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operation.[5] They have found potential 
applications as medical diagnostic and 
therapeutic devices that can resorb into 
the body, environmental sensors that do 
not require recovery after data collection, 
and consumer devices that can be easily 
disposed without hazards.[6] The potential 
feature of disappearance with minimal 
or non-traceable remains also enables 
transient electronics to find opportuni-
ties in privacy or security applications 
where stealth is required or reverse 
engineering needs to be avoided. The 
transience property is largely attributed 
to the triggerable degradation of device 
substrates and encapsulation, which are 
typically made of a group of materials 
called transient polymers. Depending on 
constituting material, the transience can 
be achieved either through material dis-
solution or depolymerization. Pioneering 
efforts on transient electronics focused 
on solution dissolution of polymer 
matrix. Bioresorbable polymers such 
as silk, polycaprolactone, poly(glycolic 
acid), and poly(L-lactide-co-glycolide), 
were used as substrates,[7–9] and bio-
compatible, implantable devices such as 

transistor,[1] ring oscillators,[10] and energy harvesters,[11] have 
been demonstrated. The lifetime of such devices is controlled 
by the dissolution rate of the materials in the surrounding 
aqueous solution, making them unsuitable for non-biological 
applications.

Transient electronics that disintegrate via material dissolution or depoly
merization under certain stimuli have great potential in biomedical and 
military applications. The triboelectric nanogenerator (TENG), an emerging 
mechanical energy harvesting technology with great flexibility in material 
choices, is promising in offering transient power sources. Previously reported 
transient energy harvesters using biodegradable polymers require solution-
based degradation and have limited applications in non-biological scenarios. 
A short time span, sunlight-triggered degradable TENG is developed. The 
main substrate includes an acid-sensitive poly(phthalaldehyde) (PPHA), 
a photoacid generator (PAG), and a photosensitizer (PS). Through photo-
induced electron transfer, the ultraviolet radiation absorbed by the PS is 
transferred to the PAG to generate photoacids that trigger the depolymeri-
zation of PPHA. Transient TENG-based mechanical energy harvesters and 
touch/acoustic sensors are successfully demonstrated by embedding silver 
nanowires onto the PPHA-based films. The fabricated devices degrade rapidly 
under winter sunlight. The degradation rate can be further tuned via changing 
the ratio of photosensitive agents. This work not only broadens the applica-
bility of TENG as transient power sources and sensors, but also extends the 
use of transient functional polymers toward advanced energy and sensing 
applications.
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Transient electronics is an emerging class of electronic 
devices with temporal functional profiles whose degradation 
can be triggered on demand.[1–4] Such devices can disappear 
by vaporization, liquefaction, or dissolution in solvents and 
thus eliminate the need of retrieval after a period of stable 
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To achieve better control of the device lifetime and expand 
the utility of transient electronics in non-biological scenarios, 
the use of metastable polymers whose depolymerization can be 
triggered rapidly by specific stimuli, has been proposed as an 
alternative approach for achieving device transience.[5,12] These 
stimuli can be humidity, heat, light or mechanical stress, and 
the degradation kinetics can be tuned by material composition. 
Low-ceiling temperature polymers, which can be kinetically sta-
bilized at room temperature by end-capping or cyclization of 
polymer chain and depolymerized by backbone bond cleavage 
under external stimuli, serve as great candidates for transient 
materials. Among them, cyclic poly(phthalaldehyde) (PPHA) 
with a low ceiling temperature (Tc = −43 °C) has received broad 
interest due to its promising mechanical properties, ease of 
synthesis, and fast depolymerization rates. Diesendruck et  al. 
realized a mechanochemically triggered autonomic remodeling 
system using high molecular weight PPHA that can go through 
the depolymerization–repolymerization cycle similar to bio-
logical tissues.[13] Tang et  al. reported a programmable pay-
load release system from PPHA-based microcapsules, whose 
release rates could be controlled by the composition and con-
centration of the salt/acidic methanol solution.[14] When loaded 
with photosensitive or heat-sensitive agents such as photo
acid generator (PAG) or acid-encapsulated wax, PPHA can 
be depolymerized upon light exposure or thermal treatment. 
Such PPHA-based substrates have been used for the develop-
ment of transient resistors, diode/transistor arrays, and organic 
LEDs.[5,12,15] Transient power sources including both energy 
storage devices and energy harvesters, however, are indispen-
sable for a fully transient electronic system. To our best knowl-
edge, most of existing reports on transient power sources are 
about energy storage devices,[16–18] and only transient energy 
harvesters whose degradation requires aqueous solution have 
been demonstrated.[4,11,19,20]

Triboelectric nanogenerators (TENGs),[21–23] an emerging 
mechanical energy harvesting technology with great flexibility 
in material choices, is promising in offering transient power 
sources. Here, we reported a TENG whose degradation can 
be triggered simply and rapidly by sunlight. Its substrate was 
made of the metastable polymer cyclic PPHA and a photo-
sensitive package (a PAG called Rhodorsil Faba, and a photo-
sensitizer [PS] called anthracene). PS was used to absorb and 
transfer the energy of ultraviolet light (365–400  nm) to PAG 
via photo-induced electron transfer, while the latter generated 
protons to trigger the depolymerization of PPHA. The tribo-
electric properties of this PPHA-based material were studied 
and was found to be located between polyurethane and nylon 
in the triboelectric series. Transient TENG-based mechanical 
energy harvester and touch/acoustic sensors were successfully 
demonstrated by coating silver nanowires onto the PPHA-based 
films. Notably, the fabricated devices can be rapidly degraded 
in several minutes under winter sunlight, which is much faster 
than previously reported transient energy harvesters.[4,11,12] The 
liquid depolymerization byproducts can be quickly absorbed by 
soil in natural environment and leave minimal traces to avoid 
detection or reverse engineering. Therefore, this work not only 
broadens the application of TENG as transient power sources, 
but also extends the use of transient functional polymers 
toward advanced energy and sensing applications.

The concept of transient electronics in the field is illus-
trated in Figure  1. The proposed devices can be easily dis-
posed in ambient environment by transforming from solid 
state into “vanishable” liquid form upon applying an environ-
mental trigger. As a proof of concept, transient TENG-based 
devices with cyclic PPHA as the substrates were fabricated 
in this work. As evidenced by the degradation photographs, 
they could be absorbed by the soil and leave minimal traces 
within 10 min (actual time taken may vary depending on geo-
graphical location, weather conditions, and time of the day) 
under the sunlight during a typical sunny winter afternoon at 
Atlanta, USA, whose UV component functioned as the degra-
dation trigger.

Low ceiling temperature, cyclic PPHA was cationically 
polymerized in dichloromethane (DCM) at −80  °C using 
boron trifluoride etherate (BF3OEt2) as the catalyst. The reac-
tion scheme is shown in Figure 2a. The continuous insertion 
mechanism of monomer, ortho-phthalaldehyde (oPA), into 
the cyclic structured PPHA, as described in ref. [24], ensured 
the formation of high molecular PPHA until the reaction 
equilibrium was achieved. The acetal linkage on the PPHA 
backbone is highly susceptible to strong acid attack to result 
in ring-opening of cyclic structure.[25] Upon ring-opening of 
cyclic PPHA, the end-group unprotected PPHA would rap-
idly depolymerize back to oPA due to its low ceiling tempera-
ture nature. In this study, a superacid (i.e., pKa less than that 
of 100% pure sulfuric acid) was in-situ produced upon expo-
sure to UV/visible light using photo-induced electron transfer 
(PiET) reaction mechanism between anthracene and Rhodorsil 
FABA.[26] Figure 2b explains the reaction mechanism of PiET 
reaction. Anthracene acted as a PS to absorb the energy in 
the ultraviolet spectrum (365–400 nm) while Rhodorsil FABA 
functioned as a PAG to produce the superacid with proper 
energy input. The excited PS upon light exposure played the 
role as an electron donor that can transfer electrons onto a 
lower energy molecular orbital of PAG due to thermodynamic 
favorability.[26,27] This redox reaction resulted in the homolytic 
cleavage of PAG and formation of strong superacid that can 
rapidly depolymerize the film. All films were casted with addi-
tion of an ionic liquid (IL) plasticizer, 1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide (BMP TFSI). It has been 
previously reported that pyrrolidinium-based IL can be used 
to effectively plasticize PPHA film to make it more fracture 
resistant and flexible.[28–30] Moreover, IL enhances the transient 
property, due to its good solubility of oPA monomers, resulting 
in formation of liquid byproducts that can be absorbed into the 
surrounding environment.

Attenuated total reflectance infrared spectroscopy (ATR-IR) 
was used to monitor the degradation process of cyclic PPHA 
film exposed for different length of time, shown in Figure 2c. 
The neat oPA monomer was investigated as well to find the 
expected spectrum of depolymerized product. The formation 
of carbonyl stretching from aromatic aldehyde is expected 
to be observed around 1670 cm−1. The small peak at around 
1720 cm−1 corresponded to the carbonyl stretching from car-
boxylate group from phthalic acid. The formation of phthalic 
acid was due to the oxidation of oPA after exposing to the 
humid air. Samples were exposed to an exposure source with 
an intensity of 4  mW cm−2. At the beginning of exposure, no 
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peaks were observed in between 1650 cm−1 and 1720 cm−1. 
With the increase of exposure time, carbonyl stretching from 
both aromatic aldehyde and carboxylate group became predomi-
nant. Exposure for 90 s resulted in complete degradation of 
cyclic PPHA with a nearly overlapped spectrum with neat oPA 
monomer. Figure 2d shows the photographs of the degradation 
process of PPHA. The film started to degrade after 10 s exposure 
with liquid byproducts started forming on the surface. More 
liquid appeared on the film surface with the extent of expo-
sure. Upon exposure for 90 s, the surface of the film completely 
degraded. Further exposure until 300 s resulted in the complete 
degradation of the film and form liquid byproducts that can be 
absorbed into the paper background. It is noteworthy that the 
degradation rate can be further tuned via changing ratio of PAG 
or by the introduction of weakly basic additive, as elaborated in 
Supporting Information and another separate report.[30]

TENG has been proven to be an effective tool in characterizing 
the triboelectric performance, or the ability of capturing surface 
charges during triboelectrification, of materials.[31] To figure out 
the position of our PPHA film in the triboelectric series, six 
contact-separation-mode TENGs[21,23] made of PPHA and dif-
ferent commonly used triboelectric materials, including polyu-
rethane (PU), nylon, polyethylene (PE), polyester (PET), Kapton, 

and Teflon fluorinated ethylene propylene (FEP), were fabricated 
(details in Experimental Section) and their electrical outputs are 
summarized in Figure 3. It is noteworthy that the relative posi-
tion of two materials in the triboelectric series only dictates the 
direction (signal sign), not the amount, of charge transfer during 
contact electrification, since the absolute value of TENG output 
is highly dependent on other factors such as film thickness and 
material composition as well.[32,33] As in Figure  3a–c, the PU-
PPHA TENG generated opposite electrical signals compared 
to others, which suggests that PU has opposite charge affinity 
compared to other reference materials when in contact with 
PPHA. Therefore, a new triboelectric series with PPHA locating 
between PU and nylon can be obtained, as shown in Figure 3d. 
The power output of the Kapton-PPHA TENG was measured 
at various load resistance and it delivered a maximum output 
power of 28.4 µW cm−2 with a matched resistance of 88 MΩ.

To achieve a fully degradable transient TENG, silver nano
wires (Ag NWs), rather than conventional metallic films, were 
used as the electrode on the PPHA film. The schematic in 
Figure  4a illustrates the fabrication process of the transient 
TENG, starting with the deposition of Ag NWs on a glass 
substrate, followed by the deposition of PPHA solution, and 
ending with the peel-off of the PPHA film coated with Ag 
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Figure 1.  Schematic of transient electronics in the field and photographs of a transient TENG device under sunlight as a proof of concept.
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NWs. To characterize its continuous performance under the 
365  nm UV irradiation with an intensity of 4  mW cm−2, the 
temporal profile of VOC of the PPHA-Ag thin film in contact 
and separation with a copper-coated Kapton film was recorded, 
with the working mechanism shown in Figure S3a, Supporting 
Information. The voltage drop from 30 V to 0 V in Figure 4b 
indicates that its function of electricity generation was attenu-
ated rapidly starting from 30 s UV irradiation and fully disap-
peared after 90 s. This temporal profile matches well with the 
observation of the PPHA-Ag film during UV-triggered degra-
dation, as shown in Figure  4c. After 30 s irradiation, the sur-
face of the film started to liquify as evidenced by the change 
of reflectance when compared to the original film. At 90 s, the 
whole surface had liquified and the film shape was maintained 
due to the Ag NWs backbone, which justifies the loss of elec-
trical output as in Figure 4b when solid contact is required for 
energy conversion. Subsequently, the liquid byproducts were 
absorbed by the drying agents at the bottom and the solid res-
idue of Ag NWs could be unnoticeable after stirring it with the 
drying agents. Furthermore, the coating of Ag NWs enhanced 
the mechanical strength of the PPHA film, with an increase in 
yield stress from 3.09 to 6.75 MPa and an increase in modulus 

of resilience from 0.01 J m−3 to 0.05 J m−3, while maintaining 
similar Young’s modulus at around 460 MPa, as in Figure S1, 
Supporting Information. Thermogravimetric analysis (TGA) 
was also conducted on our PPHA-Ag film to investigate its 
thermal stability and the result in Figure S2, Supporting Infor-
mation, shows that the film remained stable up to at 113  °C, 
well beyond normal ambient temperature.

The as-fabricated PPHA-Ag thin film can work as a single-
electrode TENG[34–36] for energy harvesting or sensing upon 
contact with other materials. The single-electrode mode uses 
the ground as a reference electrode and can harvest energy 
from or detect motion of a freely moving object without it 
being attached to an electrode. This mode greatly reduces the 
structural complexity of our transient TENG and ensures its 
full degradability. To demonstrate the electricity generation 
capability of our transient TENG, it was operated in the single-
electrode mode by hand tapping and used to power six light-
emitting diodes (LEDs) connected in series. A polytetrafluoro-
ethylene (PTFE) film was attached to the nitrile glove as the 
other triboelectric material (Figure 5a) and the working mecha-
nism is illustrated in Figure S3b, Supporting Information. The 
LEDs were lit up successfully initially, but after 365  nm UV 
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Figure 2.  Synthesis and degradation of transient polymer PPHA. a) Cationic polymerization of cyclic PPHA. b) Degradation mechanism of PPHA 
caused by photo-induced electron transfer reaction. c) In-situ ATR-IR characterization of photo-induced degradation of PPHA. d) Photographs of deg-
radation of PPHA after irradiation under 365 nm UV for various periods of time.
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radiation for 2 min, the transient TENG lost the power func-
tion due to the liquefaction, as evidenced by the liquid droplets 
on the PTFE film in Figure 5a. Besides energy harvesting, the 
transient single-electrode TENG can be used for touch sensing 
as well. As in Figure 5b and Supporting Information Video, a 
transient TENG was used as a touch sensor to trigger an alarm 
bell through a customized control circuit. The bell could be 
activated by the transient TENG sensor before UV radiation but 
not after. In Figure 5c, a transient triboelectric acoustic sensor 
was fabricated by coupling the PPHA-Ag film with a multi-
layer film consisting of paper, Cu, and Kapton (details can be 
found in the Experimental Section). The frequency response of 
the acoustic sensor (100–5000 Hz) is shown in Figure S4, Sup-
porting Information, and it was demonstrated as a microphone 
to record music played by a speaker, with the output electric 
signals plotted in Figure  5c. As expected, UV exposure of the 
device liquified the film and disabled the sound recording func-
tion. These demonstrations show that the transient TENG can 
be “deactivated” via UV/sunlight radiation after their designed 
use and the resulted liquefaction enables the degradation res-
idue to be easily disposed. Besides, these devices may also be 
used for secret monitoring in special circumstances.

This work presents a sunlight-triggerable, PPHA-based 
transient TENG which can be used for both mechanical 
energy harvesting and active sensing applications. Its degra-
dation is not restricted to aqueous environment and can be 
achieved with sunlight. The degradation rate can be further 
tuned via the composition of photosensitive agents. The liquid 
byproducts after degradation can easily be absorbed by soil or 
paper with minimal residue remaining, which shows its great 
potential in field application where disposability or stealth is 
desired. The adjustment of triboelectric property of PPHA 
film can be explored in future work by surface modification 
to achieve higher energy conversion efficiency. This work not 
only broadens the applicability of TENG as transient power 
sources and sensors, but also expands the use of transient 
functional polymers toward advanced energy and sensing 
applications.

Experimental Section
Materials: Tetrakis(pentafluorophenyl)borate-4-methylphenyl[4-

(1-methylethyl)phenyl]iodonium (PAG) were purchased from TCI 
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Figure 3.  Triboelectric performance of PPHA. a) Open-circuit voltage output VOC and b) short-circuit charge transfer QSC with respect to different 
materials. c) Summary of VOC and QSC data. d) Plot of triboelectric series including PPHA. e) Current and power outputs from a PPHA-Kapton TENG 
device at various load resistances.
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Chemicals. Anthracene was purchased from Alfa Aesar. BMP TFSI was 
purchased from Iolitec. Tetrahydrofuran (THF) was purchased from 
BDH. All chemicals were used as received. Cyclic PPHA was cationically 
polymerized using boron trifluoride diethyl etherate (BF3OEt2) as the 
catalyst at −80  °C following the procedure of Schwartz et  al.[24] The 
number-average molecular weight (Mn), weight-average molecular weight 
(Mw), and polydispersity index (Ð  = Mw/Mn) of dried cyclic PPHA was 
determined by gel permeation chromatography (Shimadzu) equipped 
with an LC-20 CE HPLC pump and a refractive index detector (RID-20 A, 
120 V), using THF as the solvent. The measured Mn is 355 kg mol−1 and Ð 
is 1.26. Nylon (50 µm), PE (100 µm), PET (50 µm), and Kapton (25 µm) 
films were purchased from McMaster-Carr. Teflon FEP film (25 µm) was 
purchased from American Durafilm. These films were used as received. 
Waterborne PU dispersion (Bondthane UD-615) was obtained by the 
courtesy of Bond Polymers International. PU film (50  µm) was made 
by spin-coating the dispersion onto the substrate. Ag NWs dispersion 
(Agnw-L70) was purchased from ACS Material. Isopropyl alcohol (IPA) 
99% was purchased from VWR.

Fabrication of PPHA Films: PPHA films were formulated in a clean 
scintillation vial by dissolving all solid contents (i.e., PPHA, PAG, 
anthracene) and liquid contents (BMP TFSI) in THF. Weight ratio 
of 12:1 for THF and PPHA were used for all formulations in order to 
obtain the viscosity to spread and cover the PTFE petri dishes for drying. 
All polymer formulation was prepared containing 10 part per hundred 
resin (pphr) PAG, 2.1 pphr anthracene, and 100 pphr BMP TFSI, with 
all weight fraction referenced to the weight of PPHA added into the 
formulation. The sample was dried in a nitrogen-rich, pressurized 
chamber at 15 psig for 18 h, followed by slow bleeding of THF out of 
chamber to relieve head pressure for 3 h. Samples were then taken out 
of the pressurized chamber and peeled off the substrate. All samples 
were then flattened and allowed further drying for 3 days before taken to 
test. All dried samples have an average thickness of 100 µm.

In-Situ ATR-IR Characterization of PPHA Films: The degradation of 
100  µm thick PPHA films was characterized by a Nicolet iS50 FT-IR 
instrument. ATR mode was used and total scans of 32 were performed 
for each sample. Samples were exposed using a portable B-100 series 

Figure 4.  Transient TENG using PPHA and Ag NWs. a) Fabrication process of Ag-NWs coated PPHA thin film. b) Voltage output of the PPHA-Ag thin 
film in contact and separation with a Cu-coated Kapton film under 365 nm UV irradiation. c) Photographs of degradation of PPHA-Ag thin film after 
irradiation under 365 nm UV for various periods of time.
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ultraviolet lamp with an intensity of 4  mW cm−2 at 365  nm. Data 
were collected after samples were exposed for 0, 10, 60, and 90 s. 
The formation of carbonyl peak at 1680 cm−1 were compared to the 
monomer oPA for indication of the extent of polymer degradation.

Fabrication and Measurement of TENGs for Triboelectric Series: Six 
TENGs having PPHA and six different reference materials (PU, nylon, 
PE, PET, Kapton, and FEP) in contact and separation were fabricated to 
locate the relative position of PPHA in the triboelectric series. Acrylic 
plates (15  mm wide × 15  mm long × 1/8 inch thick) were used as 
substrates. For the side with PPHA, the acrylic plates were covered 
with foam tape, copper tape and PPHA sequentially. For the side with 
reference materials, the acrylic plates were covered with copper tape and 
reference materials sequentially. The contact-separation motion between 
the PPHA and reference materials were driven by a linear motor with a 
maximum gap distance of 20 mm. The electrical outputs were measured 
using a Keithley 6514 electrometer.

Fabrication of PPHA-Ag Films: Ag NWs dispersion was first diluted 
using IPA with a volume ratio of 1:5, and then coated onto clean glass 
substrates using pipettes. The glass substrates were placed on an 
optical table overnight to ensure uniform coating of Ag NWs and the 

complete dry of IPA. Nylon strips were used as fences to create enclosed 
area on glass substrates to control the surface area and thickness 
(100 µm) of the casted PPHA layers. PPHA was formulated as described 
above and uniformly poured into the prepared glass substrates. All films 
were allowed to dry following the same procedure as described above. 
The pressure-dried films were allowed for further drying for 24 h in a 
dark ambient environment. A razor blade was then used to lift off a 
corner of the PPHA-Ag film from the glass substrate. Films were then 
submerged into a room-temperature water bath for 15 mins, followed by 
peeling off the entire film from each glass substrate.

Mechanical Testing of PPHA and PPHA-Ag Films: Mechanical 
properties of PPHA and PPHA-Ag films were characterized using 
TA Instrument Q800 Dynamic Mechanical Analyzer. Samples had 
dimensions of 11 mm × 7 mm × 0.1 mm (length × width × thickness). 
Stress–strain curves of samples were measured at 23 °C with a preload 
force of 0.015 N and were elongated with a constant force ramp rate 
of 1 N min−1 until sample-failure occurred, as shown in Figure  S1, 
Supporting Information. Young’s modulus [MPa], strain to break 
value [%], and yield stress [MPa] were obtained from the stress–strain 
curve. The ability of a material to absorb energy without fracturing is 

Figure 5.  Demonstrations using our transient TENG. a) Electricity generation for lighting up LEDs before UV radiation and the loss of energy har-
vesting function after UV radiation due to liquefaction. b) Transient touch sensor for alarm triggering. c) A transient triboelectric acoustic sensor and 
its electrical outputs from music playing.
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represented by modulus of resilience [J m−3], which was calculated as 

Modulus of resilience
Yield stress

Young s modulus2 *

2

( )=
′

.

Thermal Stability Measurement of PPHA-Ag Film: TGA was performed 
using a TA Instrument Q50 under inert nitrogen condition with a 
constant flow rate of 40 mL min−1. Weight of 6.112 mg PPHA-Ag film 
was loaded into the TGA furnace and investigated for its thermal 
stability. Furnace temperature was ramped at 5  °C min−1 to 250  °C. 
Figure  S2, Supporting Information, shows the weight fraction change 
of the loaded film with the ramping of temperature. The onset 
decomposition of the film happened at 113  °C. About 50% residual 
weight was leftover, due to the residual Ag NWs and non-volatile BMP 
TFSI.

Measurement of Temporal Voltage Profile of PPHA-Ag Film: A PPHA-Ag 
film with an area of 15 mm × 15 mm was attached to an acrylic plate 
with foam cushion and under 365  nm UV irradiation (4  mW cm−2) 
continuously during the measurement. A Kapton film with copper 
electrode on an acrylic plate as above was driven by a linear motor to 
have periodic contact and separation with the PPHA-Ag film, with a 
maximum gap distance of 20  mm. The VOC was measured using a 
Keithley 6514 electrometer.

Fabrication of the Transient Acoustic Sensor: A PPHA-Ag film was 
coupled with a paper sheet covered by Cu and Kapton to form a double-
electrode triboelectric acoustic sensor (diameter: 4 cm). Cu was coated 
onto the paper via evaporation and Kapton film with single-sided 
adhesive was pasted onto the Cu side of the paper. Uniform holes 
(diameter: 1 mm; distance: 3 mm) were generated on the paper sheet to 
reduce air damping during acoustic sensing.[37]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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