
Bu et al., Sci. Adv. 12, eaeg8495 (2026)     28 August 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 10

C H E M I C A L  P H Y S I C S

Electrocatalytic polyvinylidene fluoride defluorination 
with water mediation at room temperature
Yifan Bu1†, Peixuan Li2,3†, Xiayu Yuan4†, Lei Tao3, Chengcheng Ji4, Junzhong Xie1, Yao Xu1, 
Shixuan Du2,3*, Wulin Yang4*, Mufan Li1*

Polyvinylidene fluoride (PVDF), a widely used recalcitrant per- and polyfluoroalkyl substance (PFAS) polymer, poses 
environmental challenges in its defluorination because conventional thermal methods release toxic volatile fluori-
nated compounds (VFCs). Here, we report an electrochemical water-mediated strategy for efficient, VFC-free PVDF 
defluorination under ambient conditions. The method achieves a high fluorine-to-fluoride conversion (93%) and 
is validated with an industrially relevant capacity of 8.5 kg·m−3·day−1 on real wasted battery electrodes containing 
PVDF as the binder. The high efficiency originates from the spatial confinement of electrochemically generated 
hydroxide ions near the cathode surface. Mechanistically, isotopic labeling and kinetic Monte Carlo simulations 
reveal water’s unprecedented dual role as both a reactant and a catalyst, driving an ionic pathway that fundamen-
tally suppresses VFCs. This offers a scalable, sustainable, and nontoxic alternative for the critical challenge of C─F 
breaking and PFAS defluorination.

INTRODUCTION
Polyvinylidene fluoride (PVDF) is a polymeric per- and polyfluoroal-
kyl substance (PFAS), with broad use as the binder and membrane 
in batteries, films, wire insulation, and architectural coatings (1–6), 
which presents substantial environmental challenges during its treat-
ment (7, 8). The dominant industrial strategy for treating PVDF is 
pyrolysis (Fig. 1A) (9, 10), which is highly energy-intensive and, more 
critically, drives the thermal decomposition of PVDF, leading to the 
emission of toxic volatile fluorinated compounds (VFCs) (7, 11, 12). 
Life cycle assessment indicates that the released VFCs contribute to 
global warming impacts orders of magnitude more severe than those 
of CO2 and methane (fig. S1) (13), underscoring the urgent need for 
VFC-free PVDF defluorination technologies.

Although considerable efforts have been devoted to realizing the 
effective degradation of persistent PFAS, the harsh degradation con-
ditions, such as high temperature (14–16) and high pressure (15), 
ball milling (17–20), highly active reductants (18), or advanced pho-
tocatalysis under strictly controlled anhydrous and oxygen-free en-
vironments (21, 22), are prohibitively difficult to achieve, hindering 
their scalable implementation. Electrochemistry provides a viable 
pathway for defluorination, enabling C─F bond cleavage through 
precise potential control at room temperature and atmospheric 
pressure. Nevertheless, the intrinsic stability of the C─F bond typ-
ically necessitates high potentials to drive charge transfer (23) or to 
generate highly reactive defluorinating intermediates (24) and oc-
casionally leads to insufficient defluorination efficiency (25). The 
integration of chemical and electrochemical processes presents a 

promising alternative, where electrochemically generated active 
species are concentrated near the electrode surface, enhancing the 
reaction kinetics, limiting the diffusion of corrosive pollutants, and 
mitigating the reactor corrosion (26). Water, as an inexpensive and 
environmentally benign species, can be electrochemically activated 
to highly reactive species at mild conditions (27), such as O (28, 29), 
OH (28), and O2 (30), thereby promoting subsequent chemical reac-
tions. For example, reactive oxygen species produced through water 
oxidation or oxygen reduction have been effectively used to degrade 
water-soluble, small-molecule PFAS (31). However, the electro-
chemical full defluorination of polymeric PFAS, such as PVDF, under 
mild conditions remains unrealized (32).

Here, we presented a simple electrochemical water-mediated 
strategy for PVDF defluorination at room temperature via integrat-
ing chemical and electrochemical processes (Fig. 1B), which is then 
further applied to real battery recycling scenarios with a designed 
scaled-up device as the practical demonstration. Cathodic reduction 
of water produced H2 and hydroxide ions, with the latter reacting 
with PVDF to initiate defluorination. The spatial confinement of 
hydroxide ions near the electrode suppressed corrosion and improved 
efficiency. Through the design of reaction pathway, we realized the 
degradation of PVDF through an ionic process, unlike the free-radical 
process enabled by high-temperature (33) in the pyrolysis approach, 
thereby effectively circumventing the formation of VFCs (Fig. 1C). 
In a lab-scale electrochemical system, a Faradaic efficiency (FE) of 
93% and a fluoride production rate of 0.28 mmol hour−1 were achieved, 
with 93% of the fluorine in PVDF converted to fluoride ions. Isotopic 
labeling experiments and ab initio kinetic Monte Carlo simulations 
revealed that water serves dual roles as both catalyst and reactant, 
operating through two parallel pathways: water catalysis and water 
reaction, collectively termed the “water-mediated” pathways. By inte-
grating this method into a customized reactor, we achieved a process-
ing capacity of 8.5 kg m−3 day−1 with a defluorination efficiency of 
over 90%, and realized complete elimination of VFCs emissions while 
preserving the structural integrity of the battery materials with a recycle 
efficiency of 98.1%, demonstrating one of the industrial application 
scenarios along this route.
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RESULTS
Concept validation and performance evaluation
We began with designing the water-mediated pathway for PVDF de-
fluorination, as illustrated in Fig. 2A, and experimentally validated 
this concept at the lab scale. Forty-five solvents, such as water, ethanol, 
and N,N-dimethylacetamide (DMAc), were screened, and DMAc was 
identified as the most effective medium for defluorination (table S1). 
X-ray photoelectron spectroscopy (XPS) analysis of the carbonaceous 
solids products showed a notable shift in the carbon-to-fluorine ratio, 
which increased from approximately 1 to 60 after the reaction, as 
evidenced by the C 1s peak (around 285 eV) and F 1s peak (around 
685 eV) on the survey spectra (fig. S2), indicating the successful 
defluorination. High-resolution XPS spectra of F 1s and C 1s pro-
vided further insights into the product’s structure (Fig. 2B). The 
characteristic F 1s peak of the [─CH2─CF2─]n structure at 689.8 eV 
disappeared after the reaction, and was replaced by a new peak cor-
responding to F− (683.5 eV), verifying the formation of fluoride and 
the cleavage of C─F bonds. This was also supported by the infrared 
and Raman spectra after the reaction (figs. S3 and S4) (34). The peak 
around 688.2 eV was attributed to fluorine of the [─CH═CF─]n 
structure in the carbonaceous solids. On the C 1s spectrum, oxygen-
containing functional groups, C─OH (285.5 eV) and C═O (286.5 eV), 
were identified, indicating the incorporation of oxygen in water into 
the defluorinated PVDF. Powder x-ray diffraction (XRD) patterns 
showed no crystalline phases, indicating the amorphous nature of the 
product (fig. S5). Transmission electron microscopy revealed particles 
with sizes around 3 to 4 nm (fig. S6). Together, these results demon-
strate efficient cleavage of C─F bonds in PVDF, leading to the forma-
tion of oxygen-functionalized amorphous carbonaceous solids along 
with fluoride ions.

To optimize the reaction conditions, we first investigated the 
effect of temperature. Both the FE and productivity increased with 

temperature rising to 60°C, above which they plateaued (fig. S7). This 
observation can be attributed to the thermal activation of the defluo-
rination process at temperatures below 60°C, whereas at elevated 
temperatures, the overall efficiency is compromised by the intensifi-
cation of competitive pathways, including solvent hydrolysis and the 
crossover of anodic species (refer to figs. S8 and S9 for detailed anal-
ysis). The cell voltage decreased as the temperature rose (fig. S10), 
which can be attributed to reduced cell resistance (fig. S11) and en-
hanced reaction kinetics (fig. S10). Then we evaluated the effect of 
current density (Fig. 2C). The productivity increased as the current 
density rose. FE was also promoted at higher current densities and 
remained relatively constant beyond 10 mA cm−2, reaching a maxi-
mum above 90%, suggesting that elevated concentrations of electro-
chemically generated intermediates contribute to higher reaction 
efficiency. The current density beyond which the FE remained rela-
tively constant could be affected by the concentration of the reactant, 
which will be decreased with a lower concentration of H2O or a 
higher concentration of PVDF (fig. S12). Kinetic analysis at various 
temperatures under nonelectrochemical conditions revealed a near-
second-order dependence on hydroxide ions. (Fig. 2D), corroborat-
ing the positive correlation between current density and FE (refer to 
fig. S13 and note S1 for detailed analysis). The activation energy for 
the defluorination reaction was determined to be 5.2 kcal·mol−1 
(Fig. 2E), indicating that the process proceeds readily near room 
temperature. Under optimal conditions, 93% of the fluorine in 640 mg 
of PVDF was converted to F−, with a carbon balance of 97% (Fig. 2F). 
We performed 21 consecutive reaction cycles using the same elec-
trolytic cell, with the defluorination efficiency consistently remain-
ing above 90%, demonstrating the stability of our reaction system 
(fig. S14). Furthermore, the strategy demonstrated broad applica-
bility across different electrolyte salts and diverse electrode materials 
(figs. S15 and S16).
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Linear sweep voltammetry showed negligible current in the absence 
of water, indicating that water was responsible for the observed re-
duction current (Fig. 2F). Control experiments also confirmed the 
critical role of water reduction in PVDF defluorination (fig. S17). 
No defluorination of PVDF was observed in the absence of water, 
underscoring its necessity for the reaction (fig. S17A). Similarly, 
when water was present, but its electrochemical reduction was pre-
vented, no PVDF defluorination occurred, demonstrating that the 
reduction step is vital (fig. S17A). When the reaction was conducted 
in an H-type cell with water present, the cathode compartment turned 
black due to the formation of carbonaceous materials, and fluoride 
ions were detected in the catholyte, while no fluoride was found in 
the anode compartment (fig. S17B), further confirming that water acts 
as the essential electroactive species via 2H2O + 2e− → H2 + 2OH− 
and ruling out the participation of anodic species in the defluorination 
reaction. On the basis of the abovementioned results, we hypothe-
sized that the spatially confined, highly concentrated hydroxide ions 
near the electrode surface (Fig. 2A) act as the primary agent respon-
sible for defluorination. To verify the presence of such concentrated 
hydroxide ions, phenolphthalein was introduced into the electrolyte. 
Upon application of potential, a distinct red coloration emerged near 
the cathode (movie S1), while the bulk solution remained colorless, 
visually confirming the spatial confinement of the hydroxide ion. 
The spatial distribution of OH− was further investigated with 

scanning electrochemical microscopy (SECM), which showed that 
the OH− was highly concentrated near the electrode (Fig. 2G). 
Transient voltage measurements (35) and in situ Raman spectros-
copy quantified the surface concentration of OH− to be approxi-
mately 0.13 M. Ab initio molecular dynamics (AIMD) simulations 
were used to determine the diffusion coefficient of OH− in DMAc, 
after which the migration-diffusion equation was numerically solved 
(36). The resulting concentration profile showed good agreement 
with experimental data (Fig.  2H), further confirming the for-
mation of a highly concentrated hydroxide ion layer at the elec-
trode interface.

Defluorination mechanism analysis
The consistent performance across different electrodes confirmed a 
surface-insensitive mechanism (fig. S15). This was further support-
ed by the fact that the defluorination of PVDF occurs in the absence 
of an applied potential when using TBAOH as the base (fig. S18). 
These results suggested that the defluorination reaction is occurring 
homogeneously in the electrolyte. On the basis of the above findings, 
we proposed that water served a dual function, acting as both a reac-
tant and a catalyst in a unified water-mediated pathway that encom-
passed two distinct mechanisms: the water catalysis pathway and the 
water reaction pathway. Isotopic tracer experiments together with 
controlled experiments provided evidence validating this hypothesis.
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Water catalysis pathway
Electrochemical reduction of water generated H2 and hydroxide 
ions, while the latter reacted with PVDF and was regenerated as water. 
In this scenario, when D2O was used in place of H2O, D2 would be 
generated initially. As the reaction proceeded, hydrogen in PVDF 
gradually exchanged with deuterium via reacting with OD− species, 
leading to the formation of HDO and eventually H2O, which resulted 
in the subsequent generation of HD and even H2 (Fig. 3A). Isotopic 
experiments confirmed the water catalysis pathway as assumed. During 
electrolysis, D2 was detected initially, followed by HD after 50 s and 
H2 after 115 s (Fig. 3B). Furthermore, the water content remained 
essentially unchanged before and after the reaction, and the turn-
over number (TON) of water was calculated to be 6.2, confirming its 
catalytic role (fig. S19) (37).
Water reaction pathway
Alternatively, electrogenerated hydroxide ions participated in nucleo-
philic addition or substitution with PVDF and were incorporated 
into the products. In this scenario, when H2

18O is used in place of 
H2

16O, signals of 18O could be detected in the product (Fig. 3C). 
As assumed, when using H2

18O instead of H2
16O, the 18O signal in 

the solid products increased by four orders of magnitude (Fig. 3D), 
providing direct evidence of oxygen incorporation from water. Fur-
thermore, the presence of oxygen-containing functional groups 
(C═O and C─OH) as confirmed by XPS (Fig. 2B) and elemental 
analysis showing an oxygen content of 12.5% also demonstrated the 
transfer of oxygen from water to the defluorinated polymer.

To elucidate the defluorination mechanism, we identified all 
possible reaction pathways and determined the corresponding acti-
vation free energies using density functional theory (DFT) (Fig. 4A). 
Same-type reactions involving reactants with different chemical for-
mulae exhibited similar activation barriers, as reflected by minimal 
variance (less than 0.2 eV) across different reactant models. The ac-
tivation energies for each reaction category were averaged to obtain 
a representative value. These pathways were classified into five major 
types, as summarized in Fig. 4A.

Given the higher complexity of polymer defluorination compared 
to small-molecule PFAS, we performed kinetic Monte Carlo sim-
ulations (38, 39) using the rejection-free Bortz-Kalos-Lebowitz 
algorithm (40) to study the defluorination process. The overall sim-
ulation workflow is depicted in Fig. 4B (see fig. S20 and note S2 for 
full details). The simulated fluorine content decreased progressively 
over time. In the early stages, low-energy-barrier acid-base reactions 
dominated, wherein hydroxide ions extract protons from PVDF to 
form carbanion intermediates, subsequently triggering elimination 
reactions. At later stages, higher-energy pathways, specifically nucleo-
philic addition and substitution, became prevalent, leading to oxygen 
incorporation and the formation of C─OH and C═O bonds (Fig. 4C). 
The acid-base reactions align with the water catalysis pathway, while 
nucleophilic substitution and addition correspond to the water reac-
tion pathway. The elemental composition of the simulated products 
agreed well with experimental values (Fig. 4D). The simulations indi-
cated that the water catalysis pathway accounted for approximately 
60% of the reactions, and the water reaction pathway contributed 
around 25% (Fig. 4E), demonstrating that both mechanisms partici-
pate at comparable levels in the defluorination process.

Scaled-up experiments for real battery PVDF defluorination
Considering that PVDF is the most commonly used binder in the 
electric vehicle battery, whose market size is projected to grow rapidly 
from 0.24 million metric tons in 2020 to approximately 3.5 million 
metric tons by 2030 in China, while its recycling technologies, how-
ever, remain underdeveloped, with only 20 to 30% undergoing appro-
priate recycling treatment (2), we performed validation experiments 
using real spent lithium-ion batteries to evaluate the practicability of 
the electrochemical defluorination strategy (Fig. 5A). The process 
started with mechanical disassembly of the battery and careful sepa-
ration of the cathode material (NCM523) from the aluminum current 
collector. The harvested powder was thoroughly scraped off and dis-
persed in DMAc to achieve a PVDF concentration of approximately 
0.1 M, as determined by 19F–nuclear magnetic resonance (NMR) 
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spectroscopy (fig. S21). Water was then introduced to a concentra-
tion of 0.5 M, along with tetrabutylammonium bromide (TBAB) 
as a supporting electrolyte at 0.2 M. Electrochemical defluorination 
was conducted under a constant current density of 20 mA cm−2 and 
a cell voltage of 3.8 V (Fig. 5A). After 11 hours of operation, 80% of 
the fluorine originally contained in the PVDF binder was converted 
to fluoride ions (Fig. 5B). The system exhibits impurity tolerance, 
delivering consistent performance under different simulated environ-
mental impurities (fig. S22). In contrast, pyrolysis failed to effectively 
defluorinate PVDF into fluoride ions, achieving a defluorination 
efficiency of only 12% (Fig. 5B), substantially lower than that of the 
water-mediated process.

Notably, 98.1% (calculated on the basis of the mass, Fig. 5A) of 
the valuable cathode material was recovered, indicating minimal 
process loss and high compatibility with battery recycling. The struc-
tural and chemical integrity of the recovered electrode material was 
well preserved. XPS confirmed the unaltered valence states of key 

elements: lithium was primarily present in the 0 to +1 oxidation state, 
nickel exhibited a mixed valence of +2 and +3, cobalt remained in the 
+2 state, and manganese retained the +4 state, all consistent with 
the pristine cathode material (fig. S23) (41). Moreover, XRD analysis 
showed that the crystal structure of the electrode material following 
water-mediated defluorination retained the original framework with-
out detectable phase degradation, whereas the structure collapsed 
after the conventional pyrolysis (fig. S24). Postreaction performance 
further validated the structural stability of the electrode materials, 
specifically, the capacity remained consistent, displaying a deviation 
of less than 2% before and after defluorination (fig. S25). The preserva-
tion of both chemical states and crystallinity underscored the mild 
yet highly effective nature of the electrochemical approach, which 
selectively degraded the PVDF binder without compromising the 
valuable cathode active material.

To further evaluate the scalability of the water-mediated defluo-
rination strategy, we conducted scale-up experiments in a customized 
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reactor with a working volume of 2 liters (Fig. 5C). The reaction was 
carried out at room temperature under a constant current of 2.5 A, 
with a corresponding cell voltage of approximately 8 V (fig. S26). As 
the reaction progressed, the color of the electrolyte transitioned from 
transparent to dark brown and finally to black, visually indicating the 
breakdown of PVDF and formation of carbonaceous products (fig. S27). 
After 18 hours of operation, a defluorination of 90% was achieved, cor-
responding to a final productivity of 8.9 mmol liter−1 hour−1 (Fig. 5D). 
Further performance enhancements may be realized through the 
implementation of H-type cells or the development of more chemi-
cally stable solvents (fig. S9 and table S1). Postreaction XPS analysis 
showed that the solid products exhibited a C/F atomic ratio of 336, 
while in pristine PVDF the ratio was approximately 1, confirming the 
efficient defluorination (fig. S28). Fluorine was predominantly con-
verted to F−, with minimal residual C─F bonds (less than 4%) present 
mainly as [─CH═CF─]n units (fig.  S29). In addition, oxygen-
containing functional groups such as hydroxyls and carbonyls were 
incorporated into the carbon matrix (Fig. 5F and fig. S30). From an 
initial input of 12.8 g of PVDF (4.8 g carbon), we obtained 6.3 g of 
oxygen-functionalized carbonaceous material (68.4 weight % carbon), 
achieving a carbon balance of 90% (Fig. 5E). The carbonaceous solid 
could further be used as the catalyst support for fuel cells due to the 
suppressed two-electron pathway (fig. S31). When normalized by the 
reactor volume and operation time, the PVDF treatment capacity 
reached 8.5 kg m−3 day−1, equivalent to the PVDF in approximately 
2 Tesla Model Y battery packs (see calculations in note S3). The elec-
trode structures were characterized via scanning electron micros-
copy, XPS, and XRD before and after the reaction. No discernible 
structural changes were detected (figs. S32 to S34). These results 

highlight the excellent scalability of the water-mediated defluorina-
tion process under mild conditions.

The postreaction solution can be facilely regenerated through a 
precipitation/separation process (Fig. 5F). Oxygenated carbon was 
first removed via microfiltration, and fluoride ions were subsequently 
precipitated as CaF2 by the addition of calcium oxide, achieving 98% 
fluoride recovery. After filtration, the solution was converted back to 
a reusable electrolyte. The inactive nature of the electrolyte, includ-
ing DMAc and TBAB, was confirmed by 1H-NMR, 13C-NMR, and 
gas chromatography–mass spectrometry in figs. S35 to S37. This 
straightforward regeneration process further underscores the recy-
clability of the electrolyte, enabling sustainable operation of the water-
mediated defluorination system towards scale-up implementations. 
The stability of the reactor was further confirmed through four con-
secutive reactions, all of which maintained a defluorination efficiency 
exceeding 90%. These results further demonstrate that the solvent 
remains highly effective for defluorination even after undergoing 
filtration and recycling (fig. S38). On the basis of the workflow 
proposed in Fig. 5F, our strategy demonstrates a processing cost of 
166 USD per electric vehicle (fig. S39) and achieves a 70% reduction 
in global warming potential under the current energy mix, which 
is projected to decrease even further as the energy structure transi-
tions toward renewable sources (fig. S40).

DISCUSSION
As PFASs, the environmental persistence of PVDF intensifies eco-
logical and health concerns, highlighting an urgent need for safe and 
efficient defluorination techniques. Our electrochemical strategy 
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provides a unique and sustainable pathway for PVDF degradation 
under mild conditions through a synergistic combination of electro-
chemical and chemical processes, effectively bridging the gap between 
laboratory research and industrial application. In this system, water 
served a dual function as both reactant and catalyst, as confirmed 
through isotopic labeling and kinetic Monte Carlo simulations. We 
further demonstrated the industrial potential of our process by achiev-
ing a processing capacity of 8.5 kg m−3 day−1. This rate, equivalent 
to two Tesla Model Y battery packs per m3 of electrolyte per day, 
confirms the feasibility of large-scale recycling with real spent electrodes 
while ensuring the complete preservation of the material’s integrity. 
This work efficiently defluorinated PVDF and achieved complete elimi-
nation of VFCs releases, demonstrating the potential in real wasted 
PVDF degradation scenarios without greenhouse gas emissions.

MATERIALS AND METHODS
Performance evaluation
The concentration of PVDF was calculated on the basis of the mo-
lecular weight of the monomer. PVDF (6.402 g) and TBAB (32.24 g) 
were dissolved in 1 liter of DMAc to reach the concentrations of 
0.1 M. Platinum plates (area = 0.5 cm2) were cleaned by successive 
washing in aqua regia, deionized water, ethanol, and acetone, fol-
lowed by drying, before being used as both the anode and cathode. 
A 10-ml aliquot of electrolyte was used for each reaction, under a 
two-electrode configuration. Electrolysis was carried out in chrono-
potentiometry mode using a Princeton 2000 workstation. The reaction 
was carried out in a 15-ml PTFE electrolyzer under Ar protection. 
Before the chronopotentiometry tests, impedance spectra were re-
corded at open-circuit potential. For kinetic and mechanistic studies, 
reactions were restricted to the initial stage by limiting the passed 
charge to 5% of the total charge required for complete degradation. 
For full-conversion experiments, samples were collected periodically 
during the process to ensure that the fluoride ion concentration no 
longer changed over time.

After the reaction, the solution was diluted with water to reach a 
concentration of 1 to 50 parts per million depending on the estimation 
of the extent of defluorination in a plastic tube, and quantitatively 
analyzed for fluoride ions using ion chromatography (DIONEX 
ICS-1100) with the external standard method. The solution shall 
avoid contacting any glass materials. The standard curve is shown in 
fig. S41. The column (DIONEX IONPAC AS23) was maintained at 
30°C, and the eluent flow consisted of a Na2CO3/NaHCO3 buffer 
solution with concentrations of 4.5 mM sodium carbonate and 
0.8 mM sodium bicarbonate. The eluent flow rate was 1 ml min−1, 
and the column pressure was approximately 2000 psi.

In addition, 19F-NMR was used as a complementary method 
to validate the concentrations determined by ion chromatography 
(fig. S42). It is important to note that a relaxation delay of more than 
20 s was required to achieve quantitative equilibrium (fig. S43). 
Furthermore, the etching of the NMR tubes by fluoride ions proved 
unavoidable during the measurement process.

The FE was calculated by

where nF− is the amount of F− (mol), F  is the Faraday constant 
(96,485 C mol−1), and Q is the quantity of electric charge (C).

The conversion of fluorine to F− was calculated by

where nF− is the amount of F− (mol) and nPVDF is the amount of PVDF 
(mol) calculated by the repeat unit.

To obtain accurate carbon and fluorine balances, we scaled up 
the reaction preliminarily and modified the composition of the elec-
trolyte. In this process, 640 mg of PVDF was dissolved in 100 ml of 
DMAc, with a TBAB concentration of 0.2 M. The calculation formula 
for the fluorine balance in this process is

where nF− is the amount of F− (mol) and nPVDF is the amount of PVDF 
(mol) calculated by the repeat unit.

The raw product was dispersed in a sevenfold volume excess of 
water and subjected to centrifugation at 12,000 rpm, followed by five 
consecutive washing cycles with pure water. The calculation formula 
for the carbon balance in this process is

where m is the mass (g) of the final solid product, w is the weight 
percentage of carbon in the final solid product, and nPVDF is the 
amount of PVDF (mol) calculated by the repeat unit. The carbon 
content in the solid products was determined using a CHN analyzer 
(Vario EL cube).

The TON was calculated by

where nF− is the amount of F− (mol), ninitial
H2O

 is the initial amount of 
H2O (mol) and nfinal

H2O
 is the final amount of H2O (mol).

The solvent used for linear sweep voltammetry was dehydrated 
using 3-Å molecular sieves. Platinum rotating disk electrode was 
used as the working electrode, graphite rod as the counter electrode, 
and Ag/AgCl electrode as the reference electrode. The potential was 
calibrated with ferrocene (Fc) and calculated versus Fc/Fc+. The scan 
rate was 10 mV s−1. All data presented in the manuscript were cor-
rected for IR drop by electrochemical impedance spectroscopy.

Characterization
XRD patterns were collected with PANalytical X-Pert3 Powder X-ray 
diffractometer, using Cu Kα (λ = 0.15418 nm) as the radiation source. 
XPS were recorded from AXIS Supra X-ray Photoelectron Spectrom-
eter with Al/Mg Kα X-rays as the excitation source. Infrared spectros-
copy was collected with Bruker Tensor 27. 18O was tested with an 
isotope ratio mass spectrometer (Thermo Delta V Advantage).

Measurement and simulations of the local pOH
Measuring the value of local pOH near the electrode experimentally 
relied on transient voltage measurements and in situ Raman spectros-
copy. The transient voltage measurements were conducted in Faraday 
cages with a time resolution of 0.1 ms. The basic principles of which 
have been described elsewhere in detail (35). In our system, the bulk 
pH was measured using a pH meter. When the circuit was abruptly 
disconnected, both the discharging of the electric double layer and 
potential changes due to localized diffusion occurred, with these 
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Q
× 100%

Conversion =
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2nPVDF

Fluorine balance =
nF−

2nPVDF

Carbon balance =
wm

24nPVDF

TON =
nF−

ninitial
H2O

− nfinal
H2O

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 29, 2026



Bu et al., Sci. Adv. 12, eaeg8495 (2026)     28 August 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 10

two processes differing substantially in their timescales. Immediately 
after cutting off the applied voltage, the hydroxide ions enriched at 
the electrode surface caused a voltage shift that varied with the diffu-
sion time of the hydroxide ions. When diffusion reached equilibrium, 
the hydroxide ion concentration at the electrode surface became 
consistent with that in the bulk solution, and the open circuit potential 
remained stable. On the basis of the Nernst equation, the difference 
in OH− concentration between the electrode surface and the bulk 
solution at the moment of cutting off the applied voltage could be 
calculated. We shall note here that the ion concentration is assumed 
to approximate its activity.

Specific molecules could serve as pH probes, as their Raman peak 
positions and intensities shift in response to hydroxide concentration 
(42). Accounting for the interference of solvent and TBAB peaks, we 
selected 4-ethynylpyridine (fig. S44A) as the probe molecule (43). 
In its Raman spectra, the ratio of the peak intensities at 2080 cm−1 
to the total intensities of the 2080 and 2010 cm−1 peaks [I2080/
(I2080 + I2010)] correlates with hydroxide concentration (fig. S44B). 
Accordingly, we established a calibration curve by measuring the 
intensity ratio across a range of known hydroxide concentrations 
under nonelectrochemical conditions (fig. S44C). Upon adding 
4-ethynylpyridine to our experimental system, we recorded a ratio 
of 0.4363 at 10 mA cm−2, corresponding to a calculated OH− con-
centration of 0.138 M based on the calibration curve (Fig. 2H).

To obtain the diffusion coefficient of OH− in DMAc, 10 ps AIMD 
simulations were conducted at 298.15 K using canonical NVT en-
sembles with Nosé-Hoover thermostat. The convergence was con-
firmed by the energy (fig. S45A). The model was constructed on the 
basis of the density and concentration of the electrolyte, comprising 
16 DMAc molecules, 1 OH−, and 1 H2O molecule. A TBA+ ion was 
introduced to balance the charge of OH−. Structural snapshots at 
10 ps are shown in fig. S45B. After the 10 ps simulation, the geometric 
structure remained intact, indicating its thermal stability. The diffu-
sion coefficient of OH− was calculated by

where t  is simulation time (s), MSD is the mean square displacement 
of OH− (m2).

The distribution of hydroxide ions at the electrode surface was 
numerically simulated by solving the migration-diffusion equation

where J is the molar flux (mol m−2 s−1), c is the concentration of the 
diffusing substance (mol m−3), x is the position coordinate (m), and 
D is the diffusion coefficient (m2 s−1), which was obtained by AIMD, z 
is the number of the charge that the species carries, F is the Faraday 
constant (96485 C mol−1), R is the gas constant (8.314 J mol−1 K−1), 
and ϕ is the electrostatic potential (V).

The electroneutrality principle

Thus, there exist four functions to solve four parameters cOH− , 
cTBA+ , cBr− , and ϕ.

The assumptions and the boundary conditions to solve the 
migration-diffusion equation are summarized here and the entire 
procedure is programmed in Python:

1) The system reaches the steady state. The characteristic time is 
estimated to be 30 s to 1 min. Thus, the system reaches the steady 
state within our experiment time (∼15 min to ∼20 hours).

2) The problem is a one-dimensional problem. Near the electrode 
x equals 0, and at the diffusion layer boundary x equals δ (35).

3) Inside the diffusion layer, there is no convection.
4) JOH− = j∕F at x = 0 . JBr− = 0 and JTBA+ = 0 at x = 0 because 

Br− and TBA+ does not involved in the electrochemical reaction.
5) At x = δ , cTBA+ = cBr− = 0.1 M , cOH− = 0 , and ϕ = 0.
6) The diffusion layer boundary is measured with SECM.
The spatial distribution of OH− is measured with SECM. Spe-

cifically, a Pt/IrO2 (44) microelectrode (25 μm) was used in a four-
electrode configuration to map the concentration gradient. The 
underlying principle relies on the potential shift between the probe 
and the reference electrode in response to varying hydroxide concen-
trations. By using a stepper motor to precisely control the distance 
between the probe and the working electrode, we can resolve the 
local OH− concentration at different positions. The probe was posi-
tioned at the working electrode surface using feedback mode to detect 
the potential surge, after which its displacement was controlled while 
recording the potential.

DFT calculations
Geometry optimizations, frequency analyses, and single-point ener-
gies were performed at the M06-2X/6-311+G(2d,p)-SMD-(DMAc) 
level using the Gaussian 16 package, using the convergence criteria 
of maximum force <0.00045 a.u., root mean square (RMS) force 
<0.00030 a.u., maximum displacement <0.00180 a.u., and RMS 
displacement <0.00120 a.u (45, 46). No imaginary frequency was 
found for the reactants, products, and intermediates, while only one 
imaginary frequency toward the product from the reactant was 
found for the transition state. The unit of energy is eV unless other-
wise noted.

Kinetic Monte Carlo simulations
We got the rate constants with the Eyring equation

where kB is the Boltzmann constant (1.38 × 10−23 J K−1), T  is the 
temperature (K), h is Planck’s constant (6.626 × 10−34 J s), ΔG‡ is 
the Gibbs energy of activation (J mol−1), and R is the gas constant 
(8.314 J mol−1 K−1). The rate of the element reaction was derived 
from the mass action law

where Ci is the concentration of reactant i and ni is the stoichiomet-
ric coefficient of reactant i.

Kinetic Monte Carlo used the rejection-free Bortz-Kalos-Lebowitz 
algorithm. The program was implemented with Python. All the data 
shown were repeated 48 times, and we used the average of the results 
unless otherwise noted. More detailed analysis was shown in note S2.

In situ isotopic experiment
In situ isotopic experiments were carried out using argon as the car-
rier at 80°C. Platinum plates (area = 0.5 cm2) were used as both the 
anode and cathode. Before the reaction, the electrochemical cell was 
purged continuously with pure Ar gas to remove the residual gas. We 
analyzed the outlet gas using the SRS RGA 200 mass spectrometer 
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online MS, and focused on the component using the following mass 
spectrum signals: H2 (m/z = 2), D2 (m/z = 4), and HD (m/z = 3). We 
applied the online measured inert gas signal, Ar (m/z = 40), as the 
benchmark to normalize the flow rate for calculating the relative 
concentration of each component.

Large-scale PVDF defluorination
The large-scale PVDF defluorination reactor had a total capacity of 
3 liters (an internal diameter of 120 mm and a height of 270 mm) 
and an effective solution volume of 2 liters. The electrolyte consisted 
of 0.2 M TBAB, 0.5 M water, and 0.1 M PVDF with DMAc as the 
solvent. The electrodes were configured in a coaxial geometry. The 
anode was a Ru-Ir/Ti dimensionally stable anode (a diameter of 
30 mm and a height of 160 mm), placed at the center of the reactor. 
The cathode was a Pt/Ti mesh electrode (a diameter of 100 mm and 
a height of 160 mm, with a mesh size of 1 × 3 mm), positioned concen-
trically around the anode. To ensure uniform current distribution, 
two conductive rods were connected to the cathode. The reaction was 
performed at room temperature with a constant current of 2.5 A 
supplied by a DC power source (DP305C, Mestek, China). The cor-
responding cell voltage was recorded during operation. The electrolyte 
was stirred magnetically at 500 rpm to maintain homogeneous mixing 
and efficient mass transfer. At predetermined intervals, 1-ml aliquots 
of the electrolyte were withdrawn for fluoride ion concentration 
analysis. Upon completion of electrolysis, the mixture was subjected 
to vacuum filtration to separate the solid products from the liquid 
phase. The solid fraction was thoroughly washed several times with 
DMAc and deionized water to remove residual electrolyte, and sub-
sequently analyzed by XPS and elemental analysis. Fluoride ions in 
the filtrate were recovered by the addition of excess calcium oxide, 
which precipitated fluoride as CaF2. The solution was subsequently 
filtered to remove the precipitate, yielding a regenerated TBAB/DMAc 
electrolyte suitable for reuse.

Real battery PVDF defluorination
The cathode material was disassembled physically from the spent 
battery in a glove box. Then, the entire electrode material was scratched 
from the aluminum foil and immersed in DMAc, stirring with ultra-
sonication for 24 hours. Subsequently, we quantitatively determined 
the PVDF content using 19F-NMR (fig. S21). The mixture was diluted 
to reach the PVDF concentration of 0.1 M, and TBAB was added to 
reach a concentration of 0.1 M as the supporting electrolyte, along 
with water to reach the concentration of 0.5 M. Platinum plates were 
used as both the cathode and anode. Electrolysis was performed un-
der chronoamperometry mode at a current density of 20 mA cm−2 
for 11 hours. After the reaction, the concentration of F− in the solu-
tion was quantified using ion chromatography. The recycle ratio of 
the electrode material was calculated as the ratio of the mass of the 
washed product after the reaction to the initial value, which is ob-
tained by multiplying the mass of the waste battery material before 
the reaction by its content.
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