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Jiawei Zhao, Xiaotong Zhang, Jiajia Xu, Wei Tang,* Zhong Lin Wang,* and Feng Ru Fan*

Abstract: Hydrogen peroxide (H,0,) is an indispensable
basic reagent in various industries, such as textile bleach,
chemical synthesis, and environmental protection. How-
ever, it is challenging to prepare H,O, in a green, safe,
simple and efficient way under ambient conditions.
Here, we found that H,0O, could be synthesized using a
catalytic pathway only by contact charging a two-phase
interface at room temperature and normal pressure.
Particularly, under the action of mechanical force,
electron transfer occurs during physical contact between
polytetrafluoroethylene particles and deionized water/
O, interfaces, inducing the generation of reactive free
radicals (*OH and *O,” ), and the free radicals could
react to form H,0,, yielding as high as 313 ymolL'h™".
In addition, the new reaction device could show long-
term stable H,O, production. This work provides a
novel method for the efficient preparation of H,O,,
which may also stimulate further explorations on

contact-electrification-induced chemistry process. )

Introduction

Hydrogen peroxide (H,0,) is a valuable chemical with
great importance in clinical,l' daily disinfection,? organic
synthesis,”! printing industry! and other fields. Recently,
H,0, also emerges in energy storage as an oxidant and
fuel for new fuel cells,”) avoiding some of the fuel
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penetration problems. For example, compared with tradi-
tional hydrogen fuel cells, it has lower energy price!® (H,:
200 $kW!, H,0,: 1.84 §kW™). However, H,0, is pro-
duced industrially with the well-established anthraqui-
none oxidation process,m which is not an ideal and
environmentally friendly method, involving expensive
palladium hydrogenation catalysts and generating sub-
stantial organic waste from inefficient anthraquinone
oxidation. In addition, the logistic issues, including the
transportation and storage of unstable and hazardous bulk
H,0, solutions, should also be considered. Furthermore,
the method of directly generating H,O, from H, and O,
requires precious metals and high-pressure environment,
meanwhile, possesses the danger of explosion of H, as
well,® which is not conducive to expanding the scale of
production. Hence, an innovative production process of
H,0, is desired with green, safety and low-cost under mild
reaction conditions.

Using water and oxygen as raw materials to generate
H,0, could be an ideal pathway to solve some of these issues.
Generally, H,O, production with water and oxygen is an
uphill reaction and difficult to perform under ambient
conditions, according to the standard Gibbs free energy
change” (AG") (2H,040,—2H,0,, AG"=117 kJmol ™).
Hence, introducing catalysts into the reactions, for example,
photocatalysis"” and electrocatalysis,""! could alleviate the
problems of slow thermodynamics and kinetics uphill in the
reaction process, which are mainly associated with improving
the separation/transportation efficiency of electron-hole pairs
by tuning the morphology and constructing heterojunction
structure. A main challenge to achieve high efficiency for
photo/electrocatalytic H,O, production is to enhance the
selectivity of the catalytic reaction, that is, to promote the 2e-
oxygen reduction reaction (ORR) or the 2e- water oxidation
reaction (WOR) while avoiding the 4e- competing
reactions.""™'?l Recently, Zare etal.™ proposed a micro-
droplet method to prepare H,O,. They hypothesized that an
extremely high electric field formed at the gas-liquid interface
of the microdroplet,™ splitting the hydroxide anion (OH")
and generating hydroxyl radical (*OH) and free electrons.
Subsequently, they also found that surface hydroxyl radicals
could also be generated during interfacial contact between
water and solid, which could recombine and generate
H,0,." The generation of these hydroxyl radicals may be
related to interfacial electron transfer caused by contact
electrification at a solid-liquid interface. However, these
investigations were carried out at the macroscopic level, and
the production yield of H,O, was relatively low.
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Our previous study elucidated the mechanism and
potential of applying the triboelectric effect to chemical
reactions."” Recent study showed that the contact-separation
cycle between high polymer Fluorinated ethylene propylene
(FEP) particles and water under ultrasonication could trigger
interfacial electron transfer and induce the generation of
reactive oxygen species, realizing efficient degradation of
dyes.[17J Therefore, based on contact-electro-catalysis, direct
conversion of oxygen and water into H,O, could occur using
triboelectrification at the liquid-solid interface under ambient
conditions.

In this article, we proposed a facile approach for the
direct production of H,O,, relying on contact-electro-catalysis
between Polytetrafluoroethylene (PTFE) particles and deion-
ized (DI) water without any other traditional catalysts such as
noble metals,"® high-entropy alloys!" and transition metal
oxides."™ Under ultrasound treatment, electron exchange
could occur between PTFE particles and water with repeated
contact and separation cycles at the interface. Electrons could
flow from the water to the PTFE surface, resulting in a
charged interface that could efficiently catalyze chemical
reactions, which usually cannot occur at normal temperature
and pressure. We used electron paramagnetic resonance
(EPR) to capture intermediate products-free radicals (*OH
and *O,"). Subsequently, we proved that O, was involved in
the reaction using a '®0, isotope experiment and mass
spectrometry (MS). We proposed a contact-electro-catalysis
mechanism to generate H,O,, where the contact at PTFE-
Water and PTFE-O, interfaces triggers electron transfer.
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That could generate free radicals, and the recombination of
free radicals produces H,O, (Figure la). In addition, the
effect of the local high-pressure environment induced by
ultrasonication on the reaction was explored by the theoret-
ical simulation method. The results indicated that the high-
pressure environment could reduce the energy barrier during
the electron transfer process at the two-phase interface, which
was more conducive to electron transfer. Next, we confirmed
by Raman spectroscopy, scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS) that the
surface structure and chemical composition of the PTFE
particles did not change during ultrasonication. This phys-
icochemical stability could be beneficial for the large-scale
production of H,O,. Thus, we proposed a simple and
economical production system based on the principle of
contact-electro-catalysis, which achieves long-term stable
performance and holds great promise to be applied to more
systems, creating a new field of catalysis.

Results and Discussion

The experimental design and reaction pathway for the
preparation of H,O, are detailed in Figure 1a. 20 mg of PTFE
particles were added into 30 mL of DI water, and the beaker
was placed in an ultrasonic bath (40 kHz, 200 W) for
sonication. We supposed that a simple system composed of
PTFE particles, water and air could produce a large amount
of H,O, under normal temperature and pressure. The
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Figure 1. a) Schematic representation of the experimental setup and overall reaction. b) Absorbance variation at different ultrasonic times (using
potassium titanium oxalate method). c) Comparison of H,0, yields under PTFE particles and PE particles at different ultrasonic times.
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reaction path was based on the fact that PTFE particles could
act as electron transfer centers. Simultaneously, water and
oxygen could perform oxidation and reduction reactions on
the surface of PTFE to realize contact-electro-catalysis and
generate H,0O,. First, we used commercially available H,O,
test papers for qualitative testing. The result is shown in
Figure 1a, where the test paper turned blue,™ indicating the
presence of H,O,. Then, we used the method based on the
potassium titanium  oxalate!?!  and  potassium
permanganate® to quantify the concentration of H,O,.
Herein, H,0, could undergo a coordination reaction with
Ti'* in potassium titanium oxalate to form a stable yellow
complex, which has a characteristic absorbance peak at
385 nm, linearly related to the concentration of H,0O,. In
addition, H,0, and potassium permanganate undergo a redox
reaction in an acidic environment, and the original purple
color of the potassium permanganate solution is reduced to
colorless. The absorbance of the characteristic absorption
peak (525nm) decreases as the concentration of H,O,
increases (Figure Sla-b). The concentration of H,O, after
40 min of ultrasonication was calculated by the standard
curve of the potassium permanganate and potassium titanium
oxalate method (Figure S2a-b), which were 170.0 pmol L™
and 195.8 umol L™}, respectively.

The concentrations of H,O, under different ultrasonica-
tion times (10, 20, 30, 40 and 60 min) were tested by UV-Vis
spectroscopy. Focusing on the method based on potassium
titanium oxalate, it was found that the standard absorption
peak intensity increased continuously with the ultrasonication
time (Figure 1b), indicating that the concentration of H,O,
has a linear relationship with the increase in reaction time.
Furthermore, we performed a series of control experiments
under different conditions. In the absence of PTFE particles,
or mechanical stirring (800 rpm) was used instead of ultra-
sonic treatment, the results of two control experiments
showed no H,0, generation (Figure S3), proving the exis-
tence of PTFE particles and ultrasonic treatment are
necessary to obtain H,O,.

Previous studies have shown that polymers with high
dielectric constant could strongly attract negative charges.™!
After the PTFE film is contacted and separated from water, a
large amount of negative charge will accumulate on the
surface of the PTFE. To verify the universality of the catalytic
synthesis of H,0, driven by the contact electrification
between polymer and water, we used other Polyethylene
(PE) particles with a slightly lower dielectric constant than
PTFE.>!l The results indicated that the interaction between
PE particles and water could also directly catalyze the
synthesis of H,0,. However, its yield was about 40 % lower
than that of PTFE under the same conditions (Figure 1c).
This showed that the yield of H,O, is directly related to the
polymer’s position in the triboelectric series and its ability to
attract electrons after contact electrification with water. We
also selected other materials with different physical proper-
ties, including fluorinated ethylene propylene (FEP), AIN,
polyvinylidene fluoride (PVDF), polydimethylsiloxane
(PDMS) nanoparticles and ethyl cellulose, and carried out
quantitative tests on the generated H,0,. as shown in
Figure S4a-b. Our experimental findings indicate that this
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method has wide applicability and strong universality due to
the diverse range of materials available for selection. Our
study underlined that the catalytic performance is related to
the nature of the applied materials. The relationship between
the performance of contact-electro-catalysis (including reac-
tion rate and selectivity) and materials in different systems
remains to be further studied and explored.

Triboelectric charging can harvest mechanical energy,
such as typical triboelectric nanogenerators, and drive
chemical reactions. Grzybowski etal. found that radicals
created by solid-solid triboelectrification rather than trans-
ferred electrons are responsible for promoting electrochem-
ical reduction.” To reveal the underlying mechanism of
solid-liquid triboelectrically driven synthesis of H,0O,, we first
investigated whether the strong ultrasonication will change
the physical and chemical properties of the PTFE particles’
surface. We performed morphological characterization and
element mapping analysis of PTFE particles before and after
the reaction by scanning electron microscopy with energy
dispersive X-ray analysis (SEM-EDX). Figure SS5a-b illus-
trates that the morphology and element distribution of PTFE
particles did not change during/after the catalytic process. X-
ray diffractometry (XRD) analysis,”! Raman spectroscopy,””
and Fourier transform infrared (FTIR) spectroscopy®! were
used to explore whether the chemical properties of PTFE
particles changed (Figure 2a—c). The results indicated that the
structure and properties of PTFE particles did not change
after the ultrasonication process.

Next, the chemical state of PTFE particles before and
after the reaction was analyzed by XPS.?! The spectral
information of Cls, Fls and Ols are shown in Figure 2d. The
original peak did not change, and no newly formed peaks
were observed on the surface of PTFE. To explore whether
the PTFE particles decompose under the action of external
mechanical force, we separated the solid and liquid of the
reaction solution and performed FTIR and Raman tests on
the filtered aqueous solutions. The characteristic peaks of
polymer materials did not appear (Figure S6a-b), confirming
that the chemical properties of PTFE particles remained
stable. Considering these results, we considered that the
generation of H,O, was mainly based on the contact-electro-
catalysis between PTFE particles and DI water under ultra-
sonication rather than the catalysis of mechanical free radicals
or other molecular charged fragments generated by the
breakage of polymer surface molecules.

To reveal the formation mechanism for H,O,, the
characterization of the intermediates during the contact-
electro-catalytic reaction was investigated systematically. We
used electron paramagnetic resonance (EPR) spectroscopy™”
and electron sacrificial agents to identify intermediate prod-
ucts, confirming the pathways of charge transfer and H,O,
generation. Three test methods were designed:®” a 100 mM
DMPO solution, a solution containing both 100 mM DMPO
and 1 mM DMSO, and a 100 mM TEMP solution. DMSO
was used to quench *OH radicals, increasing the opportunities
for DMPO to capture superoxide radicals. As shown in
Figure 3a—c, after the introduction of ultrasonication, the first
group of measurements produced quadruplet DMPO-*OH
characteristic peaks (Figure 3a), which are generated by OH™
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Figure 2. a) Raman spectra, (b) FTIR spectra and (c) XRD
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atmosphere. d) Evolution of H,O, in the presence of various radical scavengers. e) Investigation of the effect of dissolved gases on H,0O,

production.

or (H,O) in solution by electron-transfer-type oxidation
reactions.” In comparison, the second group of tests
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produced sextuplet weaker characteristic peaks of DMPO-
*O,” (Figure 3b), generated by O, gaining electrons. The
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entire profile was dominated by a quadruplet DMPO-*OH
peak, ascribed to the fact that hydroxyl radicals are more
prone to react with DMPO. Moreover, the third group of
tests showed stronger triplet TEMP-'O, characteristic peaks
(Figure 3c) as the oxidation product of *O,”. These results
showed that PTFE particles and water could generate the
three kinds of free radicals during ultrasonication, and the
generation amount increases with ultrasonication time.

Next, we added AgNO; (1 mM) as the electron sacrificial
agent and the free radical quencher tert-butanol (1 mM) to
the reaction to examine whether the radicals were produced
by electron transfer."”? Control experiments were performed
to exclude interfering factors produced by the sacrificial agent
on the standard peak absorbance (Figure S7). The results in
Figure 3d showed that the production of H,O, could be
reduced by introducing either an electron sacrificial agent or
a radical quencher. The H,0O, concentrations obtained in the
presence of the electron sacrificial agent group and free
radical quencher group were 0231 mmolL™' and
0.166 mmol L™, respectively, which proved that introducing a
sacrificial agent could affect the electron transfer during the
electrification of interface contact.

In this system, in addition to the PTFE particles, O, was
also involved in the reaction, playing an essential role. To
explore the relationship between the amount of dissolved
oxygen in the water and the yield of as-produced H,O,, we
applied different atmospheres (Air/O,/N,) into the reaction
chamber. The results in Figure 3e showed that the concen-
tration of H,O, in the air atmosphere was the highest, up to
0.106 mmol L', followed by the pure oxygen atmosphere
with a concentration of 0.043 mmolL~!, while the concen-
tration of H,0, in the N, atmosphere was only
0.024 mmol L™". The results showed that oxygen is one of the
main reactants to generate H,O,, following our results of
trapping oxygen-based radicals. Compared with the air
atmosphere, the lower production of H,O, in pure oxygen
could be attributed to the oxidative properties of oxygen,
reducing the contact electrification performance between
materials,” thereby lowering the total amount of transferred
charges and the generation of free radicals.

The concentration of ions in the water could also affect
the production of H,O," If the ion concentration is too high,
an ion shielding effect could occur at the interface, inhibiting
electron transfer. To investigate this aspect, we added large
amounts of NaCl to DI water and found that the production
of H,0, was significantly reduced with the addition of salt
(Figure S8). The results showed that electron transfer
occurred during the interface contact electrification process.
Since the electrons are transferred to different substrates,
different free radicals are induced, and the free radicals could
combine to generate H,0,. In general, the conditions
unfavorable (such as humidity and atmosphere) for contact
electrification will directly reduce the yield of H,0,."!

Based on the above characterization results, we have
examined the pathway for the generation of H,O, catalyzed
by contact electrification, divided into two half-reactions,
water oxidation and oxygen reduction (Figure 4a). For the
water oxidation, after the PTFE particles are contacted and
separated from water, the electrons of water are transferred
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to the surface of PTFE particles, forming water radical
cations. These cations then form hydronium cations and
hydroxyl radicals, which combine to form H,0,.Y This
pathway is a one-electron process of the water oxidation
reaction (WOR).P! However, due to the high thermodynamic
potential required to generate *OH, it is difficult to find
proper catalysts that are still stable under such extreme
anodic bias. To the authors’ best knowledge, no electro-
catalysts have been demonstrated to exhibit proper energetics
for direct -OH generation.[“] Therefore, the production of
H,0, via this route could present great advantages.

For the oxygen reduction pathway, oxygen dissolved in
water continuously generates a large number of small bubbles
under ultrasound treatment. These bubbles will continue to
expand and then collapse and disappear. During this process,
multiple solid-gas and liquid—gas interfaces are formed.
Oxygen in the bubbles obtains electrons from the surface of
PTFE particles to form *O, These radicals could combine
with H" in the aqueous solution to form *OOH, which will
gain electrons again and combine with H* to form H,O,.
Meanwhile, the PTFE particles that lost electrons will return
to their original state again. This pathway is called the oxygen
reduction reaction (ORR),!”! and its mechanism is similar to
the photocatalytic 2¢ -ORR process."™* Herein, the reduc-
tion of O, to *O,” is a rate-limiting step, requiring a more
negative potential (—0.33 V) to proceed than the 2e-ORR
(+0.68 V) process. Hence, the *O,~ could be further oxidized
to form a single 'O, as a side reaction (Figure 3c).

We also confirmed that O, was involved in the generation
of H,0, by the '*0, isotope experiment and liquid chromatog-
raphy coupled with mass spectrometry (LC-MS)™! (Fig-
ure S9). The results of LC-MS also showed that the yield of
H,0, produced by the WOR pathway was higher than that of
the 2e"-ORR pathway. Therefore, a part of the O, may
generate H,O through 4e"-ORR pathway. In general, ultra-
sonication caused frequent contact-separation cycles between
PTFE particles and water, while electrons completed cyclic
transfer at different solid-liquid—gas interfaces on the surface
of PTFE. As long as the external mechanical force was
applied, the cyclic reaction continued to generate H,O,.

When the high-energy ultrasonic wave acts on the liquid,
it produces a cavitation effect,”*! generating local high-
pressure and high heat. Considering the influence of the
ultrasonic environment on interfacial electron transfer, the
energy barriers for realizing these electron exchange proc-
esses were calculated by Density Functional Theory (DFT).
The high-pressure environment generated by bubble collapse
was simulated, and the details are available in Supporting
Information. In the two cases of H,O/PTFE and PTFE*/O,
(Figure S10), the energy band gap between LUMO and
HOMO gradually decreased as the system’s volume was
compressed. When the volume was compressed to 64.0 % of
the original volume (Figure 4b), the calculation results
showed that the energy barriers for electron transfer were
reduced by 16.9 % and 16.3 %, respectively. Therefore, high-
frequency interfacial contact could increase the chances of
electron transfer, and the local high-pressure environment
could decrease the energy barriers to facilitate electron
transfer.
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Figure 4. a) Proposed reaction mechanism of contact-electro-catalysis for H,0, generation. b) DFT calculations of the values of LUMO and HOMO

levels for H,O-PTFE and O,-PTFE in various conditions.

Previous experimental results showed that the yield of
H,0, could be directly related to the amount of transferred
charges on the surface. Subsequently, to explore other factors
that may affect the yield of H,0O, and to improve the catalytic
efficiency, we carried out a series of comparative experiments
encompassing different amounts and sizes of PTFE particles,
different powers and frequencies of ultrasonic cleaner. First,
20 mg of PTFE particles with different particle sizes were
added to the same volume (30mL) of DI water with
ultrasonic treatment for 40 minutes (Figure 5a). PTFE par-
ticles with sizes of 1.6 pm and 3.0 pm had the highest yields of
H,0,, 0.297 mmol L™'h™" and 0.294 mmol L™ h™", respectively.
The H,O, yields of the smallest particle size group of 0.2 um
and the largest particle size group of 25 um were the lowest,
0221 mmolL'h™" and 0.215mmolL'h™', respectively.
PTFE particles with smaller particle sizes have a larger
specific surface area and tend to transfer more electrons.™!
However, the particles with too small particle sizes do not
benefit from gaining more electrons on the surface, indicating
that PTFE particles with larger or smaller particle sizes are
not favorable to electron transfer and aggregation.

Next, the variation law of H,O, concentration of PTFE
particles with a particle size of 3 ym with different quantities
was explored. As shown in Figure 5b, 10, 20, 30, and 40 mg of
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PTFE particles were added to 30 mL of DI water, respec-
tively. The concentration of H,O, increased first and then
decreased with the increase of the applied PTFE quantity.
The yield of 40 mg PTFE particles was 0.233 mmolL'h™",
17.5% lower than the 10 mg. This reveals that more PTFE
particles increase the contact chance of the solid/liquid
interface, contributing to an efficient electron transfer.
However, the accumulation of electrons at the interface could
form a high electric field, which is not conducive to the re-
transfer of more electrons, inhibiting the generation of free
radicals and reducing the yield of H,O,.

In addition, the frequency and power of ultrasonic treat-
ment could also affect the yield of H,0,.") We have chosen
four different powers of 40, 60, 80, and 100 W for compara-
tive experiments (Figure 5¢). The yield of H,O, increased
with the increment of the power, but the magnitude of the
increase decreased. When the power was 100 W, and the
frequency was 500 kHz, the H,O, concentration was only
0.0057 mmol L' after high-frequency ultrasonic treatment for
40 min (Figure S11). A high ultrasonic frequency means a fast
oscillation frequency, which could enhance the contact
separation of the interface.*! However, if the oscillation
frequency was too high, the wavelength became shorter. In
this way, the attenuation in the propagation process increases,
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Figure 5. Comparison of H,O, yields under (a) different particle diameters and (b) different amounts of PTFE particles. c) Concentrations of H,O,
under different applied powers of ultrasonic cleaner. d) Expected large application of contact-electro-catalysis technology in the field of efficient

production of H,0,. e) Cycling performance for H,0, production.

and the utilization rate of ultrasonic energy decreases. These
experiments showed that the energy value of ultrasonic input
positively correlates with the yield of H,O,.

Contact electrification is a common phenomenon in daily
life, and polymer materials are cheap and easy to obtain.*!
Therefore, we designed an economic H,O, production system
based on the principle of contact-electro-catalysis. The design
idea (Figure 5d) is expected to be mass-produced and
accelerate the commercialization of contact electrocatalysis
production of H,O,. To prove the system’s feasibility, we
built a simple experimental device (Figure S12) and verified
the method’s stability. As shown in Figure 5Se, the H,O, yield
of the device can still reach the initial 97.2 % after 5 cycles,
indicating its high durability. It could also be seen that the
preparation of H,0, by using contact electrification can
simplify the preparation steps, reduce the economic cost and
realize the whole green production.

Conclusion

We have explored a new approach for chemical synthesis of
H,0, at ambient condition without using any conventional
catalysis. The results showed that 195.8 umol L™ of H,0O, was
successfully obtained by adding 20 mg of PTFE particles to
30 mL of DI water with 40 min ultrasonication. The specific
reaction pathways have been investigated experimentally,
employing the electron-catalyzed chemical reaction trans-
ferred during the contact electrification process of the two
substances to build an electron cycle transfer system between
DI water and PTFE particles, PTFE particles and oxygen.
The transfer of electrons initiates the production of free
radicals, which are further combined to form H,O,. In
addition, by comparing the yields of H,O, under different
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experimental conditions, the general rules affecting the
electrocatalytic efficiency of contact-electro-catalysis can be
summarized. This could be improved by appropriately
reducing the polymer particle size to about 1-10 pm, increas-
ing the contact area and ultrasonic power, or introducing
chemical modifications to the surface. Increasing the amounts
of as-transferred electrons could further improve the catalytic
efficiency. This contact-electro-catalysis method is a brand-
new catalytic pathway with wider material selection and
stronger electrification advantages. Finally, according to our
results, it is of great scientific significance to expand the
application field of contact-electro-catalysis.
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