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Abstract

Development of multifunctional triboelectric nanogenerators (TENGs) capable of
efficiently harvesting diverse low-frequency mechanical energies for self-powered systems
remains a significant challenge. To address this issue, we designed and fabricated a
zigzag-origami-structured TENG based on composite films by integrating a zinc
coordination polymer (zn-CP) with ethylcellulose (EC), aiming to convert human-motion
and water-wave energies into electricity to drive a self-powered photo-induced oxidation
system. A series of flexible zn-CP@EC composite films with varying zn-CP contents were
prepared, among which the 10% zn-CP@EC composite film exhibited the best triboelectric
performance. By scaling the film dimensions and integrating multiple origami-structured
10% Zn-CP@EC-TENGs (Z-TENGs), the output performance was further enhanced, with the
six-unit device (z-6) showing the best performance under palm pressure. The z-6
device, encapsulated in a plastic enclosure, was deployed in an oscillating water tank to
harvest wave energy, which successfully powered LEDs as light sources for the
photo-induced oxidation of aldehydes to carboxylic acids with high selectivity and
efficiency. This work demonstrates that CP-based composite films can serve as effective
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triboelectric materials for scalable TENGs, enabling the realization of self-powered photochemical systems driven by
diverse environmental mechanical energies.

INTRODUCTION

With the continuous and rapid exploitation of fossil energy resources, energy-related challenges have
become increasingly pronounced, leading to severe ecological environment degradation"*. Consequently,
the development of self-sustaining power generation systems that utilize renewable and clean energy sources
has attracted growing attention and become an urgent societal and scientific demand*. As one of the most
abundant and clean renewable energy sources on earth, mechanical energy offers significant potential for
sustainable power generation, spurring the demand for advanced flexible and eco-friendly energy-harvesting
devices"*"l. Triboelectric nanogenerators (TENGs), based on electrostatic induction and contact
electrification, have emerged as a promising technology for converting environmental mechanical energy
into electricity, owing to their simple fabrication, readily available materials, and scalability"**'. Various
strategies, including material selection and functionalization, and micro/nano- structural engineering, have
been explored to enhance TENG output performance'” . However, existing TENG devices still face a
critical limitation: their insufficient efficiency in harvesting human motion and water-wave energy, which are
characterized by low, random, and unpredictable frequencies"®'7?”*". This limitation underscores the critical
need for targeted structural design and material optimization to improve TENG performance.

Hybrid organic-inorganic materials have been recognized as advanced triboelectric layers for TENGs, as they
synergistically tune carrier diffusion lengths, band gap, and dielectric characteristics by combining organic
and inorganic components”**”\. Coordination polymers (CPs), as a class of hybrid organic-inorganic
materials with highly ordered reticular structures, possess high structural designability, unique porous
properties and high specific surface areas, providing robust platforms for triboelectric layers”***). Their
well-defined frameworks with precise distributions of metal nodes and organic ligands enable regulation of
electron transport, polarity, and charge storage, thereby enhancing triboelectric performance**?. However,
the practical applications of CP-based triboelectric materials are hindered by their inherent deficiencies, such
as poor stability, difficulty in large-scale preparation, and insufficient mechanical strength®**". To address
these issues, recent efforts have focused on developing CP-based self-supporting composites with excellent
mechanical stability and outstanding processability"*>*/. In particular, integrating CPs with organic polymers
has been proven effective in improving mechanical robustness and processability. However, most reported
CP-based composite films are still fabricated into conventional planar TENG structures, which suffer from
low space utilization and restricted contact area - key bottlenecks for efficient harvesting of low-frequency
mechanical energy'* . Thus, it is necessary to develop novel CP-based composite films with optimized
structures for scalable low-frequency energy collection””**.

In this study, we designed a suitable and rationally designed zigzag-origami TENG that integrates numerous
parts within a limited space and enables them to operate under different types of low-frequency mechanical
energy. To achieve higher output performance and simulate practical applications in real-world conditions,
Zn-CP@EC composite films were prepared by introducing a zinc coordination polymer (Zn-CP) into the
organic polymer ethylcellulose (EC) at varying ratios, identifying the optimal Zn-CP content (10%) for peak
triboelectric performance. These films were used to construct a scalable zigzag-origami structured 10%
Zn-CP@EC-based TENG (Z-TENGs), capable of harvesting human movement and water-wave energy. To
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further augment performance and demonstrate scalability, we constructed multi-unit integrated devices,
denoted as Z-2, Z-4, and Z-6, corresponding to systems comprising two, four, and six 10%
Zn-CP@EC-TENG units, respectively. Moreover, the Z-6 device can be enclosed in a box to simulate water
waves and harvest wave energy, converting it into electricity, which can continuously and sustainably drive
the light-emitting diodes (LEDs) to provide illumination for executing self-powered photo-induced reactions
without any energy devices. This self-powered system exhibited outstanding ability to promote the
photo-induced oxidation of aldehydes to carboxylic acids.

EXPERIMENTAL

Materials. 4,5-di(2H-tetrazole-5-yl)-1H-imidazole-2-amino (NH,-H,idbt) was synthesized according to
improved methods in the literature!*’. 2-Amino-4,5-dicyano-1H-imidazole (97%) was purchased from
Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). Triethylamine hydrochloride (99%) was bought
from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). N, N-dimethylformamide (DMF) and Zinc
sulfate heptahydrate (ZnSO,-7H,0) were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). P-Tolualdehyde (2a, 97%), Anisic aldehyde (2b, 98%), 4-Hydroxybenzaldehyde (2c, 97%),
4-(Methylthio) benzaldehyde (2d, 98%), 4-cyanobenzaldehyde (2e, 98%), and p-phenylbenzaldehyde (2f,
98%) were bought from Anhui Zesheng Technologies Co., Ltd. (Anhui, China). All reagents and solvents
were commercially available without further purification.

Characterizations. The detailed characterization instruments, such as powder X-ray diffraction (PXRD),
thermal gravimetric analyzer (TGA), and X-ray photoelectron spectroscopy (XPS) of Zn-CP and composite
materials were given in the Supplementary Materials. Meanwhile, the Single-Crystal X-ray diffraction
(SCXRD) test and crystal data were provided in the Supplementary Tables 1 and 2.

Synthesis of {[Zn(NH,-H,idbt)(H,0)]-H,0}, (Zn-CP). NH,-H.,idbt (22 mg, 0.1 mmol), ZnSO,-7H,0
(28.7 mg, 0.1 mmol), DMF (3 mL) and H,O (5 mL) were mixed in a 25 mL Teflon-lined stainless steel
container for heating at 160 °C for 3 days, and white massive crystals of Zn-CP were obtained (yield, 65%,
depended on Zn). Anal. Calcd (%) for CHN, O,Zn:C, 18.79%; H, 2.52%; N, 48.21%. Found: C, 18.81%; H,
2.53%; N, 48.24%. IR (KBr, cm™): 3462 (vw), 3323 (s), 3161 (m), 2928 (vw), 1543 (m), 1441 (m), 1382 (vw),
1256 (s), 1228 (vw), 1157 (m), 1123 (vw), 1037 (vw), 1021 (vw), 958 (s), 759 (8), 651 (Vw), 628 (Vw).

Assembly of Zn-CP@EC-TENGs. 3.75 g of polyvinylidene fluoride (PVDF), 8.5 g of DMF and 12.75 g of
acetone were charged into a 50 mL round-bottom flask and stirred at 60 °C for 30 min. After cooling to room
temperature, the mixed solution was spin-coated onto a Kapton film at 2,000 rpm for 90 s, then baked in an
oven at 80 °C for 4 h to obtain the PVDF film. The back side of the Kapton film was subsequently attached to
the adhesive side of a Cu tape, and a copper wire was bonded to the rear of the Cu tape with conductive
silver epoxy to complete the negative electrode.

Dissolve powder EC (0.4 g) in DMF (6 mL) and magnetically stir at 100 °C for 30 min to obtain a
homogeneous EC solution. In a separate centrifuge tube, disperse Zn-CP in 6 mL DMF at mass fractions of
1%, 5%, 10%, 15% and 20%, and sonicate the mixture for 30 min to ensure uniform dispersion. Combine the
two solutions and continue stirring for 4 h to obtain a mixed solution. Cast the solution onto a clean glass
plate and dry in an oven at 80 °C for 30 min to form a film. After peeling off the film, cut it into 5 cm x 5 cm
squares and adhere each square to the adhesive side of a Cu tape. A copper wire was then bonded to the back
of the copper tape with conductive silver epoxy, yielding Zn-CP@EC composite-film electrodes containing
different mass fractions of Zn-CP. Spin-coated PVDF film and different-proportion Zn-CP@EC composite
films were used as the negative and positive friction materials, respectively. They were combined to fabricate
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Zn-CP@EC-TENG devices, working in the vertical contact-separation mode with an effective contact area of
5% 5cm’.

Preparation of Z-2 device with different contact areas. Two PET films were cut into different size rectangles
(1.5%x5,2.5%8,3.5x% 11, 4.5 x 14, and 5.5 x 17 cm?, respectively). Two positive electrodes (1 x 1,2 x 2, 3 x 3,
4 x 4,and 5 x 5 cm?, respectively) and two negative electrodes (1 x 1,2 x 2,3 x 3,4 x 4,and 5 x 5 cm?,
respectively) were attached to the upper and lower sides of each PET rectangle, respectively. The two PET
films were then positioned perpendicular to each other, bonded together, alternately folded, and finally
sealed to complete the Z-2 device.

Preparation of Z-2, Z-4, Z-6 measured at 5 x 5 cm’. Two PET films were cut into different size rectangles
(5.5 x 12, 5.5 x 22, and 5.5 x 32 cm’, respectively). Two, four, or six 5 x 5 cm® positive electrodes and an equal
number of 5 x 5 cm® negative electrodes were attached to the upper and lower sides of each of the two PET
films, respectively. The two PET films were then positioned perpendicular to each other, bonded together,
alternately folded, and finally sealed to complete the Z-2, Z-4, Z-6 device.

RESULTS AND DISCUSSION

This study aims to design and fabricate a zigzag-origami-structured triboelectric nanogenerator [Figure 1A]
based on Zn-CP@EC composite films for efficiently harvesting human-motion and water-wave energies to
drive a self-powered photo-induced oxidation system. To that end, Zn-CP was synthesized by reacting
NH,-H,idbt ligand and ZnSO,-7H,O to yield colorless single crystals, which served as photocatalyst and
triboelectric material to explore their bifunctional properties. Single-crystal X-ray diffraction analysis
(SCXRD) of Zn-CP, which has the space group Pnaz,, showed an orthorhombic net with a diamond-shaped
framework containing hexanuclear Zn" secondary building units (Zn-SBUs). The corresponding formula for
Zn-CP was obtained by SCXRD, XPS, TGA, elemental analysis (EA), and charge-balance analyses
[Supplementary Figure 1-3]. In Zn-CP, the asymmetric unit comprised one NH,-Hidbt* ligand, one Zn" ion,
and one coordinated H,O molecule, respectively. The Zn" ion had the characteristic octahedral geometry,
ligated by one O atom from one coordinated H,O molecule and five N atoms from three NH,-Hidbt* ligands
[Supplementary Figure 4]. The fully deprotonated tetrazole groups had bridging and chelating coordination
modes to connect with Zn" ions, generating a hexanuclear Zn" secondary building unit (Zn-SBUs)
[Supplementary Figure 5]. Furthermore, these Zn-SBUs were interconnected by the coordination bonds of
tetrazole-N atoms and Zn ions to form a diamond-shaped channel. These channels were bridged by tetrazole
rings to construct a three-dimensional (3D) architecture [Figure 1B and C, Supplementary Figure 6].

To achieve precise molecular insights into the influence of the Zn-CP-based TENG output performance, the
NH,-H.,idbt ligand and Zn-CP were milled and assembled as positive-polarity triboelectrodes with
negative-polarity polyvinylidene fluoride (PVDF) to fabricate Zn-CP-TENG and NH,-H,idbt-TENG,
respectively. As shown in Supplementary Figure 7, the operation mode of the TENGs was regular
contact-separation, where the flow of electrons was driven by the positive and negative triboelectric materials
in the external circuit. The triboelectric output signals indicated that the Zn-CP-TENG demonstrated a
much higher output performance, with short-circuit current (I_) and open-circuit voltage (V)
approximately two times higher than those of NH,-H,idbt-TENG [Supplementary Figure 8]. The higher
outputs were mainly due to Zn-CP with a periodic and uniform arrangement of metal centers and ligands in
the 3D network, which could improve the electron-donating capability to generate electrons significantly
more easily and produce much more charge to enhance the Zn-CP-TENG outputs'®*?.

To enhance TENG output and improve the adaptability of CPs as triboelectric materials, organic polymers
were integrated with CPs, the surface of the CPs was periodically modified, and well-proportioned composite
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Figure 1. (A) Schematic illustration of CP-based TENG for the self-powered photoinduced applications. (B) A view of the 3D network of
Zn-CP. (C) Perspective view of the open rhomboid channel.

films were fabricated. These films allow surface charge density (o) to accumulate rapidly to a high initial
value to provide a stable and high current in a brief period to increase the TENG outputs. Owing to its
excellent electron-donating properties, film-forming capability, and flexibility, the organic polymer EC,
which ranks just below Nylon-6 in the triboelectric series, was used to fabricate a series of Zn-CP@EC
composite films [Figure 2A]. To assess the effect of Zn-CP on TENG output, Zn-CP@EC films with different
Zn-CP contents (ranging from 1% to 20%) were prepared. These films were used as triboelectric layers to
assemble Zn-CP@EC-TENGs. The scanning electron microscopy (SEM) images indicate that Zn-CP was
firmly and uniformly loaded onto the EC to successfully induce Zn-CP@EC composite films
[Supplementary Figure 9]. The corresponding cross-sectional SEM images demonstrated that the thicknesses
of Zn-CP@EC composite films with different contents of Zn-CP (1%, 5%, 10%, 15%, and 20%, respectively)
were similar to each other (25.3-26.9 um), suggesting that the thicknesses of the Zn-CP@EC composite films
had almost no effect on the outputs of the assembled Zn-CP@EC-TENGs [Supplementary Figure 10].
Meanwhile, surface roughness (Ra) measurements revealed that the Zn-CP@EC composite films with
different Zn-CP ratios had similar Ra, indicating that the influence of Ra on the Zn-CP@EC-TENGs outputs
could be ruled out [Supplementary Figure 11]. To further examine the impact of the Zn-CP@EC-TENGs
output and the surface structure of the Zn-CP@EC composite films, we used Kelvin probe force microscopy
(KPEFM) surface potentials to evaluate the surface structure of the Zn-CP@EC composite films. As evident
from Figure 2B and Supplementary Figure 12, the KPFM surface potentials of Zn-CP@EC composite films
with different Zn-CP content changed significantly. Notably, when the content of Zn-CP in Zn-CP@EC
composite films was 10%, the KPFM surface potential reached a maximum, which revealed that the 10%
Zn-CP@EC composite film displayed the most positive potential to produce more electrons by integrating
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Figure 2. (A) Assembly process of Zn-CP@EC-based TENG. (B) KPFM surface potential of Zn-CP @EC with different weight ratios,
respectively. (C and D) I, and V,. of the TENGs based on Zn-CP@EC with different doping ratios, respectively. (E) /.. and V. of the TENGs
based on Zn-CP@EC under different operating frequencies. (F) I,.and V. of 10% Zn-CP@EC-based TENG after working 50,000 cycles.

the electron-donating capacity EC, thereby demonstrating that the 10% Zn-CP@EC-TENG output would be
best during the continuous and periodic contact between 10% Zn-CP@EC composite film and PVDF.

Furthermore, the output of Zn-CP@EC-TENG with different proportions was explored at 5 Hz under
identical test conditions. As shown in Figure 2C and D, when the Zn-CP contents in EC increased from 1%
to 10%, the I and V,_values of Zn-CP@EC-TENG enhanced from 29.8 pA and 626.9 V to 51.9 pA and

1,393.8 V, respectively. This was caused by the enhancement of the tribopositive polarity of the Zn-CP@EC
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composite films through the interfacial polarization between Zn-CP and EC in the composite films!*>**.
Nevertheless, the outputs declined as the Zn-CP content rose to 15% or 20%, and the corresponding I and
V.. peaks for 15% Zn-CP@EC-TENG and 20% Zn-CP@EC-TENG were 46.7 uA and 1,141.5 V and 37.3 pA
and 826.7 V, respectively. This deterioration was attributed to the coacervation of Zn-CP within the
Zn-CP@EC films, which resulted in a poor triboelectric performance and weak mechanical properties®*.
These results revealed that the output of Zn-CP@EC-TENG was closely related to the Zn-CP content of the
Zn-CP@EC films. The incorporation of low Zn-CP concentration improved the Zn-CP@EC-TENG output,
and the output performance of Zn-CP@EC-TENG achieved the largest values when the percentage of
Zn-CP in Zn-CP@EC film was 10%, which was consistent with the results of KPFM surface potentials.

Having successfully built a connection between the Zn-CP content in EC and Zn-CP@EC-TENG outputs,
we next sought to study the environmental suitability and stability by using the optimal 10%
Zn-CP@EC-TENG device. It could be seen that the outputs (I, and V, ) of 10% Zn-CP@EC-TENG gradually
increased as the operating frequency (1-8 Hz) increased, with the largest values at 8 Hz. This observation
could be attributed to the reduction in the 10% Zn-CP@EC-TENG impedance because of the increased
strain [Figure 2E]. The output power density of 10% Zn-CP@EC-TENG was examined by employing the
formula P = I’R, and the maximum power densities were 4151.2 mW m™ under a load of 30 MQ
[Supplementary Figure 13]. The corresponding outputs of 10% Zn-CP@EC-TENG were larger than those of
CPs composites or CP-based TENGs [Supplementary Table 3]\, Accordingly, stability and durability tests
showed that the 10% Zn-CP@EC-TENG output exhibited hardly any significant decrease after 50,000
working cycles [Figure 2F]. In particular, the 10% Zn-CP@EC-TENG maintained its original performance
even after being retested after two months [Supplementary Figure 14]. Moreover, the 10%
Zn-CP@EC-TENG worked continuously for 36 h at 5 Hz (equivalent to 648,000 cycles), and the
corresponding output performance did not decline significantly [Supplementary Figure 15]. These results
confirm that the 10% Zn-CP@EC-TENG has excellent cycle performance and stable output, making it
suitable for further research.

Subsequently, the corresponding 10% Zn-CP@EC composite film and PVDF of the assembled 10%
Zn-CP@EC-TENG were employed to integrate the zigzag-origami 3D structure devices, which had the
flexibility and stretchability to integrate a large number of TENG units for enhancing the output
performance. As shown in Figure 3A and Supplementary Figure 16, the zigzag-origami-structured 10%
Zn-CP@EC-TENG was fabricated from two highly elastic strips that were repeatedly folded to create the
compact, elastic device. In Z-TENGs, one strip as the tribonegative layer was formed from PVDF, Kapton,
Cu, and FEP (fluorinated ethylene propylene) units. The other strip as the tribopositive layer consisted of the
10% Zn-CP@EC, Cu, and FEP units. These two flexible equal-length strips could be cyclically folded and
staggered to create a zigzag-origami structure with a clear crease pattern, which was beneficial for freeing
space to construct a series of multilayered Z-TENGs. Furthermore, the Z-TENGs displayed good stretching
and compression performance during the linear-reciprocating contact-separation process, indicating that
only a very small driving force was required to achieve and harvest mechanical energy. As a result, the
different contact areas and numbers of origami monomer contact separation Z-TENGs composed of two
10% Zn-CP@EC-TENG units, named Z-2, were designed to explore and optimize output performance by
monitoring the hand palm pressing. A series of Z-2 with different dimensions (1 x 1,2 x 2,3 x 3,4 x 4, and
5 x 5 cm’, respectively) were designed and fabricated to evaluate the size influence of the triboelectric layer
on the output of TENGs [Supplementary Figure 17]. Obviously, the output of Z-2 is directly proportional to
the surface area of the 10% Zn-CP@EC triboelectric layer [Figure 3B and C], with the highest output
achieved at 25 cm’. The results indicate that the flexibility and compact design of origami contact-separation
Z-TENGs make them promising candidates for large-scale assembly by changing the 10% Zn-CP@EC
triboelectric layer dimensions. After optimizing the effect of the dimensions on the origami Z-TENGs to
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harvest energy from palm movement, origami Z-2 with a surface area of 25 cm® was integrated in parallel to
completely utilize the structural advantage and regulate the output performance. As shown in
Supplementary Figure 18, a well-defined 3D platform carrying different numbers of origami Z-TENG
devices (Z-2, Z-4, and Z-6) was fabricated in a parallel-circuit configuration, and the corresponding outputs
under identical palm-pressure conditions were recorded””?. As shown in Figure 3D and E, the peak I of
Z-TENGs increases with the number of units in parallel, while V, remains constant, which is due to I_
superposition and unchanged V,_in parallel circuits. The Z-6 device achieves the maximum output under
palm pressure, confirming that array integration of multiple origami Z-TENGs is an effective strategy to
enhance human motion energy collection performance.

To further simulate and measure the actual application of the Z-6 device for harvesting environmental
energy, a plastic box containing two Z-6 devices with a copper ball was placed in a water tank to imitate wave
motions in the laboratory. As shown in Figure 4A, a motor was used to generate water waves to drive the
copper ball back and forth, which leveraged the fluctuation of the waves to realize the contact and separation
of the origami Z-6 device for harnessing wave energy. The corresponding outputs were examined at different
water-wave frequencies [Figure 4B and C]. As the operating frequencies increased from 0.4 to 1.2 Hz, the I
and V__increased, peaking at 30.9 pA and 372.3 V under 1.2 Hz water waves. The results indicated that as the
operating frequency increased, the triboelectric layer contact of Z-6 in the motion process became more
sufficient, resulting in improved output performance. Furthermore, the electronic devices of the
thermohygrometer and calculators could be effectively driven by continuously harvesting water-wave energy
[Supplementary Videos 1 and 2], demonstrating the outstanding energy supply capacity of self-powered
systems without additional storage units [Supplementary Figure 19]. Notably, by collecting water-wave
energy, Z-6 devices quickly lit up a series of LEDs without any energy storage unit [Supplementary Figure 20
and Supplementary Video 3], making them a power supply to produce a successive light source for exploring
a self-powered photochemical system.

Subsequently, a self-powered and sustainable photoinduced system was designed by employing origami Z-6
in an oscillating device to power LEDs, which could serve as a light source for photo-induced reactions. This
simple, economical, and eco-friendly self-powered setup, harvests human movement energy, as well as
collects wave energy in an oscillating device to convert electrical energy into driving continuous lighting
simultaneously. Z-6 was used in this self-powered photo-induced system to harvest sustainable wave energy
and drive LEDs as a light source for performing selective photo-induced reactions. p-Tolualdehyde (2a) was
selected to evaluate the feasibility of the self-powered photo-induced selective oxidation reaction by
combining it with Z-6 as a passive optical device. Preliminary screening experiments demonstrated that
oxygen (O,) exhibited higher selectivity and efficiency than the other oxidants [e.g., air, I,, H,O,, or
CF,SO,Na, respectively, Supplementary Table 4, entries 1-5]. Based on these results, a range of solvents,
atmospheres, and light irradiation were explored [Supplementary Table 4, entries 6-10]. 2a could be stably
converted into the single oxidation product, p-toluic acid (3a), in the presence of O, in H,0, producing the
desired carboxylic acid product 3a in a comparable yield (98%). Therefore, the most selective self-powered
photo-induced oxidation reaction proceeded smoothly under O,/H,O/light-irradiation.

The self-powered photo-induced oxidation of 2a was monitored using 'H NMR spectroscopy
[Supplementary Figure 21]. The peak of § = 9.96 ppm for singlet hydrogen signal was assigned to the
aldehyde group (CHO), which weakened step by step, confirming that self-powered photo-induced
oxidation reaction from 2a to 3a proceeded stably. Correspondingly, the new singlet signal at § = 12.80 ppm
appeared and strengthened, which was attributable to the carboxyl group. The results demonstrated that
product 3a was generated by prolonging the illumination time, suggesting that the self-powered
photo-induced oxidation process was completed.
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Figure 3. (A) Schematic diagram of Z-6 device. (B and C) I, and V, of 1, 4, 9,16, and 25 cm? Z-2, respectively. (D and E) I,. and V, of Z-2,
Z-4, Z-6 measured at 25 cm?.

Under standard photocatalytic conditions, various functionalized benzaldehyde-based substrates (2a-f) were
screened to evaluate their self-powered photo-induced activity [Table 1]. With Z-6 as the light source, 2a-f
worked well and generated the corresponding carboxylic acid frameworks (3a-f) in acceptable-to-good
yields. Notably, functional groups such as methyl, methoxy, and hydroxyl as electron-donating groups at the
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Figure 4. (A) Schematic illustration of water-wave energy harvesting using the Z-6 device. (B and C) /.. and V. of water-wave energy
harvesting at different frequencies (0.4, 0.8, and 1.2 Hz, respectively).

para-substitution sites on benzaldehyde substrates 2a-c, were well tolerated under similar reaction conditions
and gave the sole benzoic acid products (3a-c) in excellent yields [Table 1, entries 1-3]. Importantly,
4-(methylthio)benzaldehyde (2d) and 4-cyanobenzaldehyde (2e), which bear oxidizable and base-labile
groups on their aromatic rings, showed high reactivity and selectivity for desired products 3d and 3e
[Table 1, entries 4 and 5]. Remarkably, the p-phenylbenzaldehyde (2f) with a larger bulky size also worked
well to produce the active carboxylic acid product (3f, 90%) [Table 1, entry 6]. Hence, Z-6 demonstrated a
stable output performance by harvesting water waves to drive LEDs to generate the light source, which
indicated good ability to promote the oxidation of aldehydes to carboxylic acids in self-powered
photo-induced selective oxidation systems.

Furthermore, a selective self-powered photo-induced oxidation reaction was conducted using 2a as the
substrate to explore the relationship between the Z-6 outputs and conversion efficiencies at 1.2 Hz and
different reaction times. As shown in Supplementary Figure 22, the conversion efficiency of 2a gradually
increased from 0% to 19% under light source at 4 h owing to the continuous and stable output of Z-6. When
the illumination time (8, 12, 16, 20, 24, and 28 h, respectively) was extended, the conversion efficiency of 2a
continued to increase. In contrast, 2a did not undergo any conversion without Z-6 to drive the LEDs light
source for 28 h. Subsequently, the self-powered photo-induced oxidation process was investigated at
different frequencies (0.4, 0.8, and 1.2 Hz, respectively) under similar conditions [Supplementary Figure 23].
It was found that the conversion of 2a proceeded normally, and the corresponding conversion rates distinctly
increased with an increase in Z-6 output at different frequencies for 28 h. Therefore, these results suggest that
changing the light source, reaction times, and working frequencies affected the photo-induced oxidation
efficiency but did not affect the oxidation selectivity.
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Table 1. Procedure for the light-induced oxidation of aldehydes to carboxylic acids driven by Z-6 devicea

Za: Ry=Me

2b: R,=OMe 5"’;:{?”
2¢: R,=0H
2d: R=5Mc
2e: R;=CN
21 By=Ar

Entry Yield of 3a-f (%)
1 98%
2 92%

0
3 H 96%

H
2c

0

4 " 92%
2d

5 94%
6 90%

2Reaction conditions: 2a-f (0.5 mmol), H,0 (2 mL), O,, and LEDs (360-365 nm). ‘Isolated yield of the product after 28 h.
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To illustrate the mechanism of this oxidation reaction, control measurements were conducted with 2a.
Normally, the results of light irradiation on/off tests revealed that the consecutive light irradiation of LEDs
was necessary for the self-powered oxidation of 2a to 3a [Supplementary Figure 24]. Furthermore, the
inhibition was examined by introducing the radical inhibitor 2, 2, 6, 6-tetramethylpiperidine-1-oxyl
(TEMPO), and the corresponding target product 3a was not produced, which is consistent with the
commonly accepted free radical chain process. A plausible mechanism is proposed based on the above
results. Originally, the aldehydes were excited and converted to active species I under light irradiation. I
could further generate radical pairs II and III through hydrogen atom transfer (HAT), which is known to
participate in the reaction processes”*’*. Subsequently, II interacted with O, to provide peroxy radical IV,
which could further perform HAT with aldehydes derivatives to generate peracetic acid V and radical II. The
corresponding carboxylic acids were then produced by reacting aldehydes and V through a Baeyer-Villiger
rearrangement. Meanwhile, radical III reacted with O, to give peroxy radical VI, which could undergo HAT
processes to transform into radical IT and intermediate peroxide VII. VII added to the aldehydes to provide
intermediate product VIII, which underwent intramolecular rearrangement to produce the desired
carboxylic acids and aldehydes [Supplementary Scheme 1].

CONCLUSIONS

In summary, we designed and manufactured a flexible origami-structured TENG based on Zn-CP@EC
composite films, realizing efficient harvesting of low-frequency mechanical energies from human motion
and water waves for self-powered selective photo-induced systems. By integrating Zn-CP into EC, composite
films with tunable triboelectric performance were obtained, among which the 10% Zn-CP@EC film delivered
optimal and stable electrical output. By optimizing the film dimensions (25 cm? as the optimal dimension)
and stacking multiple origami units, the six-unit Z-6 device achieved superior output performance under
palm pressure. Its encapsulated configuration efficiently captured wave energy, generating stable electricity
to light LEDs as a continuous light source for the photo-induced oxidation of aldehydes to carboxylic acids
with high selectivity and efficiency. This study underscores the potential of CP-based composite films as
scalable triboelectric materials for multifunctional energy-harvesting applications. Future research will focus
on the structural optimization and enhancement of the environmental stability of CPs as well as the
expansion of their photochemical applications to advance the practical implementation of CP-based TENGs
in green energy conversion and sustainable chemistry.
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