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A B S T R A C T   

The solid-liquid interface plays pivotal role in chemical reactions, but the contact electrification (CE) at interface 
is usually overlooked. Recently the CE effect was reported to promote interfacial chemistry as well as catalysis for 
organic pollutants. However, the exact role of CE in various chemical reactions remained unclear, and under
standing of its influences has been a long-lasting challenge. Here, we proposed a paradigm of contact-electro- 
chemistry (CE-Chemistry) via CE between solid dielectrics and liquids to show how their physical contact can 
induce and even guide reactions. CE-Chemistry was proved to exist ubiquitously in various reactions within both 
aqueous and non-aqueous systems, including redox reactions, organic polymerizations, pollutant degradations 
etc. The trade-off between electron transfer and ion migration at the solid dielectrics and liquids interface was 
elucidated to optimize reactions. Furthermore, a guidance that unified the concept of work functions, electro
negativity in triboelectric series and standard electrode potentials was developed based on the electron transfer 
capabilities to steer reactions and assess their extent. This work not only reveals the physicochemical essence of 
CE, but also offers a new perspective to investigate the interface interaction across interdisciplinary subjects of 
physics, chemistry and material science.   

1. Introduction 

Vast majority of chemical reactions in industry and labs are per
formed in solutions, relying on initiators or external electric field to 
promote the generation of end products. Initiators are widely used in the 
chemical reactions, but they are inevitable to bring the complex product 
purification process and the consequent pollution [1]. On the other 
hand, electrochemical reaction is constrained by the limited choice of 
electroactive material and electrochemical windows when applying 
external electric field [2]. As such, pursuing a green, simple and uni
versal protocol to induce chemical reactions is desperately needed. 
Mechanochemistry refers to mechanically activated chemistry through 
ball mill, planetary mill reactors or in twin-screw extruders etc. It offers 
unique benefit to initiate chemical reactions and ameliorate the pollu
tion challenge of organic synthesis [3]. Mechanochemical reactions 
could be generally promoted by liquid-assisted grinding, in which the 

defects of materials, local high temperature/pressure conditions, and 
bond breaking/forming induced by the mechanical force effects had 
been extensively investigated [4–7]. However, little attention has been 
paid to the potential contributions made by solid-liquid contact elec
trification (CE), which commonly occurred in the form of frequent 
contact and separation during the mechanochemical processes. 

Solid dielectrics with extremely inert chemical activity, such as 
fluorinated ethylene propylene (FEP) and polytetrafluoroethylene 
(PTFE), could reduce metal cations (e.g. Cu2+, Au+, Ag+, Pb+) in solu
tion after triboelectrically charged by CE, which demonstrated the 
critical role of CE in chemical reactions [8,9]. These electrostatic 
charges on the solid dielectric surface were thought to be excess elec
trons developed during CE and their subsequent transfer to the reactants 
in the solution. However, some other studies revealed the chemical re
actions might be driven by radicals created during CE [10–12]. These 
results indicated CE process between the inert dielectrics and liquids is 
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not a simple physical charge transfer, but involves 
contact-electro-catalytic reactions, for example, the metal leaching, the 
degradation of organic pollutants and the generation of H2O2 [13–15]. 
Such contact-electro-catalysis provides a new paradigm in the area of 
metal-free catalysis. It is also intrinsically different from the piezoelec
tric mechanocatalysis, in which the reaction relies on the piezoelectric 
materials [16]. However, reactions should not be limited to catalysis 
alone and exploration of various CE induced chemical reactions has not 
been reported. It should be noted that the electric double layer (EDL) at 
the interface of solid dielectrics and liquids will be formed by the syn
ergistic effect of electron transfer and ion migration [17,18]. The in
fluence of EDL on the CE induced chemical reactions is still unclear. 

As the CE process is steerable and closely related to the electroneg
ativity of the solid dielectrics [19], it may provide a scheme to steer 
chemical reactions and a reliable platform to investigate interactions 
between the solid dielectrics and liquids. Here, a comprehensive para
digm of contact-electro-chemistry (CE-Chemistry) was proposed, in 
which chemical reactions were proved to be initiated by the radicals 
generated during CE process at the solid dielectric-liquid interface. The 
CE-Chemistry was shown to cover a broad field in the subject of chem
istry, including contact-electro-redox (CE-Redox) reaction of [Fe(CN)6] 
3-/[Fe(CN)6]4-, contact-electro-Polymerization (CE-Polymerization) of 
aniline, contact-electro-Catalysis (CE-Catalysis) of phenol and 
contact-electro-Fluorescence (CE-Fluorescence) of terephthalic acid 
(THA), etc. The role of EDL formation in the aqueous system was 
explored to balance the electronic-ionic transfer relationship and opti
mize the CE-Chemical reactions. In addition, the CE-Chemistry was 
performed for the first time in the non-aqueous system, which further 
revealed the ubiquity of the CE-Chemical mechanism beyond the 
aqueous system. Generally, the electron-accepting/donating capability 
of solid dielectrics during CE is closely related to their own electro
negativity property, which depends on the electron affinity on the atoms 
of their chemical structure, and analogous to the electronic theory from 
Lewis acid-base law in chemistry. Combined with work function of the 
charge collector and standard electrode potentials of the electroactive 
species in the liquid, the electronegativity in triboelectric series of the 
solid dielectrics might be served as a benchmark to forecast the ther
modynamics of CE-Chemical reactions. Therefore, a guidance that uni
fied the concept of the work function, the electronegativity in 
triboelectric series, and the standard electrode potentials was proposed 
to steer chemical reactions and assess their extent. Different from 
chemical reactions initiated by light, heat, electricity, or chemicals etc., 
the CE-Chemistry based on the mechanical contact-separation method 
opens up a new avenue to investigate the interface interaction across 
multidisciplinary subjects of physics, material science, and chemistry. 

2. Results 

2.1. CE-Chemistry 

CE is a ubiquitous phenomenon in our daily life where two surfaces 
get electrically charged once they contact with each other [20]. As 
shown in Figure S1a and S1b, the deionized (DI) water droplet was 
positively charged to about 0.6 nC after contacting the hydrophobic FEP 
film (contact angle of 101.99◦), which corresponded to +1.5 V that was 
calculated by the formulation V = Q

C, where the capacitance of the 
Faraday cup was measured to be about 0.4 nF. In contrast, the surface 
potential of FEP changed from − 1.1 V to − 11.7 V (Figure S1c) after 
several DI water droplets moving away, which showed the DI water 
droplet and FEP film would be oppositely charged during CE. Moreover, 
the accumulation of transferred charge was observed through 
immersing repeatedly single electrode triboelectric nanogenerator 
(SE-TENG) mainly made of FEP into DI water (Figure S2a and 
Figure S2b), and its details were shown in Figure S3. These results 
indicated that the multiple contact-separation cycles could promote the 

amount of interfacial transferred charge between FEP and water. Herein, 
those CE effects have also been revealed in CE-Chemistry. Specifically, 
0.01 mM potassium chloride (KCl) solution, 0.20 mM potassium ferro
cyanide (K4[Fe(CN)6]) solution, and the dielectric FEP film were chosen 
to promote the CE-Oxidation of [Fe(CN)6]4- to [Fe(CN)6]3-. The design of 
the experiment was illustrated in Fig. 1a, FEP film was firstly cut into 
pieces (about 1.0 cm × 1.5 cm each piece), and then the shredded FEP 
films were put into the aqueous solution containing 0.01 mM KCl and 
0.20 mM K4[Fe(CN)6]. Ultrasonication (US) was used to create frequent 
contact-separation cycles at the solid dielectric-water interface due to 
continual cavitation bubble collapses [21]. To clarify the specific role of 
US in chemical reactions, in situ ultrasonic-electrochemical technique 
was used for voltametric studies (Figure S4(a)) with glassy carbon as the 
working electrode (diameter: 3.0 mm), platinum plate (size: 
0.5 cm × 1.0 cm) as counter electrode and Ag/AgCl as the reference 
electrode. The cyclic voltammogram (CV) of [Fe(CN)6]4- without (w/o) 
and with (w) US were shown in Figure S4(b). W/o the US, the CV scan 
curve showed a pair of redox peaks that represented the 
electron-transfer and mass diffusion controlled processes at the surface 
of electrode. In contrast, a plateau appeared in the CV scan curve under 
US when the external voltage exceeded 0.36 V, which indicated a highly 
effective mass transfer was realized by the bubble cavitation during US 
to enable an efficient electron-transfer controlled reaction process. Each 
pulse current peak was a consequence of an individual collapse of a 
cavitation bubble that took place near the electrode surface [22], indi
cating a dynamic process of contact-separation at solid-liquid interface. 
Electrochemical impedance spectroscopy (EIS) showed a decrease in the 
charge transfer resistance (Rct) under US compared to that w/o US, as 
shown in the Nyquist plot in Figure S4(c). The equivalent circuit was 
depicted in Figure S4(d), in which Rp was the polarization resistance, 
CPE1 and CPE2 were the constant phase elements, Wo was the Warburg 
impedance. These results indicated US could be served to thin the 
diffusion layer and enhance mass transfer in solution [23]. Furthermore, 
the advantage of US was also be proved at 25 µm glass-encased Pt 
ultramicroelectrode as working electrode, as shown in figure S5, the 
oxidation current and Rct of [Fe(CN)6]4- under US is lager and lower than 
that w/o US. Therefore, US with a frequency of 40 kHz and a power of 
420 W was employed here to mimic high-frequency contact-separation 
cycles between solid dielectrics and liquids with sufficient charge 
transfer and improve mass transfer in solution. It can be seen from 
Fig. 1b and Figure S6 that the color of original reduced K4[Fe(CN)6] 
solution changed from transparent to light green after US in the presence 
of shredded FEP films for 12 h. Ultraviolet-Visible (UV-Vis) spectroscopy 
was used to investigate the coloration process, and its results showed 
that the characteristic absorption peak of the oxidized K3[Fe(CN)6] at 
260.0 nm, 303.0 nm, 325.0 nm, 421.0 nm [24] increased as the US time 
growth (Fig. 1c). To further identify the oxidized K3[Fe(CN)6] generated 
during CE, the CV scan of the solution before and after US was measured 
by electrochemical methods (Fig. 1d). Before the US, the original solu
tion contained only reduced K4[Fe(CN)6] and had no reduction peak in 
the first CV scan from high potential to low potential. In contrast, after 
US for the original solution with shredded FEP films, the reduction 
characteristic peak in the first CV scan corresponding to the existence of 
K3[Fe(CN)6] appeared, which indicated the CE-Oxidation of [Fe(CN)6]4- 

to [Fe(CN)6]3-. Both of their second CV scan showed similar redox peaks 
because both the [Fe(CN)6]4- and [Fe(CN)6]3- co-existed in the solution 
at this time. Under the same time of US with reduced K4[Fe(CN)6] so
lution, controlled experiment was conducted in absence of FEP 
(Figure S7). W/o FEP, neither the obvious increase in UV-Vis absorption 
peaks at 260.0 nm, 303.0 nm, 421.0 nm nor the significant reduction 
current peak in the first CV scan appeared, which suggested that FEP was 
essential to enhance the CE-Oxidation of K4[Fe(CN)6]. 

It is well known that solid dielectrics with discrepant electronega
tivity would cause differences in their CE performance. It had been re
ported that the more fluorine groups in solid dielectrics, the stronger its 
electron-accepting capability [25]. Figure S8(a), figure S9(a) and figure 
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S10(a) depicted the chemical structure of FEP, PTFE and PE, respec
tively. As depicted in Fig. 1e, the tendency of CE performance between 
PE/PTFE/FEP and aqueous solutions was increased in sequence. Addi
tionally, the yield of product (oxidized K3[Fe(CN)6]) during 
CE-Oxidation in the presence of shredded solid dielectrics followed the 
same trend of PE < PTFE < FEP, which might be closely related to the 
electron-accepting capability of solid dielectrics. Thus, it provided a new 
and straightforward way to steer the chemical reactions by choosing the 
optimized solid dielectric material in CE-Chemistry. Both microscopic 
pictures, X-ray diffraction (XRD), X-ray photoelectron spectrometer 
(XPS) spectra of the dielectrics before and after CE-Oxidation 

(Figures S8, S9, and S10) showed neither changes in morphology nor 
chemical composition. These results exhibited the unique advantages of 
sustainability when the inert solid dielectrics were used in CE-Chemical 
reactions. Besides, the smaller size of solid dielectric promoted the yield 
of product (oxidized K3[Fe(CN)6]), as shown in figure S11. This was due 
to the reason that the specific surface area of the FEP was increased 
when they were shredded into smaller pieces to increase the contact 
electrification area of the solid-liquid interface, promoting the 
CE-Chemistry. Furthermore, in the reduced K4[Fe(CN)6] solution with 
very small amount of PTFE powders (0.2 g), after CE-Oxidation, the 
products (oxidized K3[Fe(CN)6]) yield was even higher than that with 

Fig. 1. CE-Chemistry. (a) Schematic of CE-Chemical experimental process. (b) Photograph of 0.20 mM K4[Fe(CN)6] and 0.01 mM KCl solution (12 mL) before and 
after US for 12 h with shredded FEP film (thickness: 30 µm, total area: 600 cm2). (c) UV-Vis spectra of reduced K4[Fe(CN)6] solution during US in the presence of 
shredded FEP film for 12 h. (d) CV scan curve (scan rate: 1 mV/s) of reduced K4[Fe(CN)6] solution before (blue line) and after (red line) US in the presence of 
shredded FEP film, the solid and dashed lines are the first and second CV scan cycle, respectively. (e) Concentration ratio of product (K3[Fe(CN)6]) in reduced K4[Fe 
(CN)6] solution after US in the presence of different solid dielectrics. (f) Charge transfer during different solid dielectric-liquid CE. (g) UV-Vis spectra of reduced K4[Fe 
(CN)6] solution during CE-Chemistry with PTFE powders and shredded PTFE films. (h) Concentration ratio of product (K3[Fe(CN)6]) after reduced K4[Fe(CN)6] 
solution US w and w/o 1.00 M Ter-butanol. (i) Measured EPR spectra intensity in DI water with FEP under various US time. (j) Measured EPR intensity of ̇OH radicals 
generated by various solid dielectrics in DI water in contrast with the one w/o solid dielectrics. (k) Measured 1O2 in DI water in the presence of FEP films. (l) Working 
mechanism of CE-Oxidation reaction of [Fe(CN)6]4- to [Fe(CN)6]3-. (m) Photograph and UV-Vis spectra of reduced K4[Fe(CN)6] solution under different conditions, in 
which sample A is the original 0.20 mM K4[Fe(CN)6] and 0.01 mM KCl solution with quiescent PTFE stir bar, sample B is the original solution with rotating PTFE stir 
bar, sample C is the original solution with rotating PTFE stir bar and 0.20 g PTFE powders. 
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the shredded PTFE films (4.0 g) (Fig. 1g). To further understand the 
underlying mechanism of CE-Chemistry, 1.00 M tert-butanol that is a 
common hydroxyl radical (̇OH) scavenger was added in the solution 
containing only the reduced K4[Fe(CN)6]. As depicted in Fig. 1h, the 
yield of oxidized K3[Fe(CN)6] in K4[Fe(CN)6] solution with tert-butanol 
almost was halved (decreased from 95.7% to 54.3%) compared with that 
of original solution under the same US time of 8 h, which indicated that 
the ̇OH radicals played an important role in CE-Oxidation of [Fe(CN)6]4- 

to [Fe(CN)6]3-. The production of ȮH radicals during the CE process 
between FEP and DI water was detected by electron paramagnetic 
resonance (EPR) spectroscopy, in which 0.10 M 5,5-dimethyl-1-pyrro
line N-oxide (DMPO) was used as ̇OH radicals capturing agent. It can 
be seen from Fig. 1i that the quadruplet characteristic peaks of 
DMPO-⋅OH became stronger with increase in US time, which indicated 
that continues CE process could facilitate the yield of ̇OH radicals. The 
change in EPR intensity of ̇OH radicals in DI water during US in the pure 
DI water and in the presence of various solid dielectrics indicated that 
the CE-Chemical process was realized with radicals as intermediates and 
solid dielectrics played an important role to affect the radical production 
(Fig. 1j). On the other hand, the ambient air contains oxygen (O2), and 
the dissolved O2 could also facilitate the CE-Chemical reactions [14]. 
Figure S12 showed that the yield of oxidized K3[Fe(CN)6] decreased 
when the solution was purged with nitrogen (N2). This is possibly 
because O2 captured the electron from the FEP-water interface to 
generate the superoxide radicals (·O2

- ) in the solution to promote the 
oxidation reaction of K4[Fe(CN)6]. Here, the singlet oxygen (1O2) was 
detected by 0.10 M 2,2,6,6-tetramethyl-4-piperidone (TEMP) during the 
DI water US in the presence of FEP, as shown in Fig. 1k. It is generally 
believed that 1O2 is the product of the oxidation by the ·O2

- radicals [26], 
thus it proved the existence of the ·O2

- radicals in the CE-Oxidation. 
Therefore, the mechanism of the CE-Oxidation of [Fe(CN)6]4- to [Fe 
(CN)6]3- was illustrated step-by-step in Fig. 1l. Frequent CE at the 
FEP-water interface might be induced by the collapse of cavitation 
bubbles under US, where electron transfer from water to FEP resulted in 
the formation of hydronium cations and ̇OH radicals. Meanwhile, the O2 
dissolved in the solution could capture the electron from the charged 
FEP surface to form ·O2

- radicals. Thus, the reduced [Fe(CN)6]4- in so
lution could be oxidized to [Fe(CN)6]3- thanks to the oxidative charac
teristics of ̇OH radicals and ·O2

- radicals. 
In addition, we found the CE-Oxidation could be also realized 

through mechanical stirring w/o US. As depicted in Fig. 1m, nothing had 
been observed in sample A (0.20 mM K4[Fe(CN)6], 0.01 mM KCl and 
PTFE stir bar) w/o any external mechanical stimulation. On the con
trary, the solution color of sample B (0.20 mM K4[Fe(CN)6], 0.01 mM 
KCl and PTFE stir bar) and sample C (0.20 mM K4[Fe(CN)6], 0.01 mM 
KCl, PTFE stir bar, and 0.20 g PTFE powders) both turned from trans
parent to green after stirring (rotating speed:1500 rpm) 7 days and 20 
days. The UV-Vis plot indicated that prolonging the mechanical force 
time or increasing the contact area of solid dielectric-water could 
effectively promote the reaction process of the CE-Oxidation. These re
sults suggested that the long-term stirring force could induce CE- 
Chemical reactions even w/o US. This further showed that the CE- 
Chemistry dose not rely on the US and can be distinguished from the 
traditional sonochemistry. The main function of US here might be to 
enhance contact-separation cycles and contact forces between solid di
electrics and liquids. Furthermore, the CE-Fluorescence was also ach
ieved by introducing the shredded FEP films into the terephthalic acid 
(THA) solution under US. As depicted in Figure S13a, the emission 
fluorescence intensity of THA-̇OH products (425.0 nm) increased grad
ually with the increase in US time. The fluorescence process in the 
presence of different solid dielectrics after US was shown in Figure S13b, 
and the possible reaction pathway was shown in figure S13c. This 
further demonstrated the universality of CE-Chemical method, and 
indicated the important role of electronegativity of dielectrics in steer
ing chemical reactions. 

2.2. CE-Chemistry in organic reaction 

Radicals are known to be highly reactive and play an important role 
in organic reactions. Accordingly, the CE-Chemical method should be 
also suitable to induce a series of organic reactions, for example, organic 
polymerization or catalytic degradation. Here, the CE-Polymerization 
was demonstrated as an effective way to synthesize organic polymers. 
As shown in Fig. 2a, the color of the aniline monomer solution (0.50 M 
aniline and 0.50 M H2SO4 in DI water) turned from light yellow to 
brown after US in the presence of shredded FEP films for 10 h. More 
obvious color contrast of the solution before and after CE-Chemical re
action was shown in Fig. 2b. The UV-Vis spectra comparison among the 
original monomer solution (sample D), the reacting solution without 
FEP (sample E) and with FEP (sample F) were shown in Fig. 2c. The 
absorption maximum at 370.0 nm and 550.0 nm were only observed in 
sample F solution, which possibly presented the production of poly
aniline and pernigraniline base form of polyaniline due to their 
π-π * electronic transition [27]. Additionally, some products with brown 
color (area 1) and white color (area 2) (Fig. 2d(ii)) were deposited on the 
FEP films (Fig. 2d(i)) after reaction, and their scanning electron mi
croscope (SEM) were shown in Fig. 2d(iii). Fig. 2e showed the Raman 
spectra of the pristine FEP film, the brown products in area 1 and the 
white crystals in area 2 on the FEP film. A complex spectrum of the 
aniline oligomers (AOs) mixture was observed on the brown products in 
area 1 (red line), showing typical bands of N-phenylphenazinium cation 
(~1378 cm− 1), phenazine-like structure (~1250 cm− 1 and 
~591 cm− 1), and linear emeraldine (~1595 cm− 1, ~1340 cm− 1, 
~548 cm− 1and ~520 cm− 1) [28]. The intensity of the peaks at 
~1412 cm− 1 (C~N stretching in a highly localized polaron structure) 
and ~1448 cm− 1 (C––N stretching) were connected with the 
semiquinonoid-charged AOs [29]. The relatively strong intense peaks 
(white crystals in area 2, blue line) were observed at ~1022 cm− 1 and 
~1004 cm− 1 that were similar to the typical Raman characteristic peaks 
of ammonium sulfate [30]. The intense peaks at ~ 732 cm− 1 and 
~384 cm− 1 in the black line presented the skeleton vibration pattern of 
the pristine FEP film [14]. From these results, the possible reaction 
pathway of CE-Polymerization of aniline was inferred in Fig. 2f. Aniline 
radical cations with different forms were initiated by CE, then two of 
which might react in a head-to-tail manner to form intermediate or AOs, 
for further polymerization [31]. . 

Radicals as intermediates could not only polymerize monomers 
through chain growth reaction but also catalyze organic pollutants. As a 
common organic pollutant in industrial wastewater, phenol is difficult to 
remove because its chemical scavengers usually cause secondary 
pollution. Here, a more environmentally friendly degradation way was 
realized by CE-Chemistry. It can be seen from Figure S14a that the ab
sorption intensity of UV-Vis at 270.0 nm (corresponding to 0.01 mM 
phenol in DI water) decreased during the CE-Chemical process. It can be 
also seen from Figure S14b that the oxidation peak (corresponding to the 
oxide potential at ~ 0.71 V [32]) of phenol disappeared in the CV curve 
of phenol solution after US in the presence of shredded FEP films for 5 h, 
which indicated most of the phenol had been oxidized during the 
CE-Chemical reaction. It was reported that phenol could react with ̇OH 
radicals in (mainly) the ortho-, and some para-, positions to form cate
chol and hydroquinone, respectively [33]. Further oxidation of the latter 
compounds then occurred to produce benzoquinones, which would be 
hydroxylated/oxidized again and ultimately formed 
lower-molecular-weight acids, carbon dioxide and water [34]. These 
byproducts may be correlated to the UV-Vis absorption peaks for hy
droquinone (~ 300.0 nm), catechol (~ 285.0 nm), p-benzoquinone (~ 
254.0 nm), o-benzoquinone (~ 380.0 nm), and carboxylic acids (~ 
211.0 nm) [35]. The possible pathways for CE-Catalysis of phenol were 
shown in figure S14c. The decomposability of reaction products and the 
recyclability of the sold dielectrics exhibited the CE-Chemical method is 
a green and effective way to catalyze organic pollutants. In addition, the 
easy regeneration of the dielectrics could overcome the conventional 
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catalyst poisoning problems. 
To investigate the influence of liquid in CE-Chemistry, 0.01 mM 

phenol was also dissolved into dimethyl sulfoxide (DMSO). It can be 
seen from Figure S15a(i) that the UV-Vis absorption intensity of 
0.01 mM phenol in DMSO at 275.5 nm (Figure S15a(ii)) faded rapidly 
within the first 5 min of US. Then the UV-Vis absorption intensity at 
278.5 nm (Figure S14a(iii)) continued to increase with the increase in 
US time. This phenomenon was more pronounced with the higher 
concentration of phenol (1.00 mM) in DMSO solution (Figure S15b). The 
UV-Vis absorption intensity at 278.5 nm during US might be mainly 
originated from the oxidation of DMSO itself, as Figure S15c showed the 
identical UV-Vis absorption from pure DMSO containing FEP but w/o 

phenol. The UV-Vis absorption peak at 256.5 nm might be due to the 
generation of some radicals during the oxidation process of DMSO [36], 
and its intensity decreased quickly within minutes indicated its rapid 
annihilation, accompanied with an increase in another UV-Vis absorp
tion peak at 278.5 nm (Figure S16a). These radicals were further 
confirmed as ·O2

- radicals by EPR using DMPO as the radical capture 
agent as shown in Figure S16b. The intensity of DMPO-·O2

- in DMSO with 
FEP was stronger than that in pure DMSO, which demonstrated that FEP 
greatly promoted the oxidation of DMSO. It was reported that the O2 in 
the DMSO was easily to be reduced to form the ·O2

- radicals, because the 
oxygen atom of DMSO had a lone pair of electrons and could easily lose 
electrons to O2 [37]. The introduction of FEP might help O2 to obtain 

Fig. 2. CE-Chemistry in organic reaction. (a) Photographs of 0.50 M aniline and 0.50 M H2SO4 solution under different experimental steps. (b) Photographs of 
solution sample before and after US in the presence of shredded FEP films (thickness: 30 µm, total area: 600 cm2) for 10 h. (c) UV-Vis spectra of the solution sample 
under different conditions, where sample D represented the monomer solution, sample E represented the monomer solution after US, and sample F represented the 
monomer solution after US in the presence of shredded FEP films. (d) Photographs of the end products, SEM of the end products and (e) Raman spectra of the end 
products on FEP films. (f) Schematic of aniline polymerization induced by CE. 
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more electrons, because the interfacial transferred electron from DMSO 
to FEP could be more easily captured by O2 w/o the ionic screening 
effect of EDL in the organic system. Furthermore, the ·O2

- radicals in 
solution could oxide phenol, while the unstable DMSO that lost electrons 
might be further reacted to form other derivatives, such as dimethyl 
sulfone (DMSO2), SO2, CH3SO3H, and methanesulfinic acid (CH3S(O) 
OH), etc [37]. FEP is a dielectric material with the electron-accepting 
capability in the triboelectric series, and DMSO is an organic solvent 
with the electron-donating capability, which are in line with their 
electron transfer law during CE (Figure S17). This interesting phenom
enon is similar to the century-old generalized Lewis theory that divided 
chemical compounds into acid/base by their electron pair accept
ing/donating capability and is widely applied in chemical synthesis. 
Analogous to the chemical compounds in the generalized Lewis theory, 

solid dielectrics in CE-Chemistry provided a new paradigm to guide 
traditional chemical synthesis. 

2.3. The influence of EDL formation in CE-chemistry 

EDL is a common structure in physiochemistry when studying the 
solid-liquid interface, but its formation mechanism is still unclear, 
especially for the EDL formation of insulating solid-liquid interface. One 
possible explanation of EDL formation was based on the electron 
transfer during CE between the insulating solid and liquid, followed by 
the ion absorption on the charged surface of the insulating solid. Herein, 
the “two-step” EDL model for insulating solid-liquid interface was dis
cussed to show its remarkable effect on the CE-Chemistry. Fig. 3a 
showed the trend of output charge of SE-TENG, which reflected the 

Fig. 3. The influence of EDL formation in CE-Chemistry. (a) Measured charge output trend of SE-TENG in different concentrations of KCl solution. (b) Concentration 
ratio of products in solution samples with different concentrations of KCl. (c) Schematic of CE-Chemistry in electron transfer and EDL formation. (d) The theoretical 
model that illustrated the changes in potentials and ion concentrations under different situations. (d) The boundary conditions of theoretical model. (e) The 
calculated the FEP surface potential and (f) the ion concentrations of [Fe(CN)6]4-, the blue arrows presented the amount of reduced [Fe(CN)6]4- ions that were 
oxidized during CE-Chemical reaction. 
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influence of ion concentration on the interfacial electron transfer be
tween insulating solid dielectrics and liquids. The optimized ion con
centration (e.g. 0.01 mM) could enhance ion migration at the FEP-DI 
water interface during CE, however, a relatively higher (e.g. 0.1 M) ion 
concentration could excessively inhibit electron transfer due to the 
screening effect of EDL formation [18]. In CE-Chemistry, the highest 
concentration of oxidative products (K3[Fe(CN)6]) was also produced by 
the optimized ion concentration of 0.01 mM KCl in the reduced K4[Fe 
(CN)6] solution (Fig. 3b). Here, we proposed the relationship of 
electronic-ionic transfer in the chemical reaction process and EDL for
mation, as shown in Fig. 3c. During CE at the solid dielectric-liquid 
interface, electrons were transferred from water to the FEP surface 
resulting in the negatively charged FEP surface and the generation of 
hydronium cations and ̇OH radicals. The electron might be captures by 
O2 to generate ̇O2

- radicals induced the CE-Oxidation reaction with ̇OH 
radicals in the diffusion layer. On the other hand, the electron accu
mulated on the FEP film might adsorb hydronium cations in the vicinity 
of the solid surface forming the Stern layer. The EDL formation could not 
only inhibit the further interfacial electron transfer between FEP and 
water, but also hinder O2 capturing electrons from the charged FEP 
surface. To further understand the influence of ionic concertation on 
CE-Chemistry, the Finite Element Analysis (FEA) and COMSOL 
modeling were used to simulate the change of surface potential of FEP 
and EDL formation under various conditions. The theoretical model was 
depicted in Fig. 3d, the FEP dielectric was immersed into a solution 
containing K4[Fe(CN)6] and KCl, the FEP surface was negatively charged 
by CE and some anions and cations in the solution were redistributed at 
the FEP-water interface. The electric field and redistribution of ions at 
the FEP-solution interface were modeled by the module of electrostatics 
and transport of diluted species, respectively. The electrostatic potential 
would affect the movement of solvated ions through potential coupling, 
meanwhile the redistribution of anions and cations could cause changes 
in the internal potential of the solution through coupling space charge 
density. The relationship between potential and ion concentration could 
be described by the following theoretical formulas: 

The ion flux was described by the Nernst-Planck equation [38]: 

Ji = − Di∇ci − uiziFci∇ϕ (1)  

where Di was diffusion coefficient, ci was ion concentration, ui was ionic 
mobility, zi was the charge amount of ion, F was Faraday constant, and ϕ 
was the potential of the solution. 

When no further reactions occurred in the solution, the substances 
obeyed the law of mass conservation: 

∇⋅Ji = 0 (2)  

and the electrical potential satisfied the Poisson’s equation: 

∇⋅( − ε0εr∇ϕ) = ρ (3)  

where ε0 was vacuum permittivity，εr was the relative permittivity of 
the solution，ρ was the charge density of the solution that can be 
described as follows: 

ρ = F
∑

i
zici (4) 

Additionally, the geometric physical mode was established by the 
method of 2D-axisymmetric due to its symmetry property. Following the 
Gouy-Chapman theory, which indicated that the spatial scale of the 
diffusion layer could be described as the Debye length (xD) as followed 
[38,39], 

xD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

kTε0εrNA

2F2cbulk

√

(5)  

where k was the Boltzmann constant，T was the temperature of the 
solution，NA was the Avogadro constant，cbulk was the bulk 

concentration of the solution. Considering the Stern correction of the 
Gouy-Chapman theory [40], there was a Stern layer in the region close 
to the FEP, in which the ions would not diffuse with the concentration 
gradient. The thickness of this layer was defined as xS. 

This model simulated the change of potential over a range of 15 
Debye lengths, and its electrical and concentration boundary conditions 
were shown in Figure S18. The potential and ion concentrations that 
were far away from the FEP surface were defined as ϕ = 0 and ci = cbluk, 
respectively. The specific preset parameters, such as geometry size, 
electrical parameter, ion concentration, etc., in this model were shown 
in Table S1. Fig. 3e and f showed that the optimized potential of the FEP 
surface and the lowest concentration of [Fe(CN)6]4- near at Stern layer 
(corresponding to the condition where more [Fe(CN)6]4- had been 
oxidized, presented by the blue arrow) were obtained in the reduced 
K4[Fe(CN)6] solution with 0.01 mM KCl. This is possible because the 
enhanced electron transfer at the FEP-water interface in the optimized 
concentration generated more ̇OH radicals to induce more [Fe(CN)6]4- 

to be oxidized in the CE-Chemistry. The detailed changes in potential 
and [Fe(CN)6]4- concentrations in solution with different concentrations 
of KCl were depicted in Figure S19 a and Figure S19b. To further prove 
the dominant role of radicals in CE-Chemical reactions, the surface of 
FEP has been negatively pre-charged by ionizing air with an ionic gun 
(Milty Zerostat 3). Most of the free electrons generated by air ionization 
could be captured by O2 to form ·O2

- radicals, these radicals on the pre- 
charged FEP were transferred in solution could promote the production 
of oxidized K3[Fe(CN)6], compared with that in the original FEP 
(Figure S20). Therefore, it is important to formulate the CE reactive 
aqueous solution with optimized ion concentration to avoid the 
screening effect of EDL formation caused by high ion concentration. In 
other words, the optimized ion concentration solution could facilitate 
chemical reactions due to the uppermost charge transfer between solid 
dielectrics and liquids. It should be noted that in the electrochemical 
chronocoulometry (CC) method, the cumulative charge of electrode 
passed in reducing or oxidizing the diffusing reactant could be described 
by the Anson equation [41], in which the charge transferred is directly 
correlated to chemical reaction kinetics. In CE-Chemistry, the cumula
tive charge of solid dielectric (QCE) is closely related to electronegativity 
of solid dielectrics, effective contact efficiency of interface, ion con
centration etc. The QCE is analogical to the charge transferred in Anson 
equation that could determine the chemical reaction kinetics of radical 
generation and could be regarded as a mean of steering the 
CE-Chemistry process. 

2.4. Steering chemistry by CE 

CE-Chemistry is originated from the CE between solid dielectrics and 
liquids, thus the accepting/donating electron capability of dielectrics at 
S-L interface may influence the CE-Chemical reactions [42,43], which 
might be served as a scheme for steering chemical reactions. Taking FEP 
and polyamide (PA) as an example, where FEP is a typical 
electron-accepting dielectric, while PA is a typical electron-donating 
dielectric. In CE-Chemistry, FEP could facilitate the CE-Oxidation of 
[Fe(CN)6]4- to [Fe(CN)6]3-, but could not achieve the CE-Reduction of 
[Fe(CN)6]3- to [Fe(CN)6]4- (Figure S21), which indicated the potential 
applications on using the electronegativity of various solid dielectrics to 
steer CE-Chemical reactions. Different from FEP, the electron-donating 
capability of PA could realize the CE-Reduction of [Fe(CN)6]3- to [Fe 
(CN)6]4-. As shown in Fig. 4a, the DI water droplet was negatively 
charged after contacting with PA, which indicated the electrons were 
transferred from the PA surface to the DI water. As depicted in Fig. 4b, 
the color of the solution (0.20 mM K3[Fe(CN)6] and 0.01 mM KCl) 
gradually faded after US for 2 h with the shredded PA films. The UV-Vis 
absorption intensity (at 420.0 nm) of the oxidized K3[Fe(CN)6] 
decreased as the increase in US time (Fig. 4c). An oxidation current peak 
appeared in the first CV scan for the oxidized K3[Fe(CN)6] solution after 
US in the presence of shredded PA films, while it was not observed in 
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solution before US. This indicated that the CE-Reduction of [Fe(CN)6]3- 

to [Fe(CN)6]4- took place at the PA-water interface (Fig. 4d). After US for 
120 min the absorption intensity of the oxidized K3[Fe(CN)6] decreased 
slowly, which showed the CE-Reduction reaction reached the maximum 
level. This is probably because the rapidly formed EDL resulting in less 
electron transfer at PA-water interface due to the hydrophilic property 
of PA (contact angle: 58.44◦, Figure S22). When the concentration is low 
(0.05 mM K3[Fe(CN)6]), it could be mostly reduced (Figure S23). 
Moreover, the potassium dichromate ion (K2Cr2O7

- ) was also observed to 
be reduced by PA, as its UV-Vis absorption peak at ~ 275.0 nm and ~ 
371.0 nm [44] decreased after US in the presence of PA (Figure S24) for 
2 h. 

The different chemical reactions caused by PA (CE-Reduction) and 
FEP (CE-Oxidation) in contact with DI water demonstrated that the 
electronegativity of various dielectrics might be closely related to CE- 
Chemistry. For example, different results were observed during CE- 
Oxidation of K4[Fe(CN)6] solution with a PTFE stir bar and a glass stir 
bar. As shown in figure S25, the color of original solution changed from 
transparent to light green in the presence of the PTFE stir bar, but 
nothing changed in the presence of the glass stir bar. Moreover, some 
research mentioned that the fresh PTFE stir bar was detrimental to the 
synthesis of porphyrin nanorings by reacting with lithium metal, while 
the glass-coated stir bar did not contribute to side reactions [45]. The 
reaction of the PTFE stir bar in highly reductive conditions had been 
indeed observed with metals such as sodium, lithium and even magne
sium under the Birch conditions [46]. Brecht et al. suggested that, unless 
exposed to oxygen, a foil of PTFE exposed to sodium in liquid ammonia 
could contain carbon radicals [47]. All these results implied that the 
important role of electronegativity of dielectrics in chemical reactions. 
The relevance of standard electrode potential and work function could 
be estimated [48], as depicted in Fig. 4e, the ‘‘absolute potential’’ of 
hydrogen electrode (NHE) at 298.15 K was ~ − 4.44 eV. Furthermore, 
Fig. 4e connected the correlation among the electronegativity of solid 
dielectrics in triboelectric series, the work function, and the electro
chemical redox standard potential by CE. Such scheme provided a 
guideline to steer CE-Chemical process for the desired reaction products. 

Additionally, an appropriate ion concentration was important to balance 
between the mass diffusion and EDL screen effect to optimize 
CE-Chemistry. Besides, it is beneficial to promote the CE-Chemistry 
through increasing contact area, prolonging reaction time etc. in prac
tical applications. 

3. Conclusion 

In this paper, CE-Chemistry as a new paradigm of chemistry, was 
proved to exist ubiquitously in a wide variety of reactions within 
aqueous/non-aqueous systems and could be tailored in a controlled way. 
Unlike piezoelectric-catalysis or electrochemistry, which are limited by 
the choice of piezoelectric or electro-active materials, CE-Chemistry has 
the advantage of a wide selection of materials, including the inert di
electrics like PTFE, FEP or PE etc. CE-Chemistry proved not only a 
physical process, but also a physiochemical process including charge 
transfer, radical generation and consequent chemical reactions. 
Compared with conventional initiation methods in reactions, CE- 
Chemistry provided an alternative to steer reactions more precisely 
due to its tunable electron transfer capability. The trade-off relationship 
between EDL formation and electron transfer during CE between solid 
dielectrics and aqueous solution was further studied and theoretically 
modeled to optimize CE-Chemistry in aqueous systems. In non-aqueous 
systems, formation of EDL may not be a dominant process and the 
electron transfer from the CE might induce more radicals. A guidance 
that unified the concept of work functions, triboelectric series, and 
standard electrode potentials was developed. In such a scheme, the 
thermodynamics of some chemical reactions could be engineered by a 
wide selection of dielectric materials according to their electronegativity 
in triboelectric series. Defining order parameters by electron transfer 
capability could not only provide a new way to steer chemical reactions, 
but also offer a new perspective to develop multidisciplinary subjects 
across physics, material science, and chemistry. 

Fig. 4. Steering chemistry by CE. (a) The signal output of DI water droplets after contacting with PA film. (b) Photograph of 0.20 mM K3[Fe(CN)6] and 0.01 mM KCl 
solution before and after US with the shredded PA films (thickness: 30 µm, total area: 600 cm2). (c) UV-Vis spectra of oxidized K3[Fe(CN)6] solution under US in the 
presence of shredded PA films for 2 h. (d) CV scan curve (scan rate: 1 mV/s) of solution before (purple line) and after (orange line) US with the shredded PA films, the 
solid and dashed lines were the first and second CV scan cycle, respectively. (e) A guidance that unified the concept of work functions, triboelectric series, and 
standard electrode potentials by electron transfer capability. 
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4. Method 

4.1. Chemicals and materials 

Fluorinated ethylene propylene film [FEP, Dupont], polytetra
fluoroethylene film and powder [PTFE, Dupont], polyamide film [PA, 
Dupont], polyethylene film [PE, Dupont], tert-butanol [C4H10O, Sino
pharm Chemical Reagent Co., Ltd, 98%], p-phthalic acid [C8H6O4, 
Macklin, 99%], sodium phosphate tribasic dodecahydrate [Na3PO4, 
Aladdin, 99%], 2,2,6,6-tetramethyl-4-piperidone [TEMP, Dojindo], 5,5- 
dimethyl-1-pyrroline N-oxide [DMPO, Dojindo], phenol [C₆H₅OH, 
Macklin, 99%], aniline [C₆H₇N, Macklin, 99%], sulfuric acid [H2SO4, 
Macklin, 99%], potassium ferricyanide [K3[Fe(CN)6], HengXing, 
Analytical Reagent], potassium ferrocyanide [K3[Fe(CN)6], HengXing, 
Analytical Reagent], potassium chloride [KCl, HengXing, Analytical 
Reagent], dimethyl sulfoxide [DMSO, Acmec, 99%]. 

4.2. Sample preparation 

A 12.0 mL sample solution containing 0.20 mM K4[Fe(CN)6] (or 
0.20 mM K3[Fe(CN)6]) and 0.01 mM KCl was prepared in advance, 
about the l of 30.0 cm × 30.0 cm solid dielectric film was cut into 
1.0 cm × 1.5 cm pieces and then put into the solution sample. An ul
trasonic bath (VGT-190D, 40 kHz, 420 W) was used to promote the CE- 
Chemistry. The temperature in the ultrasonic bath was regulated. The 
solution of terephthalic acid was prepared by adding 332.4 mg of p- 
phthalic acid and 760.0 mg of sodium phosphate tribasic dodecahydrate 
in 200.0 mL DI water. The solution of aniline solution was prepared by 
adding 0.5 mL aniline monomer into 9.5 mL sulfuric acid solution with 
concentration of 0.5 M. The phenol solution was prepared by adding 
94.0 mg of phenol to 10.0 mL DI water (or DMSO) and diluting it to a 
concentration of 0.01 mM. The solid dielectrics after reactions were 
taken out by using plastic tweezers, then dried in an oven at 40 ℃ 
overnight before analysis. Samples for EPR analysis were prepared with 
12.0 mL of DI water (or DMSO) US with FEP fragments about the total 
size of 30 cm × 30 cm, and 0.5 mL of DMPO was transferred to the so
lution during US to capture radicals. 

4.3. Sample characterization 

The electrical performances of TENG were measured by electrometer 
(Keithley, 6514), and the electrical properties of the DI water droplets 
were measured by the Faraday cup. The UV-Vis absorptions of the 
samples were measured by UV-Vis spectrometer in a range of 
200.0–600.0 nm. The emission spectra of THA-OH were measured on an 
Edinburgh Instruments (FLS 980), using λexcitation= 225.0 nm and 
λemission= 425.0 nm. The Raman spectroscopy analysis was conducted 
on a LabRam HR evolution (HORIBA, SAS France), using a range from 
300 to 2000 cm− 1. Electron paramagnetic resonance (EPR) was recor
ded 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 60.00 ms, and a time constant at 
40.96 ms. The theoretical model is established with COMSOL software 
and the finite element analysis method. The electrochemical measure
ments were carried out with the electrochemical workstation (Multi 
Autolab: M204). The chemical states of solid dielectrics before/after the 
CE-Chemistry were measured by near atmospheric pressure X-ray 
photoelectron spectrometer (NAP-XPS, SPECS, Germany). Morphologies 
of aniline oligomers were observed by the scanning electron microscope 
(SEM SU8020, Hitachi). X-ray diffraction (XRD) patterns of different 
solid dielectrics were acquired through an advance diffractometer 
(Bruker-D8, Germany) with a working voltage of 40 kV. The contact 
angle of the membrane was characterized using a surface tension meter 
(Dataphysics OCA20, Germany). 
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