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ABSTRACT

Triboelectric nanogenerators (TENGs) are constrained by the inherent material
limitations and systemic performance bottlenecks. Conventional polydimeth-
ylsiloxane (PDMS) triboelectric layers offer limited control over surface
electronegativity, interfacial polarization, and charge retention, hindering
stable self-powered operation. To address these challenges, we report a flexible
triboelectric system based on a fluorinated metal-organic framework (MOF),
UiO-66-4F, which integrates energy harvesting and storage via coordinated
design across materials, devices, and circuits. The triboelectric nanogenerator
(UF-TENG), fabricated from a UiO-66-4F@PDMS composite layer with 10 wt%
filler, generates an open-circuit voltage of 180 V and a short-circuit current of
11 pA, representing 3- and 1.83-fold enhancements over pristine PDMS. The
UF-TENG also exhibits stable output over 10,000 cycles under 20% tensile strain.
The flexible supercapacitor incorporating 20 wt% UiO-66-4F/LiCl exhibits lower
high-frequency impedance and near-ideal low-frequency phase angle, and has
typical double-layer capacitance characteristics for efficient charge manage-
ment. The output-voltage fluctuation of the integrated device is 60% lower than
that of a separate TENG, maintaining a stable output for 4,500 s, effectively
improving power storage and output stability. This work demonstrates that
functional group engineering in MOFs not only enhances triboelectric charge
generation but also facilitates efficient charge management, offering a compact,

durable, and integrable power solution for wearable electronics.
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1 Introduction

With the rapid advancement of wearable electronics
and the distributed Internet of Things (IoT), there is
an increasing demand for lightweight, flexible power
supplies that can operate stably under low-frequency
and intermittent excitation conditions [1-4]. How-
ever, the sustainable development of such devices is
limited by the existing power supply system [5]. Con-
ventional rigid batteries struggle to combine flexibility
with high energy density, limiting their applicability
in flexible and wearable electronics [6]. In contrast,
emerging energy-harvesting technologies such as
triboelectric nanogenerators (TENGs) can efficiently
harness mechanical energy from the environment,
yet ensuring a stable and continuous power output
remains a critical bottleneck [7]. TENGs are capable of
generating high voltages and large amounts of charge.
Still, their low currents and erratic power levels make
them challenging to use in a wide range of commer-
cial applications. Therefore, it is essential to combine
them with energy storage devices [8]. The integration
of TENGs with supercapacitors (5Cs) presents a prom-
ising strategy for constructing self-powered systems.
However, the performance of this integrated system
is often limited by fundamental mismatch problems
at the material level. Conventional polymer friction
layers face inherent limitations in surface electronega-
tivity and charge-retention capability [9]. Meanwhile,
the dielectric layers in solid-state SCs generally suffer
from low ionic conductivity and a mismatch with the
pulsed output characteristics of TENGs. Therefore,
developing multifunctional materials that can simul-
taneously enhance triboelectric charge generation and
optimize ion transport is crucial for advancing inte-
grated self-powered systems.

In flexible TENGS, the selection of the triboelectric
layer material directly affects the energy conversion
efficiency. TENGs convert mechanical energy into
electrical energy through the synergistic effects of the
electrode and the triboelectric layer, contact electrifica-
tion, and electrostatic induction. However, the ultimate
output performance is directly influenced by the
charge induction and trapping abilities of the triboe-
lectric material [8, 10]. Polydimethylsiloxane (PDMS)

has emerged as a predominant material for the
negative triboelectric layer in TENGs, owing to its
flexibility, chemical inertness, and low cost [11, 12].
Nevertheless, the intrinsically low dielectric constant
and high insulation properties of PDMS restrict its
charge storage capacity and overall power output.
To address this limitation, incorporating high-die-
lectric-constant or charge-trap fillers into the PDMS
matrix has become a widely adopted strategy [13-15].
Yang et al. [16] employed graphene oxide (GO) to
modify the porous PDMS friction layer, resulting in a
significant enhancement in the performance of TENGs,
with the output voltage and current increasing by fac-
tors of 2.89 and 4.18, respectively. In another approach,
strontium-doped barium titanate was employed as an
active filler in PDMS, effectively enhancing triboelec-
tric performance through a synergistic mechanism that
combines an elevated dielectric constant with enhanced
charge-trapping capability [11, 17-19].

Metal-organic framework (MOF) materials offer
promising avenues for optimizing the properties of
friction layers, owing to their high specific surface area,
tunable chemical structures, and strong electroneg-
ativity [20, 21]. As a typical class of zirconium-based
frameworks, the UiO-66 series exhibits excellent
chemical stability and tunability. Functional group
modification, such as fluorine substitution, on their
organic ligands allows precise control over the electrical
and mechanical properties of the materials [9, 22-24].
The introduction of strongly electronegative functional
groups can significantly enhance the electron affinity of
MOFs, facilitating charge transfer during contact elec-
trification. Meanwhile, the well-defined nanostructures
of MOFs increase the surface roughness of composite
films, thereby enlarging the effective contact area and
further improving the triboelectric output [25, 26]. In
the field of SCs, MOFs show great potential as novel
electrode materials due to their tunable conductivity
and porous structure [27-29]. The UiO-66 series, in
particular, provides a new strategy for enhancing the
performance of dielectric layers of SCs, leveraging their
unique functional frameworks and the open-channel
structures [30, 31]. The introduction of strongly elec-
tronegative groups via organic ligands enhances the

charge adsorption capacity on the material surface,
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while the porous skeleton facilitates efficient ion trans-
port pathways.

Based on our prior research, this study presents
a multifunctional strategy using fluorinated MOF
(UiO-66-4F) to develop a high-performance flexible
system that integrates triboelectric energy harvesting
and storage (Figure 1). UiO-66-4F was first introduced
as a multifunctional filler into a PDMS matrix to sys-
tematically enhance TENG output, including voltage,
current, power, and stability. It was then combined
with lithium salt in PDMS to improve ion conductivity,
capacitance, and frequency response in SCs. Finally,
an optimized MOF-based TENG was integrated with
an MOF-based SC through rational circuitry. The com-
prehensive performance of the assembled device was
assessed, with a focus on its sustained energy supply,
output stability, and ability to power small electronics.
This work confirms the promise of fluorinated MOFs as
dual-mode enhancers for flexible energy systems and
offers a new material design pathway for high-perfor-

mance, sustainable electronics.

2 Experimental

2.1 Materials

Tetrafluoroterephthalic acid (99%, Beijing HWRK
Chem Co., Ltd., Beijing, China) and zirconium nitrate
pentahydrate (Zr (NO;),-5H,0, analytical grade) were
used as the main precursors for the synthesis of UiO-
66-4F. Acetic acid (CH;COOH, analytical grade) and
n-hexane (analytical grade) were obtained from Shang-
hai Macklin Biochemical Co., Ltd. (Shanghai, China)
and Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin,
China), respectively. Polydimethylsiloxane (PDMS,
Sylgard 184) was purchased from Dow Chemical Co.
(Shanghai, China). All reagents were of analytical
grade and used as received without further purifica-
tion. Ultrapure water (resistivity 18.2 MQ cm) was
produced using a SMART ultrapure water purification

system (Heal Force, Shanghai, China) and employed in

all aqueous solution preparations.
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Figure 1 Synthesis, fabrication, and integration of UiO-66-4F-based self-powered systems. (A) Synthetic and preparation of UiO-66-4F.
(B) Fabrication process of UiO-66-4F@PDMS and UiO-66-4F/LiCl@PDMS composite films. (C) Photographs of UF-TENG and UF-SC
devices under flat and bent states. (D) Schematic illustration of the integrated UF-TENG -SC system for energy harvesting and storage
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2.2 Characterization methods

Scanning electron microscopy (SEM, Apreo HiVac)
was employed to characterize the surface and cross-
sectional morphologies of UiO-66-4F and its composite
films, revealing their microstructural features. The
crystalline structures of the samples were characterized
using an X-ray diffractometer (XRD, D8 ADVANCE),
with measurements conducted under Cu Ka irradi-
ation at a wavelength of 1.5406 A. Fourier transform
infrared spectroscopy (FTIR, Nicolet iS50) was also
used for structural identification, with testing covering
a spectral range of 400-4,000 cm™. The electrochemical
performance of the UiO-66-4F/LiCl@PDMS composite
membrane with a nanostructured architecture was
evaluated using electrochemical impedance spectros-
copy (EIS), galvanostatic charge-discharge (GCD)
measurements, and cyclic voltammetry (CV) analysis.
The short-circuit current, output voltage, and trans-
ferred charge of the flexible energy-harvesting device
were recorded using an electrometer (Keithley 6517B)
and a data acquisition card (NI USB-6356) at room
temperature. The mechanical flexibility of the com-
posite films was tested using a stepper motor system
(KH-01). During the measurement, the samples were
mounted onto the clamping fixture of the motor, and
the stretching displacement was accurately controlled
by the KH-01 controller.

2.3 Synthesis of UiO-66-4F

UiO-66-4F was synthesized via a room-tempera-
ture stirring method. Typically, 1.2 g (1.26 mM) of
2,3,5,6-tetrafluoroterephthalic acid (TFTPA) and
3.35 g (1.95 mM) of zirconium nitrate pentahydrate
(Zr (NO,),-5H,0) were separately dissolved in 40 mL of
ultrapure water under ultrasonication until complete
dissolution. The two solutions were then combined in a
200 mL beaker containing a magnetic stir bar, followed
by the addition of 10 mL (43.7 mM) of glacial acetic acid
as a modulator. The mixture was sealed and magneti-
cally stirred at room temperature for 40 h, resulting in
a white precipitate. The obtained solid was collected by
centrifugation (8,000 rpm, 5 min), washed three times
with ultrapure water and twice with anhydrous etha-
nol, and then air-dried at room temperature. Finally,

the dried product was ground uniformly for 20 min to

obtain fine UiO-66-4F powder for subsequent use.

2.4 Preparation of UiO-66-4F@PDMS and
UiO-66-4F/LiCl@PDMS composite films

Pre-ground UiO-66-4F powder was dispersed in n-hex-
ane and stirred for 1 h to form a uniform suspension.
PDMS prepolymer and curing agent (10:1, w/w) were
then added, and the mixture was stirred for another
hour to ensure homogeneity. The composite precursor
was spin-coated onto polyethylene terephthalate (PET)
substrates (2,000 rpm, 10 s, three cycles) and cured
at 80°C for 2 h. During curing, n-hexane evaporated
completely, yielding flexible UiO-66-4F@PDMS films
(~120 pm thick). Pure PDMS films were fabricated
under identical conditions for comparison.

Pre-ground UiO-66-4F powder was mixed with
anhydrous LiCl (50 wt%) and ground for 20 min to
ensure uniform blending. The mixture was dried at
120°C for 1 h and then dispersed in 1 mL of n-hexane
under sealed stirring for 1 h. PDMS prepolymer and
curing agent (10:1, w/w) were added, and the resulting
suspension was stirred for another hour. The compos-
ite precursor was cast into PTFE molds (3 cm x 3 cm,
0.3 mm thick) and cured at 80°C for 2 h. After complete
solvent evaporation, flexible UiO-66-4F/LiCl@PDMS
films (~120 pum thick) were obtained.

2.5 Fabrication of UF-TENG and UF-SC
devices

The TENG was fabricated in a contact-separation mode.
PET (3 cm x 3 cm) films served as flexible substrates,
with sponge layers attached to both sides to provide
cushioning during operation. Conductive aluminum
tapes were used as flexible electrodes, and copper
wires were fixed to their edges with Kapton tape for
electrical connection. Pre-fabricated UiO-66-4F@PDMS
films with various filler ratios were adhered to the
lower electrodes to construct UiO-66-4F-based TENGs
(UF-TENGsS), in which Al and UiO-66-4F@PDMS acted
as the triboelectric pair. For comparison, a PDMS-based
TENG (PD-TENG) was prepared under identical condi-
tions using pure PDMS films as the friction layer. Each
device had an effective working area of 2 cm x 2 cm,
and energy generation was achieved through periodic

vertical contact-separation cycles.
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The solid-state SC was assembled in a symmetric
configuration. PET (3 cm x 3 cm) films were used as
flexible substrates, with double-sided conductive
aluminum tapes serving as electrodes. Copper wires
were attached to the tape edges using Kapton tape for
a stable electrical connection. The pre-fabricated UiO-
66-4F/LiCl@PDMS composite film was laminated onto
the lower electrode as the dielectric layer, followed by
alignment and attachment of the upper electrode to
form a UiO-66-4F/LiCl@PDMS-based supercapacitor
(UE-SC). During assembly, firm contact between the
dielectric and electrodes was maintained to eliminate
air gaps and ensure consistent performance. The effec-
tive working area of each device was 2 cm x 2 cm, and
a slight pressure was applied during encapsulation to

enhance interfacial adhesion and device stability.

2.6 Assembly of UF-TENG-SC integrated
devices

The UF-TENG-SC integrated device was assembled by
connecting UF-TENG and UF-SC in series using copper
wires. The integration circuit was realized through an
external rectifier bridge, with both devices maintain-
ing independent electrodes to enable efficient energy
harvesting and storage. The rectifier bridge ensured
unidirectional current transmission from the UF-TENG,
thereby reducing energy loss and improving the over-
all energy utilization efficiency. Both components were
fixed onto a flexible PET substrate (3 cm x 3 cm) and
mechanically reinforced with Kapton tape to ensure

stability and durability during operation.

3 Results and Discussion

3.1 Fluorinated MOF-enabled triboelectric
harvester

A fluorinated UiO-66 derivative, denoted as UiO-
66-4F, was successfully synthesized via a hydrothermal
method by incorporating tetrafluorinated side-chain
substituents. The morphology and structure of UiO-
66-4F were systematically characterized using SEM,
XRD, and FTIR spectroscopy. As shown in Figure 2A,
the particles exhibit uniform distribution and well-de-
fined morphology. UiO-66-4F exhibits an octahedral
morphology with a nearly spherical profile [22]. The

high magnification SEM image (Figure 2A inset) fur-
ther clearly demonstrated the microstructure of the
particle surface. The results of particle size analysis
(Figure 2D) indicate that the average particle size is
about 450-500 nm. Particle size analysis indicates that
UiO-66-4F particles are in the sub-micron scale, exhibit-
ing a narrow and approximately standard distribution.
It indicates that the MOF material has controlled crys-
tallization growth and good homogeneity of the particle
size of crystal particles during the synthesis process.
The XRD pattern of UiO-66-4F (Figure 2B) displays
characteristic diffraction peaks at 26=7.32°, 12.01°,
14.05°, 18.39°, 22.13°, and 25.42°, corresponding respec-
tively to the (111), (022), (113), (004), (115), and (224)
crystal planes of the UiO-66-type framework [32, 33].
These diffraction peaks align well with the typical dif-
fraction features of UiO-66, confirming that the material
retains the crystalline structure of this MOF family [22].
In the FTIR spectra (Figure 2C), the disappearance of
the C=0 stretching vibration peak at 1,694 cm™ (origi-
nating from the H,TFBDC ligand) indicates successful
coordination of the ligand to the Zr node. Concurrently,
a new absorption peak emerges at 1,610 cm™, attrib-
uted to the asymmetric stretching vibration of the Zr-O
bond. Additional peaks are observed at 1,585 cm™
(asymmetric stretching of O-C-0), 738 cm™ (O-H
vibration), and 660 cm™ (C-H vibration), collectively
corroborating the formation of a stable coordination
architecture between the ligand and the metal cluster.
Moreover, the presence of a distinct peak at 1,268 cm™
confirms the incorporation of C-F bonds, verifying the
successful introduction of fluorine-containing substit-
uents into the framework. The vibration of C=0O on the
benzeneringand thestretchingvibrationofthe C-Obond
in-COOH were observed at 1,405 and 1,000 cm™, respec-
tively, which further proved the structural integrity of
the material and the retention of the ligand functional
groups. The porosity of UiO-66-4F was evaluated by
N, adsorption-desorption measurements (Figure 2E).
The Brunauer-Emmett-Teller (BET) surface area was
calculated to be 117.9 m? gl Pore-size distribution
analysis derived from the Barrett-Joyner-Halenda (BJH)
method (Figure 2F) shows a dominant pore-size range
of 3-5 nm, confirming a hierarchical micro-mesoporous

structure [34]. Such a porous architecture provides a
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Figure 2 Morphology and structural characterization of UiO-66-4F. (A) SEM image of UiO-66-4F, with an inset showing a high-magni-

fication view. (B) Experimental XRD pattern and simulated trace generated from crystallographic information file data. (C) FTIR spectra
comparing UiO-66-4F with the 2,3,5,6-tetrafluoroterephthalic acid (H,TFBDC) linker. (D) Particle size distribution. (E) Nitrogen (N,)
adsorption-desorption isotherms at 77 K. (F) Pore size distribution derived from the desorption branch using the BJH method. (G) TGA of
Ui0O-66-4F. (H) XPS survey and (I) corresponding deconvoluted spectra of F 1s of the UiO-66-4F

high specific surface area and efficient ion transport
pathways, which are beneficial for enhancing interfacial
contact and electrochemical performance in composite
films. The moderate amount of micron-sized, narrowly
distributed UiO-66-4F particles can be uniformly dis-
persed and inhibit agglomeration in PDMS. They can
easily form a moderate degree of roughness on the
contact surface, thereby increasing the actual contact
area and enhancing the local electric field.
Thermogravimetric analysis (TGA) was used to
evaluate the thermal stability of UiO-66-4F. As shown
in Figure 2G, the material mass decreased during the
warming process, which mainly originated from the
removal of water molecules adsorbed inside the mate-

rial and residual organic solvents. It is worth noting

that the skeleton structure remains stable below 330°C
without significant collapse, indicating that UiO-66-4F
possesses good thermal stability and can maintain its
structural integrity within the operating temperature
range of the device, which is conducive to guarantee-
ing the long-term operational stability of the device. In
order to confirm the intrinsic chemical structure and
surface elemental states of the synthesized UiO-66-4F
material, we performed X-ray photoelectron spec-
troscopy (XPS) analysis. The full-spectrum scanning
results (Figure 2H) confirm that the material is mainly
composed of Zr, O, C, N, and F elements. Among them,
the fluorine 1s high-resolution spectrum (Figure 2I)
shows a main peak at 687.4 eV, which is attributed to

the C-F covalent bond formed between fluorine atoms
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Figure 3 Structure and electrical performance of the UF-TENG. (A) Schematic of the UF-TENG device architecture. (B, C) Open circuit
voltage and short circuit current of the UF-TENG with different fillers under a constant force and frequency. (D, E) Open circuit voltage

and short circuit current of the 10 wt% UF-TENG under different applied forces. (F) Output voltage, current, and instantaneous power of

the UF-TENG under various external load resistances, highlighting the maximum power point. (G) Stability of the open circuit voltage over
>7,000 operating cycles under a 50 MQ load. (H) Photographs of the 10 wt% UiO-66-4F@PDMS film in the undeformed state and at 20%
tensile strain. (I) Comparison of open circuit voltage and short circuit current for the 10 wt% UF-TENG before stretching and after 10,000

cycles at 20% tensile strain

and carbon atoms in UiO-66-4F. The symmetry of
the peak shape and the absence of signals of fluorine
species at other binding energy positions indicate that
the chemical environment of fluorine in the material is
homogeneous.

The preparation of homogeneous composite films
is crucial for optimizing device performance. To
achieve this, a pre-dispersion strategy was employed,
in which milled UiO-66-4F was first dispersed in
n-hexane to form a stable suspension. This suspension
was then thoroughly mixed with the PDMS elastomer
and subsequently cured to obtain uniformly doped
UiO-66-4F@PDMS composite films. As illustrated in

Figure 3A, the resulting UiO-66-4F@PDMS-based tri-
boelectric nanogenerator (UF-TENG) adopts a vertical
contact-separation structure, with an aluminum (Al)
electrode and the UiO-66-4F@PDMS composite film
serving as the two contact layers. Surface and cross-sec-
tional SEM images of the pure PDMS film and the 10
wt% UiO-66-4F@PDMS composite film are presented
in Figure S1. Compared with the pure PDMS film, the
composite with 10 wt% UiO-66-4F concentration exhib-
its a distinct particulate microstructure, significantly
enhanced surface roughness, and uniform particle
distribution without noticeable agglomeration. These
results confirm that the pretreatment dispersion step
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effectively improves the dispersion of MOF particles
within the polymer matrix.

The working principle of the TENG can be described
by the coupling of contact electrification and electro-
static induction (Figure S2) [35]. Upon the application
of external pressure, the two contact layers come into
contact. Owing to the significant difference in electron
affinity between the Al electrode and the UiO-66-4F@
PDMS composite film, electron transfer occurs at
the interface, resulting in positive charges on the Al
surface and negative charges on the composite film
surface [16]. At this point, the system reaches an
electrostatic equilibrium, and no current flows in the
external circuit. When the external force is released, the
layers separate while retaining their surface charges.
This preserved charge separation creates a potential
difference that induces charges of opposite polarity
on the respective electrodes via electrostatic induction.
This process drives electron flow in the external cir-
cuit, generating a unidirectional current pulse. As the
separation distance increases, the induced potential
and current decrease to zero, and the system attains a
new equilibrium. Subsequent re-application of force
brings the layers back into proximity, reversing the
potential difference and causing electrons to flow in
the opposite direction, thus producing a current pulse
of reversed polarity. By repeating this cycle of contact
and separation, the device continuously generates an
alternating current output. The operating principle of
the PD-TENG is similar to that of the UF-TENG, as
both rely on periodic contact-separation to produce
alternating current signals [8].

As shown in Figure 3, the influence of UiO-66-4F
on the output performance of UF-TENG was system-
atically investigated. The open-circuit voltage (V)
and short-circuit current (I,.) outputs of the devices
with different doping ratios (0 wt%, 5 wt%, 10 wt%,
15 wt%, 20 wt%, and 25 wt%) were measured under a
constant applied force (45 N) and frequency (1.2 Hz),
as presented in Figure 3B, C. The results indicate that
the output performance improved markedly with
increasing UiO-66-4F content, reaching an optimum
at 10 wt% doping. At this ratio, the device achieved
a maximum V. of 180 V and an I, of 11 puA, demon-

strating that a moderate amount of UiO-66-4F can

effectively enhance TENG performance. However, fur-
ther increasing the doping ratio to 15 wt% and above
led to a noticeable decline in both voltage and current
outputs. This decrease may be attributed to particle
agglomeration at higher loadings or the formation of
an excessively thick dielectric layer, either of which
could hinder efficient interfacial charge transfer. In
summary, a UiO-66-4F doping ratio of 10 wt% is opti-
mal for achieving the highest triboelectric output in this
system. The V. and I, of devices with this doping ratio
were further evaluated under a constant frequency of
1.2 Hz while varying the applied force (Figure 3D, E).
As the applied force was increased from 8 to 32 N,
the V. of the devices increased from about 145 V to a
maximum value of 180 V, while the I, also increased
from about 9 to 17 pA. This trend suggests that proper
pressure can promote contact between the triboe-
lectric layers and thereby improve charge-transfer
efficiency [11]. However, when the force was further
raised to 57 N, both outputs declined, the V. dropped
to 155V, and the I . decreased to around 10 pA. This
reduction is likely caused by excessive compression of
the triboelectric interface, which diminishes the effec-
tive contact area and hinders charge accumulation.
Hence, external force modulation plays a critical role
in determining the output performance of the TENG.
Among the tested conditions, a force of about 32 N
was identified as optimal, delivering the highest pow-
er-generation efficiency.

To further assess the performance of UF-TENG
devices in practical scenarios, their output power and
operational stability were systematically characterized.
The devices were subjected to a constant mechanical
force (45 N) and operating frequency (1.2 Hz) while
varying the load resistance. The instantaneous output
power was measured across different load resistances,
exhibiting a trend of initial increase followed by a
decrease as the resistance increased (Figure 3F). The
maximum power density of approximately 400 mW m™
was observed at a load resistance of 50 MQ). Further-
more, the operational stability of the UF-TENG device
with a doping ratio of 10 wt% was evaluated over an
extended duration of 4,000 seconds under this matched
resistance (Figure 3G), and the results showed that

the output voltage remained highly stable throughout
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the entire 4,000-second test period, with no apparent
signs of degradation. The evaluated UF-TENG devices
demonstrated outstanding output stability and reliable
long-term performance. Furthermore, under a load
test, the 10 wt% doped device proved capable of pow-
ering 44 interconnected LED beads continuously (45 N,
1.2 Hz), sufficient to illuminate them all, highlighting
its potential for practical applications (Figure S3). The
observed flickering of the LED beads arose from the
operational principle of the UF-TENG, which inher-
ently operates in a vertical contact-separation mode,
resulting in an alternating current (AC) output.

The tensile durability of the composite films with
a 10 wt% doping ratio was evaluated using a linear
motor system controlled by Lin Mot-Talk software.
After 10,000 cyclic tensile tests at 20% elongation, the
UiO-66-4F@PDMS composite films largely retained
their original integrity, with well-preserved surface
morphology and no noticeable cracks, confirming their
excellent flexibility (Figure 3H). To further investigate
the influence of mechanical cycling on electrical output,
the V. and I of the corresponding TENG device were
measured under a 45 N force and 1.2 Hz operating
frequency, both before and after the stretching process
(Figure 3I). The results confirmed that the electrical
output of the devices was not compromised by the
mechanical stretching, with well-maintained perfor-
mance after 10,000 cycles at 20% elongation. It indicates
that the UiO-66-4F@PDMS composite film offers both
superior flexibility and contributes to the outstanding
output stability of the resulting TENGs, thereby vali-
dating the potential of UF-TENG for use in flexible
wearable self-powered systems.

3.2 Fluorinated MOF-assisted storage unit

Flexible solid-state supercapacitors based on polymer
dielectrics, such as PDMS, often suffer from low ionic
conductivity and limited interfacial charge storage,
which limit their achievable energy and power densities.
To address these challenges, we developed a flexible
dielectric composite film, denoted as UiO-66-4F/LiCl@
PDMS, by embedding UiO-66-4F and LiCl into a PDMS
matrix. The addition of LiCl serves as a lithium-ion
source, whose dissociated Li* ions can transport

through the porous framework of UiO-66-4F, thereby

substantially enhancing the ionic conductivity of the
composite solid electrolyte [36, 37]. A pre-dispersion
strategy combined with a scraping coating technique
was employed to achieve a homogeneous distribution
of the MOF particles and LiCl within the polymer. The
surface morphology of the 20 wt% UiO-66-4F/LiCl@
PDMS composite film (Figure S54) showed an apparent
increase in roughness and a relatively uniform parti-
cle distribution, without significant agglomeration,
demonstrating excellent doping uniformity and a
homogeneous internal structure. Given these favorable
structural characteristics, a flexible supercapacitor (UF-
SC) was constructed based on this composite film. We
systematically evaluated the device performance by
studying the influence of key parameters, including
doping ratio, voltage window, and scan rate, through
CV and EIS.

The fabricated device had an effective working area
of 2 cm x 2 cm and was lightly pressed to enhance inter-
facial adhesion. As shown in Figure 4A, UF-SC was
constructed with a symmetric architecture, in which
the UiO-66-4F/LiCl@PDMS composite film served as
the dielectric layer, sandwiched between two flexible
electrodes composed of double-sided conductive alu-
minum tapes. EIS was performed on UF-SC devices
incorporating composite films with varying doping
ratios (5%—25%) over a frequency range of 0.1 Hz to
100 kHz at a voltage amplitude of 50 mV. The Nyquist
plots (Figure 4B) exhibited no semicircular arc in the
high-frequency region at any doping ratio, indicating
low interfacial charge-transfer resistance and behavior
consistent with typical double-layer capacitors [33]. As
the doping ratio increased, the device impedance ini-
tially decreased and then increased, reaching minima
of approximately 300 and 320 ) at 15 wt% and 20 wt%
doping ratios, respectively. In the corresponding Bode
plot (Figure 4C), the phase angles approach -90° at
low frequencies and remain stable up to 100 kHz,
indicating nearly ideal capacitive characteristics. Based
on these results, the UF-SC device with a 20 wt% dop-
ing ratio was selected for further experiments due to
its optimal impedance and close-to-ideal capacitive
behavior. Although the 15 wt% device showed the low-
est absolute impedance, the 20 wt% device was selected

for further experiments due to its optimal combination
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Figure 4 Structure and electrochemical characterization of the UF-SC. (A) Schematic of the UF-SC device architecture. (B) Nyquist plots of
UF-SC with different filler loadings (AC perturbation amplitude: 50 mV). (C) Bode plots. (D) Cyclic voltammograms of the 20 wt% UF-SC

at various scan rates within a 2 V window. (E) GCD curves at different current densities. (F) Cycling stability under a constant current of

1 nA for 1,000 cycles, the inset displays the voltage-time trace for cycles 900-910

of low impedance and the closest-to-ideal capacitive
behavior (phase angle nearest to —90°), suggesting a bet-
ter balance between ion transport and charge storage.
EIS was also performed on the selected 20 wt% UF-SC
device under varying voltage amplitudes (10-100 mV).
As shown in Figure S5a, the Nyquist plots nearly over-
lapped across all amplitudes, with impedance values
stable between 300 and 360 Q. The corresponding Bode
plots further revealed minimal fluctuation in phase
angle (Figure S5b), which consistently approached -90°
at low frequencies and remained stable up to 100 kHz.
These results indicate that the ion migration pathways
in the composite film remain effectively open under
different electric fields. It not only facilitates rapid ion
transport to the electrode interface but also enables the
efficient formation and release of the electric double
layer throughout the operating voltage range.

The CV tests were performed on the 20 wt% UF-SC
at different voltage windows (1.0-2.0 V) with a scan
rate of 0.1 V s! (Figure S6). As depicted, its CV curve
shows a pair of weak redox peaks under the 2 V voltage

window. The electrochemical reaction is mainly con-
trolled by the diffusion kinetics of electrolyte ions. The
redox peak can be attributed to the reversible Faraday
reaction occurring in the LiCl electrolyte in the com-
posite film and contributed by the CI” redox pair. The
CV curves exhibit good symmetry across all windows,
[38].
Although the integrated CV area increased with

reflecting high electrochemical reversibility

expanding voltage window, slight polarization was
observed at 2.0 V. This voltage was therefore selected
for subsequent CV scans at various rates (0.2-1.0 V s™1).
As shown in Figure 4D, the CV curves retained highly
symmetric and rectangular shapes even at elevated
scan rates, indicating excellent ion diffusion kinetics
and capacitance retention [39]. The GCD curve data in
Figure 4E demonstrate that within the entire potential
window set in the experiment, the capacitance exhibits
a linear variation trend with the current density, and
no obvious ohmic drop occurs. This characteristic not
only fully verifies its excellent capacitive performance

but also reflects its favorable conductivity, along with
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excellent reversibility and rapid I-V response capability
(Figure 4F). These outstanding electrochemical proper-
ties can be attributed to the UiO-66-4F skeleton, which
offers the composite film abundant interconnected
ion channels [40]. These channels enable LiCl ions to
migrate rapidly to the electrode surface and form a
stable bilayer, and this bilayer not only effectively
suppresses diffusion polarization but also improves
the device's energy storage efficiency during rapid
charge-discharge cycles [41].

3.3 Fluorinated MOF enable harvesting and
storage integration

The UF-TENG based on UiO-66-4F@PDMS composite
film demonstrates a high efficiency in converting me-
chanical energy into electricity. The UF-SC constructed
from the UiO-66-4F/LiCl@PDMS composite film

A B
UF-TENG
+
& UF-SC

Output

PET substrate Al friction electrode |:| UiO-66-4F @PDMS

|:| Al capacitor electrode UiO-66-4F/LiCI@PDMS

D 100 E

exhibits low impedance and high ionic conductivity.
In this work, an integrated UF-TENG-SC device was
fabricated by connecting UF-TENG and UF-SC via
a rectifier bridge in an external circuit to investigate
the interaction between the two and the performance
of the integrated device. The schematic diagram of
the structure and the physical photograph of the UF-
TENG-SC integrated device are shown in Figure 5A
and Figure 5B, respectively. The device adopts a free-
standing integrated architecture that leverages the
high output of the UF-TENG and the favorable capac-
itive behavior of the UF-SC. In the integrated system,
the UF-TENG operates in contact-detachment mode.
Upon contact, electron transfer occurs between the Al
electrode and the UiO-66-4F@PDMS composite film
due to their different electron affinities, leaving the Al

electrode positively charged and the composite film
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Figure 5 Architecture, demonstration, and output stability of the UF-TENG-SC integrated device. (A) Schematic of the UF-TENG-SC inte-
grated architecture. (B) Photograph of the assembled integrated device. (C) Output voltage of the UF-TENG under different load resistances.

(D) Output-stability test of the UF-TENG-SC integrated device under a representative load. (E) Optical images of LED illumination,

(I) maximum and (IT) minimum brightness driven by the standalone UF-TENG, (III) maximum and (IV) minimum brightness when powered

by the UF-TENG-SC integrated device
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negatively charged. During separation, electrostatic
induction drives electron flow in the external circuit,
generating an alternating current that is rectified and
directed to the UF-SC. The UF-SC operates via an
electric double-layer mechanism, with the UiO-66-4F/
LiCl@PDMS composite serving as the dielectric layer.
Under an applied electric field, Li* and CI ions dis-
sociated from LiCl migrate through the ion channels
provided by UiO-66-4F [41]. During charging, Li*
moves toward the negative interface and CI- toward
the positive interface, forming an electrical double
layer that stores charge [42, 43]. The pulsed electrical
energy output from the UF-TENG goes through recti-
fication for charging the UF-SC. The UF-SC suppresses
voltage fluctuations of the UF-TENG by storing and
releasing ionic charge, making the integrated device
output more stable and enabling the conversion of
mechanical energy to stable electrical energy via ionic
charge storage. The uniform dispersion of all compo-
nents within the composite films is critical for device
performance. As directly evidenced by energy-dis-
persive X-ray spectrometry (EDS) mapping (Figure S57),
the Zr (from UiO-66-4F) and Si (from PDMS) signals
are evenly distributed in the UiO-66-4F@PDMS film,
while the UiO-66-4F/LiClI@PDMS film exhibits a ho-
mogeneous distribution of Zr, Si, and Cl (from LiCl)
signals. This result conclusively confirms the desired
compositional homogeneity across the films.

The output voltage of the UF-TENG unit with the
UF-TENG-SC integrated device was evaluated under
an applied force of 45N and a frequency of 1.2 Hz
(Figure 5C). Under open-circuit conditions (green
curve), the UF-TENG generated a high output voltage,
yet the energy could not be efficiently utilized without
an external load. When directly connected to LED loads
(blue curve), the output voltage dropped markedly
and exhibited periodic fluctuations. These reductions
and fluctuations arise because the LEDs consume
part of the generated power, and the inherent pulsed
output characteristic of the TENG further contributes
to voltage instability. In contrast, when the integrated
UEF-TENG-SC device was connected to the same LED
loads (red curve), the voltage fluctuation was substan-
tially suppressed, yielding a more stable overall output.
This result demonstrates that incorporating the UF-SC

effectively enhances the voltage stability and optimizes
the output performance of the UF-TENG under loaded
conditions. As shown in Figure 5E, when the UF-TENG
drives LEDs directly, the LED beads flicker notice-
ably due to large voltage fluctuations. By contrast,
the integrated UF-TENG-SC device powers the same
LEDs with markedly suppressed voltage fluctuations
and significantly improved stability. Although the
brightness of the loaded LED beads is on the low side,
they can be maintained in a constant state. In addi-
tion, stability analysis of the UF-TENG-SC integrated
device over 4,500 s (Figure 5D) confirms that its output
voltage remains essentially stable. This stable output
performance of the UF-TENG-SC integrated device
shows its potential for applications in self-powered
systems for flexible wearable electronic devices. The
integrated UF-TENG-SC system effectively converts
human mechanical energy into stable electrical energy
via the UF-TENG, while through the UF-SC, ensuring
steady operation of functional modules and reliable

signal transmission.

4 Conclusions

To address the problems of single-functionality and
insufficient stability of friction-layer materials for
TENGs, and the low ionic conduction efficiency of
SCs, metal-organic framework materials (UiO-66-4F)
with strong electronegativity were designed and syn-
thesized in this study. UiO-66-4F was composited with
polydimethylsiloxane (PDMS), and UiO-66-4F@PDMS
and UiO-66-4F/LiCl@PDMS composite films were
prepared. High-performance UF-TENG-SC integrated
devices consisting of UF-TENG and UF-SC units were
constructed based on them. The UF-TENG containing
10 wt% UiO-66-4F achieved an open-circuit voltage up
to 180 V and a short-circuit current up to 11 pA, which
are four and six times higher than those of PD-TENG,
respectively. The high specific surface area of UiO-
66-4F increases the effective contact area of the friction
layer, while its strong electronegativity promotes
directional charge transfer. The UF-SC with 20 wt%
UiO-66-4F exhibits a low impedance of 320 () at high
frequency and a low-frequency phase angle close to
-90°, demonstrating typical double-layer capacitance

characteristics. The abundant porous structure of
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UiO-66-4F provides efficient ion migration channels
for Li* and CI dissociated from LiCl, thereby acceler-
ating ion transfer and enhancing the supercapacitor's
Performance. By integrating the UF-TENG and the
UF-SC via a rectifier bridge, a freestanding, integrated
energy-harvesting-storage device was constructed.
This integrated UF-TENG-SC device exhibits excellent
voltage regulation and stable output capability. Within
self-powered flexible wearable electronics, such an
integrated approach shows promising application
potential. It can efficiently convert the mechanical
energy generated by human movement into electrical
energy while utilizing the UF-SC to stabilize the out-
put, thereby supplying power to sensors and other
functional modules. Ultimately, the system achieves
monolithic integration of energy harvesting, storage,

and regulated power delivery.
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