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A B S T R A C T

Self-powered wireless sensing systems based on piezoelectric generators (PEGs) are widely applied in fields such 
as wearable devices, environmental monitoring, and intelligent transportation. This study aimed to enhance the 
piezoelectric coefficients (d33) and sensitivity of flexible PEGs via incorporating a novel ferroelectric semi
conductor [C9H21N2O]CuBr4 (C9H21N2O, 4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl) into polymer PVDF, 
leading to the development of a groundbreaking ABC/PVDF composite for wireless microelectronics. By opti
mizing material properties, our system delivers superior mechanical-to-electrical conversion in capturing and 
interpreting human motion signals with high stability and accuracy. More surprisingly, the smart shoes can 
accurately monitor both running and walking, with step durations of 0.2 s and 0.8 s, respectively, which can 
track key data such as cadence, running speed, distance, and exercise time. Detailed analysises reveal that ACB/ 
PVDF PEG exhibits large d33 of 60 pC/N, exceptional sensitivity of 120 mV kPa− 1 and a rapid response time of 2.5 
± 0.1 ms. It is concluded that the large piezoelectric coefficients, improved conductivity of ACB/PVDF and stress- 
induced ferroelectric dipoles rearrangement and reorientation induced by abundant β-phase in PVDF result in its 
high-performence. This work uncovers the potential of integrating semiconductor property and piezoelectric 
effect, providing both theoretical and practical support for the development of new self-powered energy systems.

1. Introduction

Piezoelectric generators (PEGs), due to their ability to harvest me
chanical energy from human activities, are considered a promising en
ergy harvesting tool with advantages such as low power consumption, 
portability, and implantability [1]. They can be used for self-powered 
small electronic devices [2]. Various non-centrosymmetric materials, 
such as MoS2, GaN, ZnO, and BaTiO3, have been developed for the 
fabrication of PEGs [3–6]. Ferroelectrics, as piezoelectric materials with 
spontaneous polarization characteristics, play a significant role in the 
collection and conversion of energy signals. Their polarization and 
piezoelectric properties are widely applied in various smart devices, 
such as data storage, sensors, solar cells, and self-powered systems [7,8]. 

To generate energy under mechanical stress, the high polarization and 
non-centrosymmetric characteristics of materials are crucial.

In recent decades, organic–inorganic hybrid ferroelectric materials 
have emerged as a promising inorganic alternative, combining the ad
vantages of organic molecules and inorganic groups at the molecular 
level. In addition to its unique optical and electronic properties, it is also 
highly valued for its structural tunability, mechanical flexibility, and 
low-temperature solution fabrication process [9–11]. Currently, organ
ic–inorganic hybrid ferroelectric materials have made significant prog
ress in the field of piezoelectricity. For example, Xiong et al. reported 
that the organic–inorganic hybrid ferroelectric crystal 
(TMFM)0.26(TMCM)0.74CdCl3 exhibited a piezoelectric coefficient d33 of 
up to 1540 pC/N, approaching the level of commercial oxide materials 
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[12]. The ferroelectric material (ATHP)2PbBr4 (ATHP = 4-amino-tetra
hydropyran) prepared by Xiong et al. shown a piezoelectric voltage co
efficient g33 of up to 660.3 * 10− 3 V m/N [13]. Later, Khan et al. found 
that the ferroelectric crystal (ATHP)2PbBr2Cl2 has a piezoelectric coef
ficient d31 value of 64.2 pC/N, and a piezoelectric voltage coefficient g33 
as high as 900 mV m/N [14]. However, most metal halide piezoelectric 
materials are typically brittle, have poor stability, and exhibit limited 
output performance. New applications for smart wearable devices, such 
as electronic skin, self-powered pacemakers and soft robots, requires a 
combination of piezoelectric performance, environmental stability, and 
mechanical flexibility. To better meet the needs of practical applica
tions, extensive research has been conducted on ferroelectric composite 
films made from polymers (PDMS = polydimethylsiloxane, TPU =
thermoplastic polyurethane) [15,16].

Different from the above common polymers, polyvinylidene fluoride 
(PVDF) has garnered widespread attention in applications such as sen
sors, energy harvesting devices, and flexible electronics due to its 
piezoelectric and ferroelectric properties. This material is not only 
highly processable into thin films but also demonstrates exceptional 
flexibility, enabling consistent performance retention across diverse 
geometries and maintaining structural integrity under cyclic mechanical 
stress. It is well known that PVDF has five different crystalline phases: α, 
β, γ, δ, and ε phases [17,18]. Among them, the β phase is notable for its 
unique molecular chain arrangement in a fully trans configuration 
(TTTT), which maximizes the molecular polarity. Additionally, PVDF 
offers exceptional corrosion resistance and chemical durability, enabling 
long-term stable operation in humid, acidic, alkaline, or corrosive en
vironments with reliable performance. This overcomes the drawback of 
moisture sensitivity in organic–inorganic hybrid materials. Therefore, 
PVDF is highly compatible with modern flexible electronic device 
technology, making it an ideal material in this field. However, the 
electrical output performance of PEGs depends on several factors, such 
as the composition and structure of the polymer encapsulating material, 
electrode materials, and interface effects. Research has found that by 
incorporating semiconductor materials (such as graphene, carbon 
nanotubes, nanoparticles, etc.), the conductivity of PVDF can be signif
icantly improved [19–21]. Additionally, increasing the content of the β 
phase enhances its electrical properties, thereby improving its perfor
mance in sensors, flexible electronics, and energy harvesting. Therefore, 
it can be inferred that when a semiconductor ferroelectric material is 
encapsulated in PVDF, its dual properties of both semiconductivity and 
ferroelectricity may not only reduce the electrode-material interfacial 
resistance but also enhance the β-phase content, thereby enhancing the 
piezoelectricity. This presents a significant advantage over insulating 
ferroelectrics in this field. Additionally, applying a certain force can 
induce the movement of ferroelectric domain walls, causing the reor
ientation or flipping of disordered domains, thereby enhancing the 
piezoelectric properties of materials. These aspects has received little 
attention in PEGs research.

Given that hybrid organic–inorganic ferroelectrics are rich, filling 
these particles into a PVDF flexible substrate to fabricate flexible inte
grated devices is a feasible approach. Considering environmental con
cerns, Cu-based organic–inorganic hybrid ferroelectric semiconductors 
have become an excellent alternative to lead-based ferroelectric mate
rials, with a bandgap range of 1.43 to 2.5 eV [22,23]. Through the 
disorder–order phase transition of organic ligands or the induced 
distortion of inorganic polyhedral structures, these materials can exhibit 
excellent ferroelectric properties. Building on these insights, we intro
duce a novel copper-based halide ferroelectric semiconductor, 
[C9H21N2O]CuBr4, embedded in PVDF. This material exhibits remark
able multifunctional properties, including strong second harmonic 
generation (SHG) activity, a narrow optical bandgap (1.78 eV), and 
significant room-temperature ferroelectric polarization (2.9 μC cm− 2) at 
room temperature. By a simple blade-coating method, the [C9H21N2O] 
CuBr4 particles were embedded into PVDF. The composites with 8 wt% 
[C9H21N2O]CuBr4 filling (this film, referred to as ACB/PVDF, is used for 

subsequent testing) exhibit the optimal performance, such as large d33 of 
60 pC/N. We evaluated the intrinsic ferroelectricity of ACB/PVDF 
through domain switching behavior, and revealed interesting domain 
changes under external forces. Ultimately, the self-powered sensor ACB/ 
PVDF was constructed. It exhibited fast response, high sensitivity and 
stable output signals, enabling wireless transmission of piezoelectric 
signals. Since PEGs can be widely used in various fields, such as wear
able devices, health monitoring, smart devices, etc. Thus, we precisely 
designed and it was successfully applied in human motion detection and 
smart shoes. This work paves the way for large-scale production of 
compatible, low-energy manufacturing energy harvesting devices and 
self-powered smart sensing systems (Fig. 1).

2. Results and Discussion

2.1. Crystal structure and ferroelectric semiconductor characteristics of 
[C9H21N2O]CuBr4

High-quality black crystal [C9H21N2O]CuBr4 was obtained through 
the room-temperature solution volatilization method (Fig. S1). Its 
single-crystal structure was analyzed using the Single Crystal X-ray 
Diffraction (SC-XRD) at room temperature. As shown in Fig. 1a, the 
structural analysis revealed that [C9H21N2O]CuBr4 crystallizes in the 
chiral monoclinic space group P21. The unit cell parameters are: a =
9.4439(9), b = 7.6035(7), c = 11.8988(12), α = γ = 90◦, and β =
92.095◦ (Table S1). As a control group for comparison, we also prepared 
[C9H21N2O]CuCl4 crystal (Fig. S1,2). Since its structure is centrosym
metric, it is not the focus of this study. From the bond length analysis, it 
can be observed that the average Cu-Br bond length in [C9H21N2O] 
CuBr4 is 2.3897 Å, with a range of 2.3558(8) Å to 2.4202(8) Å. Similarly, 
the bond angle analysis reveals several different Br-Cu-Br angles, with 
an average of 110.16◦, ranging from 98.72◦ to 131.75◦. This indicates 
that Cu2+ is not at the center, and the polyhedron exhibits a clear tilted 
asymmetry, which is caused by the Jahn-Teller effect, leading to uneven 
electron distribution in the degenerate orbitals of the Cu2+ center [24]. 
The Raman spectroscopy of the [C9H21N2O]CuBr4 crystal in Fig. S3
dispalys the peaks at 77 cm− 1 and 172 cm− 1, corresponding to the 
deformation and bending of the Br-Cu-Br bond. A peak at 232.8 cm− 1 

was attributed to the asymmetric stretching of Cu-Br [25], which cor
responds to the structure of tetrahedral distortion. The cation 
[C9H21N2O] + is ordered, which results in the formation of a chiral 
center with an “R” configuration in [C9H21N2O]CuBr4 [26].

In order to preliminarily assess the thermal stability of the crystal, we 
detected thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC). The TGA test showed that [C9H21N2O]CuBr4 exhibits 

Fig. 1. Schematic of the PEGs for health monitoring and smart devices.
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stability at temperatures well above room temperature, with a melting 
point at ~ 362 K. It then experienced a continuous weight loss of 21.7 % 
until 639.5 K (Fig. S4). Whaterever, no phase transition peaks were 
observed in DSC. This is similar to previously reported [Cu(L-His)(bpy)] 
ClO4⋅1.5H2O crystal [27]. The scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDS) mapping of [C9H21N2O] 
CuBr4 show that the Cu and Br elements are evenly distributed (Fig. S5), 
and the quantitative analysis indicates an atomic ratio close to 1:4, 
which is consistent with the results from subsequent structural testing. 
To further verify the coordination environment of the Cu element in the 
crystal, we performed X-ray photoelectron spectroscopy (XPS) analysis. 
From the Cu 2p XPS spectrum shown in Fig. S6, it can be seen that the 
divalent copper is identified by the main peaks (Cu 2p1/2 and Cu 2p3/2) 
as well as the characteristic satellite peaks specific to Cu2+. Additionally, 
we observed two weaker characteristic peaks for Cu+ at 951.7 eV and 
931.9 eV, indicating that both Cu2+ and Cu+ are present in [C9H21N2O] 
CuBr4. The change in copper valence may be due to the defect in this 
crystal. To further analyze the strength of atomic interactions in the 
single crystal, dnorm-mapped Hirshfeld surfaces for the quantitative 
visualization of interactions in [C9H21N2O]CuBr4 was demonstrated. 
The 2D fingerprint plots were analyzed using the CrystalExplorer 3.1 
program [28]. Red points on the dnorm-mapped Hirshfeld surface 
correspond to regions of strong interactions in Fig. 1b. It is clear that 
these strong interactions are hydrogen bonds between the hydrogen ions 
and halide ions. In [C9H21N2O]CuBr4, the main contribution of H⋅⋅⋅Br/ 
Br⋅⋅⋅H interactions is 63.3 % (Fig. 1d), and the other interactions are 
shown in Fig. S7. In contrast, for [C9H21N2O]CuCl4, the contribution of 
H⋅⋅⋅Cl/Cl⋅⋅⋅H interactions is 58.2 % (Fig. S8). It is noteworthy that these 
2D fingerprint plots are nearly mirror-symmetrical along the de = di 
partition line, which is attributed to the complementary Finside- 
Alloutside (Allinside-Foutside) contact pattern. In addition, calcula
tions using the B3LYP/6-31G(d,p) basis set indicate that the stabiliza
tion energy of [C9H21N2O]CuBr4 is 4.82 kJ/mol, while that of 
[C9H21N2O]CuCl4 is 4.85 kJ/mol. Hydrogen bonding and ionic 

interactions exhibit strong long-range order, with stabilization energies 
in the range of 3–9 kJ/mol. Although van der Waals contacts account for 
most of the interactions in the crystal, they play a short-range role in 
molecules with relatively low stabilization energy (0.4–4 kJ/mol) [29]. 
Therefore, the hydrogen bonding and ionic interactions in the 
[C9H21N2O]CuBr4 structure demonstrate long-range order.

Due to the asymmetric chiral monoclinic space group P21 of the 
[C9H21N2O]CuBr4 structure, which belongs to a polar point group. Thus, 
the non-centrosymmetry of [C9H21N2O]CuBr4 was verified by investi
gating its nonlinear optical properties through second harmonic gener
ation (SHG) [30]. Within the large wavelength range from 800 to 1064 
nm, the SHG intensity increases progressively, reaching its maximum at 
1040 nm (Fig. S9). Notably, the SHG intensity of [C9H21N2O]CuBr4 
under this wavelength irradiation is nearly five times that of KH2PO4 
(KDP) (Fig. S10), outperforming previously reported molecular ferro
electrics such as (BA)2(EA)2Pb3I10 (0.4 × KDP) [31], [2-FBA]2PbCl4 (0.9 
× KDP) [32], and [(R/S)-3-aminopiperidine]PbI4 (1 × KDP) [33]. In 
addition, the SHG intensity varies with angle, exhibiting a distinct bi
polar behavior (Fig. 2d). Specifically, when the incident light polariza
tion direction aligns with the its spontaneous polarization direction, the 
SHG intensity reaches its maximum. Conversely, when it is perpendic
ular, the SHG intensity is minimized. For variable temperature SHG test, 
the SHG signal gradually diminishes, ultimately dropping sharply 
beyond ~ 362 K (Fig. S11), which suggests a high melting point and a 
stable non-centrosymmetric structure. Since [C9H21N2O]CuBr4 belongs 
to a polar space group at room temperature, it is expected to exhibit 
ferroelectricity. To further verify the ferroelectric properties of 
[C9H21N2O]CuBr4 at room temperature, we conducted double-wave 
method measurements. The experiments yielded well-defined polar
ization–electric field (P-E) and current density–electric field (J-E) 
curves, confirming the ferroelectric nature of the crystal (Fig. 2e). In the 
ferroelectric loop, the polarization value (Ps) of [C9H21N2O]CuBr4 rea
ches 2.9 μC cm− 2, surpassing previously reported molecular ferroelec
trics such as [Me3NOH]2[KFe(CN)6] (1.25 μC cm− 2) [34], [(CH3)2NH2] 

Fig. 2. (a) The crystal structure of [C9H21N2O]CuBr4. (b) Hirshfeld surface map and (c) two-dimensional fingerprint plot of the interactions in [C9H21N2O]CuBr4. (d) 
Polar plot of SHG anisotropy for [C9H21N2O]CuBr4 crystal. (e) Electric hysteresis loop and current curve of the [C9H21N2O]CuBr4 sample. (f) Temperature-dependent 
resistance of [C9H21N2O]CuBr4 crystal.
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[C6H5CH2NH2]2BiBr6 (1 μC cm− 2) [35], and (DMAA)CdCl3 (1.9 μC 
cm− 2) [36]. At room temperature, [C9H21N2O]CuBr4 demonstrates a 
coercive field strength (Ec) of 300 V cm− 1 (0.3 kV cm− 1), considerably 
lower than that of high-performance ferroelectrics like (3-F-BTAB)PbBr3 
with a small coercive field of 1.78 kV cm− 1 [37]. A smaller coercive field 
means less electric field is needed to achieve polarization reversal.

For the sake of investigating the optical absorption property of this 
crystal, we tested the ultraviolet–visible absorption spectrum (Fig. S12). 
The band gap Eg of [C9H21N2O]CuBr4 was determined as 1.78 eV, which 
is smaller than some organic–inorganic hybrid ferroelectric semi
conductors, including (benzylammonium)2PbCl4 (Eg = 3.65 eV) [38], 
(C4H9NH3)2(NH3CH3)2Sn3Br10 (Eg = 2.22 eV) [39], and [cyclo
hexylammonium]2PbBr4 (Eg = 3.05 eV) [40]. To further demonstrate its 
semiconductor property, we tested the variation of resistance with 
temperature. As expected, the resistance of the crystal [C9H21N2O]CuBr4 
gradually decreases as the temperature increases to 340 K (Fig. 2f), 
which reveals that the crystal exhibits semiconductor behavior. Thus, it 
is confirmed that the crystal is a ferroelectric semiconductor.

2.2. Structure and piezoelectric properties of flexible films.

From the above results, it is evident that [C9H21N2O]CuBr4 is a high- 
performance ferroelectric semiconductor. In order to obtain high con
ductivity and maintain excellent piezoelectric properties of piezoelectric 
device, we selected the organic polymer PVDF to fill with this ferro
electric semiconductor [C9H21N2O]CuBr4, and then studied its potential 
application. By dispersing the particles into the PVDF substrate, a flex
ible film was successfully fabricated (Fig. S13). In order to achieve the 
optimal performance ratio for the films, [C9H21N2O]CuBr4 crystal par
ticles of 4 wt%, 6 wt%, 8 wt%, and 10 wt% were mixed with PVDF. 
These films exhibited excellent uniformity, integrity, and flexibility, 
with the thickness about 4 µm (Fig. 3a, Fig. S14). X-ray diffraction 
(XRD) and SEM measurements were performed (Fig. S15,16), and it was 
found that the film was smooth and the pure PVDF film exhibited the 
highest crystallinity. With the addition of [C9H21N2O]CuBr4 crystal, the 

high-quality crystallinity of the films was still maintained. To further 
investigate the effect of [C9H21N2O]CuBr4 on the phase transition of 
PVDF from the α phase to the β phase (TGTG to TTTT), Fourier- 
transform infrared (FTIR) spectroscopy was performed. From Fig. 3b, 
it can be seen that the spectrum primarily exhibits the obvious β phases, 
with characteristic peaks near 837 cm− 1, 1071 cm− 1, 1275 cm− 1, and 
1410 cm− 1 [41], while the α-phase at 975 cm− 1 and 763 cm− 1. As the 
particle content increases, the intensity of the characteristic peaks cor
responding to the β phase also increases, indicating that the crystallinity 
of the β phase in the films is enhanced. The β phase intensity reached its 
maximum when 8 wt% [C9H21N2O]CuBr4 was incorporated into the 
PVDF, forming the ACB/PVDF film (this film was used for subsequent 
tests). In order to know the β phase content, we calculated it basing on 
the equation derived from the Beer-Lambert law of absorbance: 

F(β) =
A837(

k837
k763

)

A763 + A837 

Where the F(β) is the β phase fraction, A763 and A837 are the charac
teristic peak intensities of α phase and β phase [27]. The k763 and k837 
are the absorption coefficients, respectively. As shown in Fig. S17, F(β)
of PVDF is significant raised to 89 % for ACB/PVDF compare with that of 
PVDF film (69 %). Based on previous research, it is inferred that the 
coulomb interactions between the polar dipole groups of the micro
particles promote the polar alignment of PVDF, thereby facilitating the 
formation of the β phase [42].

Since PVDF in the β phase is ferroelectric, and the [C9H21N2O]CuBr4 
crystals themselves are ferroelectric, we used a double-wave method to 
measure the hysteresis loop of the ACB/PVDF films. As shown in Fig. 3c, 
the ACB/PVDF films exhibited standard polarization–electric field (P-E) 
curves and current density–electric field (J-E) curves. The remnant po
larization (Pr) reaches a maximum value of 4.6 μC cm− 2, which is larger 
than the value of 1.267 μC cm− 2 observed in P(VDF-TrFE) [43]. The Ec is 
~70 kV/cm, which is smaller than that of pure PVDF [44], showing the 

Fig. 3. (a) Optical image and white light confocal microscope scan of ACB/PVDF. (b) FTIR spectra of PVDF composite films with different contents of [C9H21N2O] 
CuBr4. (c) Macroscopic hysteresis loop and current curve of ACB/PVDF. (d) PFM switching hysteresis loops of phase and amplitude signals. (e) Amplitude and (f) 
phase maps of in-plane (IP) direction of selected area.
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potential for use as a polarization switching. Thus, we are confident that 
the crystal filling increases the β phase, enhancing its ferroelectricity.

Furthermore, the Piezoelectric Force Microscopy (PFM) was used to 
investigate the local switching behavior of the ACB/PVDF films. In the 2 
× 2 μm area, the multi-domain state of ACB/PVDF was observed 
(Fig. S18). Non-180◦ domain walls are clearly visible in the in-plane (IP, 
lateral) and out-of-plane (OP, vertical) phase images. Fig. S19 presents 
local PFM switching spectroscopy. The square phase-voltage hysteresis 
loops and butterfly-shaped amplitude-voltage loops indicating the 
switchable characteristics of ferroelectric domains in the ACB/PVDF 
thin films [45]. To further reveal the intrinsic ferroelectric of ACB/ 
PVDF, we performed visual PFM domain switching behavior (Fig. 3d-f). 

First, a + 60 V voltage was applied to write into the central region of the 
multi-domain. Then, a − 60 V voltage was applied to a smaller internal 
region. Subsequently, a box-in-box domain switching pattern was 
written onto the film sample (Fig. 3e,f, Fig. S20). The average phase 
difference between the positive and negative polarization regions 
matched the expected 180◦, manifesting that the polarization is 
switchable and not caused by charge injection or electrostatic effects. As 
shown in Fig. 3d, the PFM amplitude hysteresis loop exhibited a but
terfly shape, and the rectangular PFM phase signal switched by 
approximately 180◦. These typical characteristics of ferroelectric po
larization further validate the intrinsic ferroelectric behavior of ACB/ 
PVDF, which is closely correlated with the high β-phase content in ACB/ 

Fig. 4. (a) Output voltage of films with different [C9H21N2O]CuBr4 contents under 30 kPa and 10 Hz. (b) Output voltage of the ACB/PVDF PEG at 30 kPa under 10 
Hz and 100 Hz. (c) The electrical conductivity and piezoelectric coefficients d33 of the films with different content [C9H21N2O]CuBr4. (d) Sensitivity comparison of 
flexible piezoelectric generators. (e) Output voltage of ACB/PVDF PEG at 30 kPa for mechanical stability testing. (f) Schematic of generating electric signal with stress 
and release conditions. (g) Changes of domain area in the phase map under mechanical forces of 21 nN, 37 nN, and 54 nN, respectively, where purple and yellow 
represent upward and downward ferroelectric domains, respectively. (h) Domain changes in the phase map under mechanical forces of 53 nN, 94 nN, and 128 nN, 
respectively. (i) Domain distribution simulation. (j) Deformation of composite film. (k) COMSOL simulations of the potential distribution of ACB/PVDF film.
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PVDF film. During the PFM testing, the phase bias curve of ACB/PVDF 
exhibited significant asymmetry, which was also reflected in the 
amplitude curve. As mentioned earlier, such asymmetry in the local 
piezoelectric response is attributed to the presence of an internal electric 
field, which contributes to further enhancement of the piezoelectric 
performance [46].

2.3. Piezoelectric response of flexible ACB/PVDF

The large ferroelectric polarization and piezoelectric coefficient 
enable the material to generate stronger electrical signals under external 
stimuli (such as pressure or strain) [47]. To explore the piezoelectric 
response, a flexible ACB/PVDF PEG was prepared using a simple coating 
process. By adjusting the force magnitude and frequency, we carried out 
the periodic output voltage measurement of the ACB/PVDF PEG. Under 
a periodic pressure force 30 kPa at 10 Hz, a gradual increased voltage 
output was observed by the films with varying amounts of [C9H21N2O] 
CuBr4 (Fig. 4a). It is distinct that ACB/PVDF film with 8 wt% 
[C9H21N2O]CuBr4 exhibited the highest open-circuit voltage (Voc) of 
6.5 V, three times that of the pure PVDF film device. However, at 10 wt% 
doping, a noticeable decline in output voltage was observed. This 
decrease likely results from the higher concentration of [C9H21N2O] 
CuBr4 grains, which increases grain boundary resistance within the 
PVDF matrix. The electron accumulation at the grain boundaries, 
impeding electron movement and resulting in a decrease in voltage 
output [48]. The high-frequency stability of the ACB/PVDF at 100 Hz 
under 30 kPa pressure force was abtained in Fig. 4b. For the reasons of 
the highest piezoelectric response for ACB/PVDF, one is attributed to its 
large d33 up to 60 pC/N due to the highest β-phase content (Fig. 4c, 
Fig. S21). Second, the conductivity of ACB/PVDF increased due to the 
filling of semiconductor [C9H21N2O]CuBr4 (Fig. 4c). Third, the high 
polarization value of ACB/PVDF, which lead to a stronger internal 
polarized electric field during mechanical deformation, capturing more 
free charges [42]. Ultimately, charge capture ability enhanced and 
strengthened the piezoelectric response of the ACB/PVDF We also 
calculated the response time is 2.5 ± 0.1 ms and a sensitivity is 120 mV 
kPa− 1 (Fig. S22), which surpasses that of other excellent piezoelectric 
generators (Fig. 4d) [27,49–57]. At 100 Hz, when the applied pressure 
was increased from 10 kPa to 30 kPa, the output voltage rose propor
tionally (Fig. S23). Moreover, ACB/PVDF PEG device maintained a 
stable output voltage for a long time (Fig. 4e), demonstrating its highly 
stable performance. Besides, it is apparent that the alternating positive 
and negative electric signals appear when pressed and withdrawn. As 
shown in Fig. 4f, this can be interpreted that when pressure is applied to 
ACB/PVDF, the dipoles align in response to the mechanical stress, 
resulting in a positive voltage output. Upon removing the force, the 
dipoles return to their original state or realign oppositely due to the 
elastic recovery of the piezoelectric materials. This release of the accu
mulated charge generates a reverse current, producing a negative 
voltage output.

As we know, the mechanical force can cause the dipoles within the 
domain to overcome the electrostatic force and align in the same di
rection, the spontaneous polarization is brought closer to the direction 
of the stress, forming stable ferroelectric domains that strengthen the 
piezoelectric response in that direction [58]. This phenomenon is 
commonly referred to as “stress-induced ferroelectric domain reor
ientation”. To investigate these microscopic changes of ferroelectric 
domains, we used PFM to study the domain switching of ACB/PVDF film 
at the microscale under different stresses. As shown in Fig. 4g, domain 
changes within the same region were observed under varying pressure 
levels of 21 nN, 37 nN, and 54 nN. At a force of 21 nN, alternating bright 
and dark domain structures in different directions appeared. When the 
pressure was increased to 37 nN, the domains became noticeably darker, 
indicating a significant shift in the orientation of the ferroelectric do
mains. When the pressure was further increased to 54 nN, the domain 
area became almost entirely dark, indicating that the electric dipole 

moment directions had nearly all aligned in the same direction. This 
phenomenon is similar to the ferroelectric domain behavior observed in 
CuInP2S6 (CIPS) films under applied force [59]. Thus, if the direction of 
the applied force does not initially align with the spontaneous polari
zation direction of the domains, the ferroelectric domains may tend to 
reorient, bringing the spontaneous polarization direction closer to the 
stress direction. This reorientation helps to lower the overall energy of 
ferroelectrics, creating a more stable polarization structure [60].

In addition, significant movement of domain walls occurs under 
pressure, especially under uniaxial or non-uniform pressure, where 
domain walls shift along the compression direction or the stress 
gradient. The movement happens because some domains increase in 
volume while others decrease. This shifting helps to rearrange the 
domain structure to align with the external pressure distribution. At a 
smaller scale, as illustrated in Fig. 4h, the ferroelectric domains within 
the highlighted circles exhibit noticeable shifts, accompanied by 
changes in the domain walls as pressure increases. The domain walls 
tend to migrate toward domains whose polarization direction aligns 
most closely with the direction of applied stress. When the pressure 
increased from 53 nN to 94 nN, the domains within the green circle 
visibly shifted, with the domains darkening due to dipole moment 
reversal, indicating domain wall disappearance. As the pressure further 
increased to 128 nN, the domains within the green circle vanished and 
merged with neighboring domains, resulting in a reversal of their po
larization. The domains within the yellow circle expanded, accompanied 
by changes in domain walls. As pressure increased, the domain walls 
gradually bent or deflected. This bending helps the material form a more 
stable structure under local stress variations and reduces the extra en
ergy caused by lattice distortion. During this process, the domain walls 
exhibit local bending or tilting, no longer retaining their original straight 
or flat alignment but instead adjusting to the surrounding stress distri
bution. Under cyclic external forces, domain wall movement induces 
larger displacement changes, resulting in an enhanced piezoelectric 
coefficient. This stress-induced domain reorientation mechanism plays a 
critical role in modulating piezoelectric performance. Additionally, 
Young’s modulus of ACB/PVDF (0.4 GPa), calculated from the PFM 
stress–strain curve tests (Fig. S24), further supports above adaptation. 
Combining the finite element simulation of the potential distribution in 
ACB/PVDF using COMSOL software, we vividly illustrated the reor
ientation of the dipole moment under external force (Fig. 4i). The 
simulation revealed that the stress distribution and the potential under 
pressure (Fig. 4j,k). It is thus clear that the simulation results are rela
tively closed to the experimental data.

2.4. Wireless transmission applications.

Based on the above research, we designed a piezoelectric generator 
system ACB/PVDF PEG for wearable human motion detection. The ACB/ 
PVDF PEG, as the module in contact with the human body, converts 
analog signals into digital signals using an operational amplifier. These 
signals are then transmitted to the core unit, an STM32 microcontroller 
module, which processes and stores the sensor data. Subsequently, the 
data is sent to the host computer via a wireless transmission module, 
enabling signal detection during motion processes (Fig. 5a). To 
demonstrate the real-time detection of human signals by the ACB/PVDF 
sensor during running, we fixed the sensor to the finger, wrist, arm, and 
knee (Fig. 5b). By detecting changes in dynamic charge and corre
sponding output voltage, we recorded distinct electrical signals gener
ated at different body parts. Our experiments revealed that in high- 
frequency, low-force scenarios like the finger and wrist, the ACB/ 
PVDF PEG detected short-cycle, small-amplitude voltage signals (2–3 V). 
In contrast, in low-frequency, high-force scenarios like the arm and 
knee, the ACB/PVDF PEG exhibited long-cycle, large-amplitude voltage 
signals (4–5 V). These results clearly indicate that the ACB/PVDF PEG 
device can be used for monitoring various physiological activities and 
can adapt to a wide range of complex scenarios.
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On the other hand, smart sports equipment will be a new develop
ment direction in the future. The ACB/PVDF PEG device can be 
embedded in the sole of shoes and connected wirelessly to a smartphone 
via bluetooth (Fig. 5c). The raw signals will be converted into feature 
vectors that can be processed by machine learning models. Methods 
such as Fourier transformation, time-domain analysis, or wavelet 
transform will be used to extract frequency and amplitude information 
from the signals. An appropriate model will be selected for training and 
validation, and the collected signals will be fed back to the user, 
achieving true intelligent device functionality. Fig. 5d shows that the 
voltage signal of the smart shoe system exhibits an approximately 
trapezoidal characteristic, with good repeatability and stability: when 
the sole hits the ground, an instantaneous positive voltage signal is 
generated; when the foot lifts off, the voltage rapidly decreases and 
eventually approaches zero. Thus, each step corresponds to a positive 
voltage signal, and the total step count can be calculated from the 
number of voltage peaks. The moving distance s and speed ν can be 
calculated using the formulas s = n × L and ν = L × f, where n, L and f 
represent total step count, step length and step frequency, respectively. 
Furthermore, exercise frequency is an important indicator to distinguish 
between walking and running. The voltage signal can be divided into 
two parts: red corresponds to walking, and blue corresponds to running 
(Fig. 5d). There is a difference in frequency between walking and 
running, with each step lasting approximately 0.8 ± 0.1 s for walking 

and 0.2 ± 0.1 s for running. It can enable health monitoring or remote 
monitoring. These novel human–machine interaction applications verify 
the excellent pressure-sensing performance. Hence, it is evident that the 
ACB/PVDF sensor we developed can play an important role in future 
healthcare and artificial intelligence applications.

3. Conclusion

In this study, we successfully designed and fabricated a self-powered 
piezoelectric generator, ACB/PVDF PEG, based on the ferroelectric 
semiconductor [C9H21N2O]CuBr4 and PVDF. The fabrication method is 
particularly simple, allowing for large-scale production. This PEG ach
ieves efficient conversion of mechanical energy to electrical energy, 
demonstrating excellent output performance and stability. The ACB/ 
PVDF PEG shows large piezoelectric coefficients of 60 pC/N, high con
ductivity and excellent mechano-electrical conversion capability 
compared to pure PVDF-based nanogenerators under a periodic pressure 
of 30 kPa. The open-circuit voltage is ~ 6.5 V, and a sensitivity is 120 
mV kPa− 1. Cyclic testing manifested its durability. Through a deepgoing 
study of the ferroelectric domain evolution in ACB/PVDF under varying 
stress conditions, we elucidate the main mechanism by which stress- 
induced domain reorientation improves piezoelectric performance. 
Human motion detection and smart shoe applications demonstrate that 
this generator can continuously power low-power electronic devices, 

Fig. 5. (a) Circuit diagram and schematic of the device structure for the ACB/PVDF PEG. (b) Voltage signal detection from the fingers, wrist, arm, and knee. (c) 
Integration of ACB/PVDF PEG into the shoe sole. (d) Data analysis by combining ACB/PVDF PEG with machine learning models, providing intuitive feedback of 
information to users.

Y. Wu et al.                                                                                                                                                                                                                                      Chemical Engineering Journal 515 (2025) 163755 

7 



showing great potential for use in wearable devices and smart sensing 
applications. In conclusion, this work provides valuable insights for the 
future development of electronic energy systems.
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