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Coupling functional anodes with natural air-diffused cathodes
enables highly efficient hydrogen peroxide electrosynthesis
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Abstract: Electrosynthesis of hydrogen peroxide (H,0O,) is a decentralized production method with excellent application
prospects. Coupling anodes with cathodes can achieve highly efficient electrosynthesis of hydrogen peroxide. In this study, we
prepared an anode for H,0, electrosynthesis via the two-electron water oxidation reaction (2e-WOR) by modifying carbon fiber
paper with self-assembling monolayers. In addition, a natural air-diffused cathode loaded with polytetrafluoroethylene/carbon
black using carbon cloth as substrate was prepared to combine with the modified anode to produce H,O, simultaneously. The
total current efficiency of the anode and cathode reached 152.9%, and the H,O, production rate was as high as 38 umol/min at
2.8 V vs. reversible hydrogen electrodes (RHE) in a Nafion 117 membrane-separated electrolyzer. This work reported a novel
carbon-based 2e-WOR catalyst and laid a theoretical foundation for the simultaneous electrosynthesis of H,O, with an anode
and cathode.
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1 Introduction

Hydrogen peroxide (H,0,) is a versatile ‘green’
oxidant widely used in industrial bleaching (Hage and
Lienke, 2006), wastewater treatment (Kosaka et al.,
2001), chemical synthesis (Tanev et al., 1994), and fuel
cell technology (Ma et al., 2010). Global demand for
H,0, is expected to reach 5.2 billion USD by 2026 at
an annual growth rate of 5.5% (Gopakumar et al.,
2022). At present, highly concentrated H,O, is pro-
duced mainly via the anthraquinone cycle process.
However, the process is energy intensive with a com-
plicated separation and purification procedure for H,0,
products. This requires large-scale infrastructure and
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poses risks during transportation and storage (Samanta
and Choudhary, 2007; Edwards and Hutchings, 2008;
Li et al., 2020). Decentralized production of H,O, is
attractive because it avoids such risks. Direct synthe-
sis of H,O, from hydrogen (H,) and oxygen (O,) is es-
sential for the decentralized production of H,O,. Nev-
ertheless, its catalysts usually need precious metals
(i.e., Pd and Au), and high concentrations of H, and
O, must be appropriately stored, limiting large-scale
practical application (Campos-Martin et al., 2006).
Photocatalytic synthesis of H,O, can use unlimited clean
solar energy to catalyze the reaction. However, photo-
catalysts generally suffer from severe photo-corrosion,
a high electron-hole recombination rate, slow reaction
kinetics, and a narrow absorption wavelength range
(Trzcinski et al., 2019; Vo et al., 2019; Han et al.,
2022). Electrosynthesis of H,0, has significant advan-
tages, such as simple equipment, a controllable produc-
tion scale, and mild technological conditions. More-
over, it uses electricity from sustainable energy sources
and H,O and O, as raw materials, and the production
process is ‘green’ and harmless (Shi et al., 2021).
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Therefore, it has attracted much attention as a prom-
ising decentralized production method for practical
application.

There are two methods for electrosynthesis
of H,O,: the two-electron oxygen reduction reaction
(2e-ORR, Eq. (1)) and the two-electron water oxida-
tion reaction (2e-WOR, Eq. (2)). For the 2e-ORR,
precious metals (i.e., Pd, Au, and Ag) and their al-
loys (i.e., Pt-Hg) are currently the most advanced
catalysts (Siahrostami et al., 2013; Wen et al., 2022),
but the scarcity of precious metals may hinder their
large-scale application. Some carbon-based materi-
als are seen as potential catalysts for the electro-
synthesis of H,O, because they are abundant on
earth, have elastic properties, and can operate sta-
bly under reactive conditions (Lu et al., 2018). Re-
cently, a natural air-diffused cathode (NADE) loaded
with polytetrafluoroethylene/carbon black (PTFE/CB)
was reported to achieve efficient 2e-ORR without
aeration, thereby advancing the practical application
of H,0, electrosynthesis (Zhang et al., 2020). For the
2e-WOR, the efficient electrosynthesis of H,O, is
more challenging than for the 2e-ORR because the
competitive oxygen evolution reaction (OER, Eq. (3))
has a much lower thermodynamic potential, making
H,O oxidization more prone to OER.

0,+2H +2¢ —H,0,, E=0.67V, €))
versus standard hydrogen electrode (SHE):

2H,0 —H,0,+2H +2¢, E=1.76 Vvs.SHE, (2)
2H,0 —0,+4H +4e, E=123Vvs.SHE. (3)

Previous work on 2e-WOR has focused on screen-
ing catalytic materials with appropriate electronic struc-
tures, such as the wideband gap metal oxides ZnO
(Kelly et al., 2019), WO, (Shi et al., 2017), SnO, (Fan
et al., 2022), TiO, (Fuku et al., 2016), BiVO, (Shi et al.,
2018), and CaSnO, (Park et al., 2019), and carbon-
based materials boron-doped diamond (BDD) (Mavri-
kis et al., 2021) and PTFE modified carbon fiber
paper (CFP) (Xia et al., 2020). Although these catalysts
have significantly improved H,O, selectivity, viable
2e-WOR catalysts have yet to be developed.

Molecular self-assembly monolayers (SAMs) are
2D structures spontaneously formed by SAM mole-
cules on the surface of solid substrates. They have the
advantages of being highly ordered with a uniform

arrangement, low surface defects, and a ‘crystalline
state’ (Schwartz, 2001). SAMs are widely used for the
surface functionalization of substrate materials. The
modification of SAMs is expected to improve the 2e-
WOR performance by modulating the microenviron-
ment around the active site of 2e-WOR. However,
SAM modification has not been used in the 2e-WOR.
Furthermore, note that while the theoretical current ef-
ficiency of 2e-WOR or 2e-ORR alone is 100%, if the
two methods were combined, the theoretical current
efficiency can be doubled. However, the simultaneous
electrosynthesis of H,O, via 2e-WOR and 2e-ORR has
rarely been reported (Shi et al., 2018; Xia et al., 2020;
Li et al., 2022). Herein, we propose a method to mod-
ulate the microenvironment around the active site of
the 2e-WOR by modifying CFP with SAMs to pro-
mote 2e-WOR performance. Also, an NADE was well
prepared to combine with the modified anode to fur-
ther improve the current efficiency, leading to an effi-
cient electrosynthesis of hydrogen peroxide. The cou-
pled functional anode and the prepared NADE can
achieve a current efficiency of 152.9%, which is far
beyond that of either cathode or anode alone. This
work provides a reference for the simultaneous pro-
duction of H,0, by a cathode and anode.

2 Methods
2.1 Preparation of SAM modified CFP

CFP (thickness of 0.19 mm, Shanghai Hesen Elec-
tric Co., Ltd., China) was cut into 1 cm*2 cm pieces
and sonicated clean in 10% (mass fraction) HCI solu-
tion (36% —38%, HUSHI, China), 10% (mass frac-
tion) NaOH solution (>96%, HUSHI, China), abso-
lute ethanol (>99.5% Macklin, China), acetone (99.5%,
HUSHI, China), and deionized water to remove oil
and impurities from the surface. The cleaned CFP was
oxidized in concentrated HNO, (65%, HUSHI, China)
at 60 °C for 3 h to introduce oxygen-containing func-
tional groups (i.e., —OH and —COOH) on its surface as
anchor sites for head groups of the SAM molecules.
Subsequently, the oxidized CFP was thoroughly cleaned
and dried overnight in a vacuum oven at 60 °C. Then,
the dried CFP was placed vertically in a 50-mL Teflon
reactor with a 1-mL glass vial containing 100 pL of
3-mercaptopropyltriethoxysilane (CH,,0,SSi, MPTES,
97%, Macklin, China). MPTES is a kind of SAM



with a carbon chain structure and —SH as the functional
group (Fig. S1 in the electronic supplementary mate-
rials). The reactor was filled with argon, sealed within
a stainless steel shell, placed in an oven, heated to the
specified temperature (140—190 °C) for 1-8 h, and
then naturally cooled to room temperature (about
25 °C). Finally, the modified CFP was taken out of
the reactor and dried in a vacuum oven at 60 °C. The
optimum process conditions were determined as 160 °C
and 2 h by evaluating the H,0, selectivity (Fig. S2).

2.2 Preparation of NADE

The carbon cloth (CC, thickness of 0.3 mm, Shang-
hai Hesen Electric Co., Ltd., China) was immersed in
2% (mass fraction) PTFE dispersion (60%, Macklin,
China) for 10 min, then removed and dried in an oven
at 80 °C for 2 h. The dried CC was annealed in a muffle
furnace at 350 °C for 30 min to obtain the PTFE-treated
CC. CB (Ketjen black ECP-600JD, Kelude, China)
and PTFE (60%, mass fraction, Macklin, China) were
mixed at a mass ratio of 0.2—1.0, then 0.5—1.0 mL
absolute ethanol (>99.5%, Macklin, China) was added,
and stirred for 2 h to obtain the sizing agent. The
sizing agent was evenly coated on the PTFE-treated
CC, which was then put into an oven to dry over-
night at 80 °C. Finally, the dried electrodes were an-
nealed at 350 °C for 30 min to obtain the NADE.

2.3 Electrosynthesis of H,0,

Electrochemical tests were performed in a cus-
tomized electrolyzer with electrodes separated by a
Nafion 117 membrane. All potentials were calibrat-
ed with reversible hydrogen electrodes (RHE) (Eq=
E,rc70.0591xpH) without internal resistance com-
pensation (IR compensation). MPTES-modified CFP
was used as an anode, NADE as a cathode, and
Ag/AgCl (3.5 mol/L KCl) as reference electrodes.
The sizes of the anode and cathode immersed in the
electrolyte were 1 cmx1 ¢cm and 2 cmx2 cm, respec-
tively. Linear sweep voltammetry (LSV) tests were per-
formed at a scanning rate of 5 mV/s. The frequency
range of electrochemical impedance spectroscopy (EIS)
was 100 kHz—0.01 Hz with an amplitude of 5 mV. The
electrochemical surface area (ECSA) was calculated
using the Parsons-Zobel diagram. Cyclic voltamme-
try was performed at a scanning rate of 10—60 mV/s
in a potential of 0.1-0.2 V (vs. Ag/AgCl) to measure
double-layer capacitance (Cdl) of different electrodes.
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The normalized value of ECSA was 24 pF/cm (Xia
et al., 2020).

The H,0, selectivity is the ratio of the number of
electrons transferred by the formation of H,O, to the
total number of electrons transferred. Here, the H,O,
selectivity of 2e-WOR or 2¢-ORR is expressed as the
current efficiency of H,O, produced in a short time.
The reaction was terminated when the passing charge
reached 10 C or the reaction time reached 10 min.
The H,O, concentration was determined by titanium
potassium oxalate spectrophotometry. The absorbance
value of the complex formed by titanium potassium
oxalate and H,O, shows an excellent linear relation-
ship with the H,0O, concentration at 400 nm. The Fara-
day current efficiency (FE) was calculated by the fol-
lowing equation:

FE=2CF/0x100%, )

where C is the amount of generated H,O,, mol, F is
the Faraday constant, 96485.33 C/mol, and Q is the
total amount of charge passed, C.

All experiments were carried out at room tem-
perature. Error bars for experimental results are based
on three independent measurements.

2.4 Characterization

Scanning electron microscope (SEM) and energy
dispersive spectrometer (EDS) images were collected
on a TESCAN MIRA LMS with acceleration voltages
of 200 V=30 kV. The droplet contact angles were mea-
sured on an OCA20 (Dataphysics, Germany) meter
with a droplet of Na,CO, solution. Attenuated total in-
ternal reflectance Fourier transform infrared spectros-
copy (ATR-FTIR) was performed on a Niolet iN10
(ThermoFisher Scientific, USA) microscope at a wave-
length of 600-4000 cm™ to identify the chemical
bonds on the electrodes. Raman spectra were acquired
on a Alpha300R (WITec, Germany) confocal Raman
microscope. The signal was excited by a 532 nm Ventus
VIS laser (Laser Quantum, UK), acquired by a x20 ob-
jective, with a dispersion grating of 300 g/mm, and a
total of 10 scans were recorded. X-ray photoelectric
spectrometry (XPS) was performed on a Nexsa spec-
trometer (Thermo Scientific, USA) using Al Ka radia-
tion and C 1s (284.8 eV) as a reference value for cor-
recting binding energy.
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3 Results and discussion
3.1 Characterization of MPTES-modified CFP

The SEM was used to observe the surface mor-
phology of MPTES modified CFP (S-CFP). Fig. la
shows that S-CFP preserves the porous structure of
CFP (Fig. S3). The spherical particles on the fiber sur-
face are polymers produced by the self-polymeriza-
tion of MPTES molecules at high temperatures. S
and Si elements appear on the S-CFP and are evenly
distributed on its surface, which indicates that MPT-
ES successfully grew on the CFP. Fig. 1b shows that
the pristine CFP surface is hydrophobic with a contact
angle of 115.2°. After oxidation, the contact angle

decreased to 33.5° due to the introduction of hydro-
philic oxygen-containing functional groups, while
the contact angle increased to 138.7° after MPTES
modification. These results again suggest that MPTES
was successfully grown on the surface of the CFP.

The chemical environment of S-CFP was charac-
terized by Raman spectroscopy (Fig. 1c). The results
show that S-CFP had a typical sp’ carbon structure,
with two G peaks around 1582 cm™ and 2700 cm™, re-
spectively, and an [/I, of 1.35. The increased /,/I,
compared with pristine CFP (0.03) indicates the in-
creased disorder of the electrodes, which further con-
firms the successful modification of MPTES. The G-
band of S-CFP was wider and shifted toward a higher
Raman shift, indicating a symmetry breakdown and

D ,
150 A | ; ) |
! | i — |
P 5 P Io/1=0.03 / s !
[=) g i hu /:\ = ]
% 100 4 é\h__,_.?,,*/,\‘ ,,,,,,,,,,,,, Bl D :
o 2 ! | i S |
g sl : 8 .
€ = ! \i i = i
2 1 (A} I I
© 50 - [ . |
I ]
i i i ! o ——CFP
1 1 11631 cm™’ —— S-CFP
O T r T ! J J T T T T T T T
° ) R 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500 4000
o 8C ko) Raman shift (cm™) Wavenumber (cm™)
NG
ot
€ |-~ -~ - ------=--"-- - - - --_----T----------T-T--T--=="= |
3 ——0=C-0 93.5% i —C-0-Si98% —82p,,33.3%
! Cils -t O1ts c065% Si2p Si-0-5i2% = 2p s2 o7l |
I —C-O-Si = Subsiratslline Substrate line Substrate fine| |
I ~ co o~ g::;gaclir:rie o gglqgaﬂr::/e —_~ Fitting curve | |
I =] —sp’C =1 =] 9 =1 Original curve I
o Substrate line & S =
| > Fitting curve > > > 1
i Original curve = i % S
I 2 c b c : c |
2 B9} Y 2 X 2
= , S ' S S 1
I , : \ o L 51
! . : : : ‘ . . : ; |
I 280 285 290 295 525 530 535 540 100 104 108 160 164 168 1
1 Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV) 1
e o o o o e e e e e e e e e e e mm mm mm o o o o mm Em Em Em Em mm mm Em Em Em Em Em Em Em o o o e Em -
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bond deformation, possibly related to the formation of
functional groups on the CFP (Papiya et al., 2019).

FTIR was used to identify the functional groups
formed on the S-CFP. As shown in Fig. 1d, the stretch-
ing vibrations of the OH groups (3435 ¢cm™) (Fang
et al., 2014), the C=C stretching vibration from sp’
hybridized carbon (1631 cm™) (Varga et al., 2017),
and the bending vibrations of sp’ hybridized CH,
(1440 cm™) (Arbab and Zeinolebadi, 2013) are visible
for all electrodes.

XPS spectra were recorded to further confirm
the chemical bonds on the electrodes (Fig. le). After
MPTES modification, the electrode contained 6.6% S
and 12.6% Si (Fig. S4). The fitting peaks in the C 1s
fine spectrum were 284.1 eV for sp” C, 284.8 eV for
sp’ C, 285.7 eV for C-0-Si, 286.7 ¢V for C-0O, and
288.4 eV for O=C-O (Castillo et al., 2016). The O 1s
fine spectrum can be deconvoluted into O=C-O at
about 532.3 eV and C-O at 533.2 eV (Zhong et al.,
2013; Han et al., 2022). The O/C ratio on the electrodes
increased from 5.3% in pristine CFP to 37.2% in S-
CFP due to the MPTES modification. The Si 2p fine
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spectrum can be deconvolved into C—O-Si at 102.5 eV
and Si—O-Si at 104.3 eV (Sosa et al., 2020). The fit-
ting peaks at 163.2 eV and 164 eV belong to S 2p,,
and S 2p,,, respectively. The fitting peaks for C—O—Si
(285.7 eV and 102.5 eV) and O=C-O suggest that
MPTES molecules may form C—O-Si and COOSi on
the surface of CFP.

3.2 Electrosynthesis of H,O, via 2e-WOR

A series of electrochemical tests were performed
to evaluate the 2e-WOR performance of S-CFP. As
shown in Fig. 2a, the activity of S-CFP was signifi-
cantly increased compared with that of pristine CFP
(the original LSV data are shown in Fig. S6). Fig. 2b
shows that the electron transfer rate of S-CFP was
slower than that of pristine CFP because MPTES mol-
ecules self-polymerized to form polymers on the S-
CFP that blocked the contact between the active sites
and the electrolyte. Even so, the 2e-WOR performance
of S-CFP was much higher than that of pristine CFP.
As shown in Figs. 2¢ and 2d, the production rate and
selectivity of H,0, were significantly increased after
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Fig. 2 ECSA normalized 2e-WOR current density (a); EIS of S-CFP and pristine CFP in 1 mol/L Na,CO, solution (b);
production rate of H,0, (¢); H,0, selectivity of S-CFP and pristine CFP in different electrolytes (d)
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MPTES modification, reaching 12.6 umol/(min-cm?®)
and 62.1% at 2.7 V, respectively. In comparison, the
production rate and selectivity of H,O, for pristine CFP
at the same voltage were only 6.8 pmol/(min-cm®) and
12.1%, respectively. These results suggest that the
chemical bond formed between MPTES and CFP can
modulate the active sites to favor the 2e-WOR.

In addition, we found that the type of electrolyte
influenced the 2e-WOR performance of S-CFP (Figs. 2¢
and 2d). S-CFP had a higher selectivity and produc-
tion rate of H,0O, in Na,CO, solution and NaHCO, so-
lution than that in Na,SO, solution. This may be be-
cause CO3;/HCO™ can be oxidized to C,0; /HCO, and
then hydrolyzed to produce H,O, in the electrolysis
process (Egs. (5) and (6)) (Pangotra et al., 2022). Con-
sidering that the 2e-WOR performance of S-CFP in
Na,CO, solution was better than that in NaHCO; solu-
tion, the hydrolysis of C,0;” may be the main path-
way for H,O, production. Thus, the electrosynthesis
mechanism of H,O, in carbonate electrolytes may be
similar to that of persulfate in sulfate electrolytes, both
of which are oxidizing anions to form corresponding
peroxides followed by hydrolysis (Yang et al., 2018).
Inspired by this insight, we tried to improve the 2e-
WOR performance of S-CFP by using inhibitors of
OER, which are widely applied in the electrosynthe-
sis of persulfate (Luo et al., 2017). Fig. S7 shows that
KSCN with the concentration of 0.5 mmol/L had the
best effect, with H,0, selectivity increasing from 62.1%
to 65.9% at 2.7 V. Interestingly, the same phenomenon
can be found with Ti,O,, Sb-SnO,, Ru-Ir, and PbO,, in-
dicating the universality of using KSCN to inhibit OER
to improve the 2e-WOR performance of electrodes.

HCO; +H,0— H,0,+HCO;, )
C,02+2H,0 — H,0,+2HCO;. (6)

3.3 Electrosynthesis of H,O, via 2e-ORR

To combine 2e-WOR with 2e-ORR for simulta-
neous electrosynthesis of H,0,, a NADE was prepared.
A NADE provides the O, for 2e-ORR by natural air-
diffusion without artificial aeration, which is more en-
ergy efficient than conventional gas diffusion cathodes.
First, the effect of three different substrate materials
(i.e., titanium mesh, carbon felt, and CC) used for the
NADE was evaluated based on H,0, selectivity. The
NADE had the highest H,O, selectivity when CC was
used as the substrate (Fig. S8). Then, a series of NADE

loaded with different PTFE/CB ratios using CC as sub-
strate were prepared to obtain the best material ratio.
LSV tests were performed to reveal the activity of the
electrodes. Fig. 3a shows that the NADE with a PTFE/
CB ratio of 0.6 had the highest activity, and the ac-
tivity trend was the same as the ECSA of the NADE
(Fig. 3b). This is reasonable considering that the hy-
drophobicity of electrodes with a low PTFE load (i.e.,
PTFE/CB=0.2) is insufficient to provide the abundant
three-phase interface for 2e-ORR. The electron trans-
port channel is blocked and the electrode activity is re-
duced when the PTFE content is too high (i.e., PTFE/
CB=1). EIS results suggest that the NADE with a
PTFE/CB ratio of 0.6 delivered the lowest charge trans-
fer resistance, and the trend was the same as those of
the ECSA and LSV tests (Fig. 3¢). The H,0, selectivity
of different NADEs was measured at current densi-
ties ranging at 0-120 mA/cm’. The NADE with a
PTFE/CB ratio of 0.6 had the highest H,0, selectivity,
close to 100% at 120 mA/cm’ (Fig. 3d), which corre-
sponds well to results from the previous electrochemi-
cal characterization.

3.4 Electrosynthesis of H,O, via coupling 2e-WOR
and 2e-ORR

The S-CFP was combined with the NADE to sig-
nificantly improve the Faraday current efficiency and
the production rate of H,0,. Firstly, the performance
of simultaneous H,0, electrosynthesis using an anode
and cathode in a membrane-free system was evaluated.
As shown in Fig. 4a, the total current efficiency of
H,O, electrosynthesis increased continuously with the
increase of Na,CO, concentration. This was because
the amount of H,O, generated via 2e-WOR is highly
dependent on carbonate, as revealed in Section 3.1.
The total current efficiency reached 136% in 1 mol/L
Na,CO, solution, which is much lower than the sum
of the respective H,O, selectivity of S-CFP and NADE.
The low current efficiency may be related to the mutual
interference between the cathode and the anode, thus
the proton exchange membrane Nafion 117 was used
to address this problem. As expected, the total current
efficiency of the system was greatly improved when a
divided cell was used. The current efficiency and pro-
duction rate of H,O, reached 152.9% and 38 umol/min
at 2.8 V, respectively (Figs. 4b and 4c), which is very
competitive compared with state-of-the-art literature
(Table 1).
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Table 1 Summary of recent studies on the simultaneous production of H,O, by an anode and cathode

Electrode material

Bias applied/

H,0, generation Current

Anode Cathode current density (umol/min)  efficiency Reference
BiVO, C-cathode 1.5 V photoelectric 242 - Shi et al., 2018
WO,/BiVO, Au Photocatalytic 0.066 140% Fuku et al., 2017
Sn-doped CuWO,/Sn NADE 100 mA/cm’ 66 161% Lietal., 2022
PTFE-CFP Oxidized carbon nanotubes Cell voltage of about 1.7 V 24 153% Xia et al., 2020
S-CFP NADE 28V 38 152.9% This work

The low production rate of H,O, (usually lower
than about 5 umol/(min-cm®) synthesized by a photo-
catalytic or photoelectric system makes it difficult to
meet the needs of practical applications (i.e., BiVO,/
C-cathode and WO,/BiVO,/Au). A traditional sub-
merged cathode requires a constant external supply of
oxygen, which is energy-intensive (i.e., PTFE-CFP/
oxidized carbon nanotubes). In comparison, the NADE
used here uses naturally diffused air as the source of
oxygen and does not need an artificial oxygen supple-
ment, thus dramatically reducing energy consump-
tion. Therefore, the coupled S-CFP and NADE sys-
tem developed in this work has promising application
prospects. The H,O, electrosynthesis device could run
stably for about 4 h (Fig. 4d) until the NADE was
flooded by the electrolyte (Fig. 4e). However, after a
simple drying the NADE could then continue to be
used with no loss of performance from its initial state
(Fig. S10).

4 Conclusions

In this paper, a highly efficient 2e-WOR an-
ode was prepared by modifying CFP with MPTES.
An H,O, selectivity of 62.1% and H,O, yield of
12.6 pmol/(min-cm’) were achieved at 2.7 V. A NADE
loaded with PTFE/CB=0.6 using CC as substrate was
prepared and combined with S-CFP to produce H,O,
simultaneously via coupling 2e-WOR and 2e-ORR. The
total current density of the 2e-WOR and 2e-ORR
reached 152.9%, and the production rate was as high
as 38 umol/min in a Nafion 117 membrane-separated
electrolyzer. These findings represent a new strategy
for the electrosynthesis of H,O,, promoting the practi-
cal application of decentralized electrochemical H,O,
production.
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