and fed 
to a small value capacitor (1 μF), which is the primary charging unit. The 
charging level of the small capacitor (corresponding black charging 
curve in Fig. 4h) was regulated to a maximum of 5 V by a commercial 
LTC-3588-1 module. When the output voltage of the small capacitor 
reaches 5 V, a certain portion of the electrical energy (voltage drop from 
~5 V to ~3 V level in Fig. 4h) is transferred to a larger value capacitor 
(220 μF) in the secondary charging unit (corresponding voltage stepping 

up of the red charging curve in Fig. 4h). The charging current in the 
220 μF capacitor is ramped up to mA level by an inductor (10 μH) and 
two built-in MOSFET switches in the LTC-3588-1 module. After the 
energy discharge from the small value capacitor, the LTC-3588-1 mod-
ule disconnects the larger capacitor, and then the small capacitor starts 
charging again. In this periodic manner, generated energy from the 
harvester can be stored more efficiently in a capacitor (more details are 
in the Supplementary Note 1). Any electronic or wireless circuits can be 
repeatedly powered up by this stored energy and thus potentially real-
izing self-powered wireless sensing [43–47], structural health moni-
toring, self-powered implantable biomedical devices, etc. 

3. Conclusion 

In summary, we synthesize OIHP piezoelectric NRs of 
(ATHP)2PbBr2Cl2 and reveal its superior transverse piezoelectricity of 
64.2 pC/N (3-times higher than the PVDF), by using the state-of-the-art 
piezoelectric material characterization tools. From the PFM measure-
ment, the polarization direction in the pristine (ATHP)2PbBr2Cl2 NR is 
found along the [001] direction in the (100) plane. Due to its excellent 
solubility in the organic solvent, the piezoelectric composite film was 
prepared via dispersing the (ATHP)2PbBr2Cl2 NRs in the PDMS. The 
energy dispersive X-ray elemental mapping and GIWAXS characteriza-
tions unfolded the uniform and spontaneous distribution of the NRs in 
the PDMS matrix. Benefiting from the improved flexibility and a rod-like 
nanostructure with a large surface area, the transverse piezoelectricity 
contributes greatly to the piezoelectric potential of the composite film. 
The fabricated devices show the highest outputs with the Voc of 90 V, Isc 
of 6.5 μA, and a power density of 1.7 μW/cm2 with an applied force of 
only 4.2 N, signifying successful manufacturing of an efficient PENG. 
The energy generated by the PENG was successfully collected by an 
efficient two-stage energy transfer mechanism and stored in a capacitor 
for self-powered electronics integration of the PENGs. It is anticipated 
that the piezoelectric performance of these NRs can be significantly 
improved further to realize a highly efficient piezoelectric nano-
generator for the next generation sensing and actuating applications. 
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