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ABSTRACT: Transparent, degradable electrodes are essential for the
development of versatile, degradable electronics. Yet, the use of
crystalline degradable polymers as transparent electrode materials
remains a huge challenge due to the inability to break the trade-off
between light transmittance, electrical conductivity, and mechanical
strength. Here, inspired by skeleton flowers, we develop a microbial
polyhydroxybutyrate (PHB)-based transparent material with a fibrous
structure by combining electrospinning and high-pressure crystallization.
High pressure reduces the air—fiber interface, induces preferential crystal
orientation, and thus enhances the transparency of highly crystalline,
nanofibrous-structured PHB materials. Sequentially, we construct a silver
nanowire (AgNW) network on the transparent fibrous PHB substrate
and produce a transparent, conductive AgNW/PHB-based film that
combines good electrical conductivity, high light transmittance, and robust mechanical performance. The AgNW/PHB-based film
demonstrates great potential for applications in versatile transient electronic devices. It can serve as an eco-friendly transparent
degradable electrode in biobased piezoelectric nanogenerators. This innovation allows for the first creation of a fully degradable,
environmentally friendly, luminescent, and self-powered flexible bioelectric device. We postulate that this work opens up new
possibilities for further advancements in transient electronics.
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Bl INTRODUCTION electronics.**™** TDE can be used in traditional electronics*®
and plays an important role in medicine,*>*’ wearable
electronics, ***! photovoltaic cells,**® etc. Nonetheless, there
are many challenges in TDE, such as degradability, optical
properties and conductivity, preparation technology and cost,
etc.”’ ! Especially, the selection of the material and the
preparation method have an important influence on the
performance of TDE.

Recent studies have revealed interesting progress in the

Electronic wastes do cause much harm to the environment and
health.'™ Consequently, transient electric devices have
attracted much attention and are a hot spot.’~'’ The
degradable electrode is an important component of transient
electronics.”' ' !¢ Transparent electronics is an important
branch of electronics'”'® and widely used in household

: 19 . 20,21 : 22 .
appliances,”” portable equipment, architecture,” medi-

cine,” national defense,”* etc. It includes the development and . > . .
I 25-27 development of composite conductors by combining matrix
application of transparent electrodes. These electrodes

lav an important role in collecting charee. transmittin materials with conductive materials.””~>* For example, Juang et
P. Y P . . . 8 . 8% . 25—2 al. reported the first fabrication of silver nanowire (AgNW) /
signals, or ensuring that devices achieve specific functions. . . .
. gallium-doped ZnO (GZO) composite transparent conductive
Consequently, the transparent electrode is one of the
) 253031 electrodes (TCEs) on ultrathin flexible glass substrates usm
important contents of transparent electronics.”””" However, 2,5

most transparent electrodes lack degradability. At present, the an atmospheric pressure plasma jet (APP]) system.”
preparation approaches of transparent electrodes include —
thermal evaporation, 32,33 gnetron sputtering,34’35 sol— Received:  August 29, 2025 Slulsa!nahlr'
gel’” and spray methods,”®*” etc. Most of these methods Revised:  December 7, 2025 '
are complex or costly or harm to the environment. Therefore, Accepted:  December 8, 2025
the transparent degradable electrode (TDE) and the simple, Published: December 25, 2025
environmentally friendly method are valuable and necessary

and are beneficial for the advancement of transient
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Figure 1. (a) Appearances of Diphylleia grayi before rain (upper right) and after rain (lower left). (b) Transparency of PHB films prepared by
different methods. The inset shows the digital picture of ES-PHB, Cast-PHB, and HP-ESPHB films. The thickness of the films is ~70 gm. (c) SEM
of ES-PHB fibers. (d—f) SEM of the surface (d) and cross sections (e, f) of the HP-ESPHB film. (g) Schematic illustration of the light
transmittance mechanism of ES-PHB and HP-ESPHB. DSC (h) and WAXD (i) of ES-PHB and HP-ESPHB. (j, k) XRD pole figures of the (020)
crystal plane of ES-PHB (j) and HP-ESPHB (k).
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Moreover, Shi and co-workers proposed a semiwrapped
structure based on silver nanowires (AgNWs) and water-
soluble poly(vinyl alcohol) (PVA) and developed a recyclable,
stable strain sensor using the semiwrapped AgNWs/PVA-
based composite conductive film.>*

Polyhydroxybutyrate (PHB) is a crystalline chiral polyester
synthesized by microbial fermentation.”>™” It has reproduci-
bility, biocompatibility, and degradability.ss’ss’58 However,
PHB products have poor light transmittance and high
brittleness.””"®* Crystalline degradable polymers are composed
of both crystalline and amorphous phases.”**>®* In compar-
ison to amorphous degradable polymers, the presence of
crystalline regions in these crystalline degradable polymers
enhances mechanical strength but reduces light trans-
mittance.**°>®® Besides this, the high conductivity of
polymer-based electrodes is usually at the expense of optical
transmittance.”>" Therefore, the use of crystalline degradable
polymers as transparent electrode materials has been highly
challenging due to the inability to break the trade-off between
light transmittance, electrical conductivity, and mechanical
strength.

Diphylleia grayi, also known as the skeleton flower, is an
interesting plant. It becomes transparent when exposed to
water (Figure 1a). After water droplets come into contact with
the petals of Diphylleia grayi, they gradually infiltrate the space
in the petals. As the refractive index of water and cell sap is
close, the reflection interface is eliminated, and the light
transmittance of the petals is hence improved. Inspired by this
plant, first, we carried out high-pressure treatment to
electrospun PHB (ES-PHB) film at an appropriate temper-
ature. This reduces the fiber—air interfaces and leads to crystal
orientation, and a transparent fibrous film is thus obtained.
Furthermore, a transparent and conductive AgNW/ESPHB-
based composite film is fabricated. The composite film also has
degradability and great mechanical properties and can be used
as a TDE. This means that it has enormous value in degradable
electronics.

B EXPERIMENTAL SECTION

Materials. PHB was purchased from Tianan Co., Ltd., Ningbo,
China. AgNW (10 mg/mL) was provided by Ouyi Organic
Optoelectronic Material Co., Ltd.,, Shanghai, China. The aspect
ratio was about 330 with a diameter of 30—60 nm and a length of 10—
20 um. Degradable packaging material (DPM) was acquired from
Xing Chuangyi Technology Co., Ltd.,, Shenzhen, China. Dimethyl-
formamide (DMF) was obtained by Haihong Instruments and
Apparatus Co., Ltd.,, Chengdu, China. Chloroform was supplied by
Kelong Co., Ltd,, Chengdu, China. A commercial indium tin oxide-
polyethylene terephthalate (ITO-PET) film, composed of a PET
substrate and transparent ITO layer, was purchased from South China
Xiangcheng Technology Co., Ltd., Yiyang, China.

Preparation of ES-PHB Film. The PHB was dissolved in a
mixture of chloroform and DMF. The ratio of chloroform to DMF
was 9:1 (v/v). The polymer solution had a concentration of
approximately 0.07 g/mL. Afterward, the solution was transferred to
a syringe. The syringe was securely attached to a pump and connected
to a spinneret. The injection rate of the solution was set to 10 yL/
min. A positive voltage of 11 kV was applied between the spinneret
and the receiving equipment. In this setup, a metallic rotating roller
served as the receiving terminal. The distance between the spinneret
and the roller was maintained at 20 cm. Finally, the nanofiber mat was
detached from the roller and stored in a plastic bag. The diameter
distribution histogram of ES-PHB fibers is shown in Figure S1.

Preparation of Casting PHB (Cast-PHB) Film. A predetermined
amount of PHB raw material was weighed and placed in a beaker.

200

DMEF was added to the beaker as a solvent. The mixture was heated in
an oil bath at 131 °C for approximately 40 min to dissolve PHB in
DMF. The resulting solution was poured into a Petri dish and
transferred to an oven set at 80 °C to evaporate DMF. The solvent
evaporation process lasted about 12 h. Finally, a freestanding PHB
film was formed. No fibrous structure was observed in the Cast-PHB
film (Figure S2a,b). Also, it was highly crystalline (Figure S2c).

Preparation of Transparent HP-ESPHB Film. As shown in
Figure S3, the ES-PHB film was placed between two layers of PL
Then, a pressure of 200 MPa was applied at 140 °C for 60 min. After
the device cooled, the high-pressure ES-PHB (HP-ESPHB) film was
removed from the PI membrane.

The relationship between processing parameters (pressure, temper-
ature, and holding time) and optical transmittance was investigated
(Figure S4). The data indicated that increasing either temperature or
pressure led to an improvement in the optical transmittance of the
HP-ESPHB film. However, saturation behavior was observed. The
extent of improvement diminished progressively at higher levels of
temperature or pressure. In contrast, the holding time had a negligible
effect on the light transmittance of the HP-ESPHB film.

Preparation of Transparent Conductive AgNW/ESPHB Film.
As shown in Figure S5, the AGNW was dispersed on the ES-PHB film
by filtration. Simultaneously, PHB fibers were deposited on a piece of
PI membrane for 60 min by electrospinning. Then, the PI membrane
covered with PHB fibers was superimposed on the ES-PHB film
dispersed with AgNW. A pressure of 200 MPa was subsequently
applied to the multilayer structure at 140 °C for 10 min. After the
device was cooled, the conductive AgNW/ESPHB film was removed
from the PI membrane. Table S1 and Figure S6 show the comparison
of different environmentally friendly, degradable transparent con-
ductive materials in terms of different aspects.

Characterization. The samples were coated with gold for
observation under a JSM-ITS00 scanning electron microscope
(SEM). Energy dispersive spectroscopy (EDS) was conducted using
an Oxford X-Max 80 spectrometer. A UV spectrophotometer (UV-
3600) was employed to measure the light transmittance of the PHB-
based films. Differential scanning calorimetry (DSC) was performed
to characterize the crystallinity and molten behaviors of PHB-based
samples using a DSC 2500 instrument. The crystallinity (X.) was
calculated with the following equation

_AH,
© AH, (1)

m

where AH,, is the endothermic enthalpy of the molten peak of PHB
crystals and AHY, 146 J/g, is the equilibrium melting enthalpy of the
ideal PHB crystal.** X-ray diffraction (XRD) spectra were obtained at
atmospheric pressure using an Empyrean instrument. X-ray pole
figures were measured using an Empyrean Series 2 diffraction system.
A resistivity tester (RTS-9) was used to determine the surface
resistance of the conductive AgNW/ESPHB-based fibrous films.

Fabrication of AgNW/ESPHB-Based Resistive Sensor. Two
copper foils were connected to both ends of the AgNW/ESPHB film
(Figure S7). They were used for the transmission of resistance signals.
Then, the structure was encapsulated with a degradable packaging
material (DPM).

Fabrication of Transient PENG. The green emissive, piezo-
electric carbon quantum dot/cellulose nanocrystal/polyhydroxybuty-
rate (CQD/CNC/PHB)-based fibrous mats were used as the piezo-
active layer of piezoelectric nanogenerator (PENG) devices (Figure
S8). The fully biobased, transient PENG consisted of CQD/CNC/
PHB-based fiber mats and AgNW/ESPHB-based films (Figure S9).
The piezo-active CQD/CNC/PHB-based mats were sandwiched
between two layers of AgNW/ESPHB films. The AgNW/ESPHB
films were used as the transparent conductive electrodes of the
transient PENG. For structural stability and protection, the entire
assembly was encapsulated using the DPM.

Degradation of Transient PENG. The hydrolytic degradation of
PENG was conducted in an alkali aqueous solution (pH 12) of
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sodium hydroxide at 58 °C. The composting decomposition of PENG
was carried out in a well-fermented compost material at about 58 °C.

B RESULTS AND DISCUSSION

As shown in Figure 1b, a transparency comparison of casting
PHB (Cast-PHB) film, ES-PHB film, and high-pressure ES-
PHB (HP-ESPHB) is conducted. Obviously, HP-ESPHB film
has higher light transmittance. Figure lc shows the
morphology of the ES-PHB fiber before high-pressure
treatment. Here, ES-PHB fibers have continuous fibrous
structures and smooth fiber surfaces. Figure S1 exhibits the
distribution of ES-PHB fibers diameter. Most of the PHB fibers
have diameters ranging from 400 to 700 nm. The average fiber
diameter is 574.95 nm. These fibers are piled together to form
an opaque ES-PHB film (Figure 1b). Figure S2a,b shows the
cross-sectional view of the Cast-PHB film. Clearly, the film has
a nonfibrous structure. It exhibits high crystallinity (Figure
S2c) and negligible optical transmittance (Figure 1b).

After the ES-PHB film was treated with a high pressure, a
transparent HP-ESPHB film was acquired (Figures S3 and S4).
As shown in Figure 1d, the transparent film has a flat surface,
and previous pores between these fibers even disappeared.
Simultaneously, because the ES-PHB film is squeezed violently
under pressure, it loses the original fibrous morphology and the
fibers fuse into a whole. However, the interior structure of the
HP-ESPHB film is different from that of the Cast-PHB film.
Here, Figure le,f exhibits the morphology of the cross section
of the HP-ESPHB film. Apparently, there is still a large number
of intact fiber structures in the transparent film, and these PHB
fibers are packed together closely.

The transparency mechanism of the HP-ESPHB fibrous film
is worth further discussion and study. When light propagates in
the material, the light absorption, reflection, and scattering will
cause light loss. While the light loss is large, the material
becomes opaque. Because of the wide band gap of PHB, it is
difficult for the photo energy of visible light to excite the
transition of electrons from valence band to conduction band,
and the light absorption caused by PHB is very small.

When light enters the material from the air, there is
reflection at the interface between the air and the material.
This will cause light loss and reduce light transmittance. Figure
1g shows the difference in light reflection in ES-PHB and HP-
ESPHB films. For the ES-PHB film, because there are many
voids in the electrospun film, numerous air—fiber interfaces are
formed. The reflection of light at the interfaces depends on the
refractive index of the two mediums, and the reflection
coeflicients follow®

. 2

na —

R:(zl ]
ny + 1 ()
n

”212_2
m (3)

where R is the reflection coefficient and n,; is the relative
refractive index of PHB fiber to air. n, and 5, are the refractive
indices of air and fiber, respectively. It is known that the
greater the difference in refractive index between the two
mediums, the greater is the reflection coefficient of light at the
interface. Because of the large difference in refractive index of
air and PHB, R of the ES-PHB fiber is large. This can cause
much reflection loss of light. However, for the HP-ESPHB
film, it is squeezed by a strong force, and these pores in ES-

201

PHB film disappear. The air—fiber interfaces are replaced by
the fiber—fiber interfaces. Since these PHB fibers have a similar
refractive index, the relative refractive index at the interface
between the PHB fibers can be approximated as 1.
Consequently, the reflection coefficient at the interface is
close to 0. This results in very small light loss.

Scattering in the material also has a lot of influence on the
light transmittance. When the scattering effect is very strong,
almost no light can pass through the medium and the material
loses transparency. In general, crystalline polymers are
polycrystalline systems with random grain orientation, so
light is easily scattered in crystalline polymers. Consequently,
most crystalline polymers are translucent or opaque. There is a
positive relation between the crystallinity, crystalline size, and
light scattering. However, Figure 1h,i exhibits that the HP-
ESPHB film has higher crystallinity than the ES-PHB film, and
they have similar crystalline structures. Additionally, the HP-
ESPHB film has a larger crystalline size according to the full
width at half-maximum (fwhm) of the diffraction peaks (Figure
1i). Higher crystallinity and larger crystalline size are
detrimental to the light transmittance of the material, so the
small light scattering in HP-ESPHB fibers should be ascribed
to other factors.

In fact, the arrangement direction of crystals also affects the
scattering of the material.**®” The XRD pole figure technique
is an effective technology to study the crystalline orienta-
tion.”*®” By analyzing the polar diagram, the order of grain
orientation can be evaluated. Here, Figure 1j,k shows the pole
figures of ES-PHB and HP-ESPHB. The maximum pole
density of ES-PHB and HP-ESPHB is 7.2 mrd (multiple of
random distribution) and 26.13 mrd, respectively. The degree
of crystal orientation is positively correlated to the pole
density. This means that an increase in the number of grains
with specific orientations will lead to an increase in the pole
density. When the order of the crystals is obvious, the pole
density correspondingly increases. Therefore, the pole density
can be used to evaluate the strength of the crystal orientation.
Apparently, the crystals within HP-ESPHB have a more
obvious orientation. When the orientation direction of the
crystals is parallel to the direction of light, it can cause less
hindrance to the light propagation and reduce the scattering
and reflection. The loss of light propagation in the material is
reduced, and the light transmittance is enhanced. Hence, it is
possible that the crystal orientation in the HP-ESPHB is
consistent with the propagation direction of the light. This
reduces the scattering of light and improves the light
transmittance of the PHB fibrous film.

For polymeric and composite transparent films, haze
provides a direct and widely accepted metric of forward
scattering in the materials.”® The haze factor (Hy) can be
calculated using the following equation’

_ Tu()
T, (4)

where T, is the total transmittance of the film; Ty is the
diffuse transmittance of the film; and 4 is the wavelength of the
optical wave. Figure S10a,b and Table S2 show a comparison
of the total transmittance and haze of the ES-PHB film
(thickness: ~22 um) with a HP-ESPHB film (thickness: ~84
um). The HP-ESPHB film is nearly 4 times thicker than the
ES-PHB film, yet the ES-PHB film exhibits significantly lower
optical transmittance and a significantly higher haze. Notably,
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Figure 2. (a, b) SEM of AgNWs dispersed on the ES-PHB fibrous film by vacuum filtration before high-pressure treatment. (c) SEM of PI film
covered by electrospun PHB fibers. (d—f) SEM (d) and EDS (e, f) of the AgNW/ESPHB fibrous film after high-pressure treatment. (g) Light
transmittance of different AgQNW/ESPHB fibrous films. The thickness of films is ~20 gm. (h) Digital picture of pristine HP-ESPHB and AgNW/
ESPHB films. (i) Surface resistance of different AgNW/ESPHB fibrous films. (j—I) Bending properties. (m) Bending stability. (n) Flexibility at
room temperature (top) and at liquid nitrogen temperature (bottom), respectively. (o) Tensile properties.

at 550 nm wavelength, the haze factor of the ES-PHB film is
more than 4 times higher than that of the HP-ESPHB film.
The ultrahigh haze renders the ES-PHB film white. In contrast,
the HP-ESPHB film became highly transparent with a
relatively low optical haze. As shown in Figure S10c, even
when the HP-ESPHB film is placed 10 cm above the black

board, the white grid remains clearly visible. This conclusively
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demonstrates that light scattering in the HP-ESPHB film was
substantially reduced.

We further combined the conductive AgNW with the
transparent HP-ESPHB film to prepare a transparent and
conductive material (Figure SS). Figure 2a,b shows the AgNW
dispersed on the ES-PHB film using filtration. The length of
the AgNW is approximately 10—20 um, and these nanowires
are uniformly dispersed on the surface of the ES-PHB film.
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Figure 3. (a) Schematic diagram of the operation principle of the sensor. (b—d) The signal from the sensor when the volunteer’s eyelid blinks (b),

finger bends (c), and throat vocal cord vibrates (d).

Simultaneously, a layer of ultrathin PHB fibrous film was
deposited on a polyamide (PI) membrane (Figure SS). Figure
2c¢ exhibits these PHB fibers on the PI membrane, and the
thickness of the ultrathin PHB film is only a few microns. In
high-pressure treatment, the ultrathin film was transferred onto
the AgNW network. It played an important role in stabilizing
and protecting the conductive network. Figure 2d exhibits the
surface morphology of the conductive AgNW/ESPHB film.
The PHB fibers, originally deposited on the PI membrane,
were significantly deformed under high pressure. These “flat”
PHB fibers, like a large net, are on the conductive AgNW
network and fix these nanowires on the PHB fibrous matrix.
Figure 2e,f shows the distribution of C and Ag elements in the
surface of AgNW/ESPHB film. Evidently, these two elements
are evenly distributed in this view. This means that the AgNW
is uniformly distributed on the PHB fibrous matrix and forms a
conductive network that does endow the conductivity of the
composite film (Figure 2d).

Importantly, the amount of AgNWs has a significant effect
on the light transmittance and electrical conductivity of the
composite film. Here, we use the volume of the AgNW
aqueous solution to represent the amount of nanowire. Figure
2g exhibits the light transmittance of different AGQNW/ESPHB
films. The transmittance of HP-ESPHB is about 85% at 750
nm. When the volume of the AgNW solution is 10 yL, the
transmittance of the composite film decreases to approximately
73% at 750 nm, but the AgNW/ESPHB-based film still has
good transparency (Figure 2h). At the same time, as the
volume of AgNW solution increases, the transparency of the
film decreases. However, the conductivity of AgNW/ESPHB
film augments with the increase of the volume of the AgNW
solution. As shown in Figure 2i, when the volume of AgNW
solution is 10 and 90 uL, respectively, the surface resistance of
the AgNW/ESPHB film is 34 and 2.1 €2/sq, respectively.

Because the transparent composite film consists of a lot of
soft fibers, it has great mechanical properties. As shown in
Figure 2j—1, the conductive AgNW/ESPHB film is used as a
wire to light an LED. Although the bending angle of the film is
increasing gradually, the brightness of the LED does not show
obvious attenuation. This result indicates that the conductive
film has good structural stability. Furthermore, the durability of
the flexible AgNW/ESPHB film was evaluated. Figure 2m
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shows the change in resistance of the composite film during
~10000 bending cycles. Apparently, the resistance did not
change significantly in the bending test. This means that the
film has good durability. Additionally, Figure 2n shows the
flexibility of the conductive film at room temperature and
ultralow temperature. The film could be easily folded in half at
room temperature. On the premise of keeping the bending
state, even if the film was placed in liquid nitrogen, it did not
suffer obvious structural damage. Figure 20 shows a
comparison of the tensile properties of the Cast-PHB, ES-
PHB, HP-ESPHB, and AgNW/ESPHB films. For the AgNW/
ESPHB-based film, elastic deformation and stress yield occur
in the initial stage of drawing. The tensile strength and
elongation at break are apparently higher than those of the
Cast-PHB, ES-PHB, and HP-ESPHB films. It can be observed
that the tensile performance of the HP-ESPHB film shows a
significant improvement compared to those of the Cast-PHB
and ES-PHB films. This indicates that the enhanced tensile
performance of the AgNW/ESPHB film is primarily ascribed
to the transparent PHB fibrous substrate. First, the substrate
has a higher degree of crystallinity. In general, the polymers
with high crystallinity have more integrity of crystals, and the
interaction between crystals is enhanced. These are beneficial
for mechanical performances. Second, the tight structure of the
transparent fibrous substrate may contribute to the mechanical
properties of the composite film. When the AgNW/ESPHB
film is stretched, the sliding of fibers needs to overcome a large
internal friction. Moreover, we note that the tensile perform-
ance of the AgNW/ESPHB-based film is moderately superior
to that of the HP-ESPHB-based film. This suggests that the
reinforcing effect of AgNW also makes a contribution to
improving the tensile properties of the AgNW/ESPHB-based
composite film.>>”

As shown in Table S1 and Figure S6, although the light
transmittance of the AgNW/ESPHB-based composite film is
slightly lower than that of other degradable transparent
conductive materials, it has good electrical conductivity and
tensile strength. Considering the large thickness of the AgNW/
ESPHB-based composite film, the light transmittance of the
film can be further improved by optimizing the preparation
process. We also note the AGQNW/ESPHB-based film exhibits a
lower figure of merit (FoM) compared to the commercial
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ITO-based film (Figure S10a,b and Table S2). Nevertheless,
owing to its excellent biocompatibility and degradability, the
AgNW/ESPHB film is a highly promising eco-friendly
alternative material for bioelectronic applications. The FoM
of the PHB-based transparent conductive film can be enhanced
by optimizing the conductive layer in future research, such as
using conductive metal nanomeshes or cross-aligned AgNW
networks. In summary, the fibrous PHB-based flexible
transparent conductive film has good comprehensive perform-
ance. This means that the composite material has broad
prospects in eco-friendly flexible transient bioelectronics.

Here, a resistive sensor was fabricated with the AgNW/
ESPHB-based film (Figure S7). The bending modulus of the
degradable packaging material (DPM) is different from that of
HP-ESPHB. Thus, when the sensor is bent, the deformations
of the two materials are different. As shown in Figure 3a, it
entails a tiny gap between the DPM and the AgNW/ESPHB.
Because some AgNWs are wrapped by the DPM, they are
pulled up. This results in a decrease in the number of contact
points in the AgNW network and an increase in the resistance
of the sensor. When the deformation of the sensor is
recovered, the gap disappears. The connection of these
conductive nanowires is restored, and the resistance of the
sensor decreases. Figure Slla shows the relative resistance
change of the AgNW/ESPHB sensor at different bending
frequencies, and the response time is 0.26 s (Figure S11b). The
durability of the sensor is also measured: after over 800
bending cycles, the response signals of the sensor remain stable
(Figure Sllc). Gauge Factor (GF) is one of the indicators of
the sensitivity of a resistive sensor, which is defined as™*

_ (R=Ry)/R,
B £ ()

where R, represents the initial resistance; R is the resistance
under a strain; and € is the corresponding applied strain.
Despite its low stretchability, the sensor achieves a high GF of
33.06 (Figure S11d).Therefore, this device can be used in
behavior monitoring. As shown in Figure 3b,c, the sensor can
perceive the motion of finger bending and eyelid blinking.
Every bend of the finger or every blink of the eyelid induces a
resistance change of the sensor regularly. Additionally, this
device has much potential for speech recognition. While the
sensor is tightly attached to the throat, the volunteer’s sound
will drive it to produce characteristic signals. For example,
when the volunteer says “Hello” and “Hi” separately, the
difference occurs in the number of signal peaks (Figure 3d).
Fluorescent CQD/CNC/PHB-based piezoelectric nano-
fibers (Figure S8a) can be used to manufacture PENG with
green light-emitting function.”' The commercial ITO has good
transparency and conductivity and usually serves as a
transparent electrode. However, its transmittance to ultraviolet
light is low, and it cannot be used as the electrode for green
light-emitting piezoelectric devices (Figure S8b). Because the
AgNW/ESPHB film has excellent conductivity and high
transmittance to ultraviolet light (Figure 2g), it is expected
to be used as a TDE of the multifunctional PENG. Figure S9
exhibits the structure of the PENG consisting of DPM,
AgNW/ESPHB film, and CQD/CNC/PHB fibers. In the test,
two pieces of copper foil were extended from the PENG to
transmit electrical signals (Figure 4a). As shown in Figure 4b,
ultraviolet light passes through DPM and AgNW/ESPHB film
and excites the CQD/CNC/PHB fiber to emit green
fluorescence. The direction of the current signals generated

GF
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Figure 4. (a) Digital picture of the transient PENG for piezoelectric
testing. (b) Under UV excitation, transient PENG emits green light.
(c) Switching polarity test. (d) Transient PENG supplies energy for
the LED. (e) Transient PENG for human behavioral monitoring.

by the PENG is reversed in the switching-polarity test (Figure
4c). This confirms the output signals truly come from the
direct piezo responses of the fully biobased PENG device.
Additionally, the PENG serves as a reliable power supply to
maintain the operation of a commercial LED (Figure 4d).
Because this device responds to mechanical stimuli, it can be
used as a self-powered flexible sensor for real-time monitoring.
As shown in Figure 4e, the sensor exhibits the motion of
different human joints and the state of a human walking
through the generated electrical signals. This result indicates it
has great application prospects in motion monitoring,
behavioral perception, etc.

Since the PENG is composed of various degradable
materials, it is possible to attain complete degradation. In
particular, PHB contains hydrolyzable ester bonds in its main
chain structure. This makes it susceptible to both abiotic and
biotic hydrolysis.””~”” In the abiotic hydrolysis degradation
process, PHB is first broken down into oligomers/fragments
and eventually converted into crotonic acid and 3-hydrox-
ybutyric acid.”>”® Increasing temperature and/or using a more
alkaline hydrolysis medium can in general enhance the
hydrolytic degradation of PHB.”””* The degradation of PHB
in a biotic compost environment is an enzymatic process.74_77
It begins with an initial biomediated hydrolysis by micro-
organism secreted PHB depolymerases.”*~’” In the initial
hydrolysis, PHB degrades into oligomers, dimers, and
monomers.”*~"7 These degradation products are further
metabolized by microorganisms.”*~"” In aerobic environments,
the final metabolites are microbial biomass, carbon dioxide,
and water.”*™”” Under anaerobic conditions, methane is also
produced alongside carbon dioxide.”*””” Compost environ-
mental conditions and microbial activity are key factors
affecting the biodegradation efficiency of PHB. ™"’

Here, the degradation of the PENG was conducted in an
abiotic alkaline solution and biotic compost environment,
respectively. Figure Sa exhibits the change of the morphology
of the PENG in an aqueous solution of pH 12. When the
degradation time reached 43 days, the DPM lost its
transparency and became white and opaque. Additionally,

2,

https://doi.org/10.1021/acssuschemeng.5c09169
ACS Sustainable Chem. Eng. 2026, 14, 198—208

9202 J9quiaAoN L0 U0 Jasn AINN ONOLOVIF LSIMHLNOS Ad Jpd'69160959S/€€4208€9/86 /L /7L /4pd-ajoie/Bosose/Bio soe sqnd woyy papeojumog


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c09169/suppl_file/sc5c09169_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c09169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c09169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c09169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c09169?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c09169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Figure S. Hydrolytic degradation (a) and composting degradation (b)
of the transient PENG device.

the device was destroyed and the interior fibrous film entered
the hydrolysate. The piezoelectric film lost its original form
and became a white flocculent substance. Then, these
flocculent substances almost disappeared within 61 days. At
the same time, the AgNW/ESPHB electrode broke into a
number of fragments of different sizes. When the degradation
time was more than 95 days, the size and number of fragments
of the AgNW/ESPHB film further decreased. At 155 days,
there was only a little debris of the conductive film and two
pieces of white DPM. Figure Sb presents the degradation of
PENG in the composting test. With the extension of
composting time, the deformation of this device became
more obvious. Simultaneously, the mechanical strength of the
device gradually decreased. These phenomena suggest the
degradation of PENG. At 149 days, the piezoelectric fibrous
film and AgNW/ESPHB-based electrode in the degradable
PENG seemed to have completely disappeared, leaving only
the transparent encapsulation materials. These degradation
experiments manifest that the transient PENG can be degraded
in various environments. As a result, this could reduce the
disposal costs of discarded devices and reduce the threat to
public health.

B CONCLUSIONS

Here, a combination of electrospinning and high-pressure
molding techniques was employed to produce a transparent
PHB film that contained intact fiber structures. At an
appropriate temperature, applying a high pressure to the ES-
PHB reduced the fiber—air interfaces and consequently
minimized the light reflection loss. Simultaneously, the crystals
within the PHB fiber aligned parallel to the incident light
direction, resulting in reduced light scattering. These combined
effects significantly enhanced the transparency of the PHB
fibrous film, and a transmittance of 85% at 750 nm was

achieved for the HP-ESPHB film. Subsequently, a transparent,
conductive AgNW/ESPHB-based composite film was devel-
oped by using the HP-ESPHB film. This composite material
exhibited both good electrical conductivity and high light
transmittance alongside robust mechanical properties. It has
great potential for applications in versatile transient electronic
devices. For example, the AgNW/ESPHB-based film could be
used in a degradable resistive sensor. Additionally, the AgNW/
ESPHB-based conductive film could serve as a transparent
degradable electrode for multifunctional biobased PENGs.
This innovation allowed for the first creation of a fully
degradable, environmentally friendly, luminescent, and self-
powered bioelectric device. This research provides an effective
but simple method for the modification of biological materials
and offers valuable insights into the relationship between
condensed matter structure and material properties. Further-
more, the AgNW/ESPHB-based composite material opens up
new possibilities for further advancements in transient
electronics.
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