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a b s t r a c t

Chiral hybrid metal halides, known for their exceptional piezoelectric properties, facile synthesis, and de-

sign flexibility, have become promising candidates for advanced piezoelectric devices. However, most chi-

ral metal halides contain toxic lead and are predominantly restricted to 1D or 2D structures. In contrast,

0D hybrid piezoelectric materials, despite their lower elastic moduli, remain significantly less explored.

Here, we report the synthesis of a pair of lead-free chiral 0D hybrid metal halides, R-(APP)2CoBr4 and S-

(APP)2CoBr4 (APP=2-amino-3-phenylpropan-1-ol). First-principles calculations reveal that S-(APP)2CoBr4
exhibits a noticeable shear piezoelectric coefficient while maintaining a relatively low elastic modulus.

Furthermore, S-(APP)2CoBr4/PDMS composite films (PDMS=polydimethylsiloxane) were fabricated and

their potential for energy harvesting and human motion sensing was investigated. Under a 2N applied

force, a 15wt% S-(APP)2CoBr4/PDMS composite film exhibits promising performance, generating an open-

circuit voltage of 10.21V and a short-circuit current of 1.02 μA. Additionally, the low acoustic impedance

of S-(APP)2CoBr4 (5.80–6.67 MRayl) and its compatibility with water (1.5 MRayl) facilitate efficient ul-

trasound transmission in composite devices, ensuring precise localization of ultrasound sources. These

findings offer valuable insights into the potential of lead-free 0D hybrid metal halides for advanced elec-

tromechanical applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Piezoelectric materials with non-centrosymmetric structures

generate polarization charges under mechanical stress, enabling

their use in actuators, ultrasonic transducers, and sensors [1–3].

Materials exhibiting large longitudinal piezoelectric strain coef-

ficients (d33) dominate most commercial applications, such as

BaTiO3 and PbZrxTi1-xO3 (0< x<1) [4,5]. However, the complex

fabrication processes and environmental concerns of traditional

piezoelectric materials have limited their broader application.

Moreover, the growing demand for flexible and wearable devices

has driven significant advancements in the development of flex-

ible piezoelectric materials [6], such as polyvinylidene fluoride

(PVDF) [7–9]. Despite their advantages, such copolymers have

faced persistent challenges, including fabrication difficulties, high

costs, and poor thermal stability [10]. Recently, hybrid metal

halides have garnered considerable attention for their chemical

versatility and structural diversity [11–18]. These materials provide
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new opportunities for molecular engineering and the design of

piezoelectric materials with multi-dimensional properties. For

instance, among one-dimensional (1D) piezoelectric materials,

(TMFM)x(TMCM)1 − x-CdCl3(TMFM= trimethylfluoromethyl am-

monium, TMCM= trimethylchloromethyl ammonium) exhibited a

large d33 of 1540 pC/N [19], while in two-dimensional (2D) piezo-

electric materials, (ATHP)2PbBr4 (ATHP=4-aminotetrahy-dropyran)

showed a piezoelectric voltage constant (g33) of 660.3×10−3 V

m/N [20], which was twice that of PVDF (g33 =286.7×10−3 V

m/N). These low dimensional materials demonstrate consider-

able potential as effective alternatives to traditional piezoelectric

materials. However, the piezoelectric properties of hybrid metal

halide crystals are significantly influenced by the spatial structure

and electronic effects of the organic ligands, as well as their

interactions with the inorganic framework. Furthermore, when the

ligands are chiral organic molecules, their inherent asymmetry in-

duces circularly polarized luminescence [21,22] and nonlinear opti-

cal behavior [23,24], while also driving a structural transition from

symmetry to asymmetry [25,26], thereby enabling piezoelectricity.

Hybrid metal halides have demonstrated significant potential in

human sensing [27] and energy harvesting applications [28–30],
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Fig. 1. (a) Crystal structures of R-(APP)2CoBr4 (right) and S-(APP)2CoBr4 (left) along the a-axis. Note that the extra hydrogen atoms are omitted for clarity. (b) CD signals of

R/S-(APP)2CoBr4. (c) The 2D fingerprints of S-(APP)2CoBr4. The inserts are the Hirshfeld surfaces of the organic cations. (d) UV-visible absorption spectra of R-(APP)2CoBr4
and S-(APP)2CoBr4.

but their use in underwater ultrasound detection remains largely

underexplored. While inorganic piezoelectric ceramics exhibit ex-

cellent piezoelectric properties, their high-density results in ele-

vated acoustic impedance, limiting efficient sound wave transmis-

sion and restricting their applicability in ultrasound detection [31].

In contrast, metal halides are highly sensitive to mechanical de-

formations, acoustic impedances closely aligned with water [32],

and low elastic moduli, making them suitable for underwater ul-

trasound detection applications [33].

In this study, two non-centrosymmetric 0D lead-free hybrid

metal halides, R-(APP)2CoBr4 and S-(APP)2CoBr4, were synthesized.

S-(APP)2CoBr4 displays three distinct shear piezoelectric coeffi-

cients, and the S-(APP)2CoBr4/PDMS composite film exhibits out-

standing performance in energy harvesting and human motion

sensing. First-principles calculations reveal that S-(APP)2CoBr4 pos-

sesses a low elastic modulus and an acoustic impedance similar to

water. Consequently, the S-(APP)2CoBr4 composite film device dis-

plays exceptional sensitivity for underwater ultrasound detection.

R-(APP)2CoBr4 and S-(APP)2CoBr4 both crystallize in

the chiral space group P212121, with cell parameters of

a=8.3888(2)/8.38400(10) Å, b=12.3331(3)/12.33880(10) Å,

c=23.6667(5)/23.66890(10) Å, respectively. As shown in Fig. 1a,

both R-(APP)2CoBr4 (right) and S-(APP)2CoBr4 (left) exhibit a char-

acteristic 0D packing structure. Each asymmetric unit comprises

one [CoBr4]
2− tetrahedron and two crystallographically indepen-

dent organic amine cations for charge balance. Each Co2+ ion is

coordinated by four Br− anions to form a [CoBr4]
2− tetrahedron,

with the [CoBr4]
2− tetrahedra interacting with surrounding [APP]+

cations via electrostatic forces.

The chirality of R/S-(APP)2CoBr4 crystals was confirmed through

circular dichroism (CD) spectroscopy of a crystal powder/KBr pellet

measured in the 250–600nm range (Fig. 1b). Distinct, opposite CD

signals observed in the 230–450nm range, demonstrating the suc-

cessful transfer of chirality from the organic amine to the crystal

structure, as indicated by the Cotton effect. The UV–visible absorp-

tion spectra in Fig. 1d display identical characteristic absorptions

for both crystals in the 230–450nm range, consistent with the CD

spectroscopy signals [34].

Hirshfeld surface analysis and corresponding 2D fingerprint

plots were used to investigate the intermolecular interactions

between organic cations and the inorganic tetrahedra in R/S-

(APP)2CoBr4. The Hirshfeld surface color variations (red, white,

blue) represent interatomic distances shorter, equal to, and longer

than the van der Waals distances, respectively [35,36]. In Fig. 1c,

the prominent red regions near the -OH groups on the Hirshfeld

surfaces of S-(APP)2CoBr4 indicate strong intermolecular interac-

tions between the organic cations and the inorganic tetrahedra.

However, variations in interatomic distances cause differences in

the red area size on the surface of S-(APP)+, reflecting differing H-

Br proportions. Similarly, the Hirshfeld surfaces of R-(APP)2CoBr4
(Fig. S1 in Supporting information) show comparable differences.

In the 2D fingerprint plots, di and de represent distances from the

organic cations to surrounding atoms inside and outside the Hirsh-

feld surface, respectively. A prominent feature in both crystal struc-

tures is the sharp peak in the bottom-left corner of the 2D finger-

print plots, indicating the organic cations act as strong hydrogen

bond donors (di < de). The small sum of di + de further confirms

strong hydrogen bonding between the tetrahedra and the organic

cations. These results indicate strong interactions between the or-

ganic cations and the inorganic chains, explaining the materials’

stability and decomposition resistance up to 230 °C, as confirmed

by thermogravimetric analysis (Fig. S2 in Supporting information).

Differential scanning calorimetry (DSC) measurements (Fig. S3 in

Supporting information) reveal reversible melting and crystalliza-

tion behavior in R/S-(APP)2CoBr4, demonstrating its processability.

Phase purity was confirmed by powder X-ray diffraction (PXRD,

Fig. S4 in Supporting information), where experimental diffraction

peaks closely matched the simulated pattern, indicating high crys-

tallinity. Raman and infrared spectroscopy (Fig. S5 in Supporting

information) further verified the enantiomeric crystal structures

with consistent results.

The elastic properties of R/S-(APP)2CoBr4 are crucial for under-

standing their mechanical performance and intrinsic piezoelectric

behavior under practical applications [37–39]. In general, 0D ma-

terials exhibit a lower elastic modulus compared to their higher-

dimensional counterparts, as summarized in Table S2 (Supporting

information). The elastic stiffness constants (Cij) of S-(APP)2CoBr4,

determined via first-principles calculations, are listed in Table S3

(Supporting information). Based on the elastic stiffness coefficients

(Cij), Young’s modulus (E) and shear modulus (G) were calculated,

and their 3D representations are depicted in Figs. 2a and b, re-

spectively. The maximum and minimum values of Young’s modu-
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Fig. 2. 3D representations of (a) Young’s moduli, (b) shear moduli, and (c) piezo-

electric constants of S-(APP)2CoBr4. (d) Schematic diagram of the device structure

and cross-sectional EDS-mapping images of the 15 wt% S-(APP)2CoBr4/PDMS com-

posite film. (e) The PXRD patterns of the S-(APP)2CoBr4/PDMS films with different

contents.

lus, along with their corresponding directions, are shown in Fig. S6

(Supporting information). The maximum Young’s modulus (Emax)

of S-(APP)2CoBr4 is 17.48GPa along the <001> direction, while

the minimum (Emin) is 12.13GPa along <011>. This variation is at-

tributed to differences in the crystal structure and packing density,

as illustrated in Fig. S7 (Supporting information). The more com-

pact arrangement of [CoBr4]
2− tetrahedra along <001> increases

Young’s modulus. In contrast, the relatively less dense packing

along the <011> direction reduces the modulus.

Similarly, the shear modulus (G) exhibits anisotropy, with

Gmax =6.703GPa along the (101̄) <101> direction (Fig. S8a in Sup-

porting information) and Gmin =4.38GPa along the (010) <001>

direction (Fig. S8b in Supporting information), resulting in an

anisotropy ratio of Gmax/Gmin =1.53. Fig. S8b (Supporting informa-

tion) reveals that the [CoBr4]
2− tetrahedra and S-(APP)+ are packed

in a layer-like fashion along the <001>, facilitating easier shear-

ing on the (010) plane. In contrast, as shown in Fig. S9 (Support-

ing information), the interwoven structure of [CoBr4]
2− tetrahedra

and S-(APP)+ cations along <101> increases resistance to shear

stress on the (101̄) plane. The Poisson’s ratio (ν) demonstrated in

Fig. S10 (Supporting information) ranges from maximum (0.42) to

minimum (0.23), highlighting the materials’ excellent elastic defor-

mation capacity along specific directions.

The piezoelectric strain coefficients matrix of S-(APP)2CoBr4
was calculated using [d]= [e][s], where [e] and [s] are the piezo-

electric stress and elastic compliance constants [40]. As a mem-

ber of the orthorhombic 222-point group, S-(APP)2CoBr4 exhibits

shear piezoelectric coefficients d14, d25, and d36. Fig. 2c and Fig. S11

(Supporting information) present 3D and 2D visualizations of these

constants with specific values of dij (unit of pC/N) matrix detailed

in Table S4 (Supporting information). Notably, the shear piezoelec-

tric coefficient d25 =−4.92 pC/N reflects a strong shear response,

attributed to the low packing density in the (010) plane, which fa-

cilitates shear deformation and enhances the piezoelectric effect.

R/S-(APP)2CoBr4, with their soft nature and favorable piezo-

electric properties, are promising candidates for sensors and

piezoelectric energy harvesting applications. However, powder-

based devices face performance challenges, including triboelectric

effects and charge cancellation from direct crystallite contact

[41]. To enhance performance, S-(APP)2CoBr4/PDMS composite

films were fabricated with varying weight ratios (wt%) of crystal

powder (5%, 10%, 15%, and 20%). Scanning electron microscopy

(SEM) and elemental mapping (Fig. 2d and Fig. S12 in Supporting

information) show a uniform cross-sectional morphology, with

evenly dispersed Br elements in the PDMS matrix. Increased

content of S-(APP)2CoBr4 powder results in more widespread Br

elements in the PDMS matrix. However, when the powder content

reaches 20wt%, Br elements tend to aggregate, likely due to the

agglomeration of piezoelectric particles [42]. The composite films

demonstrate excellent mechanical properties, with Young’s moduli

ranging from 1.83MPa to 2.38MPa, as shown by the stress-strain

curves in Fig. S13 (Supporting information). A lower modulus

promotes energy harvesting by allowing greater strain under the

same stress [43]. The PXRD patterns of films with different compo-

sitions (Fig. 2e) confirm the retention of the crystal structure, with

prominent peaks at 7.46° (002), 23.67° (025), and 28.42° (205).

Increased content introduces new diffraction peaks, indicating a

progressive enhancement in crystallinity.

Dielectric properties are vital for assessing the performance of

piezoelectric energy harvesters [44,45]. Capacitance (C), impedance

(Z), relative permittivity (εr), and Q-factor (Q) of the 15wt% com-

posite film were systematically measured, which are presented in

Figs. S14 and S15 (Supporting information). In the low-frequency

range (1 kHz to 100kHz), capacitance decreases rapidly, but stabi-

lizes at higher frequencies due to the lag of the material’s polariza-

tion behind the external electric field. Despite the decline in capac-

itance, impedance does not necessarily increase, as high-frequency

polarization limitations result in nonlinear charge responses [46].

At higher frequencies, increased dielectric losses reduce overall

impedance. As frequency rises from 1kHz to 10MHz, the εr of

the composite film decreases. In the low-frequency region, εr re-

mains high due to enhanced polarization response to the external

electric field, while at higher frequencies, electronic polarization

dominates, leading to a significant reduction in εr. Despite this,

the composite film exhibits a much lower εr compared to conven-

tional perovskite ceramics. Based on g=d/εr (where g is the piezo-

electric voltage constant and d is the piezoelectric constant), the

high g value suggests excellent electromechanical efficiency. Conse-

quently, S-(APP)2CoBr4/PDMS composite films show strong poten-

tial for high-performance sensor applications. Moreover, the Q of

the S-(APP)2CoBr4 - based piezoelectric energy harvester exceeds

75, further supporting its suitability for sensor-based technologies.

The exceptional piezoelectric properties of R/S-(APP)2CoBr4
highlight their potential for applications in energy harvest-

ing and sensing technologies. To demonstrate functionality,

S-(APP)2CoBr4/PDMS composite films (2×2 cm2) were sand-

wiched between conductive fabric electrodes, encapsulated with

polyethylene terephthalate (PET) tape, forming a simple piezoelec-

tric device (Fig. S16 in Supporting information). The device was

tested using a custom test system that applied periodic mechanical

tapping at 10Hz. Under the 2N force, charge separation within

the S-(APP)2CoBr4 crystals was induced by the misalignment of

positive and negative charge centers, generating a piezoelectric

response through the shear effect. As shown in Fig. 3a, the

open-circuit voltage (Voc) increased with composite concentration,

rising from 1.79V (5wt%) to 10.21V (15wt%), outperforming chiral

molecular crystals and chiral lead halide perovskites (Table S5 in

Supporting information). However, further increasing the concen-

tration to 20wt% reduced Voc to 1.75V, attributed to excessive

particle aggregation, which elevated the dielectric constant and

induced Maxwell-Wagner-Sillars polarization [47], as corroborated

by SEM and elemental mapping images. A similar trend was ob-

served for short-circuit current (Isc), where the 15wt% composite

achieved the highest Isc of 1.02 μA (Fig. 3d).

The 15wt% composite film was selected for further piezoelec-

tric testing on its optimal performance. To verify the piezoelectric

effect, Voc (Fig. 3b) and Isc (Fig. 3e) were measured with electrodes

connected in forward and reverse configurations. Voc exhibited

positive values in the forward connection and negative values

in the reverse, confirming the piezoelectric origin of the signals

and excluding triboelectric contributions [48]. Measurements on
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Fig. 3. (a) Voc and (d) Isc of composite films with different contents of S-(APP)2CoBr4. (b) Voc and (e) Isc output of the 15% S-(APP)2CoBr4/PDMS film when reversing the

electrodes. The applying force-dependent (c) Voc and (f) Isc performances with the 15% S-(APP)2CoBr4/PDMS film. (g) The resistance-dependent voltages and power densities.

(h) Cyclic performance of the 15% S-(APP)2CoBr4/PDMS film over 2000 cycles.

pure PDMS film (Fig. S17 in Supporting information) showed no

reverse signal, further ruling out triboelectric effects. Further,

output signals were collected under varying applied forces (2, 4,

6, and 8N), as shown in Figs. 3c and f. Voc increased from 10.21V

to 17.58V, while Isc rose from 1.02μA to 2.61μA. Additionally,

output voltage increased with frequency (Fig. S18 in Supporting

information), as higher frequencies generate more charge per unit

time, enhancing electric displacement and Voc. The electric power

characteristics of the 15wt% composite film were further investi-

gated under varying external load resistances (1–120 M�, Fig. 3

g). A peak power density of 3.07 μW/cm2 was achieved at 3.9 M�,

comparable to other hybrid piezoelectric/PDMS composites (Table

S5 in Supporting information). Mechanical and temporal stability

was assessed by applying a continuous 2N force at 10Hz for 200 s,

with Voc remaining stable over 2000 cycles (Fig. 3h).

The piezoelectric energy harvester was tested as a sensor for

monitoring various human motions. Subtle elbow flexion (Fig. S19a

in Supporting information) produced a stable 0.2V output. When

positioned under a shoe to detect forces generated by foot tapping

(Fig. S19b in Supporting information), the piezoelectric response

showed distinct peaks, demonstrating high sensitivity to dy-

namic force variations. Its flexibility also allowed attachment to

a knuckle for monitoring finger bending, where flexion generated

a positive voltage and release produced a negative signal. As

shown in Fig. S19c (Supporting information), the output voltage

increased proportionally with the degree of bending, correlating

with greater applied stress. These results highlight the potential

of S-(APP)2CoBr4/PDMS films for precise motion detection in

wearable applications.

The piezoelectric energy harvester demonstrates exceptional

potential for underwater ultrasound detection due to its high

electro-mechanical energy conversion efficiency. The schematic

diagram of the self-developed underwater ultrasound detection

device is illustrated in Fig. 4a. Ultrasound probes with center

frequencies of 2.5, 5.0, and 10.0MHz were used for testing. As

depicted in Fig. 4b, the output voltages for the 5MHz probe

exhibit a clear distance dependence, with peak-to-peak voltages

(Vp-p) of 440.1, 250.8, and 103.7mV at probe distances of 7.5,

10.5, and 13.5mm, respectively, consistent with decreased signal

amplitude at greater distances. Similar trends were observed for

the 2.5MHz and 10MHz probes (Figs. S20 and S21 in Supporting

information). The resulting characteristic frequencies of 2.63, 4.34,

and 11.11MHz (Figs. 4c–e) closely match the probe center fre-

quencies, confirming the accurate capture of ultrasound frequency

information. To assess the long-term reliability of the composite

film device, cyclic immersion testing was performed over 36h at

room temperature using a 2.5MHz ultrasonic probe, with results

detailed in Fig. S22 (Supporting Information). The results demon-

strate that the encapsulated device exhibited excellent stability.

First-principles calculations determined the sound velocity (c) in

the S-(APP)2CoBr4 crystal to range from 3.13 km/s to 3.60 km/s.

Accordingly, the corresponding acoustic impedance z was com-

puted using the relation z=ρ·c, where ρ is the material density

[49], resulting in values between 5.80–6.67 MRayl. Notably, the

acoustic impedance of water (1.50 MRayl) and the PDMS matrix

(1.62 MRayl) [50] are closely matched, ensuring efficient ultrasonic

transmission without the need for an intermediate coupling layer.

This eliminates energy dissipation and excessive reflection, a

common requirement for oxide-based devices.

In summary, 0D hybrid lead-free metal halides R-(APP)2CoBr4
and S-(APP)2CoBr4 were successfully synthesized and charac-

terized, exhibiting exceptional piezoelectric properties. First-

principles calculations revealed that S-(APP)2CoBr4 has low elastic

moduli and excellent piezoelectric characteristics, making it a

strong candidate for energy harvesting applications. Flexible S-

(APP)2CoBr4/PDMS composite films were fabricated and achieved

a maximum Voc of 10.21V, Isc of 1.02 μA, with a power density

of 3.07 μW/cm2 under a 2N force, demonstrating high potential

for precise human motion sensing. Additionally, the low acoustic

impedance of S-(APP)2CoBr4 (5.80 MRayl) matches that of water,
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Fig. 4. Ultrasound detection using the 15wt% S-(APP)2CoBr4/PDMS film. (a) Schematic diagram of the experimental setup for underwater ultrasound detection. (b) Output

voltage based on different distances between the 5MHz probe and the composite film. Characteristic signals recorded by the composite film when using probes with

frequencies of (c) 2.5MHz, (d) 5MHz and (e) 10MHz.

enabling efficient energy transmission without a coupling layer.

The films effectively distinguish ultrasound frequencies and detect

source distances through characteristic signal responses. This

study broadens the application scope of 0D hybrid metal halides

in sensing and ultrasound detection technologies.
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