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Abstract 

Prolonged operation of mechanical components under high-temperature environment 

severely affects their performance and service life. It is urgently needed a high-

temperature resistance sensor to monitor local temperature changes in the component to 

enhance the safety. However, conventional sensors are difficult to simultaneously 

achieve excellent sensing performance and conformability at high-temperature 

environments for curved surfaces. Herein, a polyacrylonitrile (PAN)/zirconium acetate 

[Zr(OAc)4]-based flexible and high-temperature-resistant piezo/pyroelectric bifunctional 

sensors are fabricated via heat treatment and typical package method. Incorporation of 

Zr(OAc)4 reduced the cyclization temperature of PAN molecular chains and effectively 

enhanced both the mechanical properties and electrical output of the composite 

membranes sensor. Compared to pure PAN, the PAN/Zr(OAc)4 composite nanofiber 

sensor (heat-treated at 450 °C) exhibits higher voltage output (~ 12.9 V) and piezoelectric 

sensitivity (~ 1.67 V/N) at room temperature. In addition, the sensor exhibits excellent 

pyroelectric output performance across a wide temperature gradient range, enabling 

accurate detection of engine temperature fluctuations. Remarkably, the sensor maintain 

stable piezoelectric and pyroelectric outputs after 5000 press-release cycles at 400 °C, 

highlighting its robustness under extreme conditions. These results demonstrate that 

PAN/Zr(OAc)4 sensor provides reliable, flexible, and multifunctional solutions for real-

time temperature monitoring in automobile engines, offering substantial benefits for 

extending engine lifespan and ensuring driving safety. 

 

Keywords: PAN/Zr(OAc)4 composite nanofiber sensors, piezo/pyroelectric 

bifunctionality, high-temperature resistance, flexibility, temperature warning 

 

INTRODUCTION 

In modern engineering applications such as aerospace, automotive, and energy systems, 

devices are often exposed to harsh service environments characterized by high 
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temperature, high pressure, and strong vibration[1,2]. Mechanical components operate 

under dynamic conditions such as frequent start, stop cycles and variable loads, while 

components endure extreme environments of high temperature, pressure, and rotational 

speed[3-5]. Moreover, mechanical structures are typically complex and heterogeneous, 

comprising multiple materials and structural forms[6,7]. Real-time monitoring of stress, 

temperature, and deformation in these extreme conditions is therefore critical for 

ensuring operational safety and reliability. 

 

With the advancement of sensing technology and intelligent manufacturing, sensor-based 

monitoring systems have become a key component of thermal management. 

Conventional piezoelectric sensors, while widely used for mechanical–electrical energy 

conversion, face significant limitations when operating at elevated temperatures or on 

curved and flexible surfaces. Piezoelectric materials as the key factor in improving the 

piezoelectric are a class of functional materials that can realize the mutual conversion of 

mechanical and electrical energy, and their core properties originate from the 

piezoelectric effect[8] and can be divided into inorganic and organic types. Inorganic 

piezoelectric ceramics such as barium titanate (BTO)[9-11], lithium niobate (LiNbO3)
[12,13], 

and lead zirconate titanate (PZT)[14,15] exhibit high piezoelectric coefficients and fast 

response, but they suffer from brittleness, low flexibility, and in some cases, 

environmental toxicity. Their Curie temperatures are often insufficient for high-

temperature applications, and their rigid nature makes integration on flexible or complex 

structures difficult[16]. Organic piezoelectric polymers, including polyvinylidene fluoride 

(PVDF)[17-19] and poly(lactic acid) (PLA)[20-22], offer excellent flexibility and 

processability but possess relatively low piezoelectric constants and limited thermal 

stability, typically below 150 °C[23-25]. As a result, traditional piezoelectric materials 

struggle to simultaneously achieve high Curie temperature, high flexibility, and stable 

piezoelectric output at elevated temperature, restricting their use in extreme 

environments. 

 

To overcome these limitations, hybrid composites combining inorganic and organic 

phases have been explored to leverage the high piezoelectricity of ceramics and the 

flexibility of polymers. Recently, Jian et al.[26] reported a piezoelectric nanogenerator 

based on polyimide (PI)/3D floral PbTiO3 composites, which can harvest energy at 

150 ℃. Dong et al.[27] investigated flexible piezoelectric energy harvesters made of KNN 
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ceramics and PI composites with different Bi2O3-CoO3 (BS) contents and measured the 

output performance of the energy harvesters in the temperature range of 25-300 ℃. 

Zhang et al.[28] prepared flexible piezoelectric PZT sensors on an inorganic mica 

substrate, which can maintain a highly stable damage detection sensitivity at 175 ℃ 

application temperature. However, their electrical performance and stability at elevated 

temperatures remain inadequate for broader engineering applications. 

 

Polyacrylonitrile (PAN) has recently attracted attention as a promising polymer matrix 

due to its intrinsic piezoelectric and pyroelectric characteristics. The strong polar -C≡N 

groups in its molecular chain create a dipole moment of about 3.5D, enabling good 

piezoelectric activity[29]. After thermal treatment, PAN forms a stable conjugated ladder 

structure, enhancing its thermal stability to above 300 °C while retaining excellent 

flexibility and mechanical robustness[30]. Additionally, the material exhibits 

pyroelectricity after heat treatment, making it suitable for dual-mode electromechanical 

and thermoelectric conversion[31,32].  

 

In this study, PAN/Zr(OAc)4 membranes were fabricated via electrospinning and 

subjected to multi-stage heat treatment to tailor their crystalline and functional properties. 

The prepared sensors exhibited stable piezoelectric output across a wide temperature 

range (25 °C-500 °C), generating voltages of 12.9 V at room temperature and 14.1 V 

under high-temperature conditions. Their excellent flexibility, high sensitivity, and 

thermal endurance make them apply in autoengine high temperature warning and 

promising candidates for high-temperature flexible sensing applications, such as in oil 

drilling, aerospace engines, and automotive systems for real-time structural health 

monitoring and maintenance. 

 

EXPERIMENTAL 

Materials 

Specific material information is as shown in Supplementary Table 1. 

 

Preparation of PAN/Zr(OAc)4 composite nanofiber membranes 

PAN powder was dissolved in DMF at a concentration of 14 wt.%. Five solutions with 

identical concentrations were prepared, into which Zr(OAc)4 particles were added at 
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different mass ratios (5%, 10%, 15% and 20%) along with pure PAN control. The 

mixtures were continuously stirred at 3 °C for 1 h, then heated to 75 °C and maintained 

for 2 h to obtain homogeneous spinning solutions, the color of spinning solution is shown 

in Supplementary Figure 1. After degassing under vacuum, the solutions were 

electrospun using a 10 mL syringe with a 0.41 mm needle at 19 kV, a flow rate of 0.15 

mL/h, a tip-to-collector distance of 13 cm, and a drum speed of 1000 rpm. The yield 

untreated PAN/Zr(OAc)4 membranes were obtained after electrospinning for 8 h. 

Oxidative stabilization was carried out in air below 260 °C and in nitrogen above 260 °C 

to prevent thermal decomposition. The temperature was raised at 2 °C/min with 25 °C 

intervals and holding at each stage for 2 h, up to final treatments ranging from 50 to 

550 °C. The heat-treated PAN/Zr(OAc)4 membranes were obtained. 

 

Preparation of PAN/Zr(OAc)4 composite piezoelectric sensor 

The untreated and heat-treated PAN/Zr(OAc)4 membranes were cut into 1.5 × 1.5 cm2 

and sandwiched between two copper electrodes of different sizes. Wires were connected 

to both electrodes to serve as positive and negative terminals for output performance 

testing. To prevent dust, corrosion and mechanical damage for repeated testing, 

polyethylene terephthalate (PET) membranes were affixed to both sides of the electrodes 

using double-sided adhesive tape. For high-temperature testing, 

polytetrafluoroethylene(PTFE) was used as the encapsulation material instead of PET.  

 

Room-temperature testing  

The electrical output of the composite piezoelectric sensor at room temperature was 

evaluated using a test platform. The open-circuit voltage and short-circuit current were 

recorded at room temperature under a vibration frequency of 10 Hz and a constant 

applied force of 8 N. 

 

High-temperature testing 

The piezoelectric performance of the assembled composite sensor was further 

characterized at elevated temperature (200 ℃, 260 ℃, 300 ℃, and 350 ℃) using a 

custom-built high-temperature test platform in our lab[33]. The high-temperature test 

platform was constructed by a bidirectional temperature controller, two galvanically 

coupled copper plates 
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Characterization 

The surface morphology and internal structure of fibrous membranes were characterized 

by cold field emission scanning electron microscopy (SEM, Hitachi SU8010, Japan). The 

crystalline structures were measured by X-ray diffraction (XRD, Rigaka Smart Lab SE, 

Japan) with a Cu Kα radiation (λ = 1.54060 Å), a scanning range from 5° to 80°, and a 

scanning speed of 10 °/min. Fourier transform infrared spectroscopy (FTIR, Thermo 

Scientific Nicolet iS20, USA) was employed to record the spectra in the range of 400 to 

4000 cm-1. Differential scanning calorimetry (DSC, DSC25, TA, USA) was performed 

under a N2 atmosphere with a heating rate of 10 ℃/min up to 350 °C. Thermogravimetric 

analysis (TGA, TGA-50, Shimadzu, Japan) was conducted to evaluate the thermal 

stability and heat loss behavior of the composite nanofiber membranes with the heating 

rate of 10 ℃/min up to 800 ℃ under N2 atmosphere flow. The polarization-electric field 

(P-E) hysteresis loops of the composite membrane were measured using a ferroelectric 

analyser (RTI-Multiferroic, Radiant, Technologies, USA). The dielectric constant (εr) and 

dielectric loss (tanδ) in the frequency range of 100 Hz to 1,000,000 Hz were characterized 

using an LCR meter (Model 2110, Keithley, USA). Specific instrument information as 

shown in Supplementary Table 2. 

 

 

RESULTS AND DISCUSSION 

Characterization of morphology, structure, mechanics and thermal behavior 

Figure 1 shows comprehensive structural, morphological, and functional characterization 

of PAN/Zr(OAc)4 composite nanofibers under varying heat treatment conditions. The 

color transformation of PAN/Zr(OAc)4 membranes under different heat treatment 

temperatures is shown in Figure 1A. From Figure 1A, when the heat-treated temperature 

is below 260 ℃, the membrane color gradually changes from white to light yellow. For 

the heat-treatment temperatures of 260 °C and higher, the color shifts from light yellow 

to brown, and further increases to 450 ℃, the composite membrane appearing nearly 

black. This phenomenon arises from the structural transformations of the PAN molecular 

chains during thermal treatment. Initially, cyclization and cross-linking reactions occur, 

and above 260 ℃, polymerization between cyano(-C≡N) leads to the formation of 

conjugated aromatic network structures. The growth of these conjugated structures 

enhances light absorption, causing the membrane to darken. With further temperature 
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elevation, carbonization begins, during which hydrogen and oxygen are gradually 

released in the form of H2O and CO2. As the degree of carbonization increases, the carbon 

content of the membrane rises significantly, leading to the observed black 

appearance[34,35]. To evaluate the flexibility and tensile properties of PAN/Zr(OAc)4 

membrane in comparison with conventional rigid sensors, the results are presented in 

Figure 1C. Both rigid(PZT5 bimorph) and flexible PAN/Zr(OAc)4 composite sensor can 

adhere well to flat surfaces; however, on curved surfaces, the rigid sensor fails to conform 

completely, leading to reduced measurement accuracy. In contrast, the flexible 

PAN/Zr(OAc)4 composite sensor can achieve full contact with curved surfaces, thereby 

maintaining reliable test results. Furthermore, from Supplementary Figure 2, the 

PAN/Zr(OAc)4 composite nanofiber membranes could be subjected to multiple folding 

tests, after which they consistently recovered to their original state without damage. 

Compared to pure PAN nanofiber membrane exhibited fractures at the folded regions 

after repeated bending, indicating that the incorporation of Zr(OAc)4, significantly 

enhances the flexibility and deformability of the composite membranes. The morphology 

of electrospun PAN/Zr(OAc)4 composite nanofiber membrane under untreated (25 ℃) 

and after heated at different temperature (150 ℃, 260 ℃, 350 ℃, 450 ℃, 550 ℃) and 

corresponding diameter distribution histograms of the fibril structures are shown in 

Figure 1D and E. As observed in Figure 1D, the electrospun membranes exhibit well-

oriented fibers with smooth surfaces and uniform distribution. With increasing heat- 

treatment temperature, the fiber diameter gradually decreases.The average fibril diameter 

gradually decreases from 0.473 μm to 0.286 μm when the treated temperature increases 

from 25 ℃ to 550 ℃. Additionally, when the heat treatment temperature reaches 550 °C, 

partial fiber fracture and aggregation occur, which may obstruct charge-transport 

pathways and consequently influence the electrical properties of the membranes. 

Although the fibrous diameter of the PAN/Zr(OAc)4 membrane decreased after heat 

treatment, the overall fiber morphology remains largely unchanged. Ac
ce

pt
ed

 A
rti

cle



Page X of 23                                       Surname et al. Soft Sci Year;Volume:Number│http://dx.doi.org/10.20517/ss.2021.xx 

 

 

Figure 1. Characterization of PAN/Zr(OAc)4 nanofiber membranes at different heat-

treated temperatures. (A) The color transformation of PAN/Zr(OAc)4 membranes at 

different heat treatment temperatures; (B) Mechanistic effect of Zr(OAc)4 incorporation 

on PAN molecular chains under heat treatment conditions; (C) Comparison of 

conformability for PAN/Zr(OAc)4 composite nanofiber flexible sensors with 

conventional PZT rigid sensors, i and iii pasted sensor on flat surface; ii and iv pasted 

sensor on curved surface; (D) SEM images of PAN/Zr(OAc)4 at different heat treatment 

temperatures: untreated, 150 ℃, 260 ℃, 350 ℃, 450 ℃, 550 ℃; and (E) histogram of 

diameter distribution. XRD patterns of (F) Zr(OAc)4 particles and (G) PAN/Zr(OAc)4 

membranes at untreated and different heat treatment temperatures; (H) FTIR spectra of 

PAN/Zr(OAc)4 membranes at different heat treatment temperatures. 

 

In addition, the reduced fiber diameter facilitates oxygen diffusion into the fibers, thereby 

enhancing the degree of PAN cyclization and promoting the cyclization reaction[36]. 

 

The crystal structure evolution of Zr(OAc)4 powder and PAN/Zr(OAc)4 composite 

nanofiber membrane under different temperature treatment (untreated, 150 ℃, 260 ℃, 

350 ℃, 450 ℃, 550 ℃) was characterized using XRD, and the results are shown in 

Figures 1F and G. As illustrated in Figure 1F, diffraction peak at 2θ ≈ 28.2° corresponds 
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to (111) crystal plane is the reflections of monoclinic polymorph, and the diffraction peak 

at 2θ ≈ 30.2° corresponds to (111) crystal plane observed treated temperature from 150 

to 350 ℃ is the reflection of tetragonal polymorph[37]. The XRD indicated that crystalline 

structure occurred with monoclinic-to-tetragonal transition. Furthermore, diffraction 

peaks at 2θ ≈ 30.2°, 35.2°, 50.3°, 60.1°, and 62.5° are generated as the heat treatment 

temperature increases to 450 °C and 550 °C, correspond to the (101) (110) (112) (211) 

and (202) facets of zirconium oxide (ZrO2), respectively, which are consistent with the 

crystal structure of tetragonal-phase zirconium oxide on JCPDS(No.80-0965) cards[38]. 

This phenomenon suggests that Zr(OAc)4 has already decomposed into ZrO2 production 

when the heat treatment temperature reaches 450 °C. From Figure 1G, a diffraction peak 

was observed at 2θ ≈ 17° for the untreated PAN/Zr(OAc)4 composite nanofibers, which 

was identified as (100) diffraction from the hexagonal lattice of PAN. As the heat 

treatment temperature increases, the diffraction peak of PAN/Zr(OAc)4 near 2θ ≈ 17° 

begins to shift to right, and a new broad peak appears near 2θ ≈ 23°, which is attributed 

to the creation of (002) crystalline facets of the aromatic planar structure of the carbon 

network (also known as the graphite-like structure) due to the cyclisation reaction of 

PAN[39]. When the heat treatment temperature reached 450 °C, the diffraction peaks 

corresponding to the crystal planes of ZrO2 appeared. These diffraction peaks gradually 

became pronounced with increasing temperature, indicating that the thermal 

decomposition of Zr(OAc)4 and the subsequent formation of crystalline ZrO2 at high 

temperature. With increasing heat-treatment temperature, not only the aromatic planar 

structure of the PAN carbon network, but also the generation of piezoelectric ceramics 

ZrO2 which might be the significant factors for the enhancement of the electrical 

properties of the PAN/Zr(OAc)4 membranes. 

 

The FTIR spectra of PAN/Zr(OAc)4 composite nanofiber membranes before and after 

heat treatment at 150 °C, 260 °C, 350 °C, 450 °C and 550 °C are shown in Figure 1H. 

For the untreated PAN/Zr(OAc)4 fiber membranes, several distinct absorption peaks of 

PAN functional groups can be seen in the FTIR spectrum, which correspond to stretching 

vibrations of C-H in -CH3 near 2,927 cm-1, -C≡N(cyano) near 2,242 cm-1, -C=O near 

1,731 cm-1, and the bending vibration of C-H in -C=H2 at 1,450 cm-1[40,41]. As the heat 

treatment temperature increases, the characteristic stretching peak of C-H in in -CH3 near 

2,927 cm-1 and the bending vibration peak of C-H in -C=H2 near 1,450 cm-1 gradually 

disappear, indicating that dehydrogenation occurs on the main PAN chain with the loss 
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of hydrogen atoms. Simultaneously, the cyano group -C≡N (~ 2,242 cm-1) featured of the 

PAN structure disappeared and formed into -C=N (~ 1,575 cm-1) and -C-N (~ 1,373 cm-

1), together with pyridine structure absorption peak near 806 cm-1 corresponding to a six-

membered ring structure, suggest that cyclization takes place along the PAN backbone. 

This transformation converts the disordered helical supramolecular structure into a planar, 

thermally stable ladder-like structure[42,43]. It is worth noting that the -C=N absorption 

peak near 1,575 cm-1 has already observed in the untreated PAN/Zr(OAc)4 membrane, 

which suggests that the incorporation of Zr(OAc)4 induces a pre-cyclisation reaction of 

the PAN molecular chain during the spinning solution preparation. Specifically, 

Zr(OAc)4 can be decomposed into free ions at elevated temperatures., the generated 

nucleophile CH3COO- ions attack the positively charged carbon atoms in the -C≡N 

groups, initiating a partial pre-cyclization process on the PAN molecular chains[44]. 

 

The stress-strain curves of pure PAN and PAN/Zr(OAc)4 composite nanofiber 

membranes without heat treatment are shown in Figure 2A. From the Figure 2A, the 

tensile strength PAN nanofiber membrane and PAN/Zr(OAc)4 membrane are 5.23 and 

7.84 MPa, and the elongation at break is 4.9% and 9.8%, respectively. The introduction 

of Zr(OAc)4 could simultaneously enhance the stress and break elongation, and the 

increment of stress and break elongation are 49.2% and 100.0% respective. This may be 

attributed to the formation of an ionic cross-linked network between Zr4+ and the -C≡N 

in PAN[45], which simultaneously enhances the tensile strength and elongation at break 

of the fibers. Furthermore, from Figure 2B, the tensile strength PAN nanofiber membrane 

and PAN/Zr(OAc)4 membrane after heat treatment at 260 ℃ are 9.28 and 14.36 MPa, 

and the elongation at break is 3.4% and 4.8%, and the increment of stress and break 

elongation are 54.7% and 41.2% respective, which is due to the chemical cross-linking 

and cyclisation of PAN molecular chains induced by the 260 °C heat treatment, 

transforming them from linear thermoplastic polymers into rigid ladder-type 

thermosetting structures[46]. The column comparison results of stress and break 

elongation are for pure PAN nanofiber membrane and PAN/Zr(OAc)4 membrane are 

shown in Figure 2C. The above results indicate that the introduction of Zr(OAc)4 

enhances the various mechanical properties of nanofiber membranes. 

 

In order to investigate the effect of Zr(OAc)4 incorporation on the thermal behavior of 
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PAN nanofibers, PAN/Zr(OAc)4 composite nanofiber membranes were characterized by 

TGA and DSC at different heat treatment temperatures, and the results are shown in 

Figure 2D-I. Figure 2D and E present the thermal weight loss of different heat treatment 

temperatures PAN/Zr(OAc)4 membranes. The untreated nanofiber membrane curves 

have 2 obvious weight loss near 98 and 287 ℃, the first one may be due to the 

volatilization of residual moisture and solvents within the composite nanofiber 

membrane, with no significant chemical decomposition occurring, and the second reason 

can be attributed to the cleavage of acrylonitrile groups along the PAN molecular chains, 

representing the core reaction in PAN thermal stabilization. As the heat treatment 

temperature increases, the thermal weight loss time of the membrane gradually shifts to 

the right, indicating that the heat-treated nanofiber membranes have higher thermal 

stability than the untreated one. The carbon yield and onset temperature are shown in 

Supplementary Table 3, the residual carbon yield of the heat-treated nanofiber membrane 

at 550 ℃ is 70.1% , which is a significant enhancement compared with the untreated 

one(40.1%). High carbon yield enables membranes to form a more complete conjugated 

structure, improving the mechanical properties of the fiber membranes. 

 

According to the DSC curves in Figure 2F, the exothermic peak of the untreated 

PAN/Zr(OAc)4 composite nanofiber membranes is found to be 2.65 °C lower than that 

of the pure PAN nanofiber membrane. This shift could be attributed to the formation of 

“π- π” interactions between CH3COO- in Zr(OAc)4 and the strong polar -C≡N group in 

PAN,which weaken the intermolecular forces among the -C≡N groups in the amorphous 

regions of PAN[47]. 
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Figure 2. Stress-strain curves of pure PAN and PAN/Zr(OAc)4 composite nanofiber 

membranes. (A) Untreated and (B) 260 °C heat-treatment; (C) Comparison of stress and 

strain for pure and composite films untreated and 260 °C heat-treatment. (D) TGA curves 

of untreated and different heat treatment temperatures PAN/Zr(OAc)4 membranes from 

50 °C to 800 °C at a heating rate of 10 °C min-1 under N2. (E) Column comparison chat 

of carbon yield and onset temperature for different heat treatment temperature 

PAN/Zr(OAc)4 nanofiber membrane. (F) DSC curves of pure PAN versus PAN/Zr(OAc)4 

membranes from 50 to 350 °C under N2 with different heat treatment temperatures. DSC 

curves of PAN/Zr(OAc)4 membranes at different heating rates: (G) untreated; (H) 260 °C 

heat-treatment and (I) plot of ln(Φ/T2
m) versus 1000/Tm according to the Kissinger. 

 

As a result, more planar zigzag conformations are formed, facilitating the cyclization 

reaction. The exothermic peak begins to gradually shift toward higher temperatures at 

heat treatment temperatures between 150 and 350 °C, which may be due to the 

decomposition of Zr(OAc)4 weakening the 'π-π' interactions. There is no exothermic 

peak is observed above 350 ℃, as the carbonized membrane structure achieves enhanced 

stability, effectively suppressing exothermic reactions[48]. Specifically, the cyclization 

reaction of PAN is advanced to below 350℃ with the acceleration of Zr(OAc)4, and the 

cyclization process further leads to the formation of stable ladder-type polymers from the 
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fracture of PAN microcrystalline structure; meanwhile, the decomposition of Zr(OAc)4 

at high temperatures (overlapping with the temperature range of PAN ladder 

polymerisation) exhibits weakly exothermic or slightly endothermic characteristics, 

which counteracts and masks the residual exothermic signal, collectively resulting in the 

absence of exothermic peak above 350 ℃. The decomposition trend of Zr(OAc)4 is in 

good agreement with the XRD pattern. Lowering the cyclization temperature can 

effectively suppress the thermal weight loss of PAN/Zr(OAc)4 membranes during the 

heat stabilization process. When the heat treatment temperature increases, the exothermic 

peak of the fiber membrane gradually shifts to the right, which may be caused by the 

partial CH3COO- decomposition. In addition, it can be seen from the figure that the 

exothermic peak exhibits a sharp peak, the heat transfer during the cyclization reaction 

takes place instantaneously rather than through a gradual chain process[49]. Figure 2G-H 

are DSC curves of PAN/Zr(OAc)4 membrane with untreated and heat treatment of 260 ℃ 

at different heating rates(5, 10, 15, 20 ℃/min), respectively. The apparent activation 

energy (Ea) of the cyclization reaction was determined by Kissinger method and the 

following Equation (1):[50] 

 

Ea

R
=-

d[ln(
Φ

Tm
2

)]

d(
1

Tm
)

                             (1) 

 

where Φ is the heating rate, Tm represents the peak temperature, and the value of Ea 

corresponds to the slope of the linear curve of ln(Φ/T2
m) and 1000/Tm. For the Kissinger 

analysis, linear regression was performed to verify the reliability of the fitting results, 

and the linear correlation coefficient (R²) was greater than 0.99, indicating excellent 

fitting validity. In Figure 2I, the Ea values of the untreated PAN/Zr(OAc)4 and the 260 ℃ 

treated membrane were calculated to be 11.447 ± 0.321 kJ·mol⁻¹ and 16.974 ± 0.458 

kJ·mol⁻¹, respectively (the uncertainty was expressed as the standard deviation of three 

parallel measurements). The significant increase in Eₐ after heat treatment at 260 ℃ can 

be attributed to the combined effects of constrained chain mobility and enhanced 

structural ordering of the PAN molecular chains. The heat treatment at 260 ℃ promotes 

the partial cyclization of PAN molecular chains and the rearrangement of molecular 

segments, which enhances the crystallinity of the fiber membrane and induces a more 

orderly arrangement of molecular chains. This ordered structure restricts the segmental 
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motion of PAN chains, making it difficult for the molecular chains to undergo further 

cyclization reactions[51]. As a result, a higher energy barrier needs to be overcome to 

initiate the cyclization reaction, leading to an increase in the apparent activation energy. 

High activation energy represents good thermal stability, which can prevent chain 

breakage and fiber melting due to the rapid evolution[52]. 

 

Electrical properties and stability 

In order to investigate the effect of doping concentration of Zr(OAc)4 on the performance 

of composite nanofiber membranes, the output open-circuit voltages and short-circuit 

currents of PAN/Zr(OAc)4 membranes containing different mass fractions (0, 5, 10, 15, 

and 20 wt%) doping on PAN/Zr(OAc)4 membranes were measured respectively and the 

testing results are shown in Supplementary Figure 3. From the Supplementary Figure 3, 

it can be seen that the output open-circuit voltage of this flexible piezoelectric sensor 

gradually increases with the increasing of Zr(OAc)4 content, and the output open-circuit 

voltage reaches the optimum value of 12.9 V under an external force of 8 N when the 

filler reaches 10 wt.%, and the output voltage of the piezoelectric sensor starts to decrease 

when the content of Zr(OAc)4 continues to increasing, which may be due to the fact that 

too much doped filler makes the composite material internal agglomeration occurs, 

leading to the deterioration of the electromechanical coupling effect, which results in a 

lower output voltage. The output short-circuit current of this piezoelectric sensor exhibits 

the same trend as the output voltage, the peak output current reaches 350 nA at a 

mechanical external force of 8N when the content of Zr(OAc)4 reaches 10 wt.%. Doping 

with fillers with a content of 10 wt% was used in subsequent studies and experimental 

applications. 

 

To investigate the electrical properties of PAN/Zr(OAc)4 composite nanofiber 

membranes, the output open-circuit voltages and short-circuit currents of the fiber 

membranes were tested at room temperature environment for untreated and different heat 

treatment temperatures as shown in Figure 3A-C. Figure 3A shows that the occurrence 

of thermal cyclization reaction converts the disordered helical supramolecular structure 

into a planar heat-resistant trapezoidal stabilized structure when the heat treatment 

temperature is in the range of 50-260 ℃, and the change of the output voltage of the 

piezoelectric membrane has roughly the same trend as that of the pure PAN nanofiber 
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membrane, but the PAN/Zr(OAc)4 composite piezoelectric membrane outperforms the 

pure PAN piezoelectric membrane in all temperature gradients. When the heat treatment 

temperature is higher than 260 ℃, the heat treatment environment of the fiber membrane 

is under nitrogen atmosphere, which can slow down the carbonization of the fiber 

membrane to a certain extent, leading to the generation of graphite-like structure, so that 

the piezoelectric properties are reduced. The piezoelectric output characteristics of the 

PAN/Zr(OAc)4 membrane were dramatically enhanced when the heat treatment 

temperature reached 450 °C and above, with a maximum output voltage of 12.9 V, which 

was 1.33 times higher than the peak voltage of the pure PAN piezoelectric membrane 

(9.7 V). From Figure 3B, the trend of the output short-circuit current is approximately 

the same as that of the output open-circuit voltage, and the output peak current of the 

PAN/Zr(OAc)4 membrane is 350 nA, which is 1.22 times higher than that of the PAN 

piezoelectric membrane (286 nA), due to the increase in the number of ZrO2 

nanoparticles produced by thermal decomposition of Zr(OAc)4, which results in the 

membrane's piezoelectric properties to improve. When the temperature is increased to 

550 °C, according to SEM, it can be found that the internal fibers of PAN/Zr(OAc)4 

undergo fracture, which leads to a decrease in the degree of cyclization and the generation 

of more graphite-like structures, resulting in a decrease in the piezoelectric properties. 

Figure 3C shows the line graphs of the output voltage and current of the membrane at 

different heat treatment temperatures, which more intuitively shows the trend of the 

output voltage and current. In addition, according to Supplementary Figure 4, a 

mechanical external force of 2-10 N was applied to the sensor and increased in this way 

at intervals of 2 N. It was found that the output voltage showed a good linear response 

with pressure and the output voltage sensitivity was 1.67 V/N, which was 63.5% higher 

than that of the pure PAN nanofiber sensor. This reflects the outstanding pressure-

responsive characteristics of the PAN/Zr(OAc)4 membrane sensor. Ac
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Figure 3. Piezoelectric performance of the PAN/Zr(OAc)4 composite nanofiber 

membrane sensor at different heat-treatment. (A) Dependence of open-circuit voltage 

and (B) short-circuit current. (C) Voltage and current line graphs. (D) Voltage and 

instantaneous power of the sensor at different external load resistances. (E) Polarity 

reversal test of the sensor. (F) Stability test under 10,000 cycles. PAN/Zr(OAc)4 

composite membranes untreated and at different heat treatment temperatures under room 

temperature conditions (∼25 °C): (G) ferroelectric properties (P-E); (H) dielectric 

constant and (I) piezoelectric coefficient d33 curve. 

 

Based on the above experimental data, the electrical properties of PAN/Zr(OAc)4 

composite nanofiber membranes can be significantly improved after high-temperature 

heat treatment, and it is expected that the membranes can be used in the fields of flexible 

sensing and detection, and flexible electronic skin wear. 

 

Figure 3D shows the PAN/Zr(OAc)4 output voltage by testing the output voltage of 

PAN/Zr(OAc)4 composite nanofiber membrane with external load resistors, which are 3, 

6, 9, 12, 15, 18, 21, 24, 27, and 30 MΩ, and the output voltage is increased from 3.8 V 

to 13.1 V. At the same time, the instantaneous output power is calculated using 

Equation(2): 
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𝑃 =
𝑈2

𝑅
                                 (2) 

 

Where U is the voltage at both ends of the PAN/Zr(OAc)4 membrane with external load, 

and R is the external load. When the external load is 15 MΩ, the output power is taken 

as the maximum value of 7.35 μW. The maximum output power is achieved when the 

internal resistance of the sensor matches the external load. On this basis, the internal 

resistance of the PAN/Zr(OAc)4 membrane sensor is determined to be approximately 15 

MΩ 

 

To further verify the validity of the piezoelectric effect, the polarity reversal test was 

carried out on PAN/Zr(OAc)4 composite nanofiber membranes, as shown in Figure 3E. 

When the membrane was connected to the test circuit in the forward direction, a positive 

signal was detected with voltage wave peaks and troughs of 12.9 V and -7.3 V, 

respectively. Conversely, when the membrane was connected to the test circuit in the 

reverse direction, voltage wave peaks and troughs of 7.1 V and -12.6 V were detected. 

As a result, the peaks of the PAN/Zr(OAc)4 membrane are opposite in positive and 

negative values under forward and reverse connections, but equal in magnitude, which 

indicates that the voltage output signal is indeed generated by the piezoelectric effect, 

and does not belong to the external disturbances or friction electric effect. In addition, 

the stability of PAN/Zr(OAc)4 membranes was also tested by knockdown tests, as shown 

in Figure 3F. The 450 ℃ heat-treated composite fibrous membrane sensing device was 

tested to 10,000 cycles, and it was observed that the output performance remained 

unchanged and was almost stable at around 12.9 V without significant fluctuations. This 

indicates that the prepared PAN/Zr(OAc)4 flexible piezoelectric sensing device has good 

stability and is able to continuously convert mechanical properties into electrical energy, 

which can be used for sensing and detecting mechanical motion at room temperature. 

Table 1 summarizes and compares the normalized electrical output performance (e.g., 

sensitivity per unit force) and maximum operating temperature of different high-

temperature piezoelectric materials under high-temperature environments. The 

PAN/Zr(OAc)4 composite piezoelectric sensors in this study exhibit superior normalized 

electrical performance and a higher operating temperature compared to most reported 

counterparts. However, it should be noted that the benchmarking comparison is still 

Ac
ce

pt
ed

 A
rti

cle



Page X of 23                                       Surname et al. Soft Sci Year;Volume:Number│http://dx.doi.org/10.20517/ss.2021.xx 

 

limited by the inconsistent ambient testing temperatures adopted in different reports. 

Since the sensing performance of piezoelectric and pyroelectric materials is generally 

temperature-dependent, the lack of uniform testing temperature among different sensors 

brings potential deviations to the comparison. Therefore, the above comparison can only 

provide a preliminary reference for performance evaluation, rather than an absolute 

quantitative judgment. 

 

Table 1. Electrical output and maximum operating temperature of different 

piezoelectric materials at elevated temperatures 

Piezoelectric 

material 

Sensitivity

（V/N） 
Voltage（V） 

Maximum 

operating 

temperature/°C 

Ref 

PSN-PZT 0.035 6.834 184 [56] 

PZT-5H 0.032 3 200 [57] 

GaN 0.61 0.12 300 [58] 

ITO/In₂O₃ 0.18 - 300 [59] 

PI/ZnO 0.75 4 500 [60] 

PAN/Zr(OAc)4 1.67 12.9 500 
This 

work 

 

In order to further investigate the effect of how the introduction of Zr(OAc)4 affects the 

piezoelectric output characteristics of PAN/Zr(OAc)4 composite nanofiber membrane 

sensors. The residual polarization strength (Pr) of the membranes at room temperature 

(∼ 25 °C) and the dielectric constant (εr) in the frequency range of 102-106 Hz were 

tested for the untreated and different heat treatment temperatures (150 °C, 260 °C, 350 °C, 

450 °C, and 550 °C). From Figure 3G, the value of the residual polarization strength Pr 

gradually increased from 0.42 μC/cm2 to 0.73 μC/cm2 as the heat treatment temperature 

increased from 25 °C to 260 °C. When the heat treatment temperature was between 

260 °C and 450 °C, the overall change of the residual polarization strength Pr was not 

significant and was stable at 0.8 μC/cm2 or so, but when the heat treatment temperature 

was increased to 550 °C, the residual polarization strength decreased to 0.52 μC/cm2. 

The change of the Pr value of the residual polarization strength indicates that the increase 

of the heat treatment temperature can make the internal polarization state of the 
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membrane more stable and oriented more consistently, which in turn improves the energy 

conversion efficiency of the piezoelectric sensor. 

 

As shown in Figure 3H, due to the Maxwell-Wagner-Sillars polarization effect[53,54]that 

makes the composite material under the action of alternating electric field, the charge 

accumulation at the interface between its organic and inorganic phases, resulting in the 

εr of PAN/Zr(OAc)4 composite nanofiber membrane sensors under different heat 

treatment temperatures decreases gradually with the increase of the test frequency, and 

with the increase of the heat treatment temperature, the εr value gradually increases. 

When the heat treatment temperature was increased from 150 °C to 550 °C, the εr values 

of PAN/Zr(OAc)4 membranes were elevated from 4.61 to 7.30 at the test frequency of 

100 Hz, and all of them were higher than those of the untreated membranes (εr = 4.28). 

According to the results, the heat-treated PAN/Zr(OAc)4 membrane has a high dielectric 

constant and low dielectric loss [Supplementary Figure 5], which enables the material to 

accumulate more charge under the same electric field and lose less energy during 

charging and discharging, and has an excellent charge storage capability. 

 

It is well known that the piezoelectric properties of piezoelectric materials are determined 

by the piezoelectric coefficient d33, which is related to the magnitude of the residual 

polarization strength Pr and the dielectric constant εr, and d33 is calculated by Equation 

(3):[55] 

𝑑33 = 2𝑄11𝜀0𝜀𝑟𝑃𝑟                             (3) 

 

where ε0 is the vacuum dielectric constant (ε0 = 8.854×10-12F⸱m-1), which is the 

electrostriction constant of the cis-phase in the range of (0.05-0.1 m4⸱C-2). The 

calculation result of d33 are shown in Figure 3I, it was found that the trend of the 

piezoelectric coefficient d33 was consistent with the output voltage and current of the 

PAN/Zr(OAc)4 membranes, which indicated that the addition of Zr(OAc)4 had a 

significant effect on the enhancement of piezoelectric properties. The output voltages, 

output currents, the residual polarizable strengths Pr, the dielectric constants εr, and the 

piezoelectric coefficients of the PAN/Zr(OAc)4 membranes The values of d33 are shown 

in Table 2. 

 

In order to validate the high-temperature resistance of the fiber membranes, the 
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PAN/Zr(OAc)4 composite nanofiber membranes (heat-treated at 450 ℃) were tested at 

four high temperature conditions, 200 ℃, 260 ℃, 300 ℃, and 350 ℃, the infrared 

thermogram of the high temperature environment tested as shown in Figure 4A . All 

piezoelectric measurements were performed under a mechanical force of 8N (applied at 

an excitation frequency of 10 Hz), with an effective active sensor area of 2.25 cm2 (1.5 

cm × 1.5 cm) and a membrane thickness of 120 μm. For electrical connections at elevated 

temperatures, high-temperature-resistant nickel (Ni) wires and conductive copper tape 

were used to ensure stable contact. Voltage signals were captured via an external 

oscilloscope. At different high temperature conditions, the peak output voltage were 

13.7V, 14.1V, 13.4V and 13.9V, respectively [Figure 4B], the output voltage remains 

almost constant at high temperatures [Figure 4C], and is consistent with the result tested 

at room temperature. This show that the fabricated sensor can be used in high-

temperature environments. Furthermore, to test the long-term stability under high-

temperature exposure, the sensor was subjected to isothermal static tests at 350 °C for 

100, 200, 300, and 400 h, respectively. After different durations of testing, the peak 

output voltage did not show significant reduction or fluctuation, indicating that the 

fabricated sensor can be used in a high-temperature environment for long-term static 

operation [Supplementary Figure 6]. In addition, a polarity reversal test was also carried 

out on the fiber membrane in a high temperature environment (the test environment is 

400 ℃), respectively, the fiber membrane sensor was connected positively and 

negatively in the measurement circuit, and a positive and negative signal was obtained 

from the measurement shown in Figure 4D. The measurement results show that the 

output voltage originates from the piezoelectric signal generated by the PAN/Zr(OAc)4 

membrane sensor during mechanical force loading and unloading.

Ac
ce

pt
ed

 A
rti

cle



Surname et al. Soft Sci Year;Volume:Number│http://dx.doi.org/10.20517/ss.2021.xx                                        Page X of 23 

 

Figure 4. Electrical properties of PAN/Zr(OAc)4 composite membranes for high-

temperature resistant sensors at a heat treatment temperature of 450 °C. (A) High-

temperature thermogram; (B) Piezoelectric output of the composite membrane at 200 °C, 

260 °C, 300 °C, and 350 °C; (C) Piezoelectric output error bars; (D) Polarity reversal test 

at 400 °C; (E) Stability test of 5000 knock cycles at 400 °C. Pyroelectric properties of 

PAN/Zr(OAc)4 composite membrane high-temperature resistant sensors: (F) 

Dependence of open-circuit voltage and (G) short-circuit current. 

 

Table 2. Summary of electrical properties of PAN/Zr(OAc)4 membranes at different 

heat-treatment temperatures 

Heat-treated 

Temperature (℃) 
Voltage(V) Current(μA) εr Pr(μC/cm2) d33(Pc/N) 

Untreated 4.04 0.097 4.282 0.421 3.190 

50 4.28 0.122 - - - 

100 4.68 0.151 - - - 

150 5.16 0.176 4.609 0.515 4.19 

200 5.48 0.203 - - - 

250 6.12 0.217 - - - 
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260 8.5 0.265 4.876 0.731 6.313 

300 8.84 0.277 - - - 

350 8.94 0.286 5.270 0.781 7.292 

400 12.7 0.343 - - - 

450 12.9 0.351 6.413 0.875 9.942 

500 10.5 0.260 - - - 

550 6.4 0.212 7.302 0.523 6.767 

 

In addition, for the purpose of validating the mechanical stability of the fabricated 

PAN/Zr(OAc)4 composite nanofiber membranes in high-temperature environments, a 

large number of cyclic knock and release tests were performed. From Figure 4E, the thin-

membrane sensors were tested with 5,000 cycles under a force of 8 N at a frequency of 

10 Hz in a 400 °C environment, and it was found that there was no obvious fluctuation 

or attenuation of the output performance, which indicates that the PAN/Zr(OAc)4 

membrane sensors have excellent mechanical stability even in high-temperature 

environments. The results show that the prepared PAN/Zr(OAc)4 membranes, after being 

encapsulated with high-temperature-resistant materials, have excellent electrical output, 

mechanical stability, and high-temperature-resistant properties that can enable them to 

be widely used for energy harvesting or real-time monitoring of data in high-temperature 

fields, such as aerospace, industrial production, energy, and automobile engines. 

 

Since heat-treated PAN has pyroelectric properties, the pyroelectric properties of 

PAN/Zr(OAc)4 composite nanofiber membrane sensors heat-treated at 450 °C were 

investigated, the mechanism of the fabricated sensor to sense temperature as shown in 

Supplementary Figure 7. During the testing, the distance between the sensor and the heat 

source was strictly controlled (gradually shortened from 30 cm to 5 cm), and the time 

was controlled at about 2s. It was used to test the pyroelectric output performance of the 

PAN/Zr(OAc)4 membrane sensors at different temperature gradients (ΔT = 100 K, 200 

K, and 300 K, representing the temperature change from room temperature to the 

displayed temperature). The results are shown in Figure 4F and G, where the pyroelectric 

output voltage and current of the PAN/Zr(OAc)4 membrane sensors are gradually 

enhanced with the increase of the test temperature. In addition, to rule out the effects of 

thermomechanical or frictional electrification in pyroelectric measurements, a series of 
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control experiments were conducted, and the results are shown in the Supplementary 

Figure 8. This confirms that the PAN/Zr(OAc)4 membrane sensor has good temperature 

sensitivity and fast response characteristics. The pyroelectric current (Ipyro) can be 

calculated by equation (4): 

 

𝐼𝑝𝑦𝑟𝑜 = 𝑝𝐴
𝑑𝑇

𝑑𝑡
                                 (4) 

 

where p is the pyroelectric coefficient, A is the effective area of the fiber membrane, and 

dT/dt is the temperature change rate. Supplementary Figure 8C and 8D show the Changes 

in temperature and Corresponding differential curve of the PAN/Zr(OAc)4 composite 

menbrane sensor. The pyroelectric output current was then fitted to the temperature 

gradient [Supplementary Figure 8E], revealing a linear correlation between the output 

current and the temperature gradient. Based on the fitted curve of output current versus 

temperature gradient, the temperature resolution was determined to be 1.51 nA/°C. As 

the temperature change gradient (ΔT) rose from 100 K to 300 K, both of their pyroelectric 

responses were significantly enhanced. This enables PAN/Zr(OAc)4 membrane sensors 

to achieve sensing monitoring of changes in heat sources through temperature gradient 

changes, which are used to monitor and protect devices operating in high-temperature 

environments from localized over-temperature and reduced device lifetime. To achieve 

the selection of pyroelectric and piezoelectric outputs in practical applications, the two 

signals can be used independently according to the measured target. The pyroelectric 

signal is used for temperature monitoring, while the piezoelectric signal is used for 

mechanical detection. The pyroelectric and piezoelectric responses can be effectively 

decoupled and superimposed under different signals as shown in Supplementary Figure 

9, demonstrating reliable dual-mode sensing performance. 

 

Critical components in automobile engine [Figure 5A], such as cylinder walls, exhaust 

pipe interfaces and turbochargers are prone to material fatigue, seal aging and even 

structural deformation due to localized overheating (> 400 ℃) during prolonged high-

load operation, which significantly shortens the service life. The high temperature 

monitoring and warning is crucial for extending the service life of automobile engines 

and ensuring the safety of passengers. Traditional temperature monitoring methods, such 

as thermocouples are difficult to fit curved or irregular components due to their rigid 
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construction and are susceptible to contact failure under vibration. Owing to excellent 

flexibility (intimate conformity to complex curved surface), outstanding high-

temperature resistance (stable operation above 500 °C) and good sensitivity to 

temperature (linear pyroelectric response characteristics) of PAN/Zr(OAc)4 membrane 

sensor prepared in this study. we offer an effective solution for real-time temperature 

monitoring of engines operating in high temperature environment. The PAN/Zr(OAc)4 

membrane sensors were attached to the engine cylinder wall surface as shown in Figure 

5B and C, and the corresponding pyroelectric output voltages were measured under 

different temperature gradients. The pyroelectric output voltage results of PAN/Zr(OAc)4 

membrane sensor are presented in Figure 5D. From Figure 5D, and it was found that the 

pyroelectric outputs increased with the temperature gradient increasing, the pyroelectric 

output voltages were 0.39, 0.52, 0.7, 0.8, 0.98, 1.09,1.22 and 1.37 V at the temperature 

gradients of 100,150, 200,250, 300, 350, 400, and 450 ℃, respectively. A fitted curve of 

the output voltage versus temperature gradient was plotted 355.98 °C/V sensitivity, as 

shown in Figure 5E. The sensor was subjected to 30 thermal cycles at the threshold 

temperature of 400 °C, the pyroelectric output remained stable. Furthermore, the 

hysteresis characteristic was studied by recording the voltage during heating and cooling 

processes. The heating and cooling curves almost overlap, indicating a small hysteresis 

and good repeatability of the sensor. These results confirm that the prepared pyroelectric 

sensor possesses satisfactory sensitivity, stability, and hysteresis performance for real-

time engine temperature monitoring. A graphical user interface (GUI) was developed in 

Python simulation software based on PyQt module suite to visualize local temperature 

variations in real time. A threshold temperature of 400 °C was set for safety monitoring, 

The GUI is then used to monitor and display the variation of the local temperature of the 

engine. When the temperature at any of the monitoring points below 400°C, the indicator 

light is green indicating normal engine temperature [Figure 5F]. When the temperature 

reaches the 400 °C threshold [Figure 5G], the interface alarm indicator turns red to alert 

the driver to perform maintenance. Additionally, considering quantitative analysis of 

localized temperature monitoring on engine surfaces, the response time of 

PAN/Zr(OAc)4 composite nanofiber sensors was tested at different engine temperatures 

with a spatial resolution of 1.5 × 1.5 cm2. As shown in Supplementary Figure 10, the 

trigger response time of the pyroelectric sensor gradually accelerated as localized engine 

temperatures increased, reaching 0.6 s when the local temperature reached 400°C. 
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Furthermore, when the local temperature reached 450°C, eight cyclic tests were 

conducted. The trigger events remained stable at approximately 0.21 s without significant 

fluctuation, indicating that the prepared pyroelectric sensor exhibits both sensitive 

responsiveness and stability during temperature monitoring. This intelligent monitoring 

system not only prolongs the service life of critical engine components but also optimizes 

fuel efficiency through precise temperature control, providing a reliable and stable 

technical solution for monitoring thermal safety in extreme environments in the 

automotive industry. Furthermore, by adjusting the threshold temperature, the system can 

be readily adapted for thermal monitoring in other high-temperature scenarios, 

demonstrating its broad potential for applications in extreme thermal environments. 

 

 

Figure 5. (A) Diagram of an automobile engine model. (B) Model engine diagram of 

pasted PAN/Zr(OAc)4 composite nanofiber membrane sensor and (C) local 

magnification sensor output interface temperature display. (D) Pyroelectric output of 

450 °C heat-treated PAN/Zr(OAc)4 membrane sensor for different heat source 

temperature gradients (ΔT = 100, 200, 300, 400, 500 K). (E) Fitted curve of pyroelectric 

output voltage as a function of temperature gradient. (F) Local temperature normal and 

(G) local temperature too high. 
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CONCLUSIONS 

In this study, we developed a flexible, high-temperature-resistant nanofiber sensor with 

dual piezo/pyroelectric functionalities based on a PAN/Zr(OAc)4 composite, aiming to 

address the need for stable, high-performance sensing in extreme thermal environments. 

The fabricated PAN/Zr(OAc)4 composite nanofiber sensor exhibited excellent flexibility, 

enhanced mechanical strength, and stable dual piezo/pyroelectric functionality, with 

Zr(OAc)4 incorporation and optimized heat treatment significantly boosting its electrical 

output and thermal endurance. This sensor (heat-treated at 450 °C) has a maximum open-

circuit voltage of 12.9 V and a short-circuit current of 0.351 μA at room temperature, and 

the output voltage of the heat treatment PAN/Zr(OAc)4 nanofiber film (450 ℃) in a high-

temperature environment (below its heat treatment temperature) was 14.1V. Furthermore, 

the PAN/Zr(OAc)4 composite nanofiber sensor maintained stable performance even after 

more than 10,000 room-temperature cycles and 5,000 high-temperature cycles. The 

pyroelectric effect of the heat-treated composite enabled linear, real-time temperature 

monitoring, demonstrating its potential for practical thermal sensing applications. With 

its superior high-temperature resistance, dual functionality, and long-term stability, the 

PAN/Zr(OAc)4 composite nanofiber sensor holds great promise for thermal monitoring 

and energy harvesting in extreme environments such as aerospace, oil drilling, and new 

energy systems. 
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