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ion of carbonization enables
structure-tailored hard carbon anodes from
recycled polypropylene separators

Mingyue Wang,* Yue Wang, Na Li, Qing Zhong, Min Zhu, Dongyang Zhang
and Shujiang Ding *

The efficient recycling of spent lithium-ion battery separators and the rational design of hard carbon anodes

are critical for the development of sustainable sodium-ion batteries. Herein, a sulfonation-induced

crosslinking strategy is proposed to regulate the carbonization behavior of recycled polypropylene (PP)

separators, enabling their direct conversion into structure-tailored hard carbon via a one-step

carbonization process. Sulfonation not only introduces sulfonic functionalities but, more importantly,

induces intermolecular crosslinking, which suppresses severe chain scission and volatilization during

thermal treatment and transforms the decomposition pathway into a solid-state carbonization process.

As a result, the structure-tailored HC is constructed by chemically regulating the carbonization behavior

of recycled PP separators, enabling efficient sodium storage with clarified structure–sodium storage

correlation. When applied as an anode for SIBs, the PP-derived HC exhibits a high reversible capacity of

293.0 mAh g−1 at 0.2C and superior rate capability of 77.1 mAh g−1 at 10C. For long-term cyclic

performance, the capacity remained at 222.7 mAh g−1 after 1000 cycles at 1C with a capacity retention

of 89.1%. When coupled with an Na3V2(PO4)3 cathode, the full cell can deliver a capacity of 83.0 mAh

g−1 after 200 cycles with 80.1% retention. This work demonstrates that chemical regulation of the

carbonization pathway provides an effective route for both high-value separator recycling and structure-

oriented hard carbon design for sodium-ion batteries.
1. Introduction

With the increasing penetration of renewable energy sources
and the growing demand for large-scale energy storage systems,
the development of low-cost, resource-abundant, and safe
rechargeable batteries has attracted considerable attention.1–3

Sodium-ion batteries (SIBs) have emerged as promising alter-
natives to lithium-ion batteries (LIBs) owing to their similar
working principles and high compatibility with existing battery
manufacturing lines. More importantly, SIBs offer several
intrinsic advantages, including signicantly lower costs
(approximately 30–40%), high security, and superior low-
temperature performance, which make SIBs particularly
attractive for next-generation grid-scale energy storage applica-
tions.4,5 However, the larger ionic radius and sluggish diffusion
kinetics of Na+ ions pose signicant challenges for electrode
materials, particularly for the anode, which remains a key
bottleneck for the practical application of SIBs.
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Among various anode candidates, hard carbon (HC) has
been widely recognized as the most viable option for SIBs due to
its low operating potential, relatively high reversible capacity,
and excellent cycling stability.6,7 Nevertheless, the sodium
storage behavior of HC is highly dependent on its microstruc-
tural features, including the degree of disorder, the interlayer
distance of the graphitic layers, and the distribution of pores.8,9

It is generally accepted that the sloping region in the voltage
prole is associated with sodium adsorption at defect sites and
surface regions, whereas the low-potential plateau capacity is
closely related to sodium insertion between graphene layers or
lling of nanopores.10,11 Despite extensive studies, a clear
correlation between structural parameters and sodium storage
behavior has not yet been fully established, which hinders the
rational design of HC anodes with optimized performance.

In terms of HC precursors, biomass, coal, and petroleum
pitch have been extensively explored for the large-scale
production of HC and have demonstrated promising electro-
chemical performance in SIBs.12–14 However, these precursors
oen possess complex and heterogeneous chemical composi-
tions, and their carbonization behavior is strongly dependent
on the intrinsic characteristics of the raw materials. As a result,
achieving accurate structural control and batch-to-batch
consistency remains challenging. In contrast, polymer-based
© 2026 The Author(s). Published by the Royal Society of Chemistry
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precursors offer advantages, such as well-dened chemical
composition and tunable molecular structures, providing
opportunities to regulate the carbonization pathway and tailor
the resulting HC structure.15,16 Nevertheless, typical polyolen
polymers, such as polypropylene (PP, with ∼33 at% carbon
content), undergo severe chain scission and rapid volatilization
during thermal decomposition, leading to extremely low carbon
yields and poorly developed carbon frameworks, which largely
limit their direct use for HC anodes.17

Notably, PP separators are extensively used in commercial
lithium-ion batteries and generate a large amount of waste at
the end of battery life. At present, spent separators are mainly
treated by incineration or low-value recycling, resulting in both
resource waste and environmental concerns. In this regard,
waste PP separators exhibit high purity, uniform composition,
and a centralized source, making them attractive candidates as
carbon precursors.18–20 However, overcoming the intrinsic
thermal instability of PP during carbonization and trans-
forming waste separators into structurally suitable HC mate-
rials remain critical scientic and technological challenges.

In this work, we propose a chemical sulfonation-induced
crosslinking strategy to regulate the carbonization behavior of
recycled PP separators, as shown in Fig. 1. By introducing
crosslinked networks between polymer chains, the thermal
decomposition pathway of PP is effectively modied, suppressing
excessive volatilization and enabling the formation of stable
carbon frameworks during a one-step carbonization process. The
resulting HC materials exhibit tunable microstructures,
including controlled disorder, interlayer spacing, and pore
characteristics. Furthermore, by employing these materials as
anodes for SIBs, we systematically investigate the relationship
between structural features and sodium storage behavior. This
study not only provides a feasible approach for the high-value
recycling of spent LIB separators but also offers insights into
the structure–sodium storage correlation in HC, contributing to
the rational design of advanced HC anodes for SIBs.
Fig. 1 Schematic diagram of the synthesis of recycled PP-derived hard

© 2026 The Author(s). Published by the Royal Society of Chemistry
2. Results and discussion

Recycled PP separators consist of linear polyolen chains with
saturated –C–C– backbones and pendant –CH3 groups. Owing
to the absence of aromatic units or thermally stable functional
groups, recycled PP typically undergoes rapid b-scission and
extensive volatilization upon heating, leading to negligible
carbon yield and the failure to form a continuous carbon
framework.21,22 As shown in the DSC results in Fig. 2a, the
endothermic peaks at 140–170 °C correspond to the melting of
the PP separator, while the peaks at 420–480 °C are assigned to
the decomposition of the PP separator. This intrinsic thermal
instability fundamentally limits the direct conversion of PP into
hard carbon. Interestingly, the PP separator aer sulfonation
can be transformed into carbon with 50.9% yield, as presented
in Fig. 2b, which reveals an elevated decomposition onset
temperature and a signicantly increased char yield for
sulfonated PP compared with recycled PP, indicating a transi-
tion from a volatilization-dominated decomposition pathway to
a solid-state carbonization process. This phenomenon is
attributed mainly to the sulfonic functionalities (–SO3H) intro-
duced onto the PP chains via sulfonation treatment. Due to
lower bond dissociation energy, higher carbocation stability
during electrophilic substitution, and reduced steric hindrance
along the PP backbone of tertiary C–H bonds, sulfonation is
expected to occur preferentially at themore reactive tertiary C–H
sites along the PP backbone, while substitution at the methyl
side chains is much less favorable. Beyond simple functionali-
zation, sulfonation induces the formation of a crosslinked
polymer network, which plays a decisive role in regulating the
subsequent thermal decomposition behavior. The crosslinked
structure effectively restricts polymer chain mobility,
suppresses melt-ow, and inhibits severe depolymerization
during heating.23,24

To further reveal the sulfonation effect on the PP separator,
the structure and functional groups of the sulfonated PP
carbon.

Chem. Sci., 2026, 17, 9246–9255 | 9247
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Fig. 2 (a) DSC curve of recycled PP separator. (b) TG curves, (c) XRD patterns, and (d) Raman curves of recycled PP separator and sulfonated PP
separator. High-resolution XPS spectra of (e) O 1s and (f) S 2p in sulfonated PP separator. (g) XRD patterns, (h) Raman curves, and (i) La and Lc
values of PP-HC-13, PP-HC-15, and PP-HC-17 samples.
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separator were analyzed. XRD reveals the crystal structure of PP
and sulfonated PP separators, as provided in Fig. 2c. The XRD
pattern of a recycled PP separator showed sharp peaks corre-
sponding to the typical monoclinic PP structure.25 Aer sulfo-
nation, all these diffraction peaks consisted of two broad peaks,
demonstrating the destruction of the crystal structure of the PP
separator during sulfonation treatment. Additionally, the peaks
below 1500 cm−1 and between 2700 and 3000 cm−1 in the
Raman spectra of the recycled PP separator (Fig. 2d) originate
from C–C stretching and –CH2, –CH3 asymmetric and
symmetric stretching. However, the Raman spectrum of the
sulfonated PP separator shows two distinct peaks correspond-
ing to the defect-induced band (D-band) and the crystalline
graphite band (G-band), along with a broad band at 2500–
2800 cm−1, consistent with the spectrum of amorphous carbon,
demonstrating the formation of aromatic rings. Furthermore,
the O 1s XPS spectrum of a sulfonated PP separator shown in
Fig. 2e can be divided into three peaks, corresponding to
phenols (C–OH(ph))/COOH, epoxide groups (C–OH/C–O–C),
9248 | Chem. Sci., 2026, 17, 9246–9255
and C]O/S]O. While the S 2p spectrum in Fig. 2f reveals the
existence of –SOx– bonds, indicating the generation of sulfonyl
groups.

During carbonization, the sulfonated and crosslinked PP
precursor undergoes a series of dehydration, dehydrogenation,
and structural condensation reactions at intermediate temper-
atures. In this stage, sulfur-containing groups are progressively
decomposed, releasing SO2, H2O, and other small molecules.
Although most sulfur species are removed at elevated temper-
atures, they serve as structure-directing agents in the early stage
of carbonization by promoting intermolecular crosslinking and
stabilizing the evolving carbon skeleton. This behavior prevents
the premature collapse of the framework and enables contin-
uous structural rearrangement toward a carbonaceous network.
With a further increase in temperature, the constrained carbon
skeleton undergoes aromatization and develops short-range
ordered, turbostratic carbon domains composed of randomly
stacked graphene-like layers. The presence of crosslinking
limits long-range layer rearrangement and suppresses
© 2026 The Author(s). Published by the Royal Society of Chemistry
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graphitization. The carbon yield of the HC is around 48%. As
shown in Fig. 2g, the XRD patterns of the samples carbonized at
1300, 1500 and 1700 °C exhibit two broad peaks at 20–30° and
40–50°, which can be indexed to the (002) and (100) planes of
disordered carbon, respectively. Additionally, the interlayer
distances of PP-HC-13, PP-HC-15 and PP-HC-17 are calculated
to be 0.374, 0.371, and 0.367 nm, respectively. The Raman
spectra shown in Fig. 2h exhibit the characteristic peaks of the
D-band at around 1350 cm−1 and the G-band at around
1580 cm−1, demonstrating the amorphous nature of the struc-
ture.26 As calculated, the intensity ratios of the G-band to the D-
band (IG/ID) of HC-13, PP-HC-15 and PP-HC-17 are 0.749, 0.765
and 0.772, indicating the increased graphitization of PP-HC
along with the increasing carbonization temperature. Accord-
ingly, the lateral width (La) and stacking height (Lc) are also
enhanced with the elevated temperature, as presented in Fig. 2i.

To analyze the morphology and microstructure of the as-
prepared PP-HC, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) testing were carried
out. First, the turbostratic carbon domains can be observed in
the high-resolution TEM (HRTEM) images in Fig. 3a–c, in which
Fig. 3 HRTEM images of (a) PP-HC-13, (b) PP-HC-15, and (c) PP-HC-17
resolution XPS spectra of (e) C 1s and O 1s. (f) The content of sp2-C and s
and (h) pore size distribution of PP-HC-13, PP-HC-15 and PP-HC-17 sa

© 2026 The Author(s). Published by the Royal Society of Chemistry
the interlayer distance can be measured as 0.367, 0.371 and
0.374 nm for PP-HC-13, PP-HC-15 and PP-HC-17 samples,
respectively, in line with the results of XRD analysis. Fig. 3d
provides SEM images of the PP-HC samples, which possesses
a uniform micro-scale block structure and contains a small
amount of S element. The C 1s XPS spectra of the three HC
samples in Fig. 3e demonstrate that the four deconvoluted
peaks are assigned to sp2-C, sp3-C, S–O/C–S and C]O.27,28 As
can be observed, the contents of sp2-C are increased (Fig. 3f)
and oxygen-containing functional groups are decreased with
the elevation in carbonization temperature. Meanwhile, gas
evolution associated with functional group decomposition and
incomplete shrinkage of the crosslinked framework during
carbonization of the sulfonated PP separator generates defects
and nanopores. Then, the pore structures of the as-prepared
samples were evaluated by N2 adsorption–desorption testing.
As a result, the specic surface areas (SSAs) of PP-HC-13, PP-HC-
15 and PP-HC-17 are 99.4, 85.4 and 74.8 m2 g−1, respectively,
while the pore volumes of PP-HC-13, PP-HC-15 and PP-HC-17
are 0.0514, 0.0118 and 0.0037 cm3 g−1, respectively, indicating
samples. (d) SEM image and EDS spectra of the PP-HC sample. High-
p3-C in the three HC samples. (g) N2 adsorption–desorption isotherms
mples.

Chem. Sci., 2026, 17, 9246–9255 | 9249
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the decreased SSA and pore volume of PP-HC with the increase
in temperature.

The structure evolution resulting from sulfonation-induced
crosslinking has direct implications for sodium storage
behavior. The electrochemical behaviors of the as-prepared PP-
HC anodes were rst evaluated by cyclic voltammetry (CV)
measurements, as shown in Fig. 4a. The appearance of a pair of
reversible redox peaks can be observed in the CV curves of the
PP-HC anodes, which are related to the intercalation and
deintercalation of Na+ in the graphitic layers and nanopores.29

The CV curves were well overlapped in the subsequent cycles,
indicating the excellent reversibility and cyclic stability of the
anodes. The electrochemical performance of the electrodes was
further investigated by galvanostatic charging/discharging
(GCD) measurements, as provided in Fig. 4b. Notably, the PP-
HC-15 anode shows a higher initial coulombic efficiency (ICE)
of 72.6% and reversible capacity of 293.3 mAh g−1, compared to
PP-HC-13 (68.5% and 207.0 mAh g−1) and PP-HC-17 (68.8% and
227.9 mAh g−1). The capacity loss during the initial cycles
resulted mainly from interfacial side reactions and the
Fig. 4 (a) CV curves of PP-HC anode for the initial cycles with a sca
contribution of slope and plateau of PP-HC-13, PP-HC-15 and PP-HC-1
contribution of the three anodes at 0.2C. (f) Rate capability and (g) corre
densities. (h) Comparison of the rate performance of PP-HC-15 with prev
HC-15 and PP-HC-17 electrodes.

9250 | Chem. Sci., 2026, 17, 9246–9255
formation of an SEI lm. Additionally, the sloping region of the
discharge prole is associated mainly with Na+ adsorption at
defect sites, edges, and near-surface regions, which correlates
with the presence of structural disorder and accessible surface
sites. In contrast, the low-potential plateau capacity is closely
related to Na+ insertion between turbostratic carbon layers and/
or Na+ lling within nanopores, both of which are facilitated by
the enlarged interlayer spacing and conned pore structure.
Therefore, by chemically regulating the carbonization pathway
of recycled PP separators, sulfonation-induced crosslinking
enables the construction of structure-tailored hard carbon with
a balanced combination of adsorption- and insertion-
dominated sodium storage, leading to enhanced Na+ trans-
port and storage kinetics. As illustrated in Fig. 4c, the plateau-
contribution capacity was signicantly enhanced along with
the increase in carbonization temperature, which is generated
by the decrease in defects and the increase in graphitization of
the PP-HC as the temperature rises.

Fig. 4d shows the cyclic stability of the anodes at 0.2C, where
the reversible capacity of the PP-HC-15 anode remained at 267.0
n rate of 0.1 mV s−1. (b) Charge–discharge curves, and (c) capacity
7 electrodes for the first cycle. (d) Cyclic performance and (e) capacity
sponding charge–discharge curves of the anodes at different current
iously reported HC-based anodes.30–36 (i) EIS spectra of PP-HC-13, PP-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mAh g−1 aer 100 cycles with a capacity retention of 91.0%,
higher than those for PP-HC-13 and PP-HC-17 electrodes.
Accordingly, the plateau- and slope-contribution capacities
remain almost unchanged as the cycle progresses (Fig. 4e),
indicating stable Na+ ion adsorption and pore-lling behavior.
Fig. 4f demonstrates the rate capability of the three electrodes.
PP-HC-15 delivers capacities of 296.7, 287.1, 274.0, 261.7, 243.9,
174.4 and 77.1 mAh g−1 at current densities of 0.1, 0.2, 0.5, 1, 2,
Table 1 Performance comparison of the HC in this work with the repre

Precursor Capacity (mAh g−1) ICE Rate cap

Resin-based polymers 257.7 75% 157 at 5
Phenolic resin 293.5 68% 162.5 at
Asphalt 313.8 86% 130 at 5C
Coal 308.4 82% 85 at 2C
Coal 253 73% 140 at 1
PP 296.7 69% 77.1 at 1

Fig. 5 (a) Long-term cyclic performance of PP-HC-13, PP-HC-15 and P
2nd cycle to the 1000th cycle. (c) CV curves of the PP-HC-15 anode a
storage at a scan rate of 10 mV s−1. (e) Capacity contribution of a PP-HC
cells, with an NVP‖PP-HC full cell. (g) Cyclic performance of NVP‖PP-H

© 2026 The Author(s). Published by the Royal Society of Chemistry
5 and 10C. When the current density returned to 0.1C, the
capacity recovered to 290.9 mAh g−1. In contrast, the PP-HC-13
and PP-HC-17 electrodes show much lower capacities at the
same current densities. Notably, the capacity of PP-HC-13 is
almost not retained at 10C. Moreover, the distinct plateau and
sloping regions in the voltage proles were preserved even at
a high current density of 10C (Fig. 4g), demonstrating superior
Na+ ion transport kinetics with a slight polarization effect in PP-
sentative HCs for SIBs reported in recent years

ability (mAh g−1) Cyclic stability Ref.

A g−1 54% retention aer 2000 cycles 40
5 A g−1 71% retention aer 2000 cycles 41

90% retention aer 200 cycles 31
85% retention aer 800 cycles 32

A g−1 80% retention aer 500 cycles 42
0C 89% retention aer 1000 cycles This work

P-HC-17 anodes. (b) Charge–discharge profiles of PP-HC-15 from the
t various scan rates. (d) Charge storage contribution from capacitive
-15 anode. (f) Charge–discharge curves of NVPjNa and PP-HCjNa half
C full cell.

Chem. Sci., 2026, 17, 9246–9255 | 9251
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HC-15 electrodes. This outstanding performance can be
attributed to the suitable graphitic structure of PP-HC-15, which
distinguishes it from numerous previously reported state-of-
the-art HC-based anodes,30–36 as illustrated in Fig. 4h and
Table 1. Electrochemical impedance spectroscopy (EIS) spectra
of the as-prepared anodes are presented in Fig. 4i, demon-
strating the lower charge transfer impedance and faster Na+

diffusion of the PP-HC-15 electrode. In consideration of the
excellent rate capability, the anodes were further cycled at 1C to
investigate their long-term cyclic performance (Fig. 5a). Aer
1000 cycles, the capacity of PP-HC-15 remained at 222.7 mAh
g−1 with a capacity retention of 89.1%, much higher than those
of PP-HC-13 (113.7 mAh g−1 aer 247 cycles) or PP-HC-17 (163.7
mAh g−1 aer 249 cycles) electrodes. Fig. 5b presents the
charge–discharge proles of PP-HC-15 recorded from the 2nd to
the 1000th cycles at 1C, which show the remarkable consistency
and exceptional reversibility of sodium storage.

The Na+ storage behavior and kinetics of PP-HC-15 in an
ester-based electrolyte were further investigated. Fig. 5c
provides the CV curves of PP-HC-15 at different scan rates from
0.1 to 10 mV s−1. As is known from the power-law correlation,
the relationship of current (i) and scan rate (v) can be described
by the formula i = a$vb, where a and b are constants.37–39 The
values of b = 1 and 0.5 reveal the capacitive effects of pseudo-
capacitance and non-faradaic reaction, the sum of which is
the total current, as described by i(V)= k1v + k2v

1/2. Here, k1v and
k2v

1/2 represent the capacitive behavior and diffusion process,
respectively. According to the values of k1 and k2, the capacity
contribution of PP-HC-15 at different scan rates can be esti-
mated (Fig. 5d). As shown in Fig. 5e, the ratio of pseudo-capacity
was enhanced from 23.2% to 72.0% with the increase in scan
rate, leading to the high-rate capability of the PP-HC-15
electrode.

In order to verify the practicality of the as-prepared anode,
full cells were designed by using Na3V2(PO4)3 (NVP) as a cathode
and PP-HC-15 as an anode. The corresponding charge–
discharge curves of NVPjNa and PP-HC-15jNa half cells and an
NVP‖PP-HC-15 full cell are provided in Fig. 5f. As can be seen,
the full cell shows similar charge–discharge curves, which is
attributed mainly to the phase transition on the cathode side
and the adsorption-lling kinetics on the anode side. For long-
term cycling at 0.5C in Fig. 5g, the capacity shows a slight decay
aer 200 cycles with a capacity of 83.0 mAh g−1 and 80.1%
retention, corresponding to a very low capacity loss of 0.0995%
per cycle. This result indicates the excellent cyclic performance
of the full cell, demonstrating the attractive commercialization
prospects of recycled polypropylene separator-derived hard
carbon.

3. Conclusions

In summary, a sulfonation-induced crosslinking strategy was
developed to regulate the carbonization behavior of recycled PP
separators and enable their conversion into structure-tailored
HC anodes for SIBs. The introduction of sulfonic functional-
ities not only modies the chemical environment of PP chains
but also induces intermolecular crosslinking, which effectively
9252 | Chem. Sci., 2026, 17, 9246–9255
suppresses severe chain scission and volatilization during
thermal treatment. As a result, the carbonization pathway of PP
is transformed from a volatilization-dominated decomposition
to a solid-state carbonization process, leading to an increased
carbon yield and the formation of a continuous carbon frame-
work. Systematic structural characterization reveals that the
sulfonation-induced crosslinking plays a decisive role in the
evolution of a hard carbon microstructure. The optimized
carbonization process promotes the formation of turbostratic
carbon domains with enlarged interlayer spacing, moderate
structural disorder, and a hierarchical pore structure, while
suppressing long-range graphitization. When evaluated as
anodes for sodium-ion batteries, the PP-derived HC delivers
a high reversible capacity of 293.0 mAh g−1 at 0.2C and 77.1
mAh g−1 even at a high current density of 10C. For long-term
cyclic performance, the capacity remained at 222.7 mAh g−1

aer 1000 cycles at 1C with a capacity retention of 89.1%. When
paired with an Na3V2(PO4)3 cathode, the full cell shows
a capacity of 83 mAh g−1 aer 200 cycles with 80.1% retention.
This work demonstrates a feasible and scalable approach for
the high-value recycling of spent lithium-ion battery separators.
By chemically regulating the carbonization pathway of a typical
polyolen waste, this strategy bridges sustainable materials
recycling with structure-oriented hard carbon design. The
insights gained from this study provide guidance for the
rational construction of hard carbon anodes and may be
extended to other polymer-derived carbon systems for sodium-
ion and related energy storage technologies.
4. Experimental section
4.1 Materials preparation

All chemical reagents and solvents are commercially available
without further purication. Typically, the recycled PP separa-
tors were washed with ultrapure water and ethyl alcohol several
times. Then, 1.5 g of PP separators were cut into pieces and
soaked in 100 mL of sulfuric acid (98%) at 120 °C for 6 h, aer
which the sulfonated PP separators were washed with ultrapure
water and ethyl alcohol to remove the remaining sulfuric acid.
The resultant samples were dried in a vacuum oven at 80 °C for
12 h and designated as sulfonated PP. Aerwards, the obtained
samples were transferred into a tubular furnace held at 700 °C
for 1 h and then heated for 30 min at 1300, 1500 or 1700 °C at
a heating rate of 5 °C min−1. The obtained samples were
labelled PP-HC-13, PP-HC-15 and PP-HC-17, respectively.
Finally, the products were ground to a ne powder by ball
milling for 4 h.
4.2 Materials characterization

Differential scanning calorimetry (DSC, Mettler Toledo
DSC822E) and thermogravimetric analysis (TGA, Mettler
Toledo) were employed to analyze the thermal behaviors of
recycled and sulfonated PP separators. A Bruker D8 Advance X-
ray diffractometer using Cu Ka radiation (l = 1.5418 Å) was
utilized to detect the crystal structure of the materials. Raman
spectroscopy was undertaken with a Horiba LabRAM HR
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Evolution Raman microscope using 514 and 532 nm lasers. The
surface chemical states and functional groups were studied by
X-ray photoelectron spectroscopy (XPS) with a Thermo Fisher
ESCALAB Xi+ system. A Micromeritics ASAP2460 instrument
based on the Brunauer–Emmett–Teller (BET) method was used
to investigate the pore structure of the samples.
4.3 Electrochemical measurements

To prepare the working electrode, the as-prepared PP-HC, Super
P and polyvinylidene uoride were mixed in a ratio of 8 : 1 : 1 in
N-methylpyrrolidone to form a homogeneous slurry, which was
then coated onto Cu foil and dried under vacuum conditions at
80 °C for 12 h. The typical mass loading of the active material
was 1.2–1.7 mg cm−2. The coin cells (CR2016) were assembled
inside an argon-lled glovebox (H2O, O2 < 0.01 ppm) for
electrochemical testing. For half-cells, sodiummetal, glass ber
and 1 M NaPF6 in DME were used as counter electrode, sepa-
rator and electrolyte, respectively. Galvanostatic charge–
discharge tests were conducted on a LANHE Battery Test System
(CT3002A, Wuhan) at 30 °C. CV and EIS testing were performed
on a Chenhua electrochemical workstation (CHI660A,
Shanghai). The full cell was assembled with Na3V2(PO4)3, PP-
HC, and 1 M NaPF6 in DME as cathode, anode and electro-
lyte, respectively. The galvanostatic charge–discharge tests were
carried out in the voltage range 2.0–4.0 V.
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