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Water oxidation to H,O, on surface-modified
carbon cloth electrodes
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The electrochemical water oxidation reaction (WOR) represents a promising route for on-site synthesis of
hydrogen peroxide (H,O,), but its practical application is hindered by limited activity, selectivity, and
insufficient mechanistic understanding. Herein, we report a polyvinylidene fluoride-modified carbon
cloth (PVDF/CC) electrocatalyst that achieves a faradaic efficiency of 91% toward H,O, at 2.75 V vs. RHE,
with a high current density of 131 mA cm~2 and accumulated H,O, concentration of 52 mM. Through
a combination of in situ ATR-FTIR spectroscopy and isotope labeling experiments, we confirm the
involvement of a carbonate-mediated reaction pathway. Theoretical calculations further reveal that
fluorine-induced hydrogen bonds between PVDF and surface hydroxyl groups promote hydroxyl
adsorption and facilitate the formation of HCO,4 intermediates. This work offers a simple and cost-
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Introduction

Hydrogen peroxide (H,0,) serves as an essential chemical in
diverse applications from wastewater treatment to industrial
synthesis.’? Current anthraquinone oxidation (AO) processes
face sustainability challenges due to multi-step operations and
significant organic byproduct generation."® Electrochemical
synthesis emerges as a green alternative, where the water
oxidation reaction (WOR) offers inherent advantages over the
oxygen-dependent oxygen reduction reaction (ORR): a simple
operation using only aqueous feedstock.”** However, the WOR
faces fundamental limitations: the thermodynamically favored
four-electron pathway (OER, eqn (2)) and rapid H,0, decom-
position (0.68 V vs. RHE) significantly constrain reaction selec-
tivity and controllability.

2H,0 — H,0, +2H" + 2~ E°=176Vvs. RHE (1)

2H,0 — O, +4H" +4e~ E’ =123V vs. RHE @)

Current catalysts exhibit performance trade-offs: metal
oxides (BiVO,, SnO,, etc.) achieve >90% faradaic efficiency but
limited current density (<100 mA cm™?),'2'>172%-23 while modi-
fied carbon materials (PTFE/CFP and CNFs) show enhanced
activity at the expense of selectivity.”*'*****3* This limited
selectivity comes from three main reasons. First, the 4e” side
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effective strategy for efficient electrochemical H,O, production via the WOR pathway.

reaction cannot be fully stopped. Second, the surface still gets
partially oxidized at high potentials. This leads to non-optimal
OH adsorption. Third, strong bubble release causes local O,
shortage. This value is not a simple “defect”. It is the limit of the
current “local O, enrichment” strategy. Moreover, H,O, accu-
mulation rarely exceeds 30 mM due to insufficient stability.
These limitations underscore the need for catalyst design,
balancing selective active sites with enhanced mass transport.

We present a PVDF/CC electrocatalyst achieving 131 mA
cm 2 current density with 91% faradaic efficiency for the WOR
at 2.75 V vs. RHE, producing 52 mM H,O, in carbonate/
phosphate electrolytes. Controlled PVDF loading optimizes
interfacial interactions, enabling sustained high activity in
energy conversion systems. Kinetic analysis reveals dynamic
equilibrium between H,0, generation and decomposition, with
derived rate constants explaining concentration stability.
Theoretical calculations identify fluorine-hydroxyl hydrogen
bonding as the critical mechanism: these bonds enhance
hydroxyl adsorption while stabilizing HCO, intermediates
through active site exposure. The hydroxyl electron transfer step
emerges as the rate-limiting barrier governing the reaction
potential. This work establishes fundamental principles for
designing fluorinated electrocatalysts, providing both mecha-
nistic understanding and practical guidelines for industrial
H,0, synthesis.

Results and discussion

A series of carbon cloth electrodes with varying loadings of
polyvinylidene fluoride (PVDF) were fabricated by spraying
different volumes (0.2-1.0 mL) of PVDF solution, denoted as
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PVDF/CC-1 to PVDF/CC-5. These electrodes were subjected to
thorough physicochemical characterization to elucidate the
structure-performance relationship.

Morphological and elemental distribution analyses (Fig. 1a
and b) provide critical insights into the accessibility of active
sites and mass transport properties. Scanning electron
microscopy (SEM) images reveal that the pristine carbon cloth
consists of smooth, interwoven carbon fibers (left panel of
Fig. 1a). With increasing PVDF loading (Fig. S1), a continuous
polymer film gradually coats the fiber surfaces. Notably, in the
high-loading sample PVDF/CC-5, PVDF not only forms a dense
and conformal layer over the fibers but also preferentially fills
the inter-fiber junctions. This “bridging” effect is expected to
improve the mechanical integrity of the electrode, thereby
promoting structural stability during prolonged -electro-
chemical operation—particularly critical for the water oxidation
reaction under high potentials. Energy-dispersive X-ray spec-
troscopy (EDS) mapping (Fig. 1b) confirms the homogeneous
distribution of fluorine across the fiber surfaces, attesting to the
uniformity and completeness of the PVDF coating.

Crystalline structure analysis was conducted via X-ray
diffraction (XRD) to identify the phase composition of the
modified layer (Fig. 1c). All PVDF-modified electrodes exhibit
distinct diffraction peaks at around 18.5° and 20.2°, corre-
sponding to the (020) and (110) planes of crystalline PVDF,
respectively. The absence of amorphous halos confirms the
successful deposition of crystalline PVDF via the spraying
method. The gradual enhancement in peak intensity with
increasing precursor volume (0.2 to 1.0 mL) further corrobo-
rates the controllable loading of PVDF (Fig. S4). The crystalline

PVDF/CC

b
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nature of PVDF may influence the electronic structure and
interfacial charge transfer properties of the electrode, poten-
tially owing to its ferroelectric character.

To probe the surface chemical states and interfacial reac-
tivity, X-ray photoelectron spectroscopy (XPS) was performed on
both pristine CC and PVDF/CC-5 samples (Fig. 1d and e). The C
1s spectrum of CC can be fitted with four components: CC
(284.8 eV), CO (286.2 eV), C=0O (288.0 eV), and a minor
contribution from CF (290.9 eV). In contrast, the C 1s spectrum
of PVDF/CC-5 deconvolutes into five peaks: graphitic sp* carbon
(283.4 eV, from the substrate), CC (284.8 eV), CO (285.7 eV),
C=0 (287.0 eV), and a dominant CF peak at 289.4 eV, charac-
teristic of the —CF,- group in PVDF. Consistently, the F 1s
spectrum shows a primary signal at 686.7 eV, confirming the
formation of CF bonds. Additionally, the O 1s spectra indicate
the presence of oxygen-containing functional groups (CO at
530.7 eV and C=0 at 532.7 eV), likely introduced during air
exposure or pretreatment. These hydrophilic moieties are
anticipated to enhance the wettability of the electrode, thereby
facilitating reactant diffusion and product release during
electrocatalysis. As shown in Fig. 2a, the PVDF/CC composite
electrode demonstrates optimal performance for the water
oxidation reaction (WOR) at a PVDF loading corresponding to
0.6 mL of precursor solution. In comparison, bare carbon cloth
(CC) predominantly facilitates the 4-electron pathway for the
WOR, leading to vigorous oxygen evolution evident as contin-
uous bubbling. Modification with PVDF significantly
suppresses gas evolution, suggesting a transition in the reaction
mechanism. However, excessive PVDF loading (>0.6 mL) results
in electrode passivation and a sharp decrease in current density
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Fig.1 Structural characterization of electrodes. SEM images and EDS mapping images of (a) pristine carbon cloth (CC) and (b) PVDF/CC. (c) X-ray
diffraction (XRD) patterns of CC and PVDF/CC. X-ray photoelectron spectroscopy (XPS) spectra of (d) CC and (e) PVDF/CC.
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Fig.2 The electrochemical performance of the WOR process in 2.0 M K,COz + 100 mM K3POQ4,. (a) FE of PVDF/CC with varying loadings. (b) LSV
curves of CC, PVA/CC, and PVDF/CC electrodes. (c) FE of CC, PVA/CC, and PVDF/CC electrodes at different stirring speeds. (d) FE of CC, PVA/

CC, and PVDF/CC electrodes at different applied potentials with a passed
potentiostatic electrolysis for 5 minutes at different applied potentials. (f)

charge of 12C. (e) FE of the CC, PVA/CC, and PVDF/CC electrodes after
FE of the PVDF/CC electrode after passing a charge of 12C in different

electrolytes. The tests for (a, ¢, and f) were conducted at a potential of 2.75 V vs. RHE.

(Fig. S8a), due to insulating polymer overcoating. Therefore, the
PVDF/CC-3 sample was selected for further studies to achieve
a balance between catalytic activity and electronic conductivity.

The annealing temperature also plays a critical role in
determining the electrode performance, with a distinct volcanic
trend observed in electrochemical activity (Fig. S8b). The high-
est WOR efficiency occurs after treatment at 400 °C. When the
temperature reaches 500 °C, PVDF decomposes and evaporates
(Fig. S2), resulting in a drastic decline in WOR selectivity from
91% to 30%—a threefold reduction bringing performance back
to the level of unmodified CC. This complete reversal upon
PVDF removal confirms that the modification is a surface-
specific process without altering the bulk structure of carbon
cloth, underscoring the stability of the substrate throughout
thermal treatment.

The influence of stirring speed on electrode behavior was
systematically examined (Fig. S9). Three electrodes—CC, PVA/
CC, and PVDF/CC—exhibited characteristic Faraday efficiency
(FE) profiles in response to the agitation intensity (Fig. 2¢). The
FE increased with stirring speed until reaching a plateau at
1600 rpm, which was adopted as the standard condition. This
trend is attributed to the competition between H,0, generation
and its oxidative consumption. In stagnant electrolyte, accu-
mulated H,O0, near the electrode surface undergoes rapid
oxidation to O,, lowering the FE. Mechanical stirring (>600 rpm)
enhances mass transport, shifting H,0, away from the surface
and reducing parasitic oxidation. Notably, PVDF/CC operates at
a lower current density while achieving a higher FE compared to
CC and PVA/CC (Fig. 2b). This improved performance is
ascribed to fluorine-hydroxyl hydrogen bonding within the
PVDF layer, which promotes hydroxyl adsorption and stabilizes

This journal is © The Royal Society of Chemistry 2025

the key HCO, intermediate, thereby favoring the desired
reaction pathway.

We further evaluated FE as a function of applied potential
under two distinct protocols: fixed charge and fixed duration
(Fig. S10). Under fixed-charge conditions, all electrodes showed
an initial rise and subsequent saturation in FE with increasing
potential (Fig. 2d and e). PVDF/CC exhibited a substantial
enhancement in FE, from 2% to 80%. Higher potentials
promote H,0, formation while curtailing its residence time,
thus limiting decomposition. In fixed-duration tests, PVDF/CC
reached an FE of 67% at high potential—2.4 times greater
than the 28% observed at 2.1 V—highlighting the dual role of
potential in both producing and degrading H,O,. Since H,O,
decomposition depends on both concentration and potential,
fixed-charge protocols provide consistent product accumulation
and minimize concentration-led artifacts, offering a more reli-
able comparison than time-based evaluations. The consistent
superiority of PVDF/CC across methodologies underscores the
role of its interfacial properties in stabilizing reactive species
through hydrogen bonding. The potentiostatic method main-
tains the electrode potential within a “safe window” that favors
H,0, formation. This ensures that the measured current
primarily originates from H,O, production. For comparison,
galvanostatic tests were also performed (Fig. S11). The faradaic
efficiency obtained from galvanostatic measurements was
consistently lower. It never exceeded 75%. This limit does not
represent the catalyst's intrinsic capability. Instead, it reflects
a limitation of the galvanostatic method. At high current
densities, the electrode potential shifts unavoidably. This shift
moves the potential outside the safe window. As a result, part of
the current oxidizes the formed H,O, further. This process

J. Mater. Chem. A
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systematically underestimates the efficiency. Therefore, we
conclude that the faradaic efficiency measured by the poten-
tiostatic method more accurately represents the true selectivity
of our catalyst toward H,O, production.

To enhance WOR selectivity, potassium phosphate was
introduced as a stabilizer for H,0,. As illustrated in Fig. 2f,
WOR selectivity increased from 3% in potassium sulfate to 14%
in phosphate electrolyte. Greater improvements were observed
in bicarbonate (33%) and carbonate (40%) electrolytes. An
optimized mixed carbonate/phosphate electrolyte further
increased the selectivity to 78%. These results suggest that
carbonate/bicarbonate species promote H,0, generation, while
phosphate ions inhibit its decomposition. The synergistic effect
among these additives significantly enhances WOR selectivity,
providing valuable insights into electrolyte design for efficient
oxidation systems.

The PVDF/CC electrode exhibited stable H,O, production
during 3.8 h electrolysis, accumulating 52 mM H,0, (Fig. 3a).
However, the faradaic efficiency (FE) decreased significantly
from 90% to 10% during prolonged operation (Fig. S14), sug-
gesting the progressive dominance of oxygen evolution. This
decline occurred because H,0O, accumulation accelerated its
oxidation rate, establishing a dynamic equilibrium between
production and consumption. Consequently, prolonged elec-
trolysis predominantly produced oxygen rather than H,0,. To
further investigate the effect of reaction conditions on H,O,
synthesis efficiency, we evaluated the electrocatalytic perfor-
mance at low temperatures (ice bath) (Fig. S12). The results
show that the low-temperature condition reduced the reaction
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kinetics. This led to a decrease in the current density to about 80
mA cm™ . However, it effectively suppressed the decomposition
of H,0,. As a result, the accumulated H,0, concentration
significantly increased to about 60 mM. This phenomenon
clearly reveals a key trade-off in the electrocatalytic synthesis of
H,0,. The lower temperature limits the reaction rate. However,
it improves the net H,O, yield by suppressing side reactions.
These results provide additional insight into the boundary
conditions of the catalyst's performance. Cycle stability tests
confirm the durability of PVDF/CC (Fig. 3b). Regular electrolyte
replacement at 10 minute intervals maintained consistent WOR
activity. The concentration of H,0, was determined colorimet-
rically, and a standard calibration curve was established (Fig.
S13). To investigate the performance decay of the catalyst
during the reaction, we characterized the electrode after the
stability test by SEM, XPS, and XRD. The SEM image (Fig. S3)
shows localized damage to the PVDF film on the carbon fibers.
This indicates a weakening of its physical structure during the
reaction. XPS analysis (Fig. S6) further confirms the chemical
changes in PVDF/CC. The fluorine content decreased from
47.16% to 39.83%. In contrast, the oxygen content increased
from 1.12% to 6.97%. These changes suggest partial oxidation
of the electrode. Additionally, XPS detected potassium ions
from the electrolyte remaining on the electrode surface. The
XRD pattern (Fig. S5) shows no significant shift in diffraction
peaks before and after the electrochemical test. This indicates
good structural stability of the material during the electro-
chemical process. No obvious phase change or structural
damage occurred. These results collectively demonstrate that

0 T T T T

6
Cycle

Optimal pH range

Fig. 3 Electrochemical performance of the PVDF/CC electrode for the electrocatalytic synthesis of H,O, at 2.75 V vs. RHE. (a) Chro-
noamperometric (current density vs. time) curve during long-term electrolysis. (b) Cycling stability evaluated by monitoring the concentration of
produced H,O,. The electrolyte was replaced every 10 minutes to mitigate product accumulation. (c) Faraday efficiency (FE) and (d) partial
current density for H,O, production measured in electrolytes with different pH values after passing a charge of 12C.
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the decline in catalyst stability is mainly attributed to physical
damage and surface chemical changes in the PVDF layer. pH-
dependent studies (Fig. 3c and d) revealed volcano-shaped
trends in both current density and FE, peaking at pH 11-13.
The maximum FE reached was 91% within this optimal pH
range. A direct comparison with previously reported electro-
catalysts for hydrogen peroxide production (Fig. S15) highlights
the superior performance of our system. As shown in Fig. S15a,
the H,0, concentration achieved in this work significantly
surpasses most literature values. Fig. S15b reveals a higher
faradaic efficiency (indicated by red markers), reflecting
enhanced reaction selectivity. Furthermore, our catalyst also
exhibits an exceptional H,0, production rate (Fig. S15c).
Collectively, these results demonstrate clear advantages in
concentration, efficiency, and production rate for electro-
chemical H,0, generation.

Fig. 4a shows the change curve of H,0O, concentration with
reaction time. Based on the kinetic characteristics, the process
can be divided into three distinct stages: (1) rapid growth stage
(green), (2) competition stage (yellow), and (3) equilibrium stage
(red). In the initial rapid growth stage, the H,O, concentration
in the system is low. The formation rate (r,) is significantly
higher than the consumption rate (r.), leading to a rapid
increase in H,0, concentration. During the competition stage,
the accumulated H,0, concentration causes r. to gradually
increase. As a result, the net formation rate (rpee = 75 — 1)
decreases significantly. Finally, the system reaches a dynamic
equilibrium state. At this stage, r, equals r., and the H,0,
concentration stabilizes at the equilibrium concentration
((H205]eq = 39.1 mM, determined by nonlinear fitting). The
concentration of hydrogen peroxide increased with prolonged
electrolysis time; however, the faradaic efficiency (FE) decreased
(Fig. S14), indicating simultaneous generation and decompo-
sition of H,0, during the process. The H,0, concentration over
time follows the equation: Cyy,0, = Cp X (1 — exp(—k x t)). Here,
Cy,0, is the H,0, concentration (mM) at time ¢, C, is the equi-
librium concentration (mM), k is the consumption rate constant
(min™"), and ¢ is the time (min). To verify the reliability of the
equilibrium concentration, a pre-added H,0, control
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experiment was conducted. The results show that when the
initial H,O, concentration is high ([H,O,Jinita1 >[H202])eq), the
system undergoes a rapid consumption stage and a competition
stage before reaching the same equilibrium concentration. This
result is highly consistent with the forward reaction experiment,
confirming the reliability of the established kinetic model.
Fig. 4b shows a comparative study of the dynamic changes in
H,0, concentration under electrolysis and static conditions.
Under electrolysis, the H,O, concentration exhibits three
distinct stages: (1) a rapid consumption phase (red), (2)
a competition phase (yellow), and (3) an equilibrium phase
(green). In contrast, under static conditions, the H,0, concen-
tration decreases monotonically over time. The decomposition
rate under static conditions is significantly lower than that
under electrolysis. Kinetic analysis reveals that H,O, decom-
position under static conditions follows a first-order reaction
model: Cy,o, = Co x exp (—k x t). Here, Cy,o, is the H,0,
concentration (mM) at time ¢, C, is the initial concentration
(mM), k is the apparent degradation rate constant (min~"), and ¢
is the reaction time (min).

In the electrocatalytic water oxidation reaction for H,O,
synthesis, carbonate ions (CO;>7) significantly influence the
reaction kinetics. The reaction order with respect to carbonate
concentration, measured using a PVDF/CC electrode, was deter-
mined to be 0.85 (Fig. 5a), indicating a strong dependence of the
reaction rate on the carbonate concentration. This suggests that
carbonate is likely involved in the rate-determining step or the
formation of key intermediates, supporting a mechanism
wherein carbonate mediates the reaction pathway via peroxo-
carbonate intermediates such as HCO, ™ or C,0¢>.

To verify this mechanism, an isotope tracing experiment was
conducted. After adding H,'®0 to the electrolyte, the '®0
abundance in carbonate species increased by 7.4 times in the
electrolyzed sample compared to the non-electrolyzed control
(Fig. 5b), indicating rapid oxygen exchange between water and
carbonate during electrolysis and confirming the active partic-
ipation of carbonate in the reaction process.

To further investigate the reaction pathway, in situ ATR-FTIR
spectroscopy was employed to monitor intermediate species on
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Fig. 4 Kinetic analysis of H,O, electrogeneration and decomposition on the PVDF/CC electrode. (a) Time-dependent concentration profiles of
H,O, during potentiostatic electrolysis at 2.75 V vs. RHE from electrolytes without initial H,O, and with excessive added H,O,. Data points
represent experimental measurements, and solid lines correspond to the kinetic fitting curves. (b) Comparative evaluation of H,O, concentration
evolution: electrolysis in the presence of excessive initial HO, and spontaneous chemical decomposition of H,O, in the absence of electrolysis.
All experiments were conducted in a 2.0 M K,COsz + 100 mM K3sPO4 electrolyte solution.
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Fig. 5 Mechanistic investigations of the H,O, generation pathway on the PVDF/CC electrode. (a) Determination of the reaction order with
respect to COs>~ concentration. (b) Isotope tracing analysis: detection of *¥0 in the evolved CO, product from electrolysis in H,'®O-enriched
electrolyte. In situ electrochemical ATR-FTIR spectra of the PVDF/CC electrode surface during electrolysis in (c) 2.0 M K,COs and (d) 2.0 M KsPO4

electrolytes, revealing potential-dependent adsorbed species.

the PVDF/CC electrode surface in real time (Fig. 5c¢). As the
potential increased, the water oxidation reaction accelerated, as
evident from the enhanced signal at ~1630 cm ™" corresponding
to the H-O-H bending vibration of water.*® Simultaneously,
a peak appeared at ~1400 cm ™" attributed to the C-O stretching
vibration of adsorbed carbonate species. Notably, a character-
istic peak observed at 1296 cm " is assigned to peroxocarbonate
species (e.g., HCO, ), resulting from the coupling of C-O and
C=O0 vibrational modes—a definitive fingerprint for such
intermediates—confirming their formation on the electrode
surface.*® To ascertain the necessity of carbonate, a control
experiment was performed in potassium phosphate electrolyte
(Fig. 5d). The characteristic peaks at 1400 cm ' and 1296 cm™*
were completely absent, indicating that the formation of these
intermediates strictly depends on the presence of carbonate.
Collectively, these experimental results demonstrate that
carbonate ions act as essential mediators in the electrocatalytic
water oxidation reaction for hydrogen peroxide production,
facilitating H,O, generation through the formation of peroxo-
carbonate intermediates.

Through theoretical calculations, we elucidated the detailed
reaction mechanism of the PVDF/CC anode in catalyzing water
oxidation to produce H,0,, confirming its high activity and
selectivity. The proposed mechanism involves the following key
steps: (1) adsorption of hydroxide (OH ) onto the surface; (2)
electron transfer from the adsorbed hydroxide to form
a hydroxyl radical (*OH); (3) nucleophilic attack of the hydroxyl
radical by carbonate ions (CO,;*>") to form the HCO,  interme-
diate; and (4) hydrolysis of HCO,  in alkaline solution to
produce H,0,.

J. Mater. Chem. A

Using Gaussian software, we calculated the key intermedi-
ates involved in the reaction pathway, including five critical
configurations: (I) bare PVDF/CC surface, (II) PVDF/CC with
adsorbed OH ", (III) PVDF/CC with a surface hydroxyl radical,
(IV) the HCO,  intermediate, and (V) the final H,0, product.
Based on Norskov theory,* a reaction free energy diagram was
constructed (Fig. 6a). Calculations were performed using the 6-
31g(d) basis set and B3LYP functional, with implicit solvent
corrections to account for aqueous conditions. All calculations
were conducted at 298.15 K and 1 atm with corrections for free
energy.*® The electronic energies, zero-point energies, entropies,
and free energies of all species are listed in the SI tables. The
free energy diagram shows that the step involving electron
transfer from the surface hydroxide to form the hydroxyl radical
has the highest energy barrier, which correlates with the
experimental observation of significant H,0, activity occurring
only beyond 2.7 V (vs. RHE, pH = 12.6).

A detailed analysis of reaction steps reveals that fluorine
atoms in PVDF significantly lower the energy of OH ™ adsorption
by interacting with surface hydroxides (Fig. 6b). The adsorbed
OH™ group sits 1.46 A from the CC surface, while hydrophobic
CC regardless of PVDF modification fails to adsorb carbonate
ions. Based on this, we propose that hydroxide ions adsorb first
and undergo electron transfer, rather than directly interacting
with carbonate. The transition state searches validated reaction
pathways for steps III — IV and IV — V. The III — IV step
involves a second electron transfer to form HCO, , with
a transition state (tsy_rv) exhibiting an imaginary frequency of
—503.63 Hz and a 0.65 eV energy barrier (Fig. 6¢). Similarly, the
IV — V step (HCO,  hydrolysis to H,0,) has a transition state

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Reaction energy diagram and structural insights into the catalytic mechanism of PVDF/CC for H,O, production. (a) Reaction free energy
diagram for key steps, highlighting configurations IV. (b) Energy profile of OH™ adsorption on PVDF/CC, with the x-axis showing the OH™
distance from the CC surface. (c) Intrinsic reaction coordinate (IRC) scan for the tsllI-IV transition state, representing the reaction between
hydroxyl radicals and carbonate ions to form HCO,4 . (d) IRC scan for the tsIV-V transition state, representing the hydrolysis of HCO,~ to form
H,0,. (e) NCI analysis of hydrogen bonding between PVDF fluorine and hydroxyl groups, showing strong interactions. The blue regions in the
plot represent the hydrogen bonding interaction zones. (f) Energy surface comparison showing enhanced carbonate attack and HCO,4~

formation on CC surfaces.

(tsrv-v) with an imaginary frequency of —346.51 Hz and a 0.15 eV
barrier (Fig. 6d). These results support the proposed pathway.

To investigate the role of the fluorine groups in PVDF and
their interactions with the surface hydroxyl groups, non-
covalent interaction (NCI) analysis®’ was performed (see
Computational details method in SI). By selecting the geometric
midpoint between the hydrogen of the hydroxyl group and the
fluorine in PVDF within a cubic region of side length of 2 bohr,
we plotted the reduced density gradient (RDG) versus sign(—2,)p
(Fig. 6e). The analysis reveals significant hydrogen bonding
interactions in this region, with a sign(—A,)p value of approxi-
mately —0.01, indicating strong hydrogen bonding. These
hydrogen bonds not only stabilize the adsorption of hydroxyl
groups but also expose the active oxygen sites, facilitating the
nucleophilic attack by carbonate ions to form the HCO,™
intermediate.

To verify the role of fluorine-induced hydrogen bonds in
stabilizing key reaction intermediates, we combined experi-
mental and theoretical evidence. At the experimental level, no
clear C-F vibration signals were directly observed in Raman
spectroscopy (Fig. S7). This was due to strong background
fluorescence from the carbon support. It also suggests that
PVDF may exist in a highly dispersed amorphous state. This
state favors the exposure of fluorine atoms. Key indirect
evidence came from a fluorine-free control experiment. The
PVA/CC sample showed significantly reduced activity and
selectivity in H,0, electrosynthesis (Fig. 2b-e). This result
experimentally confirms that fluorine species are essential for
achieving high performance. At the theoretical level, we ob-
tained direct molecular-level evidence. RDG analysis (Fig. 6e)

This journal is © The Royal Society of Chemistry 2025

shows significant hydrogen bonding between hydroxyl
hydrogen atoms and fluorine atoms in the PVDF region. The (2%)
p value is about —0.01. These hydrogen bonds stabilize the
adsorption configuration of hydroxyl groups. They also expose
active oxygen sites by modulating the local electronic structure.
This promotes nucleophilic attack by carbonate ions and the
formation of HCO,™ intermediates. Direct experimental obser-
vation of transient hydrogen bonds at the electrode/electrolyte
interface remains a challenge for future research. However,
the current theoretical and experimental evidence are highly
consistent. Together, they form a complete evidence chain. This
strongly supports the conclusion that fluorine-induced
hydrogen bonding is the core mechanism for the high selec-
tivity of this catalytic system.

PVDF modification was further examined via potential
energy scans of carbonate-hydroxyl radical interactions on CC
(Fig. 6f). Without PVDF, hydroxyl radicals form weak hydrogen
bonds (CCOH:-O=CO=0?"), insufficient for HCO, . In
contrast, PVDF modification enhances interactions, exposing
active oxygen for carbonate attack. The calculated tsyy v
infrared spectrum (Fig. S16) matches the experimental FTIR
one, validating the model. In summary, the high activity and
selectivity of PVDF/CC in water oxidation and H,0, production
stem from hydrogen bonds between fluorine in PVDF and
hydroxyl groups on the surface. These bonds stabilize hydroxyl
adsorption and reveal active sites for HCO,  formation. The
electron transfer step of surface hydroxyls presents the highest
energy barrier, determining the reaction potential. A proposed
reaction pathway is illustrated in Fig. S17. This schematic
diagram clearly shows the microscopic process. In this process,

J. Mater. Chem. A
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fluorine-induced hydrogen bonds stabilize the HCO, inter-
mediate. This visualization provides a clear picture for under-
standing the high selectivity of our system. This study provides
critical insights for optimizing PVDF/CC and similar systems for
industrial use. Through thorough experiments and calcula-
tions, we clarified the role and mechanism of carbonate in the
WOR, laying a solid foundation for future research.

Conclusions

In conclusion, this work presents a high-performance PVDF/CC
anode for electrochemical H,0, production via the water
oxidation reaction (WOR), achieving an FE of 91% at 131 mA
cm > with excellent operational stability, underscoring its
potential for scalable application. Mechanistic investigations
reveal that H,O, formation follows a carbonate-mediated indi-
rect pathway, wherein PVDF/CC facilitates OH™ activation to
generate -OH radicals, which subsequently react with carbonate
species to form percarbonate intermediates prior to hydrolysis
into H,0,. Theoretical calculations further demonstrate that
the enhanced catalytic performance originates from fluorine-
induced hydrogen bonding between PVDF and surface
hydroxyl species, which strengthens hydroxyl adsorption and
promotes the exposure of active sites conducive to HCO,
intermediate formation. By integrating experimental and
computational approaches, this study elucidates the critical
role of carbonate chemistry in the WOR process, providing
a fundamental framework for the design of efficient electro-
chemical systems for H,0, production.
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