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versus reduction in such Janus contact-electro-chemistry (CE- - o e
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demonstrates that the redox selectivity in CE-Chemistry is e ot

controlled by the standard electrode potential (SEP) of the 19000 pmol g* bt

reactants, with a clear threshold distinguishing the oxidation and
reduction pathways. Reduction of metal ions (e.g, [AuCl,]”, Pd**,
[PtCL]*" Ag’, Rh*, and Ir’*) was achieved when their SEPs lie
between the 2e” ORR (E° = 0.695 V vs NHE) and the 4¢” ORR (E° = 1.229 V vs NHE). Conversely, SEPs below the 2e” ORR
threshold favored oxidation (e.g., ferrocyanide). For the first time, methanol-to-formaldehyde oxidation was achieved in both
aqueous and nonaqueous CE-Chemistry. Remarkably, the formaldehyde production rate in dimethyl sulfoxide was 25 times higher
than in aqueous systems, which has already surpassed some photocatalytic processes. This study provides a comprehensive
mechanistic framework for CE-Chemistry, highlighting the pivotal role of SEPs in regulating its Janus redox properties and the

Oxidation(non-aqueous)

tunable radical reactivity in nonaqueous environments.

Bl INTRODUCTION

In biological systems, ORR is an essential reaction in the
respiratory chain,”” where oxygen is progressively reduced
through four-electron (4e”) transfer chains to generate H,0
and sustain energy acquisition. In signaling and antioxidant
processes, hydrogen peroxide (H,0,), as a key intermediate, is
produced through a two-electron (2e”) transfer process,”
potentially linking it to the origin of life." Remarkably, H,0,
generation extends beyond intracellular processes, sponta-
neously occurring at multiphase interfaces in nature through
2e” transfer ORR. For example, Zare’s group revealed that
H,0, was produced when water vapor condensed into
microdroplets on a low-temperature substrate, occurring
without the need for metal catalysts or precursor chemicals.’
Similarly, micron-sized droplets generated by atomizing water
could drive H,O, formation due to the intense electric fields at
the water—air interface.”’

In addition, solid—liquid interfaces driven by contact
electrification (CE)-mediated electron transfer have been
shown to facilitate H,O, generation through water oxidation
(WOR) and ORR.® Notably, Andy et al.” achieved a kinetic
rate of 58.87 mmol ¢! h™" for H,0, generation at the CE of
the water—solid interface, significantly surpassing rates
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observed in piezoelectric and photocatalytic systems. This
approach was first introduced as contact-electro-catalysis
(CEC) by Wang et al.'’ in 2022, utilizing electron transfer
induced by CE to trigger subsequent radical generation and
catalytic processes. CEC has attracted significant attention for
its versatility, nonmetal catalysis, and broad range of
applications,'" including the degradation of methyl orange,'*"”
cost-effective H,O, synthesis,”” and the sustainable recovery of
metallic materials from discarded lithium-ion batteries."*
Recently, Wei's group expanded the scope of CEC to
contact-electro-chemistry (CE-Chemistry), enabling diverse
chemical processes such as redox reactions, polymerization,
and fluorescence generation through electron transfer induced
by CE.">'® However, many studies have primarily focused on
partial reactions, where specific reactants undergo either
oxidation or reduction without addressing the fundamental
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Figure 1. Janus characteristics of CE-Chemistry in aqueous systems. Redox reactions involved in organisms (a(i)) and FEP/water interfaces (a(ii)).
(b) HRTEM and SAED diagrams corresponding to different metal ions. (c) Schematic of the reaction mechanism for metal ion reduction by CE-
Chemistry. (d) Evolution of Au concentration in conditions of various radical scavengers. DMSO and tert-butanol were used as scavengers for
electrons and *OH radicals, respectively. (¢) SEPs of various metal ion reductions in the CE-Chemistry system.

principles underlying the Janus nature of CE-Chemistry. This
lack of clarity on when oxidation or reduction occurs within
the same system leaves the mechanistic understanding
incomplete.

This study systematically explored redox reactions driven by
CE in ultrasound-assisted CE-Chemistry systems, highlighting
the pivotal role of the ORR in regulating the Janus nature of
aqueous CE-Chemistry. Analysis of standard electrode
potentials (SEPs) revealed that the reduction potentials of all
aforementioned metal ions fall within the range defined by the
2¢” ORR (E° = 0.695 V vs NHE) and the 4e~ ORR (E° =
1.229 V vs NHE). Notably, reductions such as Cu** (E° = 0.34
V vs NHE) and [Fe(CN)¢]*") (E° = 0.361 V vs NHE) were
undetectable when SEPs fell below 0.695 V, whereas the
oxidation of potassium ferrocyanide (K,[Fe(CN)4]) to
potassium ferricyanide (K;[Fe(CN)]) was observed. These
findings established the critical role of SEPs for the 2e” and
4e” ORR in dictating redox reaction directions in CE-
Chemistry systems. In addition, for the first time, the oxidation
reaction of methanol (CH;0H) to formaldehyde (HCHO)
has been achieved in both aqueous and nonaqueous CE-
Chemistry systems. The amount of HCHO generated in the
dimethyl sulfoxide (DMSO) system is 25 times higher than
those obtained by CEC aqueous systems in existing
literature,'”"® which has already surpassed some photocatalytic
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processes.'”~>® This paper systematically investigates the

relationship between the physical electron transfer capabilities,
determined by the triboelectric series based on the electro-
negativity of the solid dielectric, and the electrochemical SEPs
that govern chemical reactions at the solid—liquid CE
interface. Additionally, this method might also reveal
previously unrecognized pathways in CE-Chemistry, broad-
ening our understanding of Janus characteristics.

B RESULTS AND DISCUSSION

Reduction Reaction of Various Metal lons via CE-
Chemistry. ORR is a fundamental process ubiquitous in living
organisms, playing a crucial role in cellular energy metabolism
and respiration in aerobic systems. For example, in the
mitochondria of eukaryotic cells, the ORR facilitates the
reduction of oxygen to H,O, or H,O while driving ATP
synthesis via electron transfer in the cellular respiration chain
(Figure 1a(i)). Notably, a similar 2™ ORR process facilitating
H,0, production was observed in the CE process, where
oxygen acquires electrons during the solid—liquid CE process
(Figure 1a(ii)), a redox phenomenon potentially linked to the
origins of life.”** The distinctive characteristics of the CE
effect have attracted considerable attention for enabling the
oxidative degradation of organic pollutants without the need
for metal catalysts.lz’13 Meanwhile, under identical conditions,
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the electrons transferred from the dielectric surface at the
solid—liquid interface enable the reduction of specific metal
ions."**> Such a phenomenon revealed the Janus character-
istics (both oxidation and reduction) intrinsic to the CE-
Chemistry system. To systematically quantify these dual
characteristics, various metal ions ([AuCl,]™, Pd**, [PtCl]*,
Ag', Rh*, Ir**, Cu®, and [Fe(CN)4]*") were selected to
investigate their reduction behavior in CE-Chemistry.

As shown in Figure S1, ultrasonication (120 W, 40 kHz) was
employed to induce contact-separation movements between
fluorinated ethylenepropylene (FEP) and H,O, facilitated by
the cavitation bubble effect. Compared with the KAuCl,
solution prior to ultrasonication, the UV—vis absorption peak
at 307 nm significantly diminishes after ultrasonication in the
presence of FEP, whereas no notable change was observed in
the system subjected to ultrasonication alone without FEP
(Figure S2). These results indicate that sonochemistry itself is
insufficient to drive the observed redox reactions. Ultra-
sonication primarily facilitated frequent CE interactions
between water and FEP in CE-Chemistry, enhancing electron
transfer at the solid—liquid interface, a mechanism distinct
from traditional sonochemistry.”® As shown in Figure S3, a
noticeable color change and precipitate formation were
observed at the bottom of the beaker in the KAuCl, solution
following the CE-Chemistry reaction. High-resolution trans-
mission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) were conducted to elucidate the
structural characteristics of the solid precipitates resulting from
the aqueous KAuCl, in the CE-Chemistry system. The d-
spacing of the obtained solid precipitate is 2.375 A, which is in
close agreement with the standard card data for elemental gold
(PDF# 04-0784),” corresponding to the (111) plane (Figure
1b). Moreover, energy-dispersive X-ray (EDX) analysis
confirmed the presence of the gold element in the obtained
particles (Figure S4). These results demonstrated that gold
ions in solution were effectively reduced to solid particles of
AW in the CE-Chemistry system. In addition, the reduction
products of Pd**, [PtCl,]>", Ag*, Rh**, and Ir** were tested and
analyzed by the same characterization methods (Figures 1b
and S4). The results showed that all of these metal ions were
reduced to their metallic phases, including gold (Au),
palladium (Pd), platinum (Pt), silver (Ag), rhodium (Rh),
and iridium (Ir). The d-spacing data of each particle were
obtained by HRTEM analysis, and the specific results are
shown in Table SI.

The schematic description of the possible reaction
mechanism for metal ion reduction by CE-Chemistry is
shown in Figure 1c. First, H,O underwent continuous electron
transfer toward the FEP during the CE process, driven by the
differing electronegativities of the materials. This process
allowed the FEP surface to accumulate a large number of
electrons, which provided favorable conditions for the
reduction of metal ions. Scavengers were commonly employed
to investigate the reaction mechanism of CE-Chemistry, as
they selectively target and neutralize specific radicals or
reactive intermediates.'” In this study, DMSO, acting as an
electron scavenger,25 was found to be the most effective at
inhibiting the reduction of KAuCl,, compared to tert-butanol, a
hydroxyl radical (*OH) scavenger, and the system without any
scavenger (Figure 1d). This finding highlights the critical role
of electron transfer in the reduction of metal ions within CE-
Chemistry. However, it is important to note that the UV—vis
spectra of K;[Fe(CN)4] and CuSO,, showed negligible changes

before and after the CE-Chemistry reaction (Figure SS),
indicating that their reductions were suppressed.

The reduction capability of metal ions is well understood
through the SEP,”” denoted as E°. E® is a fundamental metric
in electrochemistry, which quantifies the tendency of an
element or compound to gain electrons and be reduced. The
higher the value of the SEP, the more readily the element
undergoes reduction, i.e., gains electrons. In this study, metal
ions with higher SEPs (E° > E° (O,, 2H'/H,0,) = 0.695 V vs
NHE), such as Pd*, [PtCL]*", Ag", Rh*, and Ir’*, were
successfully reduced in CE-Chemistry. In contrast, reduction
reactions for Cu®>* (E° (Cu?*/Cu) = 0.34 V vs NHE) and
[Fe(CN)4]*~ (E° ([Fe(CN)4]*7)/([Fe(CN)4]*") = 0.361 V vs
NHE) were undetectable. Therefore, it could be inferred that
the reduction activity of the metal ions in CE-Chemistry might
be linked to their positions in the SEP series and the electron
transfer efficiency of the CE. Figure le presents the SEPs of
various metal ions in the CE-Chemistry system. The reduction
reactions of these metal ions occur between the 2~ ORR (E°
(0, 2H'/H,0,) = 0.695 V vs NHE) and the 4e~ ORR (E°
(0,, 2H"/H,0) = 1229 V vs NHE). Metal ions with SEPs
below 0.695 V exhibited minimal propensity for reduction
reactions. Besides, the oxidation of [Fe(CN),]*” to [Fe-
(CN)4]*~ was observed. As depicted in Figure S6, the UV—vis
absorption intensity for [Fe(CN)s]*", i.e., the oxidized
K4[Fe(CN)g] increased with prolonged ultrasonication, and
the solution color transitioned from transparent to green after
3 h of ultrasonication. This phenomenon was attributed to the
generation of radicals, such as *OH and superoxide radicals
(*0,7), in the solution when H,O molecules lose electrons to
FEP during the CE process, thereby oxidizing K,[Fe(CN),] to
Ks[Fe(CN)s]-ls

Influence of Oxygen on the Reduction Reactions in
CE-Chemistry. The ORR involves the reduction of oxygen by
accepting electrons in the reaction system. The impact of
oxygen on the reduction of metal ions in CE-Chemistry was
investigated under aerobic (ambient air environment) and
anaerobic conditions (purging Ar). As shown in Figure S7,
under the same ultrasonic treatment time in the presence of
FEP, the UV—vis absorption peak intensity of [AuCl,]”
solution in aerobic conditions was significantly higher than
that in anaerobic conditions. The absorption peak of the
[AuCl,]” solution nearly vanished after 9 h of ultrasonication
under anaerobic conditions, indicating the complete reduction
of [AuCl,]™. In contrast, [AuCl,]™ failed to achieve complete
reduction after 12 h of ultrasonic treatment under aerobic
conditions due to the presence of the ORR reaction. To
further investigate this competition, we conducted controlled
experiments by varying the oxygen partial pressure through
purging with different O,/Ar volume ratios. As shown in
Figure S8, increasing the partial pressure of O, leads to a
systematic decrease in the yield of reduced Au from [AuCl,]",
confirming that O, intercepts a significant portion of interfacial
electrons that would otherwise reduce [AuCl,]”. Although
precise determination of reaction rate constants in CE-driven
systems is hindered by the complex, dynamic, and heteroge-
neous nature of the solid—liquid interface, our semiquantitative
analysis reveals that the reduction rate of [AuCl,]” decreases
by approximately 74% under O,-saturated conditions com-
pared to an Ar-saturated environment.

Moreover, this difference in the reduction of [AuCl,]” via
CE-Chemistry can be further demonstrated by the cyclic
voltammetry (CV) measurement. Using glassy carbon as the
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working electrode, a platinum plate as the counter electrode,
and Ag/AgCl as the reference electrode, the CV curves of the
KAuCl, solution were recorded under aerobic and anaerobic
conditions. As shown in Figure S9, the results revealed that the
reduction peak area under anaerobic conditions was
significantly larger than that under aerobic conditions. This
indicated that a greater amount of [AuCl,]~ was reduced in the
anaerobic environment. To investigate the reduction kinetics
of KAuCl, under anaerobic and aerobic conditions, we
systematically tested the concentration of KAuCl, at different
reaction time points. As shown in Figure S10, this reaction
follows a first-order kinetic model, with reaction rate constants
of 0.7457 h™! and 0.0428 h™! under anaerobic and aerobic
conditions, respectively. In addition, chronoamperometry
measurements were used to effectively evaluate the diffusion
coefficient of the reaction. Figure S11 presents the linear
relationship of the measured current I versus t/2. The
diffusion coefficient (D) was determined from the slope of the
plots of I versus t™*/? to be 5.06 X 107 cm* s™".

In anaerobic conditions, the reduction efficiency of various
metal ions, including [AuCl,]~, Pd*", [PtCL]*", Ag’, Rh*, and
Ir’*, is enhanced (Figures 2a and S12). These results further
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Figure 2. Influence of oxygen in CE-Chemistry. (a) The reduction
amount of [AuCl,]”, Pd**, and [PtCl,]*” in CE-Chemistry under
aerobic and anaerobic conditions. (b) DFT simulations of electron
transfer energy barriers in different metal ions. (c) Measured EPR
spectra during the reduction of TEMPO to TEMPOH by ultra-
sonication of a TEMPO solution in different conditions.

indicate that under aerobic conditions, the presence of oxygen
competes with metal ions for the available electrons on the
surface of FEP generated by the CE process. This competition
enhances the generation of H,0,, thereby diminishing the
reduction efficiency. We conducted qualitative and quantitative
tests on the generation of H,0, in the metal ion reduction
system. First, we used commercially available high-sensitivity

H,O0, test strips for qualitative detection. As shown in Figure
S13, when the KAuCl, solution after the CE-Chemistry
reaction is dropped onto H,O, test paper, the test paper
turned blue, indicating the presence of H,O, in the reaction
system. We further quantitatively tested the concentration of
H,0, by the potassium titanium oxalate method. Specifically,
H,0, reacted with potassium titanium oxalate in a
coordination reaction (Figure S14), forming a stable yellow
complex with a characteristic UV—vis absorption peak around
400 nm, which is linearly related to the concentration of H,O,.
Figure S15 shows the UV—vis spectra of H,O, in the system
before and after the CE-Chemistry reaction. Through the
standard curve of potassium titanium oxalate (Figure S16), the
concentration of H,0O, in the system was calculated to be 1.224
mM. This result indicates that the electron transfer at the
solid—liquid interface in the CE-Chemistry system can
simultaneously trigger the occurrence of oxidation and
reduction reactions. This finding underscores the pivotal role
of oxygen in modulating the electron transfer processes in CE-
Chemistry systems, thereby influencing the Janus character-
istics of the CE-Chemistry reactions.

Notably, the reduction of metal ions was inhibited to varying
extents under aerobic conditions (air or O, purging) compared
to anaerobic conditions (Ar purging), following the observed
trend: [PtCl,]>~ > Pd** > [AuCl,]~ (Figure 2a). Specifically,
the reduction of [PtCl,]*~ showed a pronounced disparity
under aerobic conditions (~5% reduction) and under
anaerobic conditions (~100% reduction). In addition, under
anaerobic conditions, a substantial black precipitate formed in
the [PtCl,]*” solution after the CE-Chemistry reaction (Figure
S17). HRTEM and EDX further confirmed that the obtained
black precipitate was metallic Pt, demonstrating that the
reduction reaction was successfully achieved by CE-Chemistry
(Figure 1b). The apparent differences in the reduction of
various metal ions under aerobic and anaerobic conditions
might primarily stem from variations in the electron transfer
energy barriers between the charged FEP surface and different
metal ions. Density functional theory (DFT) simulations were
employed to determine the electron transfer energy barriers
(AE) between the lowest unoccupied molecular orbital
(LUMO) of FEP and the highest occupied molecular orbital
(HOMO) of metal ions for FEP-various metal ions ([AuCl,]",
Pd**, [PtCL]*") and FEP-O,. Detailed computational
parameters were provided in Simulation Methods. As
illustrated by the simulated results in Figure 2b, the energy
barriers between FEP and the metal ions followed the trend:
FEP-[AuCl,]™ (0.069 au) < FEP-Pd*" (0.098 au) < FEP-O,
(0.159 au) < FEP-[PtCl,]*>~ (0.186 au). This result indicated
that [AuCl,]” exhibited the lowest energy barrier for electron
transfer from FEP under identical experimental conditions,
thereby facilitating its preferential reduction to metallic Au.
Under aerobic conditions, the preferential electron transfer
from FEP to O,, characterized by a lower energy barrier than
that for FEP to [PtCl,]*”, competitively inhibits the reduction
of [PtCl,]*>". This competitive electron transfer mechanism
suppresses platinum deposition, leading to a reduced platinum
yield in oxygen-rich environments.

To further elucidate the mechanism, the pH variations of the
aqueous solution were monitored following ultrasonication in
the absence and presence of FEP. As depicted in Figure S18,
deionized (DI) water was neutral with a pH of around 7, while
the pH of DI water containing FEP significantly decreased
under the same ultrasonication conditions. The protons (H*)
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would be generated when H,O loses electron to FEP during
the CE process. In the metal salt solution with FEP, the pH
value decreased by approximately 6.79% to 42.7% with
ultrasonication under aerobic conditions, while a more
pronounced reduction of 23.21% to 52% was observed under
anaerobic conditions (Figure S19). Based on the experimental
results, the reduction capacity of metal ions and the production
of H" under aerobic conditions were significantly lower
compared to those under anaerobic conditions. This is most
likely due to the occurrence of the ORR, where oxygen could
react with electrons and H' to generate H,0, or H,O,
supporting the hypothesis that the ORR played a key role in
the CE-Chemistry process. To further investigate this
hypothesis, electron paramagnetic resonance (EPR) spectros-
copy was also conducted to measure and compare the electron
transfer under aerobic and anaerobic conditions. 2,2,6,6-
Tetramethylpiperidine 1-oxyl (TEMPO), a paramagnetic
electron scavenger, was used as a spin probe to capture the
electrons during the EPR analysis. Upon reduction to
TEMPOH, TEMPO lost its paramagnetic properties, resulting
in a decrease in the EPR signal. It was found from Figure 2¢
that the EPR signal of TEMPO during ultrasonication in the
presence of FEP significantly decreased compared to that in
the absence of FEP, indicating that the role of FEP was to
enhance the electron transfer in CE. Besides, the reduction rate
of TEMPO to TEMPOH was further promoted in CE-
Chemistry with Ar gas, indicating that more electrons existed
under anaerobic conditions. These findings unequivocally
demonstrate that oxygen actively competes for electrons in the
reduction reaction of CE-Chemistry under aerobic conditions.

Consequently, the design and regulation of CE-Chemistry
systems must rigorously account for the influence of the ORR
under ambient atmospheric conditions. Specifically, the SEPs
of the 2™ ORR (E° = 0.695 V vs NHE) and the 4e~ ORR (E°
= 1.229 V vs NHE) provide critical benchmarks for
modulating the CE-Chemistry reaction. Within the potential
range defined by the 2~ ORR (E° = 0.695 V vs NHE) and the
4e” ORR (E° = 1.229 V vs NHE), the reduction of metals in
CE-Chemistry was distinctly observed. In contrast, reductions
in K;[Fe(CN)¢] and CuSO, were scarcely detectable below
this range. Oxidation in CE-Chemistry appeared more readily
achievable when the SEP of the reactant was below E’= 0.695
V vs NHE, as illustrated by the oxidation of K,[Fe(CN),] to
K;[Fe(CN),]. This phenomenon may be attributed to the
oxidative action of H,0,, generated via the 2~ ORR, which
enhanced oxidation within the reaction system. Furthermore,
*OH radicals, produced through electron loss from water
molecules, likely contributed to the oxidation processes in CE-
Chemistry.

Furthermore, the CE characteristics can be effectively
modulated by adjusting the mechanical input, specifically the
duration and power of ultrasonication, which determine the
frequency and intensity of contact-separation events at the
solid—liquid interface, thereby impacting the overall reaction
outcome. As shown in Figure S20, increasing either the
ultrasonic duration or the power results in a greater extent of
[AuCl,]™ reduction, demonstrating a clear correlation between
mechanical energy input and the efficiency of CE-driven redox
reactions. Interestingly, the reduction rate decreased with
increasing temperature, indicating a nonclassical mechanism
despite exhibiting Arrhenius-type temperature dependence.
This anomalous trend stems from the interfacial nature of CE-
Chemistry: elevated temperatures enhance ionic mobility,

leading to stronger electrical double layer (EDL) screening
that suppresses interfacial electron transfer. Fitting the first-
order kinetics to an Arrhenius plot yielded an apparent
activation energy of —18.57 kJ mol™ ! (Figure S21, inset).

CH;OH Oxidation to HCHO through CE-Chemistry.
Building upon these redox reactions, this approach may unveil
novel pathways in CE-Chemistry, thereby broadening our
understanding of the dualistic Janus behavior. By judiciously
selecting dielectric materials and solvents, the intrinsic
properties of CE can be tailored, facilitating control over
reaction selectivity and efliciency, as exemplified by the
conversion of CH;OH to HCHO. The catalytic oxidation of
CH;O0H to produce HCHO is a critical chemical process with
significant industrial applications.””” HCHO is a high-value
chemical widely utilized in the production of resins, synthetic
fibers, and adhesives.’” Moreover, it plays a pivotal role as an
intermediate in the conversion of carbon dioxide into starch,*’
with its yield directly influencing the efliciency of subsequent
reactions. Traditional thermal catalytic methods for producing
HCHO typically require high temperatures and pressures,
which result in significant energy consumption and potential
catalyst deactivation due to sintering or coking.”* In contrast,
electrocatalytic production of HCHO operates under milder
conditions, offering reduced energy consumption and
enhanced environmental sustainability.” However, this proc-
ess is contingent upon an external power supply, and attaining
high current densities remains a significant challenge,
frequently resulting in constrained reaction efficiency and
selectivity. In this study, CE-Chemistry was employed for the
first time to directly catalyze the oxidation of CH;OH to
produce HCHO, achieving conversion without noble metal
catalysts, thus significantly reducing energy consumption and
costs.

The oxidation of CH;OH was carried out in a beaker in an
ambient environment. In this experiment, 20 mg of FEP was
added to 50 mL of DI water and CH;OH mixture, and the
beaker was placed in an ultrasonic bath (40 kHz, 120 W) for
sonication. The amount of HCHO was assessed under varying
volume ratios of CH;OH to H,0. The acetylacetone
colorimetric method was utilized to %uantify the amount of
HCHO produced by CE-Chemistry.”* Specifically, HCHO
reacted with acetylacetone and ammonia in a coordination
reaction,”” forming a stable yellow complex with a character-
istic UV—vis absorption peak at 413 nm, the intensity of which
exhibited a linear relationship with the HCHO amount. The
detection mechanism of the acetylacetone colorimetric
method, along with the corresponding calibration curve for
the quantification of HCHO, is illustrated in Figures S22 and
§23. As shown in Figure S24, the production rate of HCHO
increased proportionally with the volume ratio of CH;OH to
H,O in the presence of FEP, underscoring the pivotal role of
water in contact with FEP in facilitating CE-Chemistry. The
production rate of HCHO reached up to 2480 ymol ¢ ' h™" at
a volume ratio of CH;OH to H,O of 1:50. To further
investigate the CE effect between water and FEP during
CH;OH oxidation, EPR spectroscopy was employed to detect
the key intermediates involved in the CE-Chemistry process.
As shown in Figure S25, quadruplet DMPO-*OH characteristic
peaks were observed in the aqueous system, suggesting the
generation of *OH during CE between water and FEP. The
highly oxidative *OH can oxidize CH;OH to HCHO. This
reaction mechanism has been reported in the relevant
literature.>®>” Therefore, the oxidation mechanism of
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Figure 3. CH;OH oxidation to HCHO through CE-Chemistry. (a) Schematic diagram of the oxidation of CH;OH to HCHO via CE-Chemistry in
DMSO. (b) Yield of HCHO at different volume ratios of CH;OH and DMSO. (c) The production rate of HCHO at varying FEP mass. (d) Chart
comparing the kinetic rate of recently reported CEC for the production rate of HCHO to the present work.'”'® (e) Evolution of HCHO vyield in
the presence of p-benzoquinone radical scavengers. (f) Detection by EPR of DMPO-"0,~ under nonaqueous solution condition.

CH;OH via CE-Chemistry in the aqueous system might follow
these pathways: water molecules lose electrons to FEP during
the CE process, forming water radical cations (eq 1). These
cations are converted into hydrated cations and *OH (eq 2).
CH,OH reacted with *OH to form HOCH,OH (egs 3 and 4).
Subsequently, HOCH,OH underwent dehydration to produce
HCHO (eq 5).

H,0 - ¢~ + H,0*" (1)
H,0"" + H,0 - H,0" + *OH (2)
CH,0OH + *OH — *CH,OH + H,0 3)
*CH,OH + "OH — HOCH,OH (4)
HOCH,OH — HCHO + H,0 (s)

It should be noted that the H* generated during CE in the
aqueous system was likely adsorbed onto the negatively
charged FEP surface, leading to the formation of an EDL***’
(Figure $26). This phenomenon inhibits subsequent interfacial
electron transfer and hinders the dynamics of CE-Chemistry
reactions.”’ The nonaqueous solvent DMSO has been reported
to effectively mitigate the EDL screening effect’’ and has been
widely utilized as an organic medium for electrosynthesis."”
Therefore, it may enhance the reaction efficiency of HCHO in
the CE-Chemistry system. Furthermore, the propensity of
DMSO to generate methyl radicals (*CH;)*' upon contact
with FEP likely played a role in enhancing HCHO production
(Figure 3a). The inherent ability of DMSO to produce *CH,
radicals under these conditions further contributed substan-
tially to the overall yield of HCHO. This highlighted the
flexibility and controllability of CE-Chemistry through the
regulation of radical types by selecting the appropriate solvents.
Moreover, the generation of *O,” in the nonaqueous system,
where O, accepts electrons from the negatively charged FEP,
further facilitated the oxidation of CH;OH to HCHO. A
stepwise mechanism of oxidation in two different solvent
systems is depicted in Figure S27 to clarify the proposed
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reaction pathways. The pivotal role of FEP in enhancing CE-
driven chemical reactivity is demonstrated in Figure S28,
where only a minor amount of HCHO is generated under
ultrasonic treatment without FEP, in stark contrast to the
significantly higher yield observed when FEP is present under
identical conditions. This underscores FEP’s critical role in
facilitating interfacial electron transfer during the CE process,
thereby improving reaction efficiency and enabling high
HCHO yield. Furthermore, the dependence of HCHO
generation on ultrasonication time (Figure S29) suggests that
sonication serves as an effective means to modulate the
frequency and intensity of solid—liquid contact events, thereby
tuning the extent of CE-induced chemical reactions.

In addition, the production rate of HCHO in mixed
solutions with different volume ratios of CH;OH: DMSO
values was compared after ultrasonication in the presence of
FEP (Figure 3b). The optimal ratio of 1:30 likely reflects a
balance between maintaining sufficient methanol as the
reactive substrate for HCHO production and leveraging
DMSO’s ability to suppress EDL formation and enhance
interfacial electron transfer. In contrast, higher methanol
content (ratios >1:30) lowers the dielectric constant of the
mixture (methanol: € = 33.3; DMSO: € = 47.2) and promotes
EDL formation due to methanol’s protic nature,*~** thereby
reducing CE-driven reaction efficiency. Comparison of solvent
effects on HCHO generation under CE-driven reactions
(Figure S30) shows that among solvents tested at a
CH;OH:solvent ratio of 1:30, DMSO yields the highest
HCHO production, as indicated by the strongest absorbance
at 413 nm. Water’s lower performance is attributed to proton-
induced EDL formation on the negatively charged FEP surface,
which hinders interfacial electron transfer. Similarly, ethanol, a
protic solvent with a low dielectric constant (¢ = 25.3),
promotes EDL formation and restricts electron transfer,
resulting in negligible HCHO generation. Acetone, although
aprotic, has an even lower dielectric constant (¢ = 20.7)
compared to that of DMSO, leading to less efficient CE-
induced oxidation. A higher dielectric constant often correlates

https://doi.org/10.1021/jacs.5c05124
J. Am. Chem. Soc. 2025, 147, 2540725416


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05124/suppl_file/ja5c05124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05124/suppl_file/ja5c05124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05124/suppl_file/ja5c05124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05124/suppl_file/ja5c05124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05124/suppl_file/ja5c05124_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05124?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05124?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05124?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05124?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c05124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

?J/ "“«:
V

Before

20 pm

b [ " ]
c After g | \l i |
= | 3
s | A A B | E A J\ftér o /}II After
& — - % il P S L il
: : 1
g Before = £ | Before
B - _ Before |~ L_ ==t
300 600 900 1200 1500 2000 1600 1200 800 400  1g 20 30 40 50
e Raman shift (cm™) Wavenumber (cm-1) 20 (degree)
C1s 'ﬁ. Before Fis Before Before-Au@FEP
1
AV I~
/l 1Y
] o tha
| ~F, I =
e A | { | £ i =
IS S - S 5;——-2" - g
5 N | After £ — %
£ A T oo = id After £\ After-Au@FEP
) [ 1 ~
S oM i ' G Ny 5
= , \ : b K f \ £ _
= i ! ; 12 ; - AL
£ A f—) J '
e |I i : : . \ .
[ __\—-I'“h— i i __—_‘_/;-:_—-_ I
296 292 288 284 696 692 88 684 80 85 80 95 100

Binding Energy (E)

Binding Energy (E)

Binding Energy (eV)

Figure 4. Characterization of FEP before and after CE-Chemistry. (a) Morphological characterization and EDX analysis of FEP before and after
reaction. Raman spectra, FTIR spectra, and XRD spectra of the FEP before and after the CE-Chemistry reaction (b—d). (e) C 1s, F 1s, and Au 4f

XPS spectra of FEP before and after the CE-Chemistry reaction.

with greater effective electronegativity, enhancing charge
stabilization and interfacial electron transfer. DMSQ’s superior
performance might arise from its relatively high dielectric
constant (¢ = 47.2) and aprotic nature, which minimize EDL
screening and stabilize charge-separated states. This promotes
the generation of *CHj radicals that drive HCHO formation,
making it the most effective solvent for promoting CE-induced
oxidation to HCHO.

In addition, the production rate of HCHO generated in the
mixing solution with a volume ratio of CH;OH: DMSO = 1:30
under varying masses of FEP was compared. As shown in
Figure 3c, increasing the mass of FEP to 30 mg resulted in a
reduction in the HCHO yield. This reduction likely stems
from excessive FEP limiting effective reaction sites, resulting in
insufficient contact and separation, ultimately reducing the
HCHO yield."® The highest production rate of HCHO (19000
umol g™' h™') was achieved in the mixing solution with a
volume ratio of CH;OH: DMSO = 1:30 in the presence of 20
mg of FEP. To the best of our knowledge, this was the first
demonstration of achieving a high production rate of HCHO
through the CE-Chemistry process. As shown in Figure 3d, the
HCHO production rate achieved by the CE-Chemistry
method is not only comparable to many photocatalysis
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methods under similar conditions but also approximately 25
times higher than the rate reported for previous CEC methods
(Table S2). It holds promise as a sustainable, metal catalyst-
free, cost-effective, and energy-efficient alternative to conven-
tional methods.

To further reveal the formation mechanism of HCHO, p-
benzoquinone was introduced as a scavenger for *O,” into the
CE-Chemistry system, reaching a final concentration of 1 mM.
Compared with the control experiments, the production rate of
HCHO was reduced by the introduction of p-benzoquinone
(Figure 3e). This result demonstrated that *O,” played an
important role in the formation of HCHO. To verify the
hypothesized production of *O,~, EPR was used to detect the
spin trap adducts during the CE-Chemistry process. In Figure
3f, the sextuplet characteristic peak signal produced by the
adducts formed from the reaction between S,5-dimethyl-1-
pyrroline N-oxide (DMPO) and *O,” was detected in pure
DMSO solution, namely DMPO-O,”, after 30 min of
ultrasonication in the presence of FEP. Based on the
experimental results, the generation of HCHO might be
attributed to the oxidation of CH;OH via *O,”, following
reaction pathway I: Oxygen acquired electrons from the FEP
surface to form *O,” during the CE process (eq 6). This *O,~
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then deprotonated *OH in CH;OH (eq 7), undergoing a two-
step reaction to form HCHO (egs 8 and 9).
Pathway I: Oxidation of CH;OH

0, +e - °0,” (6)
CH,OH + °0,” - CH,0 + HO, (7)
CH,O” + HO,* - *CH,0 + H,0, (8)
*CH,0 + O, — HCHO + *0,” )

Additionally, upon contact with FEP, DMSO generated an
ion peak at m/z 161.0969 ([DMPO—OOCH, + HJ),
corresponding to the formation of DMPO-captured
*CH;00, which was directly observed by high-performance
liquid chromatography—mass spectrometry (HPLC-MS)
(Figure S31). As DMSO was reported to generate *CH,"Y, it
is plausible that HCHO formation might also proceed through
reaction pathway II (Figure 3a). During the CE process,
DMSO underwent electron transfer to generate *CH, (eq 10).
These °CHj; radicals reacted with oxygen to form the
intermediate *CH;00 (eq 11), which subsequently underwent
transformation reactions, ultimately yielding HCHO (eq 12).
The possible reaction process of HCHO production in the CE-
Chemistry process was as follows:

Pathway II: Conversion of DMSO

C,H,SO — 2°CH, + SO (10)
*CH, + 0, — "CH,00 (11)
2°CH,00 — HCHO + CH,0OH + O, (12)

The oxidation of CH;OH in this study demonstrated that
the flexible selection of solvents not only regulated the types of
radical generation but also provided a significant advantage in
enhancing external-power-free chemical synthesis.

Stability of FEP in CE-Chemistry. Effects of ultrasonic
treatment on the physical and chemical properties of the FEP
nanoparticle surface in aqueous and nonaqueous systems were
also investigated. The morphological characterization and
elemental mapping of FEP before and after CE-Chemistry in
the aqueous system are illustrated in Figure 4a. Surface
observations and scanning electron microscopy (SEM)
revealed no apparent changes in coloration and morphology.
Elemental mapping analysis using EDX confirmed that the
composition of FEP remained unchanged before and after the
reaction. Figures S32 and S33 illustrate that both SEM and
EDX analyses of FEP remained unchanged after the CE-
Chemistry process in the nonaqueous system. Nanoparticle
size analysis further demonstrated that the FEP exhibited a
negligible decrease in diameter after the reaction in both
aqueous and nonaqueous systems, with no decomposition
observed (Figure S34). Additionally, spectroscopic analysis
techniques were employed to provide more comprehensive
insights into the FEP in the aqueous system. The skeletal
vibration modes of FEP before and after the reaction were
consistent in Raman spectroscopy (Figure 4b). Furthermore,
in Fourier transform infrared spectroscopy (FTIR), the
fingerprint region below 1500 cm™' remained stable after the
reaction (Figure 4c). X-ray diffraction spectroscopy (XRD)
results also indicated no shift in diffraction peak positions
before and after the reaction (Figure 4d). Similarly, the Raman
spectroscopy, FTIR, and XRD spectroscopy of FEP did not

change after the CE-Chemistry process in the nonaqueous
system (Figure S35). The chemical state stability of FEP was
further evaluated using X-ray photoelectron spectroscopy
(XPS) in the aqueous system. The C 1s and F 1s spectra of
FEP are shown in Figure 4e. Neither shift in the binding
energies of the original peaks nor the formation of new peaks
was observed after the reaction. Meanwhile, analysis of the Au
4f spectra at the surface of FEP revealed no bonding between
the FEP and gold atoms. These results confirmed that the
chemically inert FEP served as catalysts for the reduction of
metal jons during the reaction. The chemical state of FEP
before and after CE-Chemistry was also analyzed by XPS in the
nonaqueous system. The C 1s and F 1s spectra are shown in
Figure S36. No shifts in the original peaks were observed, and
no new peaks formed on the surface of the FEP. Furthermore,
we assessed the total organic carbon (TOC) content of the
aqueous system before and after the CE-Chemistry reaction to
investigate possible degradation or side reactions. As shown in
Figure S37, the negligible change in TOC levels confirms the
chemical stability of FEP under the experimental conditions.
This stability likely arises because, in CE-Chemistry, the
generation of radicals and electron transfer are driven by the
triboelectric field at the solid—liquid interface induced by CE,
with the dielectric material itself not directly participating in
chemical reactions. The above results showed that FEP
maintained high chemical inertness and stability before and
after the CE-Chemistry reaction in both aqueous and
nonaqueous systems.

B CONCLUSION

In this study, the redox reaction tendencies in ultrasound-
assisted Janus CE-Chemistry are systematically unified for the
first time by SEPs, highlighting the pivotal role of the 2e™ ORR
in the CE-Chemistry process. The reductions of [AuClL]",
Pd*, [PtCl,]*", Ag", Rh*", and Ir*" were successfully driven by
electron transfer from the dielectric surface at the CE interface
between water and FEP, as further validated by DFT
simulations. Comparison of the SEPs of various metal ions
revealed that reduction reactions predominantly occur when
the SEPs exceed 0.695 V, with a marked decrease in reduction
tendency when the SEPs are below this threshold. Notably, the
amount of metal ion reduction under anaerobic conditions was
significantly higher than that under aerobic conditions.
Unveiling Janus chemical processes in CE-Chemistry through
ORR paves the way for expanding its application across diverse
catalytic and reaction systems. Furthermore, this study
achieved the oxidation of CH;OH to HCHO in both aqueous
and nonaqueous systems via CE-Chemistry for the first time.
The exploration of nonaqueous solvents demonstrated their
efficiency in mitigating the EDL effect and regulating radical
types, thereby enhancing reaction efficiency. Remarkably,
under DMSO solvent conditions, the production rate of
HCHO achieved through the synergistic interaction between
DMSO and CH;OH is approximately 25 times greater than
that reported in previous CEC aqueous systems. These
findings highlighted the critical role of solvent selection in
optimizing reaction efficiency and established CE-Chemistry as
a transformative paradigm for chemical reactions. This work
provided profound theoretical insights into triboelectric-
charge-regulated chemical processes. Ultimately, integrating
CE-Chemistry with traditional electrochemistry might further
revolutionize catalysis, providing a versatile, eco-friendly, and
cost-effective solution for diverse industrial applications.
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