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A B S T R A C T

Catalysis is essential for energy conversion, environmental remediation, and industrial processes, with growing 
interest in non-noble metal and even non-metal systems. Contact-Electro-Chemistry (CE-Chemistry), driven by 
contact electrification (CE), offers a promising yet underexplored catalysis route with challenges in reaction 
efficiency. Here, we introduce a modular strategy using dielectric polymer/multilayer metal materials to opti
mize interfacial electron transfer and enhance reaction efficiency. Utilizing the synergistic effects of metal 
electronegativity, work function, and conductivity, the fluorinated ethylene propylene (FEP)/Cr/Cu film ach
ieved a methyl orange degradation rate (0.1 mg/L⋅h⋅cm²) at least 4 times higher than previous studies 
(0.0091–0.0249 mg/L⋅h⋅cm2). The work function of the metal surface, determining reaction performance, can be 
regulated by CE through material electronegativity and hierarchical design. The outermost metal layer’s con
ductivity was also shown to directly enhance reaction efficiency. Additionally, methanol-to-formaldehyde con
version via triboelectric charge-induced CE-Chemistry was nearly twice as efficient as with pristine FEP. This 
approach presents a novel paradigm for modular reaction design, enhancing CE-Chemistry efficiency while also 
enabling its synergistic integration with traditional catalysis to further improve catalytic performance. It expands 
the applicability of CE-Chemistry and opens new avenues in catalysis, advancing efficient, eco-friendly, and 
economically viable chemical reactions with tailorable kinetics for diverse applications.

1. Introduction

Catalysis is fundamental to a wide range of industrial processes, 
enabling efficient chemical reactions that reduce energy consumption 
and improve reaction selectivity [1]. It is a cornerstone technology in 
energy conversion, environmental remediation, and the fine chemical 
industry, where it lowers activation energies, accelerates reaction rates, 
and enhances selectivity [2]. In energy applications, catalysts are 
indispensable for reactions in fuel cells [3], water electrolysis for 
hydrogen production [4], and metal-air batteries [5], all of which 
contribute to advancing sustainable energy solutions. Similarly, in 
environmental applications, catalysts are essential for pollutant degra
dation, resource recycling, and improving ecological quality [6]. In 
traditional catalytic systems, noble metals such as platinum (Pt) [7], 

palladium (Pd) [8], iridium oxide (IrO2)[9], and ruthenium oxide 
(RuO2) [10] have been the materials of choice for key reactions, 
including the oxygen reduction reaction (ORR) and water oxidation 
reaction (WOR). These reactions are vital for clean energy systems like 
fuel cells and hydrogen production via electrolysis. The high catalytic 
activity and excellent selectivity of noble metals make them highly 
effective in these reactions [11]. However, their scarcity, high cost, 
limited recyclability, and susceptibility to deactivation during extended 
use pose significant challenges, particularly as global demand for 
low-carbon energy increases [12]. These drawbacks have driven the 
search for alternatives, shifting the focus toward non-noble metal 
catalysis and, more recently, to non-metallic solutions [13]. Although 
non-noble metals are more abundant and cost-effective, they still face 
issues such as lower intrinsic activity, reduced stability under harsh 
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conditions, and greater susceptibility to deactivation [14]. These limi
tations have spurred the search for non-metallic catalysis, such as 
carbon-based materials, capable of mimicking the active sites and 
functionalities of metals [15]. A promising approach in this emerging 
field involves combining non-noble metals with carbon substrates like 
graphene [16], enhancing catalytic performance while reducing 
dependence on costly and scarce metals. The growing trend in catalysis 
research is towards metal-free solutions, with non-metal catalysis 
emerging as a promising alternative [17]. This shift has the potential to 
transform energy and environmental catalysis, driving the development 
of more sustainable, efficient, and economically viable catalytic 
solutions.

In recent years, Contact-Electro-Catalysis (CEC) [18], based on the 
contact electrification (CE) phenomenon [19], has emerged as a new 
approach to drive chemical reactions, offering new avenues for the 
development of non-noble metal catalysis. Unlike traditional electro
catalysis, CEC drives reactions such as the ORR and WOR by utilizing 
triboelectric charge [20], i.e., charge transfer at the dielectric 
solid-liquid interface to generate reactive oxygen species (ROS) and 
accumulation of electrons on the dielectric surface [21], without relying 
on external electric bias or conductive electrodes. This mechanism 
overcomes the limitations of conventional electrocatalysis, expanding 
the catalytic surface area and enhancing reaction efficiency [22,23]. 
Unlike photocatalysis, that requires light irradiation, CEC operates 
effectively without light, using mechanical activation (e.g., ball milling 
[24], ultrasonic treatment [18], shake [25]) while maintaining chemo
selectivity. This versatile energy input broadens its applicability in 
scenarios demanding controlled reaction pathways, even in dark envi
ronments. As a result, CEC has garnered significant interest for energy 
conversion and environmental protection, particularly for systems based 
on non-noble metals. CEC has been extensively utilized in diverse ap
plications to drive reactions in aqueous [25] or nonaqueous [26] media, 
including the degradation of methyl orange (MO) [24], the cost-effective 
synthesis of hydrogen peroxide [27], mild luminol luminescence [28], 
and the sustainable recovery of metals from spent lithium-ion batteries 
[29]. Moreover, B. A. Grzybowski and co-workers pioneered the 
mechanistic understanding of CE phenomena at the microscopic level 
[25]. Based on this, our group has advanced this field by broadening the 
applicability of CEC to a wide array of chemical transformations and 
pioneering the concept of Contact-Electro-Chemistry (CE-Chemistry) 
[30]. However, despite its promising potential, CE-Chemistry faces 
several challenges in practical applications. One major issue is the 
effective regulation of electron transfer during the CE process. In 
aqueous systems, the formation of the electrical double layer (EDL) at 
the dielectric solid-liquid interface significantly hinders electron trans
fer, reducing the overall efficiency of the reaction [18,24,26]. Despite 
advances in enhancing charge transfer efficiency through strategies such 
as transitioning from aqueous to non-aqueous systems [26] and coating 
dielectrics with metals to modulate work functions [31], these ap
proaches are still constrained by their reaction efficiency. Moreover, the 
interaction between different metals in CE-Chemistry systems, particu
larly in terms of work function adjustments, remains unclear and com
plicates the optimization of electron transfer [31]. Therefore, a key 
challenge moving forward is to enhance electron transfer efficiency in 
CE-Chemistry, particularly in aqueous environments, and to explore 
strategies that break through the existing limitations for more efficient 
and broadly applicable CE-Chemistry systems.

To address these challenges, this paper proposed a controllable 
modular design strategy that replaced traditional dielectrics in CE- 
Chemistry with a polymer/multilayer metal material. By utilizing CE 
effect between metals of varying electronegativity, the work function of 
the outermost metal could be regulated and the electron transfer effi
ciency can be optimized. Specifically, fluorinated ethylene propylene 
(FEP) was used as a substrate, and a series of FEP/multilayer metal 
materials were prepared using magnetron sputtering technology, with 
copper (Cu), chromium (Cr), and indium tin oxide (ITO) as functional 

metal layers. The CE effect induced by cavitation bubbles generated by 
ultrasound was studied to investigate the impact of metal electronega
tivity and conductivity on the efficiency of CE-Chemistry. For instance, 
in the degradation of MO, FEP/Cr/Cu material demonstrated a 
remarkable enhancement in reaction efficiency, achieving a degradation 
ratio of 79.05 % within 4 h, nearly threefold higher than that of pristine 
FEP (30.75 %) and surpassing the performance of monolayer metal FEP/ 
Cu (52.45 %). Conversely, the MO degradation ratio for FEP/Cu/Cr was 
only 35.55 % over the same period, falling below that of monolayer 
metal FEP/Cr (44.45 %). This disparity arose from differences in elec
tronegativity between the metals, facilitating electron transfer from the 
low electronegative metal (for example Cr, 1.66 based on Pauling 
electronegativity scale) to the high electronegative counterpart (for 
example Cu, 1.90) [32]. Moreover, compared to existing CE-Chemistry 
studies, the MO degradation efficiency achieved using the FEP/Cr/Cu 
film exceeds previous reports by more than 4 times. This approach 
modulated the electron escape capacity of surface metals, directing the 
reaction pathways of ORR and WOR and influencing ROS generation 
[33]. Additionally, the role of the outermost metal layer’s conductivity 
was validated through variations in ITO thickness, demonstrating a clear 
positive correlation with electron transfer efficiency. Moreover, for the 
first time, the methanol-to-formaldehyde conversion was successfully 
achieved using the FEP/Cr/Cu film via triboelectric charge-induced 
CE-Chemistry, demonstrating nearly twice the reaction efficiency 
compared to the pristine FEP film under identical conditions. The pro
posed polymer/multilayer metal material not only enhanced the effi
ciency of CE-Chemistry but also leveraged the synergistic effects of 
metal electronegativity, work function, conductivity, and the CE per
formance of the underlying polymer. This strategy facilitated modular 
and simplified dielectric-based materials preparation, offering a novel 
pathway for controlling reaction kinetics in future chemical processes. 
While challenges remained, this method presented significant potential 
for reducing production costs and environmental impact, aligning 
seamlessly with the principles of green chemistry and sustainable 
development goals.

2. Results

2.1. Proposed mechanism of FEP/multilayer metal material

CE-Chemistry has advanced significantly since its inception, 
evolving from simple dielectric polymer materials to polymer/metal 
material with increasingly refined reaction mechanisms and improved 
efficiencies [18,31]. However, further enhancement of reaction effi
ciency remains a formidable challenge that limits broader applicability. 
In this study, we proposed a polymer/multilayer metal material struc
ture. Metals with varying electronegativities (Cu, Cr) and a polymer 
material (FEP) exhibiting superior CE properties were selected. Poly
mer/multilayer metal material used in CE-Chemistry were prepared by 
depositing metals onto the FEP surface using magnetron sputtering 
under an argon atmosphere, followed by ultrasonic bath-assisted re
actions. The sputtering rates were determined to be 4.8 nm/min for Cu 
and 5 nm/min for Cr, with thickness measured by a step profiler 
(Figure S1). The single-layer metal thickness was standardized at 
500 nm, while double-layer materials were designed with each layer set 
to 250 nm, maintaining a consistent total metal thickness. Scanning 
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDX) elemental mapping (Figure S2) revealed the surface morphology 
and elemental distribution of FEP and the metal coatings. 
Cross-sectional imaging of FEP/Cr/Cu (Figure S3) displayed distinct 
color transitions, confirming the deposition of thin metal films on the 
FEP substrate. Atomic force microscopy (AFM) analysis of the surface 
topography confirmed the high uniformity of the sputtered coating 
(Figure S4). X-ray photoelectron spectroscopy (XPS) survey scans of 
FEP/Cu and FEP/Cr (Figure S5) confirm the chemical integrity of the 
magnetron-sputtered films, showing predominant photoelectron signals 
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corresponding to Cu 2p, O 1 s, and C 1 s for FEP/Cu, and Cr 2p, O 1 s, and 
C 1 s for FEP/Cr [34]. The absence of extraneous metallic species (below 
the 0.01 at% detection limit) confirms a contamination-free sputtering 
process from the Cu target and rules out unintended intermetallic 
diffusion during deposition. The XPS survey scan of FEP/Cr/Cu 
(Figure S6) further validates the chemical integrity of the 
magnetron-sputtered films, showing predominant photoelectron signals 
corresponding to Cu 2p, O 1 s, and C 1 s [35]. These findings collectively 
indicate the absence of direct interlayer diffusion between the metal 
films.

Fig. 1a illustrated the fundamental CE-Chemistry mechanism using 
pristine FEP. Cavitation bubbles generated during ultrasonication 
induced CE between FEP and water, resulting in electron transfer and 
hydroxyl radical (⋅OH) formation. Electrons on the FEP surface were 
subsequently captured by oxygen, forming superoxide radicals (⋅O2⁻) 
[36,37]. Although these two radicals collectively drove the reaction, the 
efficiency remained relatively low. The mechanism of CE was elucidated 
by the electron-cloud-potential-well model [19]. As depicted in 
Figure S7, atoms are attracted when they exceed the equilibrium dis
tance, but when they approach, their electron clouds overlap, causing 
repulsion. This overlap promotes electron transfer, highlighting the 
crucial role of the potential barrier in governing the CE process. Fig. 1b 
showed the introduction of a single-layer metal coating via magnetron 
sputtering [31]. The strong electric field induced by the negative charge 
on FEP during CE caused internal electrons in the metal to migrate 
outward, generating an induced electric field that balanced the electric 
field on the FEP side. This simultaneously lowers the metal’s work 
function, facilitating electron escape from metal surface to generate 
more ROS for improving reaction efficiency. Fig. 1c presented the 
structure and mechanism of the polymer/multilayer metal material. It 
was reported that the difference in metal electronegativity would drive 
electron transfer from the low electronegative metal (Cr) to the high 
electronegative one (Cu) [38]. This process increased the electron 
density on the high electronegative metal, lowering the work function of 
high electronegative metal and making electron escape easier, while the 
electron density decreased on the low electronegative metal, increasing 
the work function of low electronegative metal and hindering electron 

escape. Fig. 1d presented the calculated work functions of the outermost 
metal layers in different polymer/metal layer structures, as derived from 
ultraviolet photoelectron spectroscopy (UPS) measurements (Figure S8). 
Compared to FEP/Cu (electronegativity of 1.90), the work function of 
Cu in FEP/Cr/Cu decreased by 0.85 eV, while the work function of Cr in 
FEP/Cu/Cr increased by 0.81 eV compared to FEP/Cr (electronegativity 
of 1.66). This indicated that differences in metal electronegativity can 
modulate the work function of the outermost metal layer, controlling 
electron escape.

As demonstrated by the degradation of MO, a 20 mm × 50 mm FEP/ 
multilayer metal material was introduced into a 10 ml solution of MO 
with a concentration of 5 ppm, and subsequently subjected to ultrasonic 
treatment within a thermostatically controlled water bath, as shown in 
Fig. 1e. Following a 4-hour ultrasonication period, CE-Chemistry 
employing pristine FEP resulted in a mere 30.75 % degradation ratio 
(The degradation ratio refers to the percentage of MO decomposed over 
a specified period under defined conditions) of MO. When coated with a 
singular metallic layer, the MO degradation ratio escalated to 52.45 % 
for FEP/Cu and 44.75 % for FEP/Cr, indicative of an augmented reac
tion efficiency. Notably, FEP/Cr/Cu achieved an impressive MO degra
dation ratio of 79.05 % after 4 h (the color change of MO with 
ultrasonication was shown in Figure S9), surpassing the best perfor
mance of FEP coated with singular metallic layer, i.e., FEP/Cu 
(52.45 %). In contrast, FEP/Cu/Cr achieved only 35.55 %, showing 
even lower efficiency than FEP/Cr. Critically, the stark contrast in cat
alytic performance between FEP/Cr/Cu (79.05 %) and FEP/Cu/Cr 
(35.55 %), despite identical metal thicknesses and processing condi
tions, provides definitive evidence for an electronegativity-driven elec
tron transfer mechanism. This systematic variation decisively rules out 
Schottky barrier effects as the dominant factor. Furthermore, to sys
tematically investigate the influence of the inner metal’s electronega
tivity on reaction efficiency, the outer metal layer in the multilayer 
composite was held constant. When gold (Au, electronegativity of 1.66), 
possessing a higher electronegativity, was employed as the inner metal 
layer, the resulting FEP/Au/Cu exhibited a MO degradation efficiency of 
merely 40.35 % after 4 h (Figure S10). This degradation efficiency falls 
significantly below the 79.05 % benchmark of FEP/Cr/Cu, providing 

Fig. 1. Proposed Mechanism of FEP/Multilayer Metal Material. The mechanism of CE-Chemistry, a) pristine FEP, b) FEP/metal material, c) FEP/multilayer metal 
material. d) Measured work function of the Cr layer of FEP/Cr and FEP/Cu/Cr, the Cu layer of FEP/Cu and FEP/Cr/Cu. e) Schematic of the experimental setup and 
protocol. f) The ratios of MO degradation with different dielectric-based materials.
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conclusive evidence for an electronegativity-driven electron transfer 
mechanism. Furthermore, to verify the advantage of symmetric metal 
layers, we prepared FEP/Cr/Cu materials with metal thicknesses of Cr 
100 nm and Cu 400 nm. It was found that the degradation rate of MO 
after 4 h for this asymmetric structure material was only 53.8 % 
(Figure S11), lower than that of the symmetric structure (79.05 %). 
Therefore, symmetric FEP/Cr/Cu was selected for subsequent experi
ments. To conclusively demonstrate the critical role of the FEP-mediated 
interface, control experiments were conducted using standalone Cr/Cu 
metallic films with equivalent surface areas (Figure S12). Strikingly, the 
pure metallic system without FEP support exhibited drastically reduced 
MO degradation efficiency, achieving merely 10.35 % removal after 4 h. 
This pronounced performance gap unequivocally affirms that it is the 
polymer-metal interfacial synergy, rather than the metallic constituents 
alone, that fundamentally governs the chemical activation mechanism. 
This suggested that the electronegativity of intermediate metal layer 

affects electron escape from the outermost metal layer, thereby modu
lating ROS generation and regulating of chemical reaction efficiency.

2.2. Impact of metal layer configuration on CE-Chemistry

The electron transfer mechanism between multilayered metals and 
the effect of the outermost metal on the reaction were investigated. To 
demonstrate the influence of electronegativity on electron transfer be
tween metals, the electronic structure of specific elements was analyzed 
using XPS. In XPS, a decrease in binding energy indicates that the target 
atom resides in an environment of higher electron density [39]. The 
direction of charge transfer can be characterized by shifts in 
element-specific binding energies: an increase signifies electron loss, 
while a decrease corresponds to electron gain [38,39]. In XPS analysis, 
the Cu 2p1/2 and 2p3/2 peaks, arising from spin-orbit splitting of the 2p 
orbital, serve as critical indicators to probe electron density changes of 

Fig. 2. Impact of Metal Layer Configuration on CE-Chemistry. a) Variations in the 2p binding energy of Cu in FEP/Cu and FEP/Cr/Cu. b) Variations in the 2p binding 
energy of Cr in FEP/Cr and FEP/Cu/Cr. c) Reaction activity of FEP/ITO as a function of ITO thickness. d) Schematic illustration of the effect of metal terminal 
material conductivity on the driving chemical reaction performance of FEP/ITO, indicating that increased ITO thickness enhances charge carrier density and fa
cilitates electron transport. e) Effect of metal layer configuration on the activation energy for ⋅O2⁻ generation. The schematic on the right depicts different dielectric- 
based materials structures.
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Cu through their binding energy shifts[40]. Similarly, the Cr 2p1/2 and 
2p3/2 peaks reflect Cr’s electronic environment[41]. The electronic 
states of FEP/Cu, FEP/Cr/Cu, FEP/Cu/Cr, and FEP/Cr were measured. 
For FEP/multilayer metal material with Cu as the outermost layer, a 
shift in binding energy was observed: from 932.9 eV (FEP/Cu) to 
932.7 eV (FEP/Cr/Cu) for 2p3/2 and from 952.7 eV (FEP/Cu) to 
932.5 eV (FEP/Cr/Cu) for 2p1/2 (Fig. 2a) Experimental results showed a 
200 meV decrease in the 2p binding energy after introducing Cr, a metal 
with lower electronegativity. This confirmed that electron transferred 
from Cr to Cu, increasing the electron density of Cu and reducing the 
work function of Cu [38]. For FEP/multilayer metal material with Cr as 
the outermost layer, a shift in binding energy was observed: from 
574.1 eV (FEP/Cr) to 574.38 eV (FEP/Cu/Cr) for 2p3/2 and from 
583.5 eV (FEP/Cr) to 583.78 eV (FEP/Cu/Cr) for 2p1/2 (Fig. 2b). An 
increase of 280 meV in the 2p binding energy after introducing Cu, a 
high electronegative metal, further confirmed electron transfer from Cr 
to Cu. This transfer reduced the electron density of Cr, raising the work 
function of Cr. Furthermore, DFT simulations were employed to inves
tigate the direction of electron transfer between metals, and the results 
aligned with XPS analysis, confirming that electron transfers from Cr to 
Cu (Figure S13). This finding further highlighted the influence of elec
tronegativity on electron transfer dynamics. The modulation of metal 
work functions through CE driven by differences in metal electronega
tivity, enabled precise control over radical generation and facilitated the 
fine-tuning of chemical reactions.

Additionally, the resistivity of the outermost metal layer influenced 
reaction efficiency in CE-Chemistry, leading to variations in MO 
degradation ratios observed for FEP/Cu (52.45 %) and FEP/Cr 
(44.75 %). To explore this, FEP/ITO samples with varying coating 
thicknesses were tested, and their resistivity was presented in 
Figure S14. As shown in Fig. 2c, increasing the ITO thickness reduced 

resistivity and elevated the MO degradation ratio from 52.2 % to 68 %. 
This observation indicated that materials with higher electrical con
ductivity enhance electron escape, thereby promoting ROS formation 
and improving reaction efficiency (Fig. 2d). The change in activation 
energy, derived from the Arrhenius equation [42], was used to quantify 
the contribution of the metal layers (Figure S15). As shown in Fig. 2e, 
compared to pristine FEP, the activation energy for ⋅O2⁻ generation from 
molecular oxygen in CE-Chemistry decreased to − 1445.09 J⋅mol⁻¹ with 
FEP/Cr/Cu and to − 1129.29 J⋅mol⁻¹ with FEP/Cu. This enhancement 
demonstrated that more electrons can be induced on the metallic sur
face, facilitating electron exchange. Furthermore, electron transfer be
tween metals increased the electron density on the outermost metal 
surface, making electron escape more efficient.

2.3. Study on ROS generation in CE-Chemistry by FEP/multilayer metal 
material

To measure the charges generated by the CE between FEP and water, 
a triboelectric nanogenerator (TENG) operating in a contact-separation 
mode was designed [43,44]. The CE mechanism of the TENG was 
illustrated in Figure S16. Upon contact with water, an accumulation of 
approximately 1.27 nC of negative charges was observed on the FEP 
surface (Fig. 3a), with the experimental setup depicted in Fig. 3b. 
Consequently, the negative triboelectric charges via CE on the FEP 
surface induced a corresponding electric field, prompting the migration 
of electrons in the outer metallic layer outward, thereby facilitating the 
generation of ROS [31]. In CE-Chemistry, two representative ROS re
actions were commonly observed: the WOR, where electrons were 
extracted from water molecules to produce ⋅OH, and the ORR, where 
electrons were donated to oxygen to generate ⋅O2⁻. Here, FEP, FEP/Cr, 
FEP/Cu, FEP/Cu/Cr, and FEP/Cr/Cu were acted as dielectric-based 

Fig. 3. FEP/Multilayer Metal Material Regulation of ROS. a) Triboelectric charging of the FEP film upon contact with water. b) The experimental setup of TENG. c) 
Evolution of MO relative concentration in the presence of FEP/Cr/Cu under various radical scavengers (each at a final concentration of 1 mM). The lower section 
illustrates a schematic of the TENG mechanism. d) Detection of ⋅O2⁻ using NBT. e) Detection of 1O2 through EPR using TEMP to form a triplet peak. f) Detection of 
⋅OH using THA. g) Detection of ⋅OH through EPR using DMPO to form a quartet peak.
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materials in CE-Chemistry to elucidate their distinct roles in facilitating 
ROS generation. To verify the impact of different radicals on the reac
tion, a series of radical scavengers (1 mM) were added to a sample so
lution containing 5 ppm MO. Ethylenediaminetetraacetic acid disodium 
salt (EDTA-2Na), dimethyl sulfoxide (DMSO), tert-butanol, and p-ben
zoquinone were used as scavengers for protons, electrons, ⋅OH, and ⋅O2⁻, 
respectively [18]. As shown in Fig. 3c, the addition of these scavengers 
significantly reduced the reaction rate, indicating the crucial roles of 
⋅OH and ⋅O2⁻ in the process. When ⋅O2⁻ were quenched, the MO degra
dation ratio after 4 h of ultrasonication dropped to 22.5 %. When ⋅OH 
were quenched, the degradation ratio decreased to 37.9 %. These results 
emphasized the importance of these radicals in the reaction system, 
demonstrating that precise control over the production of ⋅OH and ⋅O2⁻ 
could effectively regulate chemical reactions.

To provide a more direct demonstration of the reaction effects of 
different FEP/multilayer metal material on the generation of ⋅O2⁻ and 
⋅OH, the following experiments were conducted. The generation of ⋅O2⁻ 
(ORR reaction) was evaluated using a UV-Vis spectrophotometer by 
measuring the absorbance of nitrotetrazolium blue chloride (NBT) after 
reacting with ⋅O2⁻ (Figure S17). As shown in Fig. 3d, NBT exhibited the 
highest reduction rate in the presence of FEP/Cr/Cu, which was 2.03 
times higher than that of FEP and exceeded that of FEP/Cu. However, 
the reduction rate for FEP/Cu/Cr was lower than that of FEP/Cr. 
Therefore, regulating the outermost metal layer with a high charge 
density through differences in electronegativity was a key factor in 
enhancing chemical reaction efficiency by promoting the generation of 
⋅O2⁻. This phenomenon was further corroborated by electron para
magnetic resonance (EPR) spectroscopy (Fig. 3e). Singlet oxygen (1O2), 
an oxidative product of ⋅O2⁻ [45], was significantly promoted by 
FEP/Cu, indicating enhanced ORR. Moreover, FEP/Cr/Cu further pro
moted ⋅O2⁻ generation, underscoring the role of electron transfer be
tween metals in facilitating the ORR. Conversely, FEP/Cu/Cr inhibited 
⋅O2⁻ generation, emphasizing the regulatory effect of electron transfer 
on the ORR. In addition, the generation of ⋅OH was evaluated using a 
fluorescence spectrophotometer by detecting fluorescence resulting 
from the reaction between terephthalic acid (THA) and ⋅OH 
(Figure S18). As shown in Fig. 3f, FEP/Cr/Cu exhibited the highest 
fluorescence intensity, which was 1.87 times higher than that of FEP and 
exceeded that of FEP/Cu. However, the fluorescence intensity of FEP/
Cu/Cr was lower than that of FEP/Cr. Fig. 3g presented the character
istic DMPO-⋅OH quadruple peaks, which followed the same trend as the 
THA fluorescence results.

In summary, the ROS generation efficiency of the five dielectric- 
based materials followed the reaction activity trend: FEP/Cr/Cu 
> FEP/Cu > FEP/Cr > FEP/Cu/Cr > FEP. Therefore, we proposed that 
electron transfer between water molecules and FEP during CE generated 
an electric field. This electric field induced electron flow within the FEP/ 
multilayer metal material. Additionally, electron transfer between 
multilayer metals, driven by differences in metal electronegativity, 
either promoted or suppressed electron flow, thereby modulating the 
reaction. In FEP/Cr/Cu, the highest ORR efficiency was achieved, likely 
due to electron accumulation on the Cu surface facilitated by electron 
transfer from Cr. This promoted electron transfer to oxygen molecules, 
enhancing ⋅O2⁻ generation. Furthermore, the CE-derived electric field 
facilitated water molecule dissociation, accelerating ⋅OH generation. As 
a result, both ORR and WOR exhibited excellent performance, signifi
cantly enhancing ROS production. These experimental findings 
demonstrated that regulating chemical reactions through electron 
accumulation in polymer materials, electron escape in metal materials, 
and electron transfer between metals was a feasible strategy. Notably, 
the FEP/Cr/Cu composite film demonstrated exceptional operational 
stability, as evidenced by cyclic testing results (Figure S19). After 20 
consecutive reaction cycles, the reaction system maintained > 93 % of 
its initial degradation efficiency, confirming remarkable structural 
integrity and resistance to deactivation under mechanical stress 
conditions.

2.4. Regulating the mechanism of FEP/ multilayer metal material

Fig. 4a illustrated the variation in the work function of the outermost 
metal, Cu, in the polymer/Cr/Cu sample under electric fields of varying 
intensities and directions. In a negative electric field generated by 
charges on the polymer surface, the Cu work function decreased from 
3.58 eV to 3.44 eV as the field strength increases from 0 to 100,000 kV/ 
m, indicating a reduced energy barrier for electron escape. In contrast, in 
a positive electric field, the work function increased with field strength, 
facilitating electron attraction from the environment and hindering 
escape. These simulations demonstrated that metal work functions could 
be precisely tuned by modulating the CE properties of the polymer, 
enabling controlled chemical reactions. Fig. 4b elucidated the driving 
chemical reaction mechanism of polymer/multilayer metal material in 
CE-Chemistry. On the FEP surface, ⋅OH and ⋅O2⁻ were generated via 
electron transfer driven by CE. Due to the high electron affinity of the 
abundant fluorine (F) elements on the FEP surface, the electron transfer 
rate for generating ⋅O2⁻ was relatively slow, leading to the continuous 
accumulation of negative charges on the FEP surface. This charge 
accumulation established an electric field in the surrounding space, 
maintaining a high electric field intensity on the FEP surface. The metal 
layer on the rear side of FEP was influenced by this electric field, causing 
electron accumulation on the outermost surface of the metal due to 
electrostatic induction. These surface electrons readily underwent 
electron exchange with oxygen, experiencing weaker constraints 
compared to those on the FEP surface Moreover, the high-intensity 
electric field generated by CE not only lowered the metal’s work func
tion, reducing the energy barrier to facilitate electron donation, but also 
polarized nearby water molecules, thereby accelerating the generation 
of ⋅OH. In multilayer metals, electron transfer occurred from the low 
electronegative metal (Cr) to the high electronegative metal (Cu) due to 
their difference in electronegativity. Taking FEP/Cr/Cu as an example, 
electrons transfer from Cr to Cu, increasing the charge density on the Cu 
surface, lowering its work function, and enhancing electron escape. This 
promoted the ORR, increasing the generation of ⋅O2⁻. Conversely, in the 
FEP/Cu/Cr configuration, electron transfer reduced the charge density 
on the Cr surface, raising its work function, inhibiting electron escape, 
and thus suppressing the ORR, resulting in reduced ⋅O2⁻ generation. 
Through the synergistic regulation of the electric field on the polymer 
surface and electron transfer between metals, the ORR reaction and the 
efficiency of CE-Chemistry could be effectively controlled. Previous 
studies on CE-Chemistry have been summarized, with a focus on 
methods such as thin-film modification to enhance reaction efficiency. 
These have been compared with the present work, as illustrated in 
Fig. 4c [31,46–48]. Compared to previous studies, the FEP/Cr/Cu film 
significantly increased the degradation efficiency of MO, achieving more 
than 4 times the efficiency of other works, with detailed data provided in 
Table S1. This further validated the ability of our approach to enhance or 
modulate reaction efficiency through the differences in electronegativity 
between metals.

Figure S20-S21 presented the morphological characterization and 
elemental mapping of FEP/Cr/Cu before and after CE-Chemistry. No 
significant morphological changes were observed through visual in
spection and SEM analysis. Furthermore, elemental mapping using EDX 
confirmed that the composition of FEP/Cr/Cu remained unchanged. The 
X-ray diffraction (XRD) spectra in Figure S22 showed no shift in 
diffraction peak positions before and after the reaction. XPS was 
employed to analyze the chemical state changes of FEP/Cr/Cu before 
and after the reaction. The Cu 2p spectra, shown in Figure S23, revealed 
no changes in the binding energy of the original peaks or the appearance 
of new peaks after MO degradation. This further verified the chemical 
stability of FEP/Cr/Cu during the CE-Chemistry process.

2.5. Broad applications of CE-Chemistry

Building on the concept of modular reaction design with work 
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Fig. 4. The mechanism of CE-Chemistry in FEP/Multilayer Metal Material with different metal structures. a) Evolution of the Cu work function in FEP/Cr/Cu under 
different electric field conditions. b) Proposed mechanism for regulating CE efficiency in the presence of FEP/multilayer metal material (top: FEP/Cr/Cu, bottom: 
FEP/Cu/Cr). c) Degradation rate of MO compared to other methods of CE-Chemistry.

Fig. 5. Broad applications of CE-Chemistry. a) Detection of HCHO conversion via spectrophotometry using acetylacetone. b) Mechanism of CH3OH conversion to 
HCHO. c) Future prospects for CE-Chemistry.
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function-tunable metal coatings, this study further explores the modu
lation of metal electronegativity in complex organic synthesis systems, 
underscoring its substantial potential for broad applications in driving 
chemical reactions. HCHO, a key platform molecule with an annual 
global production exceeding 30 million metric tons, serves as a critical 
precursor for urea-formaldehyde resins, engineering plastics, and func
tional coatings [49]. Furthermore, it serves as a critical intermediate in 
artificial carbon dioxide (CO2) fixation pathway [50], where its pro
duction yield directly governs the efficiency of subsequent catalytic 
steps. Given its widespread industrial applications, improving the effi
ciency and sustainability of HCHO production is of paramount impor
tance. Conventional thermal catalytic methods, typically utilizing 
high-temperature oxide catalysts like V2O5/SiO2 at 600◦C [51], suffer 
from significant drawbacks, including methanol over-oxidation to CO2, 
catalyst deactivation due to thermal sintering, and high energy con
sumption [52]. Additionally, the high-temperature conditions necessi
tate expensive infrastructure and increase operational costs. 
Electrocatalytic HCHO synthesis [53], while operating under milder 
conditions than thermal methods, faces significant drawbacks, including 
the reliance on external electrical inputs, which limits achievable cur
rent densities and constrains catalytic efficiency. Additionally, the pro
cess often suffers from poor product selectivity due to competing side 
reactions and electrode over-potentials, further complicating scalability 
and economic viability. These challenges highlight the need for alter
native approaches to improve energy efficiency and selectivity in HCHO 
production.

Here, we reported, for the first time, the efficient conversion of 
CH3OH to HCHO using CE-Chemistry, without noble metal catalysts, 
significantly reducing both energy consumption and operational costs. 
FEP films or FEP/Cr/Cu films (20 mm × 50 mm) were cut into smaller 
pieces (5 mm × 5 mm) and added to a 10 ml solution with a water-to- 
CH3OH ratio of 30:1, followed by ultrasonic treatment. It was also tested 
using HCHO and acetylacetone to produce a yellow compound with an 
absorbance at 412 nm (Figure S24) [54]. As shown in Fig. 5a, the 
addition of FEP/Cr/Cu resulted in a yield nearly twice as high as that of 
FEP alone, significantly enhancing the reaction rate. The mechanism of 
CH3OH oxidation to HCHO was illustrated in Fig. 5b. CH3OH reacted 
with ⋅OH to form the intermediate ⋅CH2OH, which subsequently un
derwent oxidation to yield HCHO [55,56]. This aligned with the earlier 
experiment results of ⋅OH where FEP/Cr/Cu facilitated the generation of 
more ⋅OH, thereby accelerating CH3OH-to-HCHO conversion. The 
integration of tunable work function metal coatings in CE-Chemistry 
further optimizes reaction efficiency and selectivity while mitigating 
over-oxidation. This approach represents a breakthrough in catalytic 
chemistry, overcoming the limitations of traditional methods and 
providing a more efficient, cost-effective, and environmentally friendly 
pathway for large-scale HCHO production.

Furthermore, by designing polymer/multilayer metal systems 
tailored to metal electronegativity, conductivity, and work function, we 
enable precise control over electron transfer dynamics and radical 
generation efficiency. This modular approach opens new pathways for 
fine-tuning reaction selectivity in CE-mediated chemistry, offering a 
sustainable platform for industrial chemical synthesis.

3. Discussion

Catalysis is pivotal for driving chemical reaction,energy conversion, 
environmental remediation, and industrial processes, with growing 
emphasis on cost-effective non-noble metal and even non-metal systems. 
CE-Chemistry, driven by triboelectric charge via CE at dielectric-liquid 
interfaces, holds great potential but faces efficiency challenges. Here, 
we present a modular strategy using dielectric polymer/multilayer 
metal materials to optimize interfacial electron transfer, markedly 
enhancing the efficiency of CE-Chemistry through the synergistic effects 
of metal electronegativity, work function, conductivity, and dielectric 
CE performance. The FEP/multilayer metal material developed 

harnesses both the electric field generated by triboelectric charges on 
FEP to drive chemical reactions and the electron transfer induced by 
electronegativity differences between metals to modulate reaction 
pathways. Compared to pristine FEP, both FEP/Cu and FEP/Cr 
enhanced ROS generation, improving reaction efficiency due to the 
electric field generated by CE between FEP and water, which lowered 
the metal work function and facilitated electron transfer. Notably, FEP/ 
Cr/Cu outperformed FEP/Cu, achieving a 1.6-fold increase in MO 
degradation efficiency within 4 h and reducing the Cu work function by 
0.85 eV. This improvement stemmed from intermetallic electron trans
fer, where electrons migrated from the less electronegative Cr (1.66) to 
the more electronegative Cu (1.90). XPS analysis confirmed this, 
showing a 200 meV shift in Cu binding energy for FEP/Cr/Cu compared 
to FEP/Cu. In contrast, FEP/Cu/Cr (35.55 %) displayed lower reaction 
efficiency than FEP/Cr (44.45 %), with an increased Cu work function 
(0.81 eV), underscoring the importance of intermetallic electron trans
fer. Furthermore, the methanol-to-formaldehyde conversion was suc
cessfully achieved for the first time using the FEP/Cr/Cu film via 
triboelectric charge-induced CE-Chemistry, demonstrating nearly twice 
the reaction efficiency compared to the pristine FEP film under identical 
conditions. This strategy enabled straightforward, modular reaction 
design based on various dielectric and metal materials, offering a novel 
approach to controlling reaction pathways and rates in chemical pro
cesses. Notably, the work function of metals in driving chemical re
actions could be further tuned by CE. This insight suggests that 
combining traditional catalytic processes with our CE-Chemistry could 
synergistically enhance catalytic efficiency. The method holds signifi
cant promise for reducing production costs and environmental impacts, 
aligning with green chemistry principles and sustainable development 
goals.

3.1. Materials and methods

Materials: Fluorinated ethylene propylene (FEP) film were supplied 
by Dupont.

Chemical reagents: The methyl orange (C14H14N3NaO3S, 98 %), p- 
benzoquinone (C6H4O2, 99.5 %), p-phthalic acid (C8H6O4, 99 %), 
nitrotetrazolium blue chloride (C40H30N10O6⋅2Cl, 98 %) methanol 
(CH4O,99.5 %) were purchased from Macklin. Dimethyl sulfoxide 
(DMSO) was purchased from Shanghai Acmec Biochemical Technology 
Co., Ltd. Tert-butanol (98.0 %) was purchased from Sinopharm Chem
ical Reagent Co. Ltd. The 5,5-Dimethyl-1-pyrroline N-Oxide (C6H11NO), 
2,2,6,6Tetramethyl-4-piperidone hydrochloride (C9H20N) were ob
tained from Dojindo.

3.2. Fabrication of FEP/multilayer metal materials

FEP/Multilayer Metal Composite Catalysts were prepared by 
magnetron sputtering (YuanRong Magnetron Coating Instrument, YNS- 
600). Cu and Cr nanoparticles were deposited on the surface of the 
precleaned polymer membranes by sputtering from the respective tar
gets (purity, 99.99 %). The base pressure of the sputter chamber was 
kept below 10− 8 Pa prior to sputtering. Ultrapure argon was then 
applied to provide a working pressure of 10–3 Pa to ensure elimination of 
possible contamination of the chamber. Subsequently, we turned on 
100 W of power for sputtering of the corresponding metal target at a 
different deposition rate (Cu: 4.8 nm/min, Cr: 5 nm/min).

3.3. Sample preparation

The terephthalic acid solution (THA) was prepared by adding 
332.4 mg of pphthalic acid and 760 mg of sodium phosphate tribasic 
dodecahydrate, followed by magnetic stirring for 6 h. The nitro
tetrazolium blue chloride solution (NBT) was prepared by adding 10 mg 
to 1 liter of deionized water, followed by magnetic stirring for 6 h. A 
total size of 2*5 cm2 of catalysts was added to a beaker containing 10 ml 
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of as-prepared aqueous THA (Same condition for NBT) solution, which 
was subsequently placed in an ultrasonic bath (40 kHz, 200 W). The 
catalysts were cut into a number of around 5*5 mm2 pieces to improve 
the contact area and controllability with the aqueous solution. Aliquots 
were extracted at 0, 1, 2, 3, 4 h for subsequent fluorescence (UV-Vis 
spectrophotometry for NBT) analysis. The UV-Vis measurements for the 
MO samples were performed in the aforementioned sample preparation 
method. The temperature in the ultrasonic bath was regulated.

A 5-ppm aqueous solution of methyl orange (MO) was prepared by 
adding 5 mg of C14H14N3NaO3S to 1 liter of deionized water, followed 
by magnetic stirring for 2 h.

Samples for EPR measurements were obtained by adding the same 
amount of catalysts to a beaker containing 10 ml of deionized water in 
an ultrasonication bath. About 0.1 ml of DMPO or TEMP was pipetted 
into the solution prior to ultrasonication.

3.4. Sample characterization

The charge transfer amounts were measured by electrometer 
(Keithley, 6514), and 200 μL of DI water per measurement. The UV-Vis 
spectroscopy of the aliquots was measured using a Hitachi UV-4150 UV- 
Visible spectrometer on a range of 200–700 nm. The emission spectra of 
THA–OH were measured on an Edinburgh Instruments (FLS 980), using 
λexcitation= 312 nm and λemission= 426 nm. Electron paramagnetic reso
nance (EPR) was recorded on a Bruker EMX plus-9.5/12/P/L. The 
measurements were con ducted in X-Band (9.830243 GHz), with 
amplitude modulation of 1 G, microwave power of 2 mW, an amplitude 
modulation frequency of 100 kHz and conversion time of 60 ms, and a 
time constant at 40.96 ms. The Scanning electron microscopy (SEM) 
images of the samples were obtained using an FEI Nova 450. The Energy 
Dispersive X-Ray analysis (EDX) was conducted on FEI Nova 450 
equipped with an AMETEK Octane Super appendix. XRD patterns of 
FEP/Multilayer metal composite catalysts were acquired through an 
advance diffractometer (Bruker-D8, Germany) with a working voltage of 
40 kV. Characterization of the surface chemical state of FEP/Multilayer 
metal composite catalysts before and after the reaction was carried out 
by using X-ray photoelectron spectroscopy (XPS) on a Thermo Fisher 
Scientific K-Alpha. An alpha source (hv= 1486.6 eV) was used in a 
vacuum of 10–9 mBar with an operating voltage of 15 kV and a filament 
current of 10 mA. The pass energy was set to 30 eV. Metal sputtering 
thickness and surface roughness were observed by a step profiler 
(DektakXT). The scanning speed was set to 50 μm s–1, the scanning 
length was 1000 μm, and the stylus force was 3 mg. Ultraviolet Photo
electron Spectroscopy (UPS) measurements were performed using the 
Thermo Fisher Scientific ESCALAB XI+ system. The analyzer was 
operated in Constant Analyzer Energy (CAE) mode with a pass energy of 
1.0 eV. The lens mode was set for UPS with an energy step size of 
0.05 eV and an energy step number of 601.
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