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ABSTRACT: Hydrogen peroxide (H,0,), as a critical green chemical, has received
immense attention in energy and environmental fields. The ability to produce H,O, in
earth-abundant water without relying on low solubility oxygen would be a sustainable
and potentially economic process, applicable even to anaerobic microenvironments,
such as groundwater treatment. However, the direct water to H,O, process is currently |®

hindered by low selectivity and low production rates. Herein, we report that -} ‘l P

poly(tetrafluoroethylene) (PTFE), a commonly used inert polymer, can act as an
PTFE

Ar atmosphere

H,0 \‘ o

efficient triboelectric catalyst for H,0, generation. For example, a high H,0O,
production rate of 24.8 mmol g, ' h™' at a dosage of 0.01 g/L PTFE was achieved
under the condition of pure water, ambient atmosphere, and no sacrificial agents, which
exceeds the performance of state-of-the-art aqueous H,0, powder catalysts. Electron
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spin resonance and isotope experiments provide strong evidence that water—PTFE tribocatalysis can directly oxidize water to
produce H,O, under both anaerobic and aerobic conditions, albeit with different synthetic pathways. This study demonstrates a
potential strategy for green and effective tribocatalytic H,O, production that may be particularly useful toward environmental

applications.
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B INTRODUCTION

Hydrogen peroxide (H,0,), a green and ubiquitous chemical
that can act as both an oxidant and a reductant, has been
widely used in a variety of industries, such as organic synthesis,
sterilization, electronics, paper/pulp bleaching, and environ-
mental protection.' ~* At present, the anthraquinone oxidation
(AO) process is the dominant industrial technology for
producing H,0,.”> The AO process involves the sequential 2-
electron redox reactions of hydrogenation and oxidation of the
anthraquinone molecules, which requires a large energy input
and generates a harmful organic waste byproduct.”’
Furthermore, long-distance transportation of concentrated
reactive H,0, imposes additional safety risks. Thus, the
inherent complexity of the AO process has motivated many
researchers toward development of direct in situ H,O,
synthesis methods with the ultimate goal of a green, efficient,
modular, and continuous catalytic process.””

Photochemical (PC) and electrochemical (EC) H,O,
synthesis are sustainable and eco-friendly alternative tech-
nologies.” '* There are two mechanistic pathways to generate
H,0,: one is by the reduction of molecular O,, and the second
less common pathway is by the oxidation of two water
molecules. The reduction of oxygen for H,0, generation (O, +
2¢” + 2H* —» H,0, E° = 0.695 V vs SHE; pH 0) is
energetically favorable as it involves no bond breaking, only the
conversion of a O=0O double bond to an O—O single bond
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along with the formation of two new H—O bonds. In stark
contrast, the oxidation of two waters for H,0O, generation
(2H,0 — H,0, + 2e~ + 2H'; E° = 1.76 V vs SHE) is
energetically unfavorable as it involves breaking of 2 H-O
bonds along with formation of only 1 new O—O bond.’
Although oxygen reduction is thermodynamically more
favorable, the aqueous H,0O, production rate in ambient air
is limited by the low solubility of oxygen in the normal
conditions of temperature and pressure (~8 mg L' or 250
UM). Methods such as aeration or pure O, sparging are able to
maintain the O, concentration and enhance the H,0,
production rate; however, the oxygen utilization efficiency is
low and aeration significantly increases the energy con-
sumption.'> There are also cases where anaerobic conditions
would render classical reductive H,O, generation negligible,
such as groundwater treatment.

Water oxidation is a potential alternative to oxygen
reduction for producing H,0,.'*"” A primary hurdle to
producing H,0, via water oxidation is that the four electron
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oxidation of water to oxygen (2H,0 — O, + 4e” + 4H"; E° =
1.23 vs SHE) has a lower energetic barrier than the two
electron water oxidation to H,0,.'” Additionally, a superior
two electron water oxidation catalyst must also satisfy other
criteria such as robust stability for long-term operation,
exceptional selectivity to avoid byproducts formation and
high activity to reduce energy consumption.'® Thus, not only is
there a large thermodynamic barrier to oxidative H,O,
synthesis, but the reactants also need to be locally limited to
prevent continued H,0, oxidation to HOOe or 0,."”"” Due
to these energetic and mechanistic difficulties, there is a long
path toward the selective oxidation of water for H,O, synthesis
due to the energy requirements and low yield and
selectivity.”’ >

Triboelectric and/or piezoelectric particles have been
reported to have utility toward a range of processes including
organic synthesis, energy generation, and environmental
control.”*™*” For example, triboelectric effects at the liquid—
hydrophobic material interface can generate surface potentials
up to ~100 V, which can drive the ionization of liquid water
(H,0 —» H,0" + e7) potentially initiating a radical chain
reaction process to form ¢OH (e.g, H,0O" + H,0 — e¢OH +
H,0%),”*’ then combine with each other to produce H,O,.
Such high surface voltage in the triboelectric process can easily
trigger a variety of strong oxidation and reduction reactions.
This presents a noteworthy advantage as compared to the
photocatalytic or electrocatalytic process, where even the state-
of-the-art metal oxide catalysts still require more than 1 V
overpotential from the equilibrium potential for H,0, (1.76 V
vs RHE)."® Moreover, most hydrophobic material contact-
electrification-induced electrons can directly mediate the
catalytic process. On the contrary, the catalysts selected for
two electron water oxidation are highly dependent on the
binding energy of oxygen intermediates (*O, *OH, and
*OOH) and the catalysts.’® Thus, tribocatalytic water
decomposition may be a potential alternative to classical
methods for peroxide production. However, this novel H,0,
generation process is immature, with few studies focused on
reaction design optimization and/or synthetic mechanisms and
kinetics.

Here, we report that the classically inert organic polymer
polytetrafluoroethylene (PTFE) can be effectively and
efficiently utilized as a triboelectric catalyst for oxygen-
independent H,0, production. The tribocatalytic process is
induced by ultrasound irradiation of PTFE microparticles—
water, resulting in a maximum H,O, production rate of 24.8
mmol g, ' h™' at a dosage of 0.01 g/L PTFE that greatly
surpasses state-of-the-art photocatalytic and piezocatalytic
H,0, production systems. The PTFE catalyst has the
advantages of operating under STP conditions, in the absence
of scavengers and in the absence of air (i.e., abundant water
was the only reactant). The fundamental H,0, production
mechanisms and potential tribocatalytic applications were also
investigated.

B MATERIALS AND METHODS

Materials and Reagents. PTFE powders ((d) ~ 1—5 pm)
and potassium titanium(IV) oxalate were supplied by Macklin.
Polypropylene (PP, average S ym) and fluorinated ethylene
propylene (FEP, average 10 um) were purchased from
Dongguan Tesulang Chemical Chemical Co., Ltd. 5,5-
Dimethyl-1-pyrolin-N-oxide (DMPO) was purchased from
Dojindo Laboratories (Japan). 2,2,6,6-Tetramethyl-4-piperidi-
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nol (TEMP) and dimethyl sulfoxide (DMSQO) were purchased
from Sigma-Aldrich (U.S.A). Titanium dioxide (TiO,),
water-'*0 (97 atom %), and boron nitride (BN) were
purchased from Aladdin Chemistry Co., Ltd. 4-Carboxyphe-
nylboronic acid was obtained from Shanghai Yuanye Bio-
Technology Co., Ltd., Shanghai, China. Calcium chloride
(CaCly), calcium nitrate (Ca(NOs;),), sodium chloride
(NaCl), magnesium nitrate (Mg(NOs;),), magnesium chloride
(MgCl,), aluminum chloride (AICl;), zinc chloride (ZnCl,),
sodium sulfate (Na,SO,), sodium carbonate (Na,CO,),
sodium phosphate (Na,PO,), and glucose were purchased
from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China.

Experimental Procedure. Qualitative Characterization
of H,0, Production by PTFE. Here, 0.1 g/L PTFE (0.1 g/L)
and 50 mL of deionized water were exposed to ultrasound
irradiation for 1 h. Then, the 1 mg/L 4-carboxyphenylboronic
acid was added to the above reacted solution containing H,0,.
After mixing for 0.5 h, 1 mL of mixture solution was injected
into the high resolution Q Exactive Focus Orbitrap tandem
mass spectrometer (Thermo Fisher Scientific Inc., Germany).

Quantitative Characterization of H,O, Production by
PTFE. The standard reaction conditions for H,0O, generation
were pure water and an ambient atmosphere. A certain amount
of PTFE and 50 mL of deionized water were placed in a 100
mL breaker. The pH was adjusted with 1 M dilute H,SO, or
NaOH. The mixture was exposed to ultrasound irradiation
with a frequency of 40 kHz in an ultrasound cleaner (Branson
3800-CPXH). At time intervals, 1 mL of sample was
centrifuged to remove PTFE particles and analyzed by
potassium titanium(IV) oxalate to determine the concentration
of H,0,. In detail, to prepare the potassium titanium(IV)
oxalate reagent, 7.083 g of potassium titanium(IV) oxalate
reagent was dissolved in 136 mL of 98% H,SO, and 114 mL of
deionized water. Here, 0.5 mL of sample and 0.5 mL of
potassium titanium(IV) oxalate reagent were placed in a 10
mL colorimetric tube then made up to 5 mL. The mixture
solution was measured using UV-—vis spectrophotometer
(Shimadzu, UV-1800) at 400 nm. The concentration of
H,0, was calculated by the equation given in Figure S1. The
correlation coefficient is very high (R* = 0.9989), which means
the work curve is accurate and reliable.

Isotope Experiments. Here, 0.1 g/L of PTFE, 1 mL of
H,'®0 (97 atom %), and 20 uL of 50 mg/L of benzoic acid
were placed in a 10 mL breaker. The mixture was exposed to
ultrasound irradiation in the ultrasound cleaner. After ultra-
sound for 30 min, the mixture solution containing p-HBA, o-
HBA, and m-HBA was analyzed by Dionex Ultimate 3000
ultrahigh performance liquid chromatography (UHPLC)
system coupled with a high resolution Q Exactive Focus
Orbitrap tandem mass spectrometer. Chromatographic sepa-
ration was carried out with a C18 column (2.1 mm X 100 mm,
1.8 pm; Agilent Technologies, USA). The mobile phase A was
0.1% formic acid in H,0, and B was MeOH. The program was
as follows: 0—12 min, 60% A, 40% B. The flow rate was 0.2
mL/min, and the injection volume was 10 uL.

The qualitative characterization of hydroxybenzoic acids
with the molecular formulas C,H'°0,"*0 and C,H;'%0; were
performed under negative heated electrospray-ionization
(HESI™). The HESI spray voltage was —3.0 kV. The capillary
temperature and probe heater temperature were 350 and 450
°C, respectively. The sheath gas, auxiliary gas, and sweep gas
were 35 (arbitrary units), 10 (arbitrary units), and 1 (arbitrary
units), respectively.
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Figure 1. Ultrasonic H,0, generation was carried out by PTFE. (a) Effect of PTFE concentration on H,0, generation. (b) Comparison of
ultrasonic production of H,0O, between PTFE and TiO, [Catalyst], = 0.1 g/L. (c) Changes in the H,0, concentration during the ultrasonic
process over time. Blue points show the results of ultrasound irradiation with water containing ca. 10 mg/L of H,0,. (d) Cycling runs for H,0,
generation over PTFE. (e) Comparison of H,0, generation with photocatalysis and piezocatalysis; for detailed information, see Tables S1 and S2.

[PTFE], = 0.01 g/L.

Reactive Oxygen Species (ROS) Generation by PTFE.
Electron spin resonance (ESR) was recorded on a Bruker
EMX-10/12 spectrometer (Germany). Hydroxyl radicals
(eOH) were trapped by DMPO. Superoxide radical (¢O,")
was trapped by DMPO/DMSO. The reactions were carried
out in 1.5 mL centrifuge tubes with 0.5 mL of deionized water
containing 4 g/L of PTFE and 100 mM DMPO to detect
DMPO-eOH by ESR. Deionized water (0.5 mL) containing 4
g/L of PTFE, 100 mM DMPO, and 1 M DMSO were
employed to detect DMPO/DMSO-e0,” by ESR. After 10
min of ultrasonic irradiation in the ultrasonic cleaner, the
solutions were analyzed by ESR. In the Ar atmosphere, the
deionized water was deoxygenated by bubbling Ar gas for 30
min before ultrasonic irradiation. During the reaction, the
mixture was continuously purged with Ar.

Computational Details. Density functional theory (DFT)
calculations were employed using the Dmol® code,’’ with the
Generalized Gradient Approximation (GGA) and PBE
functionality’ utilized to handle exchange-related interactions.
A double numerical quality basis set with d-type polarization
functions® (DNP) was used for all geometry optimizations
and total energy calculations, while effective core pseudopo-
tentials (ECP)”**> were utilized to model core electrons. All
calculations were spin-unconstrained. To simulate a solvent
environment, a conductorlike screening model (COSMO) was
employed with a dielectric constant of 78.54. The positions of
all atoms were fully relaxed until the following convergence
criteria were met: force of 0.002 Ha/A, total energy of 107°
Ha, and displacement of 0.00S A. The actual space cutoff
radius was 4.1 A, and the self-consistent field calculation
standard was selected as 107® Ha. The calculations considered
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the elastic compression of PTFE particles with a compression
ratio.”’

Further details about the DFT calculations can be found in a
previous study.”” Generally, the pressure induced by cavitation
bubbles is around 100 MPa, which may cause a 30%
compressive ratio of PTFE. It is also assumed that the
compression occurs along the folding direction of the PTFE
molecular chains. Consequently, the compression of volume
from 10 A X 10 A X S A to 10 AX 7 A X S A is considered
equivalent to the high-pressure environment induced by the
collapse of cavitation bubbles.

B RESULTS AND DISSCUSSION

Confirmation and Quantification of H,0, Generation
by Water—PTFE Contact Electrification Catalysis. The
H,0, generation by the ultrasonic irradiation of PTFE was
confirmed by the cleavage of 4-carb0xy3phenylboronic acid, an
H,0, specific reagent (Figure S2).°**” Next, potassium
titanium oxalate (PTO) was used to quantitatively analyze
the production of H,0, as a function of time as displayed in
Figure la with data at all PTFE concentrations having zero-
order kinetics.”® As the PTFE catalyst concentration increases
from 1 to 100 mg/L, the concentration of H,O, after 60 min of
irradiation increased from 37.8 + 5.2 to 324.8 + 27.2 uM.
Ultrasonic irradiation of TiO, and pure water was completed
as control experiments as displayed in Figure 1b, and both had
negligible production of H,0, (<10 M) after 60 min. This
result indicates that ultrasonic irradiation of PTFE particles
was the predominant mechanism for the H,O, production in
this system. Ultrasonic waves can drive the nucleation, growth,
and collapse of cavitation bubbles in the aqueous solutions that
generates extremely high temperatures and pressures, which in
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Figure 2. Characterization of PTFE before and after reaction. (a) SEM, (b) XRD, (c) FT-IR spectrum, and (d, e) XPS of PTFE before and after

ultrasound.

turn may produce highly reactive free radicals (e.g, HOe) and
H,0,.”” However, the low ultrasonic power intensity (~0.3
W/cm?) used here was insufficient to drive these processes
resulting in negligible H,O, generation in the pure water
control.

Next, we investigated the stability of the generated H,O,.
We carried out two comparative experiments, in which two
beakers containing 50 mL of 10 mg/L of H,0, and 10 mg/L
of H,0, + PTFE were separately ultrasonically irradiated
(Figure 1c). After ultrasonication for 1 h, essentially no
difference in the H,O, concentration was observed, suggesting
that H,O, is not decomposed by ultrasonic irradiation alone
under our experimental conditions and steady-state PTFE
catalysis results in a linear increase in H,O, concentration
within 10 h of ultrasound (Figure S3). Notably, the formation
and decomposition of H,0, during most catalytic processes
proceed concurrently and competitively. For example, photo-
catalytically produced H,0, may also be decomposed by its
reaction with both conduction band (CB) electrons and the
valence band (VB) holes into a variety of species such as H,O,
eOH, ¢HO,, and O,."*’ However, the decomposition of H,0,
did not occur in the PTFE catalysis system, suggesting that
catalytic H,O, generation in the PTFE system is likely due to
an alternative synthesis mechanism.

The PTFE catalytic stability was examined by completion of
recycle experiments (Figure 1d). The PTFE was recovered by
vacuum filtration onto a filter membrane and resuspended to
produce H,0, under the same conditions. The results indicate
that there was a slight reduction in H,0, production after
reuse, as a result of PTFE particle loss during the catalyst
recycling process. After the fourth recycle, the concentration of
H,O0, after 1 h of irradiation was around 280 uM, indicating
the PTFE still had good catalytic activity. Scanning electron
microscopy (SEM), X-ray diffraction (XRD), Fourier trans-
form infrared (FT-IR) spectroscopy, and X-ray photoelectron
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spectroscopy (XPS) revealed that there was no change in the
PTFE morphology or chemical composition after ultra-
sonication (Figure 2). These data confirmed the chemical
stability of PTFE and that PTFE acted as a H,O, generation
catalyst.

Current technologies for using powder materials to catalyze
the production of H,0, primarily involve piezocatalysis and
photocatalysis. Although piezocatalysis has received wide-
spread attention in energy harvesting, environmental remedia-
tion, and ROS generation, there is less literature focused
directly on H,O, production. As compared with state-of-the-
art piezocatalysts, PTFE displays orders of magnitude higher
H,0, production rates (Figure le). In addition, photocatalytic
H,0, production often requires sacrificial electron donors such
as small organic acids/alcohols or alternative reduced species
to consume photogenerated holes to prevent H,O, degrada-
tion and to inhibit the recombination of photogenerated
carriers. Electron donor addition is an effective way to increase
H,0, production, but may contaminate the produced H,O,
and will increase operating cost.® Thus, here, we compared
H,0O, production between common photocatalysts and PTFE
catalysts in the absence of sacrificial electron donors. As
displayed in Figure le, the comparison suggests that the PTFE
performance is, to a large extent, superior to all reported
photocatalysts and piezocatalysts under similar conditions (i.e.,
ambient atmosphere, room temperature, pure water). In
addition, to the best of our knowledge, PTFE is comparable
to the best photocatalysts used in a pure oxygen atmosphere
(Table S3). Moreover, there are reports on water-fluorinated
ethylene propylene (FEP) tribocatalysis for H,O, production
this year."' However, the performance of FEP remains inferior
to PTFE.

Mechanism of H,0, Formation in the Water—PTFE
Tribocatalytic System. The rapid H,0, production in the
water—PTFE tribocatalytic system may arise from a unique
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Figure 3. Water oxidation and oxygen reduction generate H,O, over PTFE. (a) ESR signals for DMPO-e¢OH and DMPO-eOOH under ambient
atmosphere. (b) Effect of scavengers on the amount of H,0, generation (100 mM TBA). Reaction schemes of (c) ¢'°OH and (d) ¢'*OH with BA.
(e) Total ion chromatogram of ®'®OH and e'*0H reacted with BA. (f) ESR signals for DMPO-eOH and DMPO-eOOH under an Ar atmosphere.

and novel mechanism. Therefore, we investigated all possible
pathways for its formation. The hydrogen atoms in produced
H,0, must come from water, but the oxygen atom source may
be either from water oxidation or atmospheric O, reduction.
There are two possible pathways for H,O oxidation into H,O,:
a concerted 2e” transfer from two adjacent H,O (eq 1) and
two le” transfers from two different H,O (eq 3) followed by
radical recombination (eq 4).**** The DMPO spin-trapping
ESR technique was employed to identify the production of
oOH, thereby verifying the possible oxidation pathways from
H,0 to H,0,. Figure 3a clearly shows the detection of
quadruplet DMPO-eOH peaks in the ultrasound-PTFE
system. Furthermore, tert-butyl alcohol (TBA) was used as
an ®OH scavenger and the addition of TBA depressed (>70%)
H,O, generation from 324.8 + 27.2 to 90.5 & 2.5 uM after 1 h
of ultrasonication (Figure 3b), indicating that e OH played a
key role in the H,O, generation. The pH also decreased from
5.6 to 3.6 after 4 h of ultrasound irradiation (Figure S4), which
was probably attributed to generation of ®OH and H" during
water oxidation (eq 3).

Additional isotope experiments were performed to explore
whether ¢OH resulted from water oxidation. In these
experiments, benzoic acid (BA) is used as probe for eOH;"*
this reaction produces para-hydroxybenzoic acid (p-HBA) as
well as ortho- (0-HBA) and meta- (m-HBA) (Figure 3c). The
H,'®0 + PTEFE system was used for ultrasonic production of
o'80H. If water oxidation is the origin of ®OH in the H,O,
production, hydroxybenzoic acid with the molecular formula
C,H,'®0,"®0 would be detected, as shown in Figure 3d.
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According to the results of LC-MS, the mass spectrometric
peaks at 137.02 and 139.02 obtained in the H,'°O and H,'*0/
PTFE/BA systems (Figure 3e, Figure SS) indicated that ¢OH
generation originated from water oxidation.

However, H,O, production was not completely inhibited
even at a high TBA (200 mM) concentration (Figure S6),
suggesting that the recombination of eOH from water
oxidation was not the only pathway for H,0, production in
the ultrasound-PTFE system. The ESR results also showed
PTFE catalysis yieldled DMPO/DMSO-eOOH peaks, as
displayed in Figure 3a, which is generated as an intermediate
in the le™ reduction of O, (eq 5). The superoxide radicals can
subsequently contribute to H,O, production via the super-
oxide dismutation reaction pathway (eqs 6—8).">* Therefore,
it seems reasonable to conclude that le™ oxygen reduction is
also occurring in the ultrasound-PTFE system, especially since
water oxidation would need to be paired with a reductive
process to conserve electroneutrality. Indeed, we found that
changing from an ambient atmosphere to pure O, increased
the H,0, yield from 90.46 + 2.52 to 251.44 & 17.25 uM in the
presence of ®OH scavenger TBA (Figure 3b). Moreover,
bubbling Ar in the TBA solution nearly completely suppressed
H,0, yield, indicating dissolved O, as a reactant under an
ambient atmosphere and oxidative H,O, production did not
occur via a concerted 2e” water oxidation pathway (eq 1).

2H,0 - H,0, + 2H" + 2¢” E° = 1.76Vvs SHE
(1)
2)

2H,0 - O, + 4H" + 4e” E°=123VvsSHE
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H,0 > *OH + H* + ¢~ E° =2.80VvsSHE 3)
*OH + *OH - H,0, 52 x 10°M 's™" (4)
0, +e¢ — 0, 19x10°M's™! ()
‘0; + H" - HO, e pK =48 (6)

‘0, + HO,e —» HO,” + 0, 9.7 x 100M™'s™" (7)

HO, + H" -» H,0, pK_ =116 (8)

*OH + *HO, - H,0 + 0, 7.1 x 10°M~'s™" 9)

Interestingly, in the absence of TBA, bubbling Ar in a pure
water solution slightly increased H,0, yield (337.7 + 16.4
UM) as compared to that in ambient atmosphere (Figure 3b).
ESR confirmed that €OH was the primary reactive oxygen
species, while €O, was below the limit of detection (Figure
3f). These data indicate that the PTFE ultrasonication
primarily oxidized water to ®OH (eq 3), and ¢OH was the
dominant contributor to H,0, formation (eq 4). Since ¢OH
also acts as scavengers of O, reduction intermediates ®O,~ and
HO,e (eq 9), the H,0, yield under an Ar atmosphere is higher
than that under ambient atmosphere. Bubbling pure O, led to
a clear decrease in the H,O, yield (Figure S7), supporting the
hypothesis that O, reduction intermediates were scavenging
oOH. Additionally, considering that oxygen is the primary
electron acceptor in the ambient atmosphere, ¢O,~ and H,O,
generated via superoxide dismutation reaction pathways could

be detected. In contrast, in the Ar atmosphere, protons are the
only possible electron acceptors, and their reduction would
result in the formation of H, (Figure S8).

In summary, PTFE ultrasonication can directly catalyze
water oxidation to produce H,O, in the absence of O,, which
is of great benefit under certain circumstances, such as the
hypoxic environment found in wastewater. Ultimately, a high
H,0, production rate can be obtained in the ultrasound-PTFE
system under both anaerobic and aerobic conditions, and the
dominant H,0, production mechanism is oxygen independent.

Mechanism of Charge Carrier Formation in the
Water—TFE Tribocatalytic System. Now that the chemical
reaction mechanisms resulting in H,O, production have been
identified, the question remains of how the initial charge
carriers are created during PTFE ultrasonication. The
mechanism for charge carrier generation during catalytic
PTFE ultrasonication is not presently clear, and a triboelectric
effect is the likely candidate. It has been demonstrated that the
friction reaction between PTFE and a semiconductor can
achieve environmental pollutant degradation.*® Previous
reports have also shown that polymers, especially PTFE, can
withdraw electrons from water during the liquid—solid contact
electrification process.”**”** That is, ultrasound can drive the
rapid and large radial oscillation of bubble radii,* and any
PTFE particles attached to the bubble will undergo similar
stretching and contraction cycles. The viscous friction
generated between the PTFE and water during these cycles
may cause the electron clouds of PTFE and H,O to overlap
and reduce the potential barrier.”” This leads to the transfer of
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an electron from the water molecule to the highly electro-
negative PTFE fluorine, yielding PTFE™ + H,0". Immediately,
the H,O" reacts with a neighboring water molecule to yield an
eOH and H;0* (H,0" + H,0 — eOH + H,0").**"*
Subsequently, two ®OH can be combined into H,O, as in eq
4.

To gain a better understanding of the charge carrier
generation mechanism, materials of varying polarity were
evaluated for H,0, generation performance (Figure 4a).
Negative triboelectric materials such as PTFE, fluorinated
ethylene propylene (FEP), polypropylene (PP), and boron
nitride (BN) displayed greater H,O, generation performance,
while positive triboelectric materials had poor H,0, generation
performance. Since higher negative triboelectric materials have
stronger electron-withdrawing ability than positive triboelectric
materials,””>" the electrons were more easily transferred from
water molecules to negative triboelectric materials during
contact electrification process that then drives the water
oxidation reaction. In contrast, it is difficult for materials with
positive triboelectricity to obtain electrons from water, which
leads to poor catalytic performance. Our experiments showed
that water—polymer contact electrification could be used to
generate H,O, universally. However, further research is needed
to examine the impact of the polymer’s microstructure,
hydrophilicity, and particle size on its contact electrification
performance.

Furthermore, density functional theory (DFT) calculations
were employed to investigate the process of electron transfer
between PTFE and water. Our theoretical calculations showed
an energy band gap of 4.441 eV between LUMO and HOMO
under normal pressure. When ultrasonic irradiation was
applied, the energy barriers were significantly lowered to
2.962 eV, as illustrated in Figure 4b. This reduction in energy
barriers was observed to facilitate the electron transfer between
PTFE and water and thus promote the catalytic production of
H,0,. Based on this finding and the aforementioned
discussion, we propose a triboelectric mechanism for the
PTFE-catalyzed production of H,0, (Figure 4c). Specifically,
we suggest that ultrasound induces friction between PTFE and
water molecules, leading to the loss of an electron from water
and the formation of an aqueous ®OH, and then, two eOH
combine to form H,0,.

Potential Practical Application of H,0, Generation by
PTFE. In summary, the PTFE catalyzed H,O, yield was as high
as 24.8 mmol g.,,~' h™" at a dosage of 0.01 g/L in an ambient
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atmosphere (STP with no sacrificial electron donor) after
ultrasonication for 1 h. This inspired us to further investigate
the potential of PTFE in practical applications over a range of
aqueous conditions (e.g, pH and specific ions) on catalytic
activity toward H,O, generation. There was minimal change in
H,0, production (290.1 + 0.4 uM) under weakly acidic
conditions (pH 3.04) as displayed in Figure Sa. However, only
103.7 + 2.6 uM H,0, was generated at pH 1.01 since
excessive H" would also compete with O, for produced e~ and
inhibit the eOH production according to eq 3 and Le
Chatelier’s Principle. There was a slight decrease in H,0,
production (254.72 + 1.68 uM) upon increasing the pH to 10.
OH" is a hole scavenger forming ®OH that can generate H,0,
via ®OH recombination.'* On the other hand, increasing pH
will inhibit superoxide/hydroperoxy dismutation to H,O, that
requires at least 1 hydroperoxy radical (eqs 5—8; pK, = 4.8) as
observed in Figure Sa. The H,0, produced decreased by
nearly two times when the pH increased to 11 due to
approaching the pK, of eq 8 and the formation of reactive
HO,". Thus, H,O, production by PTFE ultrasonication can
occur under weakly acidic, neutral, or weakly alkaline
conditions (pH 3—10) common to biological and environ-
mental systems, which is advantageous for practical applica-
tions.

In addition, we found that the addition of common ions,
such as Na*, Mg*, AP’*, Zn*, Cl7, and NO;~, had no
significant effect on the H,0, generation (Figure Sb). The
amount of H,O, generation for a wide range of common ions
achieved 260—370 uM after 1 h of irradiation. However, H,0,
yield decreased when adding CO,*", SO,*7, and PO,*, which
may be attributed to the fact that these anions can act as ¢OH
scavengers.ss’56 The increase of solution negative charges can
also hinder electron transfer between a water molecule and a
PTEE particle’” and results suggest that to be the dominant
effect here. Additional studies also established the limited effect
of organic glucose. Earth-abundant seawater was also tested for
H,0, generation™® as displayed in Figure Sc yielding 220.9 +
4.06 uM H,O, production in saturated NaCl aqueous phase,
slightly lower than pure water. In summary, with the minimal
effects of inorganic and organic matter established, PTFE-
catalyzed H,0, generation has promising application prospects
in over a range of biological and environmental systems.
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B ENVIRONMENTAL IMPLICATIONS

In summary, ultrasonic water—PTFE tribocatalysis displays
great promise for ambient atmosphere H,0, production with
rates up to 24.8 mmol g.,,~' h™" at a dosage of 0.01 g/L PTEE,
which is significantly higher than that of state-of-the-art
piezocatalysts and photocatalysts. Our in-depth investigation
indicates that recombination of ®eOH produced by water
oxidation is the predominant pathway for H,0O, production.
This operational simplicity suggests that the present approach
may complement existing photochemical and electrochemical
H,O, syntheses in a practical and environmentally friendly
manner. Ultrasonic water—PTFE tribocatalysis offers the
compelling advantages: (1) dominant direct water oxidation
mechanism with no need for low-solubility oxygen, (2)
operation at room temperature, ambient atmosphere, and
without sacrificial agents, (3) utility at wide ranges of pH,
inorganic anions and cations, (4) utilizing earth-abundant
resources (seawater), and (5) no complicated material
synthesis or waste treatment processes.
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