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A hydrogen bond-driven strategy with ultrasound
assistance for ultrafast and efficient recovery of
PVDF nanoplastic from polymer solid electrolytes
of all-solid lithium-ion batteries
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Polyvinylidene fluoride (PVDF) based polymer solid electrolytes are crucial plastic components in all-
solid-state lithium-ion batteries (ASLIBs). However, the large-scale application of PVDF-based solid
electrolytes without proper treatment will cause persistent environmental contamination and resource
waste, thus highlighting an urgent need for effective recovery strategies. Herein, we firstly propose a
hydrogen bond-driven strategy with ultrasonic assistance for ultrafast and eco-friendly recovery of PVDF
nanoplastic from polymer solid electrolytes of ASLIBs. Utilizing the proposed hydrogen bond-driven
strategy, a maximum F leaching efficiency of 98.2% from PVDF nanoplastic can be attained within a
short timeframe and under mild conditions using eco-friendly solvents. Compared with traditional

Received 29th December 2025, methods, ultrasonic treatment exhibits a significantly improved leaching efficiency of approximately 887%.

Accepted st February 2026 This ultrafast recovery and notable enhancement can be attributed to the breakdown of C—F bonds in
DOI: 10.1039/d5cp05042a PVDF, which is realized by regulating hydrogen bond networks in green solvents combined with ultraso-

nic treatment. This study presents a novel strategy for the green, rapid and significantly enhanced recov-
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1. Introduction

All-solid-state lithium-ion batteries (ASLIBs) have emerged as
promising candidates for next-generation energy storage sys-
tems, owing to their superior safety, high energy density, and
long cycle stability compared to conventional liquid-electrolyte
batteries."™ As a key component of ASLIBs, polyvinylidene
fluoride (PVDF)-based polymer solid electrolytes have garnered
extensive attention due to their excellent chemical stability,
mechanical robustness, and compatibility with electrode
materials.”® With the rapid expansion of the ASLIB market,”
the large-scale production and subsequent retirement of PVDF-
based solid electrolytes will cause plastic pollution and health
risks that contradict with the sustainability goals of the
energy storage industry.>® The inefficient disposal of spent
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ery of PVDF nanoplastic from spent polymer solid electrolytes of ASLIBs.

PVDF-based electrolytes not only leads to the loss of valuable
F-containing resources but also poses potential ecological risks.
Thus, developing effective, eco-friendly recovery technologies for
PVDF-based solid electrolytes will be of great importance.®''*
In recent years, green solvents such as deep eutectic solvents
(DESs),"*® ionic liquids,"’° supercritical fluids (SFs),>”*®
switchable solvents,>*° eutectic molecular liquids (EMLs),**"**
low-melting mixture solvents (LoMMSs),**® natural biomass
soups (NBSs),?”*® vegetable-/fruit-derived solvents (VFSs),** and
superlong supercooling solvents (SSSs)***! have gained attrac-
tion in sustainable separation and recovery processes, attrib-
uted to their low volatility, biodegradability, and tunable
physicochemical properties.®*>**** Moreover, the regulation of
hydrogen bond networks has emerged as a powerful tool to
modulate intermolecular interactions in solution systems,
enabling the selective dissociation of target components with-
out disrupting their intrinsic structures.** Hydrogen bond-
driven strategies have been successfully applied in fields such
as polymer dissolution, pollutant removal, and resource recov-
ery, demonstrating their potential to achieve efficient and mild
separation.”® Additionally, ultrasonic-assisted processes have
been proven to accelerate mass transfer, enhance reaction
kinetics, and promote bond cleavage through cavitation effects,
offering a feasible approach to improve recovery efficiency.***”
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Fig. 1 A comparison between the traditional approach (a) and the hydrogen bond-driven strategy for PVDF recovery proposed in this work (b).

Herein, for the first time, we propose a hydrogen bond-
driven strategy with ultrasonic assistance for ultrafast and eco-
friendly recovery of PVDF nanoplastic from polymer solid
electrolytes using LoMMSs (Fig. 1). LoMMSs are not restricted
by the eutectic melting point and can thus be regarded as an
expansion and extension of DESs.*® By leveraging the synergistic
effects of hydrogen bond network regulation in green solvents and
ultrasonic-induced cavitation, this strategy achieves efficient
breakdown of C-F bonds in PVDF, thereby facilitating rapid and
enhanced leaching of PVDF nanoplastic from spent polymer solid
electrolytes.

2. Materials and methods
2.1. Materials

All reagents and materials used in the experiment were com-
mercially available and not further purified. Nanoscale PVDF
powder (99%, 800 nm size, Dongguan Jiaxin Plastic Raw
Material Co., Ltd), 1,3-diaminopropane (DAP, 98%, Shandong
Keyuan Biochemical Co., Ltd), ethylene glycol (EG, 98%, Shang-
hai Aladdin Biochemical Technology Co., Ltd), polyethylene
glycol 200 (PEG 200, >95%, Tianjin Bairuns Biotechnology Co.,
Ltd), glycerol (>99.0%, Tianjin Fuyu Fine Chemical Co., Ltd),
glacial acetic acid (GAA, 99.5%, Shanghai Aladdin Biochemical
Technology Co., Ltd), hydrobromic acid (HBr, 40%, Shanghai
Aladdin Biochemical Technology Co., Ltd), phosphoric acid
(H3PO,, =>85.0%, Sinopharm Chemical Reagent Co., Ltd),
hydrochloric acid (HCl, 37%, Tianjin Zhiyuan Chemical
Reagent Co., Ltd), sulfuric acid (H,SO,, 98%, Tianjin Zhiyuan
Chemical Reagent Co., Ltd), nitric acid (HNOj, 68%, Tianjin
Damao Chemical Reagent Co., Ltd), oxalic acid (OA, >99.5%,
Tianjin Chemical Reagent Supply and Marketing Co., Ltd), and
deionized water (laboratory-made) were used in this study.

2.2. Synthesis and leaching

DAP and EG were mixed in a certain molar ratio in a glass bottle
under vigorous shaking to prepare the LoMMSs. Then, PVDF
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nanoplastic was added to the LoMMSs, and the mixture was
treated using a KQ-500B ultrasonic cleaner under certain con-
ditions. Then the mixture was centrifuged, and the supernatant
was collected as the leachate. Physical property analysis
included the measurement of density, viscosity, and conductiv-
ity, with each being measured several times. Subsequently,
250 uL of the leachate was diluted with deionized water at a
volume ratio of 1:200. The millivoltage of the diluted solution
was measured using a PXSJ-216F F ion-selective electrode, and
the F ion leaching efficiency was calculated using eqn (1), where
1, is the leaching efficiency of F, c is the concentration of F in
the leaching solution, m and p are the mass and density of
LoMMSs, and M, is the relative molecular mass of F in PVDF.

cm/p
e = M/
X

x 100% (1)

2.3. Precipitation

Precipitants were utilized for the recovery of the leachate, where
the leachate was prepared under the following conditions: 5 g of
LoMMSs, 0.1 g of PVDF nanoplastic, a temperature of 80 °C, and
an ultrasonic treatment duration of 1.5 h. A total of 37 precipi-
tants covering different polarity and hydrogen bond donor/accep-
tor ability were tested for leachate recovery at room temperature.
Firstly, 2 mL of the leachate and 2 mL of each precipitant
were added to a centrifuge tube. Subsequently, the centrifuge
tube containing the precipitants and leachate was sonicated for
40 min, then allowed to stand for precipitation for 2 days, yielding
three types of precipitation results: (1) liquid + solid phases;
(2) homogeneous liquid phase; and (3) liquid + liquid phases.

3. Results and discussion

3.1. Effect of hydrogen bond donors

Three types of hydrogen bond donors including EG, PEG200
and Gly with the hydrogen acceptor DAP are synthesized and
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the solubility of the systems is investigated at room tempera-
ture and 80 °C. DAP can form homogenous liquids as LoMMSs
with EG, PEG200 or Gly. Then, 5 g of LoMMSs are mixed with
0.1 g of PVDF and subjected to ultrasonic stirring for 30 min at
80 °C. The F leaching efficiencies from PVDF nanoplastic are in
the following order: EG-based leachate (68.8%) > PEG200-
based leachate (25.2%) > Gly-based leachate (23.8%) (Fig. 2a
and Table 1). Therefore, DAP:EG exhibits a better leaching
ability. Compared with PEG200 or Gly, EG features a smaller
molecular configuration and lower viscosity, which facilitates
hydrogen bond-induced interactions with PVDF and thus pro-
motes the F leaching efficiency.

3.2. Effect of the molar ratio of DAP: EG in LoMMSs

Under the conditions of 80 °C and ultrasonic treatment for
30 min, the F leaching efficiency from PVDF nanoplastic
decreases as the molar ratio of DAP:EG increases from 1:1
to 4:1 (Fig. 2b and Table 1). The corresponding F leaching
efficiencies are 68.7%, 41.1%, 21.0% and 14.6%, respectively.
The possible reason is that the concentration of -NH, groups in
the system drops significantly as the concentration of DAP
decreases. This directly reduces the collision probability
between -NH, groups and C-F bonds on PVDF molecular
chains, making it difficult for nucleophilic reactions to proceed
efficiently and thus significantly lowering the F dissociation
efficiency. Therefore, an appropriate DAP:EG molar ratio of
1:1 is determined for F leaching from PVDF.

3.3. Effect of temperature

Temperatures of 25 °C, 40 °C, 60 °C and 80 °C are selected for
the leaching of F from PVDF nanoplastic using LoMMSs. The
results indicate that the leaching efficiency increases with tem-
perature when the time period is kept constant (Fig. 3a-e).
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Fig. 2 Effect of hydrogen bond donors (a) and the molar ratio (b) on the F
leaching efficiency and concentration from PVDF nanoplastic in polymer
solid electrolytes of ASLIBs.
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Table 1 Factors influencing the leaching efficiency and concentration of
F from PVDF nanoplastic in polymer solid electrolytes of ASLIBs

Factors Value cF (ppm) nF (%)
LoMMSs DAP:PEG200 (1:1)  3209.3 4+ 473.7 25.2 + 3.7
DAP:EG (1:1) 8583.8 £ 377.3 68.7 + 3.0
DAP:Gly (1:1) 2831.5 + 260.8 23.8 & 2.1
Molar ratio DAP:EG (1:1) 8583.8 £ 377.3 68.7 + 3.0
DAP:EG (1:2) 5130.9 £ 127.1 41.1 + 1.0
DAP:EG (1:3) 2625.4 £175.2 21.0+1.4
DAP:EG (1:4) 1826.8 £ 75.3 14.6 £ 0.6
Time (h), 25 °C 0.17 2085.1 £ 96.8 16.7 £ 0.7
0.5 2230.7 £ 89.9 17.8 £ 0.7
1 2325.0 £ 43.1 18.6 £ 0.3
1.5 2463.3 £186.5 19.7 + 14
2 2532.4 £ 231.5 20.2 £ 1.7
Time (h), 40 °C 0.17 2017.9 £ 54.5 16.1 £ 0.4
0.5 2048.3 £+ 46.4 16.4 + 0.3
1 2153.8 £ 62.3 17.2 £ 0.4
1.5 2709.8 £ 67.3 21.7 £ 0.5
2 2894.9 + 43.4 23.1 £ 0.3
Time (h), 60 °C  0.17 4008.7 £ 230.7 32.1+ 1.6
0.5 4504.5 £ 230.7 36.0 £ 1.8
1 5601.2 £+ 275.3 44.8 + 2.2
1.5 7842.5 £ 35.3 65.7 £ 0.2
2 10215.1 +264.4 81.9 +2.1
Time (h), 80 °C 0.17 6067.6 £ 341.0 48.6 + 2.7
0.5 8583.8 £ 377.3 68.7 £ 3.0
1 9482.2 £ 509.7 75.9 + 4.0
1.5 11086.5 + 324.6 88.8 + 2.6
2 11424.5 £292.9 91.5+2.3
LoMMS mass (g) 5 11086.5 + 324.6 88.8 + 2.6
10 5683.5 £ 56.2 91.1 + 0.9
15 4056.1 £ 94.2 97.5 £ 2.3
20 3063.1 £ 30.8 98.2 + 1.0

For instance, at a fixed leaching time of 0.17 h, the F leaching
efficiency increases with increasing temperature from 25 °C to
80 °C, achieving values of 16.7%, 16.1%, 32.1%, and 48.6%
(Fig. 3a). Therefore, 80 °C is selected as the leaching temperature
for further investigation. Moreover, changes in temperature have
little effect on the F leaching efficiency below 40 °C, while the F
leaching efficiency increases significantly above 40 °C (Fig. 3a-e).
A possible reason might be that LoMMSs cannot effectively
penetrate the PVDF matrix or activate the C-F bonds below
40 °C, leading to a relatively low leaching efficiency; in contrast,
the supplied thermal energy is sufficient to meet the energy
requirement for C-F bond cleavage in the hydrogen bond network
when the temperature exceeds 40 °C.

3.4. Effect of time

The effect of time varying from 0.17 h (10 min) to 2 h on
leaching efficiency is investigated under the condition of DAP:
EG = 1:1. The F leaching efficiency from PVDF nanoplastic
increases with time at all the temperatures investigated
(Fig. 4a). For example, the F leaching efficiencies at 80 °C are
48.6%, 68.8%, 76.0%, 88.8% and 91.5% at 0.17 h, 0.5 h, 1 h,
1.5 h and 2 h, respectively. Kinetic models for the leaching
process are investigated. Fig. 4b shows that the data fit with
the diffusion-controlled model,*® surface reaction-controlled
model, and Avrami model. The R* values for the diffusion-
controlled model (0.98), the Avrami model (0.94), and the
surface reaction-controlled model (0.88) are all relatively high,
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suggesting that the leaching process likely results from the
synergistic effects of multiple kinetic factors.

3.5. Effect of the liquid-to-solid ratio (L/S)

With the leaching temperature fixed at 80 °C and ultrasonic
time at 0.17 h, the effect of L/S mass ratios (50, 100, 150, and

This journal is © the Owner Societies 2026

200 corresponding to LoMMS masses of 5 g, 10 g, 15 g and 20 g)
on the leaching of PVDF nanoplastic is investigated. Fig. 4c
shows that as the L/S ratio increases from 50 to 200, the F
leaching efficiency exhibits a continuous upward trend, gradu-
ally increasing from 88.8% to 98.2%. There is a significant
correlation between the L/S ratio and the F leaching efficiency

Phys. Chem. Chem. Phys., 2026, 28, 5692-5700 | 5695
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from PVDF in the leaching system. Particularly, the higher the
L/S ratio, the higher the F leaching efficiency. However, the
concentration of F decreases with increasing L/S ratio. There-
fore, 50 is the preferred L/S ratio.

3.6. Effect of ultrasonic treatment

Ultrasonic treatment is compared with magnetic stirring in
terms of its influence on F leaching efficiency from PVDF
nanoplastic. It can be seen that the F leaching efficiency in
the system assisted by ultrasonic treatment reaches 88.8%
within 1.5 h, approximately 67% higher than that 21.7%
achieved with magnetic stirring (Fig. 4d). This can be explained
by the fact that ultrasonic treatment can effectively enhance the
mutual penetration between LoMMSs and PVDF, accelerate
molecular diffusion and collision frequency in the system,
and improve leaching efficiency, while magnetic stirring relies
solely on physical mixing, which fails to better promote the
mutual penetration between LoMMSs and PVDF, making it
difficult to achieve an enhancement in leaching efficiency.

3.7. Comparison of solvent systems

Under the conditions of 80 °C and an ultrasonic treatment
duration of 1.5 h, the effects of eight different solvent systems
on the F leaching efficiency from PVDF nanoplastic are inves-
tigated. These eight solvents all consist of the same hydrogen
bond donor (i.e.,, EG) combined with one of the following
hydrogen bond acceptors: DAP, GAA, HNO;, OA, H,SO,,
H;PO,4, HCl, and HBr. As shown in Fig. 4e and Table S1,
DAP: EG exhibits the highest F leaching efficiency among all
eight solvent systems investigated. The F leaching efficiency is
ranked as follows: DAP: EG (88.8%) » H;PO,:EG (0.0141%) >
GAA:EG (0.0099%) > HNO;:EG (0.0072%) > OA:EG
(0.0047%) > H,SO,:EG (0.0043%) > HCI:EG (0.0032%) >
HBr:EG (0.0016%). It can be concluded that the alkaline
DAP: EG system efficiently leaches F from PVDF nanoplastic,
whereas the other acidic systems exhibit only negligible F
leaching efficiency.

3.8. Physical properties and mechanism

As shown in Fig. 53, the density follows the order: EG (1.1107 g cm®)
> leachate (1.0037 g cm®) > LoMMSs (1.001 g cm®) > DAP
(0.8787 g cm?®). The electrical conductivity of the leachate
(477.75 pS em™ ) is significantly higher than those of LoMMSs
(20.38 puS em™ "), DAP (2.11 pS em™ ') and EG (0.73 puS cm ™).
This indicates that the degradation of PVDF in the leachate
produces a large number of mobile F-containing ions, leading
to a sharp increase in F concentration and a direct increase in
electrical conductivity. The order of viscosity is determined
as: LoMMSs (36.06 mPa s) > leachate (33.48 mPa s) > EG
(20.48 mPa s) > DAP (6.04 mPa s). The higher viscosity of
LoMMSs compared to EG and DAP can be attributed to the
stable intermolecular hydrogen-bonding network formed
between EG and DAP. After PVDF leaching, this hydrogen-
bonding network in LoMMSs is disrupted, resulting in a
significantly lower viscosity of the leachate than that of the
original LoMMSs.
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In the IR spectra (Fig. 5b), the characteristic C-F stretching
peaks (1000-1400 cm ') of pristine PVDF completely disappear
in the leaching residue, while they appear prominently in the
leachate. This indicates that all F-containing groups from PVDF
are released into the leachate, leaving no detectable F in the
residue. Notably, the IR spectra of LoMMSs show no obvious
C-F stretching peaks (1000-1400 cm ™), confirming that the F-
containing groups detected in the leachate originate exclusively
from PVDF. The IR spectra of LoMMSs and the resulting
leachate exhibit highly similar absorption patterns, indicating
excellent stability of the LoMMSs during the leaching process.
The peak shapes of LoMMSs differ from that of either DAP or
EG, confirming the formation of hydrogen bonds between EG
and DAP. The 'H and *C NMR spectra (Fig. 5¢) of LoMMSs and
the leachate show only minor shifts, which align with the IR
spectra and further support the stability of LoMMSs.

Both magnetic stirring (Fig. 6a) and ultrasonic treatment
(Fig. 6b) share the same fundamental mechanism of F leaching
from PVDF nanoplastic, but ultrasonic treatment additionally
provides high energy that actively destroys and degrades the
PVDF nanoplastic structure. EG serves as a dual-functional
solvent in this system and its interaction with PVDF proceeds
through a multi-step mechanism. First, EG not only swells the
PVDF matrix but also disperses DAP, thereby facilitating the
deep penetration of LoMMSs into the internal structure of
PVDF via ultrasonic treatment. Then, EG, as a hydrogen bond
donor, forms intermolecular hydrogen bonds with DAP, which
effectively enhance the dispersion stability of the LoMMS
system. Meanwhile, EG establishes weak hydrogen bond inter-
actions with the F atoms in PVDF molecules. This interaction
reduces the bond energy of the C-F bonds in PVDF, rendering
them susceptible to nucleophilic attack by the nitrogen atoms
in the LoMMSs. Subsequent cleavage of the activated C-F
bonds occurs, followed by the formation of N-F bonds between
the released F atoms and nitrogen atoms. This hydrogen bond-
driven process—from matrix swelling and solvent penetration
to hydrogen bond-induced bond activation and cleavage—
ultimately achieves efficient F leaching from PVDF. It can be
analogized to flower roots (i.e., solvents) penetrating dense rock
(i.e., PVDF nanoplastic), as shown in Fig. 6c.

3.9. Precipitation from leachate

As shown in Fig. 7a, distinct precipitation occurs with five
precipitants (i.e., tetrabutyl titanate (TBT), acetic acid (ACA),
levulinic acid (LevA), dichloromethane (DCM), and calcium
hydroxide (Ca(OH),)), resulting in a liquid-solid two-phase
system. The precipitates formed by these five precipitants
exhibit typical crystalline morphology, which provides preli-
minary evidence for their potential in selective metal recovery
from the LoMMS-based leachate system. In contrast, no visible
precipitation occurs with the other 32 precipitants, which
instead form a liquid + liquid two-phase system (Fig. 7b) or a
single homogeneous liquid phase (Fig. 7c). The six precipitants
that show liquid-liquid two-phase behavior include triethyl-
amine (TEA), methyl tert-butyl ether (MTBE), malononitrile
(MN), engine oil (ENO), polydimethylsiloxane (PDMS), and
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Fig. 5 Density, electrical conductivity, and viscosity (a) of EG, DAP, LoOMMSs and leachate; comparison of the IR spectra (b) and NMR spectra (c) of EG,

DAP, LoMMSs, residue, and leachate.
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N-butyl acetate (BuOAc). A total of 26 precipitants exhibiting a
single homogeneous liquid phase are ethyl acetate (EAC), cyclo-
pentane (cPen), N-methylpyrrolidone (NMP), aniline (PhNH,),
1,8-diazabicyclo[5,4,0Jundec-7-ene (DBU), acetonitrile (MeCN),
propanoic acid (PA), 4-methylbenzaldehyde (p-TAL), glycerol
(GLY), water (H,0), polyethylene glycol 200 (PEG200), N,N-di-
methylformamide (DMF), 1,4-dioxane (DX), isopropanol (IPA),
benzoic acid (BA), benzene (PhH), dimethyl sulfoxide (DMSO),
2-methylbut-3-yn-2-ol (MBY), acetylacetone (AAC), 1,5-diaza-
bicyclo[4.3.0]non-5-ene (DBN), collodion (COL), lactic acid
(LA), ethanol (EtOH), phenol (PhOH), polyethylene glycol 400
(PEG400), and methyl alcohol (MeOH).

3.10. Comparison

The five PVDF recycling methods are compared in terms of the
F leaching efficiency, required operating conditions, solvent
recyclability, and key disadvantages (Table S2). The high-
intensity ultrasonication method achieves over 82% F removal
under the conditions of 25 kHz, 998-1002 W, and 12 h, but its
removal process is immature and difficult to industrialize.*®
High-temperature calcination yields an F removal efficiency
of 85-95% at 400-600 °C, but generates toxic HF gas emis-
sion.*"*? Dissolution stripping with NMP + DMSO reaches over
90% removal after refluxing at 200 °C for 24 h, though the
solvents are highly toxic (harmful to humans and the environ-
ment) and solution recovery is complex.>®>* Fluid extraction
using CO, + DMSO achieves a high F removal efficiency of
98.5% under the conditions of 70 °C, 80 bar and 13 min, with
recyclable and zero-loss solvents, but requires complex and
corrosion-resistant equipment.”> The LoMMSs of DAP:EG
developed via the hydrogen bond-driven strategy in this work
achieves 98.2% F removal after optimization, featuring green
and recyclable solvents without significant disadvantages.

4. Conclusions

In summary, a hydrogen bond-driven strategy for the efficient
recovery of PVDF nanoplastic from polymer solid electrolytes of
ASLIBs is proposed. By integrating LoMMSs of DAP: EG, hydro-
gen bond network regulation, and ultrasonic treatment, the
proposed strategy achieves the highest F leaching efficiency of

5698 | Phys. Chem. Chem. Phys., 2026, 28, 5692-5700

98.2% after proper optimization. Under comparable conditions,
the F leaching efficiency achieved through the hydrogen-bond
driven strategy with ultrasound assistance is nearly 88% greater
than that of traditional solvent methods and approximately 67%
more effective than that of magnetic stirring processes. The
hydrogen bond network regulation through an ultrasonic induced
cavitation mechanism is illustrated. Therefore, it not only pro-
vides a novel, rapid, and eco-friendly strategy for the recycling of
spent PVDF nanoplastic from polymer solid electrolytes, but also
offers valuable insights into the design of hydrogen bond-driven
processes for plastic recovery. Future work may focus on extend-
ing the application scope of this hydrogen bond-driven strategy to
the recovery of other composites from polymer solid electrolytes
of ASLIBs.
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