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A B S T R A C T

Maintaining stable sensing performance in extreme environments, such as high temperatures, is critical for ac-
curate signal monitoring. Conventional rigid sensors fail to fit on uneven surfaces and polymer-based piezo-
electric sensors degrade at elevated temperatures, restricting their utilization in harsh environments. Herein, we 
design a flexible and high-temperature-resistant piezoelectric sensor based on cyclized polyacrylonitrile (PAN) 
and barium titanate (BTO) nanoparticles. Computational and experimental results indicate that the integration of 
BTO into the PAN matrix increases the interfacial dipole interactions and raises the activation energy of the PAN 
cyclization reaction (Ea = 221.63 kJ/mol). As a result, the developed sensor exhibits a broad operating tem-
perature range (room temp. to 500 ◦C), an improved piezoelectric performance (d33 = 41.5 pC/N), a remarkable 
frequency response (500 Hz), and an excellent flame-retardant property (LOI = 40 %). Supported by machine 
learning algorithms, the PAN/BTO fiber-based monitoring system achieves accurate fault diagnosis in high- 
temperature mechanical vibration scenarios, with an impressive accuracy of 96 %. This innovative approach 
paves the way for designing unique high-temperature-resistant materials and flexible piezoelectric sensors for 
real-time sensing under harsh conditions.

1. Introduction

Many next-generation energy, transportation, and defense applica-
tions require robust and reliable vibration monitoring under extreme 
environments [1–5], such as automobile engines (100–350 ◦C) [6–8], 
aerospace turbomachinery (75–500 ◦C) [9–11], and petroleum extrac-
tion (150–300 ◦C) [12,13]. For practical applications, sensors capable of 
maintaining optimal performance at elevated temperatures are essential 
for ensuring the long-term stability of equipment, preventing failures, 
and enabling continuous real-time monitoring. In particular, flexible 
sensors provide a novel solution through conformal attachment to rigid 
and complex surfaces, thereby substantially improving signal quality 
[14–18]. Conventional rigid sensors, while effective in some scenarios, 
are limited in their applications to shape-changing objects or over 
large-area non-flat surfaces due to their bulkiness and mechanical ri-
gidity [19–21]. In addition, the rigid sensors usually exhibit limited 
strain tolerance, restricting their use in deformable systems [16,20]. To 

address these challenges, flexible sensors have emerged as a promising 
solution, particularly for non-destructive testing and continuous moni-
toring of small-sized components and curved structures. Especially, 
nanofiber-based sensors exhibit excellent flexibility, decent sensitivity, 
and good mechanical durability, providing important insights for 
developing advanced sensors [22–27]. However, most fiber-based sen-
sors often experience performance degradation with increasing tem-
peratures and even fail beyond critical thresholds, largely due to the 
thermal instability of the polymers [28–31]. Therefore, there is an ur-
gent need for conformal sensors capable of stable operation in 
high-temperature regimes.

Rapid advancements in materials science enable the emergence of 
innovative sensing materials with high mechanical flexibility for high- 
temperature applications. Ceramics [32–35], semiconductors [36–38]
and single crystals [39,40] are often integrated with organic matrices to 
improve flexibility, yet the resulting composites typically exhibit limited 
thermal tolerance. Moreover, capacitive or piezoresistive pressure 
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sensors based on these materials tend to respond slowly [41–43], which 
is insufficient for monitoring high-frequency mechanical vibrations. In 
contrast, polymer-based piezoelectric materials, such as polyvinylidene 
fluoride (PVDF) and its derivatives, offer greater mechanical flexibility 
and high-frequency response but suffer from poor thermal stability. For 
example, PVDF loses its piezoelectricity at temperatures above its Curie 
point (80 ◦C) and completely fails at its melting point of 177 ◦C [44]. To 
address these limitations, several strategies have been explored, 
including crosslinking to restrict polymer chain mobility [45], the 
incorporation of inorganic fillers [46], and hydrogen bond modification 
[47]. These approaches indeed improve the thermal stability of mate-
rials, but there are still challenges in preserving excellent piezoelec-
tricity at high temperatures. Recently, PAN has emerged as a promising 
candidate, performing potential thermal stability at 550 ◦C [48] and 
unexpected piezoelectricity [49,50]. This is mainly due to the fact that 
each repeating unit of PAN contains a strongly polar cyanide group 
(─C–––N) with a high dipole moment (4.3 D), imparting notable piezo-
electricity [51]. The thermally annealed PAN forms stable aromatic 
structures, enhancing its high-temperature resilience [52,53]. However, 
when heated to 500 ◦C, PAN cyclizes into a structure similar to gra-
phene, dramatically declining piezoelectric performance [48]. Thus, the 
performance of piezoelectric materials over a wider range of tempera-
tures is still being explored for their application in extreme conditions.

In this work, we improve the thermal degradation threshold of PAN 
by introducing BTO nanofillers, resulting in a high-temperature- 
resistant and flexible piezoelectric sensor. The effects of BTO incorpo-
ration on the cyclization, thermal stability and piezoelectricity of PAN 
are revealed through computational simulation and experimental veri-

fication, respectively. As a result, the PAN/BTO composite fiber mem-
branes exhibit excellent electromechanical coupling, with an open- 
circuit voltage (Voc) of 5.2 V, a short-circuit current (Isc) of 144.8 nA 
under 200 kPa and a piezoelectric coefficient (d33) of 41.5 pC/N. 
Notably, these nanocomposites maintain stable sensing performance 
without degradation across a broad temperature range, from room 
temperature up to 500 ◦C, and demonstrate durability over 10,000 cy-
cles. As a proof-of-concept, the developed piezoelectric sensors are 
conformally attached to the curved mechanical structures, demon-
strating their excellent performance in high-temperature mechanical 
vibration monitoring. This strategy represents a significant advance-
ment in developing high-performance piezoelectric materials for next- 
generation sensors capable of operating in extreme environments, 
paving the way for large-scale manufacturing and practical imple-
mentation of flexible piezoelectric sensors in industries requiring high- 
temperature environments.

2. Results and discussions

2.1. Design of the high-temperature-resistant piezoelectric sensor

The core of the high-temperature piezoelectric sensor design is the 
integration of BTO nanoparticles into PAN, which endows the sensor 
with both flexibility and thermal stability (Fig. 1a). The nanofiber 
consists of a PAN matrix, where the embedded BTO particles enhance 
piezoelectricity by inducing local polarization in the interfacial region 
[54]. When heated, the PAN chain undergoes a crucial cyclization re-
action, which significantly improves the thermal stability of the material 

Fig. 1. Overview of high-temperature-resistant PAN/BTO nanofibers. a) Schematic composition of PAN/BTO piezoelectric nanofibers. b) Schematic diagram of the 
cyclization of PAN/BTO. c) Principle of thermal stability enhancement. BTO increases the apparent reaction activation energy. d) The modification of BTO and the 
cyclization reaction of PAN/BTO. BTO can inhibit the cyclization reactions. e) Performance comparison of commercial PVDF, pure PAN, and PAN/BTO composites. f) 
Schematic showing the mechanical vibration monitoring system for real-time vibration sensing and fault diagnosis.
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due to the strong bonding of the resulting aromatic network structure 
(Fig. 1b). The inclusion of BTO raises the activation energy required for 
PAN cyclization, thereby increasing processing temperature (Fig. 1c). 
The elevated activation energy not only enhances flame retardancy but 
also improves the resistance to degradation at high temperatures. To 

ensure the uniform distribution of BTO nanoparticles within the PAN 
matrix, BTO nanoparticles are modified with a poly-dopamine (PDA) 
coating, reducing surface energy and promoting better dispersion 
(Fig. 1d(i) and Figs. S1–2). For simplicity, the core-shell structure 
BTO@PDA is subsequently referred to as BTO. In addition, the PAN/BTO 

Fig. 2. Characterizations and analysis of PAN/BTO nanofibers. a) SEM images of pure PAN and PAN/BTO nanofibers (Scale bar: 2 μm). The corresponding elemental 
maps of C, N, Ti, Ba, O (Scale bar: 10 μm). b) TEM image of a single PAN/BTO nanofiber (Scale bar: 500 nm). c) Optical photograph of the PAN and PAN/BTO 
nanofibers after thermal annealing at various temperatures (50–500 ◦C). Scale bar: 4 mm. d) FTIR spectra of PAN/BTO nanofibers with different concentrations of 
BTO from 0 to 15 wt%. e) Calculation of the content of planar zigzag configuration in PAN/BTO nanofibers. S1230 and S1250 represent the peak areas at 1230 cm⁻¹ and 
1250 cm⁻¹ , respectively. f) FTIR spectra of 12.5 wt% PAN/BTO nanofibers with different thermal annealing from 50 ◦C to 500 ◦C. g) Raman spectra of 12.5 wt% 
PAN/BTO nanofibers with different thermal annealing from 260 ◦C to 500 ◦C. h) Relative cyclization index (RCI) and degree of graphitization (I1580/I1360) for PAN 
and PAN/BTO nanofibers treated at different temperatures. i) DSC curves comparing PAN and PAN/BTO nanofibers at different heating rates. j) Arrhenius plot of 
activation energy for cyclization in PAN and PAN/BTO nanofibers. k) Schematic illustration of the cyclization pathway for PAN and PAN/BTO nanofibers.
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nanofibers are thermally annealed at various temperatures ranging from 
50 ◦C to 500 ◦C (Fig. S3), enhancing the thermal resistance and piezo-
electric properties. During the thermal annealing, the PAN chain un-
dergoes oxidation, dehydrogenation, and cyclization, forming an 
aromatic network structure (─C═N─C═N─), which is essential for 
high-temperature resilience (Fig. 1d(ii)). This behavior contrasts 
sharply with pure PAN or commercial PVDF, which exhibit performance 
degradation under comparable thermal conditions (Fig. 1e and Fig. S4). 
The incorporation of BTO nanoparticles, combined with thermal 
annealing, significantly enhances both the high-temperature resistance 
and piezoelectric performance of the PAN-based sensor. As a 
proof-of-concept, a high-temperature real-time vibration monitoring 
system was designed and validated, including signal acquisition and a 
neural network model for mechanical fault classification. In which, the 
detected signals can determine abnormal vibrations and predict possible 
equipment failures, providing a viable solution for safe equipment 
operation in high-temperature environments (Fig. 1f).

2.2. Fabrication and characterization of the PAN/BTO nanofibers

The well-dispersed PAN/BTO nanofibers are prepared by electro-
spinning. As illustrated in Fig. 2a and Fig. S5-6, BTO nanoparticles with 
less than 15 % content are homogeneously distributed and well-aligned 
within the PAN nanofibers. Elemental mapping from Energy Dispersive 
Spectroscopy (EDS) confirms the even distribution of elements C, Ba, 
and Ti throughout the composite nanofibers. Transmission Electron 
Microscopy (TEM) image further reveals the well-dispersed BTO nano-
particles within the PAN nanofiber, displaying a clear and distinct 
interface between the two materials (Fig. 2b). To enhance thermal sta-
bility, the PAN/BTO nanofibers undergo a thermal annealing process. 
During annealing, the color of the resulting fiber membrane changes 
from light yellow to dark brown, signifying the occurrence of chromo-
phores and an aromatic network structure due to chemical reactions 
[55]. In contrast, the presence of BTO in the composite is found to delay 
this color change, indicating that BTO nanoparticles retard the cycliza-
tion kinetics of PAN (Fig. 2c). The possible reason may be that the 
introduction of BTO significantly affects the chemical interactions 
within the composite and the molecular chain configuration of PAN 
(Fig. 2d). Firstly, the strong interfacial interaction between PAN and 
BTO is evidenced by the reduction in the intensity of the C═O functional 
group peak (1665 cm⁻1), indicating the inhibitory effect of BTO on 
cyclization (Fig. S7). Secondly, the molecular chain configuration of 
PAN transforms from a 31-helix to a planar zigzag conformation, which 
is known to enhance piezoelectricity [50]. The change in molecular 
chain conformation is quantified by comparing the ratio of S1250 to S1230, 
where S1250 and S1230 represent the peak areas at 1230 cm⁻¹ and 
1250 cm⁻¹ in FTIR spectra, corresponding to the conformations of 
31-helix and planar zigzag, respectively. As can be seen, the proportion 
of the planar zigzag configuration is maximized when the BTO content 
reaches 12.5 % (Fig. 2e), which also corresponds to the observed 
optimal Voc and Isc outputs (Fig. S8). Consequently, the PAN/BTO 
nanofibers with 12.5 wt% BTO are further thermally annealed to 
explore the behavior at elevated temperatures. As can be seen from the 
thermogravimetric (TG) test results, the pyrolysis temperature of the 
PAN/BTO nanofibers material increases with the increase of the thermal 
annealing temperature (Fig. S9). During thermal annealing, some 
─C–––N groups are converted to ─C═N─ groups, forming pyridine 
structures that benefit thermal stabilization. However, at the same time, 
more and larger conjugated structures are formed, indicating the 
graphitization of carbon materials, which is detrimental to the piezo-
electric output [55]. The formation of pyridine structures can be quan-
titatively expressed by the relative cyclization index (RCI): 

RCI =
S1580

S1580 + S2240
× 100% (1) 

where S2240 and S1580 represent the peak areas at 2240 cm⁻¹ and 
1580 cm⁻¹ in FTIR spectra, corresponding to the stretching vibrations of 
─C–––N and ─C═N─ groups, respectively (Fig. 2f). The formation of 
larger conjugated structures can be found in Raman spectroscopy results 
(Fig. 2g and Fig. S10). Typically, the intensity of the 1580 cm⁻¹ peak 
(I1580) represents the graphite crystal structure, while the 
1360 cm⁻¹ peak (I1360) is associated with disordered structures [56]. As 
depicted in Fig. 2h, the cyclization reaction progresses rapidly before 
350 ◦C, after which it enters a reaction plateau with a relative cycliza-
tion degree of more than 90 %, where most of the reactive sites have 
already transformed, leaving fewer sites for further cyclization. How-
ever, the degree of graphitization increases with increasing temperature, 
negatively impacting the piezoelectric performance due to more or-
dered, yet less flexible, crystalline structures. Notably, incorporating 
BTO significantly mitigates the increase of graphitization, thereby pre-
serving the piezoelectricity of the material. Differential scanning calo-
rimetry (DSC) results further validate the beneficial role of BTO in 
improving the thermal processing of PAN/BTO composites. The DSC 
curves show a delayed exothermic peak for the cyclization reaction in 
PAN/BTO nanofiber membranes compared to pure PAN nanofibers, 
indicating that BTO effectively postpones the cyclization process 
(Fig. 2i). This delay is beneficial in preventing premature cyclization, 
which in turn reduces the defects in the final carbon nanofibers. The 
apparent activation energy (Ea) of the cyclization reaction is calculated 
by the Arrhenius equation: 

Ln
(

β∕T2
p

)
= −

Ea

R⋅Tp
+ C (2) 

Where β is the heating rate, Tp is the peak temperature, Ea is the 
apparent activation energy, R is the gas constant (8.314 J/(mol⋅K)), C is 
a constant. The analysis reveals that the Ea of PAN/BTO nanofibers is 
221.63 kJ/mol, which is significantly higher than that of pure PAN 
nanofibers (148.09 kJ/mol), as displayed in Fig. 2j. The higher Ea sug-
gests enhanced thermal stability and a slower cyclization rate, reducing 
the risk of chain breakage and nanofiber melting caused by rapid ther-
mal evolution. Based on these findings, the distinct thermal behaviors of 
pure PAN and PAN/BTO nanofibers during thermal annealing are 
illustrated in Fig. 2k. Pure PAN starts with a 31-helix, exhibiting rela-
tively low piezoelectric properties (d33). As the temperature increases, 
the pure PAN begins to cyclize and transform into an aromatic network 
structure, gradually enhancing its piezoelectric performance. However, 
the structure of PAN becomes stiffer and more ordered due to graphi-
tization above 450 ◦C, resulting in a significant decrease in piezoelec-
tricity [48]. In contrast, the incorporation of BTO nanoparticles alters 
the thermal behavior of PAN, delaying the cyclization process and 
enhancing its thermal stability. Therefore, the d33 of PAN/BTO is ex-
pected to remain stable at elevated temperatures, as the presence of BTO 
mitigates the negative effect of graphitization on piezoelectric perfor-
mance. Additional experiments with PAN@PDA nanofibers without 
BTO demonstrate that PDA contributes to thermal stability by delaying 
cyclization (Fig. S11(a)). However, the piezoelectric performance at 
high temperatures was significantly lower for PAN@PDA compared to 
PAN/BTO, indicating that the stabilization of piezoelectricity under 
these conditions is primarily due to the incorporation of BTO nano-
particles (Fig. S11(b)). In addition, surface charge distribution during 
PAN cyclization was analyzed using surface electrostatic potential 
simulation. PAN with planar zigzag and a certain degree of cyclization 
exhibit higher electrostatic potential, implying stronger hydrogen bond 
energy. This stronger hydrogen bonding enhances the dipole alignment 
within the material, which promotes charge transfer and polarization 
under mechanical stress, thus favoring piezoelectricity [57,58].

2.3. Performance of the PAN/BTO nanofibers in high temperature

The high-temperature performances of PAN/BTO nanofibers are 
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systematically evaluated through electrical, mechanical, and thermal 
tests to demonstrate their robustness under extreme conditions. To 
distinguish the piezoelectric response from triboelectric interference, we 
conducted both forward and reverse connection tests, as previously re-
ported [59]. As shown in Fig. S12, the results of similar waveforms with 
opposite polarity from different connections confirm that triboelectric 
interference is negligible. Fig. 3a-b and Fig. S13 illustrate the Voc, Isc, 
and d33 of PAN/BTO nanofibers treated from 50 to 500 ◦C. The results 
show an initial decline in performance followed by an increase with 
heating. The decline is attributed to the breakdown of planar configu-
ration, while the subsequent rise results from the formation of a ther-
mally stable aromatic ring structure. When the thermal annealing 

temperature is 450 ◦C, Voc and Isc reach the maximum of 5.2 V and 
144.8 nA, respectively. The results show a single-peaked Voc response 
which differs from the bipolar Voc signals reported in previous studies, 
due to the measurement principle of the high-impedance electrometer 
[49,55]. Using an electrometer to measure the charge, d33 is calculated 
to be a staggering 41.5 pC/N (Fig. S14). Compared to pure PAN annealed 
at 450 ◦C, the addition of BTO increases the piezoelectric output by 
about 23.8 %, as shown in Fig. S15. Next, we test the Voc of PAN/BTO 
nanofibers with different thermal annealing temperatures at different 
test temperatures (Fig. 3c and Fig. S16). The Voc of PAN/BTO nanofibers 
treated at 450 ◦C can maintain stable from room temperature to 500 ◦C, 
which is a critical requirement for high-temperature applications. A 

Fig. 3. Sensing performance and flame retardancy of PAN/BTO nanofibers. a) Voc and b) Isc of the 12.5 wt% PAN/BTO nanofibers with different thermal annealing 
temperatures tested under 200 kPa. c) Voc of 12.5 wt% PAN/BTO nanofibers with different thermal annealing temperatures tested at different temperatures (25 ◦C to 
500 ◦C) under 200 kPa. d) Sensitivities of PAN/BTO nanofibers treated at 450 ◦C. e) Comparison of d33 in this work with polymers, ceramics and single crystals. f) 
Long-term stability testing of 450 ◦C treated PAN/BTO nanofibers under 50 kPa at room temperature and 500 ◦C. g) LOI of PAN/BTO nanofibers treated with 
different temperatures (50 ◦C to 500 ◦C). h) Vertical combustion photographs of PAN and 450 ◦C treated PAN/BTO nanofibers (2 cm × 6 cm × 130 μm). i) FTIR 
spectra of 450 ◦C treated PAN/BTO nanofibers before and after combustion. j) Schematic diagram of the flame-retardant mechanism of PAN/BTO nanofibers. k) 
Performance comparison of relevant materials in terms of the d33, LOI, long-term stability, working temperature and flexibility.
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slight decay in Voc is observed at 125 ◦C, possibly due to the 
ferroelectric-paraelectric transformation of BTO near Curie tempera-
ture, which affects the interfacial polarization, leading to a decrease in 
the efficiency of charge separation and dipole alignment. To quantify the 
perception of dynamic mechanical stimuli, the pressure sensitivity is 
defined as the slope of the output voltage-pressure curve. The PAN/BTO 
nanofibers thermally annealed at 450 ◦C show a sensitivity of 
33.31 mV/kPa at low pressure (< 100 kPa) and 10.85 mV/kPa in the 
range of 100–200 kPa, showing good linearity under external forces 
(Fig. 3d). A comparison of PAN/BTO nanofibers with other reported 
piezoelectric materials (polymers, ceramics and single crystals) [47,48, 
60–65] shows superior temperature resistance (up to 500 ◦C) and 
piezoelectric performance (41.5 pC/N) due to the internal aromatic ring 
structure (Fig. 3e). Additionally, 10,000 cycles compression/release test 
were repeated at a pressure of 50 kPa, with virtually no degradation of 
the output showing the reliable and uniform performance of PAN/BTO 

nanofibers (Fig. 3f).
The flame retardancy and thermal stability of the PAN/BTO nano-

fibers are assessed using the limiting oxygen index (LOI), as shown in 
Fig. 3g. The LOI values increase with the treated temperature, indicating 
enhanced flame retardancy. After treatment at 450 ◦C, the PAN/BTO 
nanofibers exhibit a significantly high LOI of 40 %, classifying them as 
flame retardant materials. Vertical combustion tests visually demon-
strate PAN/BTO nanofibers’ slower burning rate and self-extinguishing 
properties (Fig. 3h). SEM images reveal that pure PAN nanofibers fused 
into clusters after combustion, while cyclized PAN/BTO nanofibers 
retain a well-organized structure (Fig. S17). Compared with pure PAN 
under the same thermal annealing conditions, PAN/BTO nanofibers 
show similar excellent fire resistance (Fig. S18). FTIR spectra confirm 
the structure changes of cyclized PAN/BTO nanofibers before and after 
combustion, supporting the observed thermal stability (Fig. 3i). Based 
on the above research and related structural analysis, the proposed 

Fig. 4. A deep-learning assisted real-time mechanical vibration monitoring system. a) Schematic illustration of PAN/BTO nanofibers sensor deployed on the air 
compressor for vibration monitoring. Vibration output of PAN/BTO nanofibers b) and commercial PVDF c) attached to air compressors from room temperature to 
150 ◦C. Voc d) and corresponding FFT e) of PAN/BTO nanofibers sensor under different frequency vibration. f) Heat map of air compressor under different operating 
conditions. g) Architecture of TCN algorithms. h) FFT spectra of the obtained typical air compressor vibration signals as input to the deep-learning algorithm. i) STFT 
of eight screws malfunction. j) Visualizing the output data after HO-VMD feature extraction adopting t-SNE dimensionality reduction. k) Classification accuracy and 
loss function of training datasets in 150 epochs. l) Confusion matrix for test datasets of five vibrations.
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flame-retardant mechanism of PAN/BTO nanofibers is shown in Fig. 3j. 
PAN nanofibers undergo complete combustion, resulting in volatile 
byproducts and the formation of a char layer. In contrast, cyclized PAN 
demonstrates self-extinguishing behavior due to the formation of a more 
stable char layer that inhibits further combustion, ensuring safety in 
high-temperature environments.

Overall, the radar chart highlights the superior long-term stability, 
working temperatures, LOI, d33 and mechanical flexibility (the recip-
rocal of Young’s modulus) of the PAN/BTO nanofibers compared to 
other relevant materials (Fig. 3k) [66–68]. This comprehensive assess-
ment demonstrates that PAN/BTO nanofibers not only achieve piezo-
electricity comparable to that of high-temperature piezoelectric 
ceramics but also flexibility rivaling that of polymeric materials, 
resulting in enhanced safety, reliability, and functionality.

2.4. Machine learning-supervised mechanical vibration monitoring

Mechanical systems in high-temperature environments are particu-
larly vulnerable to failures due to continuous exposure to harsh condi-
tions. Early detection of mechanical faults through vibration monitoring 
is essential for preventing downtime, reducing maintenance costs, and 
ensuring operational safety [1,3,4]. As a proof of concept, we demon-
strated the developed PAN/BTO nanofibers for monitoring the operating 
status of an air compressor and determining fault types at high tem-
peratures (Fig. 4a and Fig. S19). Conventional flexible sensors (based on 
commercial PVDF) degrade at elevated temperatures, limiting their 
applicability in such environments (Fig. 4b). In contrast, the developed 
PAN/BTO piezoelectric sensors demonstrate consistent performance at 
elevated temperatures up to 150 ◦C (Fig. 4c). This comparison high-
lights the superior thermal stability and reliability of PAN/BTO sensors 
for real-time vibration monitoring in extreme environments. Addition-
ally, the dynamic response of the PAN/BTO sensors across a range of 
frequencies, particularly at 100 Hz, 250 Hz, and 500 Hz, further show-
cases their reliability in detecting a broad spectrum of vibration signals 
(Fig. 4d and Fig. 4e). To provide comprehensive coverage of the com-
pressor’s vibration behavior, 15 devices are attached to the surface of 
the air compressor (Fig. S20). The heat map of voltage distribution 
under different operating conditions, such as normal operation and fault 
states (left error (I), right error (II), and meter error (III)), shows 
noticeable voltage differences, enabling the early detection of mechan-
ical faults (Fig. 4f). This real-time monitoring ability is further enhanced 
through the integration of PAN/BTO sensors with machine learning al-
gorithms, providing a robust solution for fault diagnosis in 
high-temperature environments. PAN/BTO sensors capture vibration 
signals from the air compressor, which are analyzed using a Temporal 
Convolutional Network (TCN) (Fig. 4g and Fig. S21). The TCN processes 
sequential data with dilation factors (d) that expand the receptive field, 
allowing for more comprehensive temporal pattern recognition [69]. 
Moreover, due to the high performance of PAN/BTO sensors in the 
frequency domain, the distinct spectral characteristics can be well rep-
resented and different operating states can be distinguished (Fig. 4h). 
Typically, the short-time Fourier transform (STFT) further reveals tem-
poral variations in frequency amplitudes (Fig. 4i), which can be used to 
validate the sensor’s ability to detect and differentiate operational 
states. However, the conventional t-SNE analysis, which uses 
frequency-dependent amplitude as input features for fault classification, 
does not yield satisfactory results (Fig. S22). To enhance classification 
accuracy, the Hippo Optimization (HO) algorithm is applied to optimize 
the Variational Mode Decomposition (VMD) parameters [70]. After 
feature dimensionality reduction via t-SNE, the five working states 
become clearly distinguishable as separate clusters, either as normal 
states or as different screw malfunctions. (Fig. 4j). The training accuracy 
and loss progression indicate steady model convergence after approxi-
mately 150 epochs (Fig. 4k). The confusion matrix demonstrates that the 
model accurately classifies all normal operations and faults with a high 
accuracy of 96 % (Fig. 4l and Fig. S23). To highlight the sensor’s ability 

to perform at elevated temperatures, we wear adiabatic gloves to press 
on a 200 ◦C heating table, demonstrating its potential for 
high-temperature applications (Supplementary Video 1). Overall, 
these findings confirm the effectiveness of PAN/BTO piezoelectric 
nanofibers for intelligent mechanical vibration monitoring and fault 
diagnosis. The system offers a reliable and scalable solution for indus-
trial applications, even in high-temperature environments, ensuring 
both accuracy and durability.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2025.110910.

3. Conclusion

In this work, we develop a high-temperature-resistant piezoelectric 
sensor based on cyclized PAN/BTO nanofibers, offering enhanced 
thermal stability and excellent vibration monitoring capabilities. 
Benefiting from the incorporation of BTO and the optimized molecular 
chain configuration of cyclized PAN, the developed sensors exhibit 
consistent piezoelectric performance (d33 = 41.5 pC/N) up to 500 ◦C, 
along with superior flame-retardant properties (LOI = 40 %). Further-
more, the sensors demonstrate excellent frequency response, success-
fully identifying various malfunction scenarios in real time. The 
integration of this sensor into a machine learning-based diagnostic 
system allows for precise fault detection and classification with an ac-
curacy of 96 %, even under harsh conditions. This work paves the way 
for developing advanced piezoelectric sensors with exceptional thermal 
stability and high sensitivity, showcasing significant potential for elec-
tromechanical conversion in high-temperature extreme environments.

4. Experimental section

4.1. Materials

Polyacrylonitrile (PAN, Mw 149000–151000) powders, Nano- 
barium titanate (BTO, 100 nm), dopamine hydrochloride (DA, 98 %), 
N,N-dimethylformamide (DMF, 99.9 %) and tris (hydroxymethyl) ami-
nomethane (tris, 99.9 %) were purchased from Aladdin Reagent. In 
addition, all chemicals were used without further purification.

4.2. Preparation of the PAN/BTO Nanofibers

First, the BTO was subjected to surface modification with DA. The 
BTO was weighed and dissolved in DMF to obtain solutions with con-
centrations of 0 wt%, 5 wt%, 7.5 wt%, 10 wt%, 12.5 wt% and 15 wt% 
relative to the PAN, and co-sonicated for 1 h. Next, PAN powders (11 wt 
%) were dissolved and stirred in a mixture in water bath at 50 ◦C for 
12 h to form a homogeneous suspension. The mixture was filled into a 
10 mL syringe, then the electric field force overcame the surface tension 
of the droplets on the tip of the needle, forming a Taylor cone that 
subsequently stretched toward the collector and formed nanofibers. The 
electrospinning parameters were as follows: the electrospun voltage was 
16–18 kV, the inject speed was 1.2 mL/h, and the rotating speed of the 
grounded roller was controlled at 1200 rpm. The needle-to-collector 
distance was fixed at 15 cm. The prepared PAN/BTO composite nano-
fibers were fixed on a high-temperature resistance ceramic plate to 
prevent shrinkage. Then, PAN/BTO composite nanofibers were placed 
in a 50 ◦C oven to evaporate the excess solvent. Finally, oxidation, 
dehydrogenation and cyclization reactions occurred in the high- 
temperature tube furnace.

4.3. Fabrication of piezoelectric sensors

Silver electrodes were deposited onto the top and bottom surfaces of 
the nanocomposite film via magnetron sputtering under an argon at-
mosphere. After affixing Cu wires using the silver paste, the nano-
composite was encapsulated with a flexible, high-temperature-resistant 
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polyimide (PI) film. At temperatures reaching 500 ◦C, the PI film was 
substituted with a Teflon high-temperature cloth. This encapsulation 
enhanced device robustness and protected against external influences, 
such as mechanical stress, temperature fluctuations, and humidity.

4.4. Surface electrostatic potential simulation analysis

Materials Studio software package was used to study the change of 
surface charge distribution during PAN cyclization. The PAN molecular 
chain was geometrically optimized using the GGA BLYP function of the 
DMol3 calculation module. Then, the surface electrostatic potential of 
the optimized PAN molecular chain was presented by the electron 
density of the DMol3 analysis module.

4.5. Deep learning for vibration fault classification

The TCN models were developed in MATLAB based on HO and VMD. 
Firstly, HO algorithm was used to optimize the penalty factors and 
modal components of VMD. Then, the minimum envelope entropy was 
used as a fitness function to extract fault characteristics. Finally, the 
multi-level classification task was completed based on the TCN classi-
fication model. The number of convolutional nuclei in the TCN classi-
fication model was 16, the size of convolutional nuclei was 3, the 
number of residual blocks was 2, the initial learning rate was 0.005, the 
number of training sessions was 150, the learning rate reduction factor 
was 0.8, and the optimizer was Adam.

4.6. Characterization and measurement

The observation of SEM images and the EDS analysis were charac-
terized by scanning electron microscopy (JSM-7800F, JEOL Ltd.) with 
an accelerating voltage of 5 kV. The morphology of PAN/BTO nano-
fibers was obtained by transmission electron microscopy (JEM-2100F, 
JEOL Ltd.). The XRD (Empyrean, PANalytical), FTIR (Nicolet iS50, ATR) 
and Raman spectrum (RM2000, 514 nm laser) were applied to study the 
basic phase and composition of the PAN/BTO composites. The DSC 
(DSC2500, 25–300 ◦C, nitrogen atmosphere) and TG (TGA/DSC3 +, 
25–800 ◦C, 10 ◦C/min, nitrogen atmosphere) were used for thermody-
namic behavior analysis. The LOI was achieved by a critical oxygen 
index analyzer (TTech-GBT2406–1) in accordance with the ASTM 
D2863–97 standard. The size of the sample was 100 × 10 × 0.1 mm3. 
To evaluate the pressure sensing performance, a linear motor (LinMot 
H01–23 × 86/160) equipped with a force probe (M7–50, Mark-10) was 
employed to apply controlled pressure to the device. A force gauge 
displayed the pressure in real time, enabling continuous monitoring. The 
vibration response of the device was precisely controlled using a pro-
grammable shaker (Dongling ESS-025) to simulate different operational 
conditions. The outputs of Voc and Isc were measured using a Keithley 
6517 electrometer, providing accurate real-time data for performance 
evaluation under varying pressure and vibration conditions.
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