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Broader context

In situ crosslinkable poly(carbonate-ether-
urethane) binders with 100% thermal
decomposability at low temperatures for
dry-processed high-capacity LiFePO4 cathodesf

Bin Chen,? Zhe Zhang,? Sheng Huang,” Andrey B. Yaroslavtsev,® Min Xiao,?
Shuanjin Wang,® Hui Guo, €22 Dongmei Han**® and Yuezhong Meng () *&P-<

The commercially available polyvinylidene fluoride (PVDF) binder is commonly used as a battery binder
for lithium iron phosphate batteries (LiFePOy,, LFP). Fluorine-containing PVDF not only causes environ-
mental risks but also impedes Li* transport due to its low ionic conductivity, limiting the performance of
LFP electrodes. Traditional electrode fabrication processes rely on solvents, resulting in environmental
pollution and high energy consumption. In this study, we selected commercial polycarbonate diol
(PPCDL) and polyether polyol as binder monomers, utilizing hexamethylene diisocyanate trimers (HDI
trimers) as crosslinking agents. Through an in situ thermal initiation method, we developed a cross-linked
polyurethane (CPU) binder exhibiting excellent ionic conductivity. By integrating this binder with a
solvent-free method, high-loading dry LFP electrodes were fabricated. The assembled LFP||Li battery
achieved an initial discharge capacity of 146 mAh g~* with a capacity retention of 97.5% over 100 cycles at
0.5C. Furthermore, the LFP||Gr full cell exhibited a longer cycle life and higher discharge capacity under
identical conditions. Notably, the CPU binder was decomposable and could be completely decomposed
at 400 °C, thereby facilitating electrode recovery and reducing energy consumption. This innovative
binder preparation strategy, coupled with the solvent-free electrode fabrication process, enhances the
competitiveness of dry electrode commercialization by reducing energy consumption greatly and elimi-
nating volatile organic compound (VOC) emissions.

The fluorine-containing PVDF binder causes environmental pollution and restricts Li* transport, while traditional solvent-based processes are energy-inten-
sive. This study developed a thermally crosslinked polyurethane (CPU) binder using polycarbonate diol, polyether polyol, and HDI trimers, coupled with a
solvent-free process to fabricate high-performance, high-loading LFP electrodes. (1) In the electrode recovery process, the battery using CPU as the binder can

be 100% decomposed at low temperatures (400 °C or lower), which has great advantages over PVDF (600-800 °C, incomplete decomposition, producing toxic
substances such as HF). The batteries assembled from the powder after four recycling cycles still have over 97% of the original capacity. (2) The CPU binder
has a cross-linked structure that is resistant to electrolyte dissolution and also has a certain degree of solubility, which helps to build Li* transport channels.

Both the carbonates in the PPCDL segment and the ether bonds in the polyether polyol segment contribute to the excellent ionic conductivity, which reduces
electrochemical impedance. (3) We are the first to work on combining in situ cross-linking with dry electrodes. This method significantly shortens the elec-
trode preparation process while enabling the preparation of high loading electrodes (>20 mg cm™2).
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1. Introduction

The lithium-ion battery (LIB) is a well-established energy
storage technology and has been widely used in various fields,
such as digital products, energy storage stations, and new
energy vehicles. As technology advances, the performance
requirements for LIBs continue to increase. Currently, these
batteries are being developed to offer higher safety, better per-
formance, and lower costs, making them a long-standing focus
of research. Most studies focus primarily on electrolytes,'™
with less attention given to other components of the battery.
However, the performance and sustainability of LIBs are also
critically influenced by other components, such as binders,
which have received insufficient attention despite their vital
role in electrode integrity and recyclability.

Binders are essential materials in electrodes. With the
emergence of new active materials, particularly the develop-
ment of silicon electrodes, there has been increasing emphasis
on the development and modification of binders.*”” In com-
mercial electrodes, binders typically account for only 1-5% of
the total mass, yet they play a crucial role in ensuring that
other electrode materials adhere tightly to the current collec-
tor, thus maintaining the integrity and stability of the elec-
trode structure during battery cycling.*° Currently, polyvinyli-
dene fluoride (PVDF) is the most commonly used binder for
cathodes. Its molecular structure consists of long chains that
interact with electrode materials and current collectors
through physical forces, such as van der Waals forces, provid-
ing adhesive strength. Moreover, PVDF exhibits excellent dis-
persibility in organic solvents, allowing it to mix with electrode
materials without the need for any surfactants or stabilizers.
More importantly, PVDF possesses a very wide electrochemical
window, demonstrating high electrochemical stability."*

However, PVDF faces three critical limitations: (1) poor ionic
conductivity increasing electrode impedance;'* (2) chemical
inertness hindering functional modification; and™ (3) thermal
decomposition releasing toxic fluorinated by-products.’*
Although solvent recovery is possible, the use of organic sol-
vents often results in environmental pollution, which has
hinders its further adoption. High-temperature calcination is
the most common method for electrode recycling, but PVDF
requires elevated temperatures for complete decomposition,
generating hydrogen fluoride and other harmful fluorinated
compounds. These by-products pose environmental risks.
Furthermore, during the traditional electrode preparation
process, PVDF is mixed with organic solvents, such as N-methyl-
2-pyrrolidone (NMP), to form a uniform slurry.'® This slurry
requires subsequent drying and solvent recovery, both of which
are energy-intensive processes. The drying step alone accounts
for 10-15% of the energy consumed in battery production,
further raising concerns about energy efficiency and environ-
mental impact.’®*® Thus, the emergence of dry electrodes is a
significant development. Dry electrodes eliminate the need for
solvents, thereby removing the subsequent drying process and
greatly reducing the production cost of batteries. Moreover, in
the absence of the capillary effect during solvent drying, the
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binder in dry electrodes is often more evenly distributed.'®>"
This provides an ideal condition for preparing high-loading
electrodes. Compared to traditional wet-process electrodes, dry
electrodes typically exhibit higher energy density and lower
electrochemical impedance, which are crucial for the fabrica-
tion of high-performance batteries.>” This solvent-free approach
necessitates binders with enhanced ionic conductivity and
adhesion to compensate for the absence of solvent-induced
material dispersion. In recent years, increasing research has
focused on dry electrodes, investigating the manufacturing
processes®®2® and binders*’?° used in their production, which
has significantly accelerated the development of dry electrode
technology. Many studies®*>* have combined dry electrodes
with solid-state electrolytes, achieving promising results.

To overcome the trade-off between binder functionality and
environmental sustainability in dry electrodes, we have explored
the use of various polycarbonate-based polymers as binders for
LFP electrodes.>” Furthermore, we also attempted to use poly-
carbonate-based polymers for NCM electrodes.’® Here, we
designed a novel cross-linked polyurethane (CPU) binder
through in situ crosslinking of commercial polycarbonate diol
(PPCDL, derived from industrial CO, waste®®) and polyether
polyol monomers, using hexamethylene diisocyanate trimers
(HDI trimers) as the crosslinking agent. PPCDL provides dual
functionality: its carbonate groups coordinate with Li" via lone-
pair electrons to enhance ion transport, while its CO,-derived
backbone aligns with circular economy goals. The crosslinking
process forms a three-dimensional network structure through
chemical bond interactions between polyurethane molecular
chains, significantly improving intermolecular forces and inter-
facial adhesion. Polyether polyol further contributes to Li* con-
ductivity through its ether bonds. As illustrated in Fig. 1, this
solvent-free fabrication enables scalable hot-pressing of high-
loading LFP cathodes (~20 mg cm™~?), eliminating energy-inten-
sive drying steps. Compared to PVDF-based electrodes
(PVDF-LFP), the CPU-LFP cathodes exhibit higher peel strength
due to the robust crosslinked architecture.

The synergistic effects of the CPU binder translate to a
superior electrochemical performance. Lithium metal batteries
with CPU-LFP cathodes achieve 97.5% capacity retention after
100 cycles at 0.5C, better than PVDF-LFP. They also exhibit
enhanced rate capability and reduced interfacial impedance.
Full cells pairing CPU-LFP cathodes with high-loading graphite
(Gr) anodes (~10 mg cm™?) show extended cycle life and
higher discharge capacity. Notably, the CPU binder enables
facile electrode powder recycling, with regenerated batteries
retaining ~97% of their original capacity. This work highlights
a cost-effective, sustainable strategy integrating CO, utilization,
solvent-free processing, and high-performance binder design
to advance lithium-ion battery manufacturing.

2. Results and discussion

In designing the segmental structure of the CPU, the ratio of
polycarbonate to polyether segments was optimized to balance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the LFP electrode composition and synthesis scheme of the CPU binder.

the trade-off between mechanical robustness and ionic con-
ductivity. Specifically, the polycarbonate segments, with their
high-polarity carbonate groups, facilitate Li* migration through
coordination interactions, while the flexible polyether seg-
ments enhance chain mobility to lower ion transport energy
barriers. To select a more suitable mixing ratio, we evaluated it
based on the curing effect and ionic conductivity (Table 1).
After infiltration by the electrolyte, the lithium-ion (Li") con-
ductivity of the CPU binder and PVDF binder films was evalu-
ated at 30 °C to simulate their actual situation in the
electrode.*>*! The results show that CPU has excellent ion con-
ductivity (molar ratio of PPCDL: polyether polyol = 7:3, 3.3 x
107> S em™), significantly higher than that of PVDF (5.6 x 107
S em™). This can be attributed to the abundant carbonate
groups in PPCDL segments and ether bonds in the polyether
polyol segments of the CPU polymer, which effectively promote
the transport of Li'. The outstanding ion conduction perform-
ance also helps reduce internal resistance and improve battery
performance. In the subsequent tests, a binder with a molar
ratio of PPCDL : polyether polyol = 7 : 3 was used.

Table 1 lonic conductivity for the thermally crosslinked CPU and PVDF
samples

PPCDL: polyether -OH:- Temp. o

polyol NCO State (°C) (Sem™)
CPU1 3:7 1:1 Solid-liquid —
CPU2 5:5 1:1 Solid 30 1.9x107°
CPU3 7:3 1:1 Solid 30 3.3x107°
PVDF — — Solid 30 5.6 x 1077

© 2025 The Author(s). Published by the Royal Society of Chemistry

To further confirm the presence of the crosslinked structure
in CPU, infrared spectroscopy was performed on the binder
monomers, crosslinking agent, and cross-linked CPU
(Fig. 2(a)). Multiple characteristic peaks appeared in the
4000-2000 cm™" range. The peak at 2254.2 cm™' in the HDI
trimer curve corresponds to the characteristic absorption of
-NCO. However, no significant peak is observed near this posi-
tion in the CPU curve, indicating that there is no residual
-NCO in the crosslinked CPU. Both curves exhibit two peaks
around 2900 cm™', which correspond to the stretching
vibrations of ~CH; and -CH, groups. The peak at 3411.1 cm™"
in the polyether polyol curve and the peak at 3530.1 cm™" in
the PPCDL curve correspond to the characteristic absorption
of -OH groups. Although a peak is also observed at
3350.5 cm™ " in the CPU curve, it is shifted slightly compared
to the peaks in the polyether polyol and PPCDL curves. This
shift is due to the presence of an N-H absorption peak near
this position. Fig. 2(b) shows an enlarged spectrum in the
1800-500 cm™' range. In the CPU curve, the peak at
1745.5 em™" corresponds to the C=O stretching vibration of
the ester bond in the PPCDL segment. The corresponding
peak position shifts to 1745.5 cm™" on CPU, indicating the for-
mation of hydrogen bonds. The peak at 1681.5 cm™" is associ-
ated with the C=0O0 stretching vibration in the carbamate bond
of the HDI trimer segment. The peak at 1526.3 cm™" corres-
ponds to the N-H bending vibration in the urethane bond,
indicating the successful synthesis of CPU.

After mixing the two binder monomers with the cross-
linking agent in the specified ratio, the mixture was heated at
120 °C for 20 minutes (Fig. S21). The resulting mixture exhibi-
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Fig. 2 (a and b) FTIR spectra for the binder monomers and CPU.

ted excellent flowability, with no significant solid formation
observed, indicating that no detectable crosslinking reaction
occurred during the high-speed stirring process. Subsequently,
the two binder monomers were mixed with the crosslinking
agent in the same ratio and heated at 170 °C for 20 minutes
(Fig. S31). The resulting mixture formed a translucent, off-
white solid with no visible liquid phase, confirming that a sig-
crosslinking under these
conditions.

nificant reaction occurred

To verify successful crosslinking between the binder mono-
mers and the crosslinker under heating conditions, we per-
formed gel permeation chromatography (GPC) on the soluble
portion of the crosslinked CPU. Fig. S41 shows a marked shift
in the elution peak of the soluble portion toward lower reten-
tion times, indicating the formation of higher molecular
weight polymers, thereby validating the crosslinking reaction.

The contact angles between the electrolyte and the binder
films were measured (Fig. S5T). The results revealed a smaller
contact angle for the PVDF film compared to CPU, suggesting
stronger electrolyte-PVDF affinity. However, the CPU film
exhibited a contact angle of approximately 32°, still showing
favorable electrolyte compatibility.

Fig. 3(a) shows the DSC curves of different binders and
binder monomers. The results reveal that the CPU binder is an
amorphous material with a very low glass transition tempera-
ture (T,) of 6.8 °C, whereas PVDF exhibits a melting point (Ty,)
of 161.4 °C. During the charging and discharging process of
the battery, the operating temperature (~30 °C) exceeds the T,
of CPU, inducing a transition to a highly elastic state. This
rubbery state enhances CPU chain mobility, which generates
additional free volume and creates interconnected pathways
for ion transport, thereby improving ionic diffusion rates
within the polymer matrix. Meanwhile, the enhanced chain
mobility weakens the interactions between the polymer and
ions. This reduction in binding allows for greater ionic mobi-
lity, often leading to higher ionic conductivity in the polymer.
Finally, when CPU is in the rubbery state, its increased flexi-
bility and stronger intermolecular interactions significantly

EES Batteries

enhance its adhesive strength. This ensures close contact
between the cathode material, carbon materials, and current
collectors, maintaining the integrity of the electrode structure
during battery cycling, thereby improving battery performance.
DSC tests on the binder monomers under identical conditions
(Fig. S6t1) demonstrate their excellent flowability at 120 °C,
which facilitates homogeneous dispersion of the monomers
within the electrode powder during high-speed mixing.

The uniformity of the binder monomer dispersion in the
electrode powder after high-speed stirring was evaluated by
thermogravimetric analysis (TGA) under a nitrogen atmo-
sphere. As shown in Fig. S7,f PPCDL and polyether polyol
begin decomposing at approximately 200 °C and are fully
decomposed by 350 °C. As shown in Fig. 3(b), the CPU binder
synthesized via in situ thermal initiation starts decomposing at
200 °C and is completely decomposed at 500 °C, whereas
PVDF retains ~33% residue at 600 °C. This demonstrates that
CPU binders can be readily decomposed, enabling separation
from other electrode materials and facilitating electrode re-
cycling upon battery disposal. The thermogravimetric curve of
the CPU binders exhibits three distinct stages, primarily attrib-
uted to incomplete monomer reactions during the in situ
process. Residual unreacted monomers failed to undergo
crosslinking, leading to this phenomenon. TGA was performed
via random sampling with multiple tests. Fig. 3(c) confirms
the uniform binder dispersion in the powder. After the binder
monomers are mixed with the powder, the presence of active
materials and carbon materials might hinder the cross-linking
reaction between the monomers, thereby altering the time
required for substantial crosslinking to occur. To investigate
this, we employed Soxhlet extraction to measure the cross-
linking degree of the binder monomers under hot pressing at
170 °C for different durations (Fig. 3(d)). The results revealed a
low crosslinking degree (<20%) within the first 40 minutes.
When the heating time was extended to 60 minutes, the cross-
linking degree exceeded ~90%. The remaining unreacted
binder monomer content is minimal, and carbonate and ether
polymers are also common components of lithium-ion battery

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the monomers in the powder at 170 °C, and (e) 3D distribution of the CNO~, CN~, OH™ and H™ fragments in the CPU-LFP electrode acquired by

TOF-SIMS.

electrolytes, so it is believed that they will not significantly
affect battery operation. This explanation can also be con-
firmed by the subsequent battery performance results.

The cross-sectional image of the electrode further reveals
tight interconnections between electrode materials with no
apparent voids (Fig. S8f). The calculated compacted density
reaches 1.6 mg cm™>. Energy dispersive spectroscopy (EDS)
mapping shows the uniform distribution of nitrogen, which
further confirms the homogeneous dispersion of CPU within
the electrode. The distribution of the polyurethane binder in
the dry lithium iron phosphate electrode was further character-
ized by time-of-flight secondary ion mass spectrometry

© 2025 The Author(s). Published by the Royal Society of Chemistry

(TOF-SIMS). A 3D depth profile (50 pm x 50 pm) revealed the
distribution of CNO~, CN~, OH™, and H™ across the electrode
surface and bulk (Fig. 3(e)). While the CNO™ content was negli-
gible, CN™ exhibited a uniform spatial distribution, except for
one localized region showing significantly reduced intensity.
This anomaly correlates with a carbon agglomerate, as evi-
denced by the complementary anion distribution maps
(Fig. S97).

The adhesive strength of the binder in the electrode is par-
ticularly important for maintaining structural integrity.
Fig. 4(a) shows the load-indentation depth curves obtained
from the nano-indentation test, which quantitatively reflects

EES Batteries
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Fig. 4
test of the electrodes completely immersed in the electrolyte.

the adhesion performance of the binders. The results indicate
that the CPU polymer binder exhibits significantly superior
adhesion in dry electrodes compared to the PVDF binder. This
enhancement originates from the highly crosslinked architec-
ture of CPU, which promotes synergistic molecular inter-
actions and restricted chain mobility. The three-dimensional
crosslinked network improves mechanical robustness by
increasing inter-chain connectivity and limiting segmental
motion, thereby uniformly distributing mechanical stress
across the electrode and optimizing adhesion. Furthermore,
the covalent nature of crosslinking enables stronger polymer-
substrate interfacial bonding, directly contributing to the
observed adhesion improvement.

Fig. 4(b) presents the pull-off test results for different elec-
trodes, with the test schematic illustrated in Fig. S1.f The
results indicate that the electrodes using the CPU binder
exhibit higher peel strength than those employing the PVDF
binder, demonstrating CPU’s superior adhesion properties.
Fig. 4(c) shows the electrolyte immersion experiment, where
electrodes were fully submerged for 30 days. Powder detach-
ment was monitored every 10 days. The results indicate that
both CPU-based electrodes and PVDF-based electrodes effec-
tively prevented powder detachment, maintaining the struc-
tural integrity. This further demonstrates the superior
adhesion properties of CPU and its resistance to dissolution in
the electrolyte. Additionally, it confirms the reliability of the
fabricated dry electrodes.

A series of electrochemical tests were conducted to evaluate
the properties of the binder and the fabricated electrodes. The
linear sweep voltammetry (LSV) curve (Fig. 5(a)) indicates that
the CPU binder exhibits a wide electrochemical window
(2.4-3.8 V vs. Li/Li") with stable chemical structure integrity
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CPU-LFP after 30 d

(a) Load—indentation depth curves, (b) adhesion strengths of PVDF-LFP and CPU-LFP measured using the pull-off adhesion test, and (c) the

throughout this potential range. Fig. 5(b and c¢) present the
electrochemical impedance spectroscopy (EIS) results of
various electrodes, including Nyquist plots and equivalent
circuit models after 10 and 100 cycles at 0.5C. The EIS curves
reveal a high-frequency semi-circle, which indicates charge
transfer resistance (R.), and a low-frequency line that reflects
diffusion resistance. After 10 or 100 cycles, the CPU-based
cathode exhibits the lowest R, attributed to enhanced compat-
ibility between CPU’s ether/carbonate bonds and the carbon-
ate-based electrolyte solvents, thereby optimizing the inter-
facial kinetics.

To evaluate the electrode performance, cyclic voltammetry
(CV) was conducted at a scan rate of 0.1 mV s~ (Fig. S107).
The CV curves for the CPU-based electrodes stabilized more
rapidly over cycling, which was attributed to their lower inter-
facial impedance, promoting faster and more stable formation
of the solid electrolyte interphase (SEI) film. Additionally, after
stabilization (Fig. 5(d)), the CPU-based electrodes showed
higher current responses and narrower voltage differences,
indicating improved lithiation and delithiation kinetics.
Fig. 5(e) presents the battery performance of half-cells com-
posed of different cathodes and the lithium metal anode,
cycled for 100 cycles at 0.5C. The cells were first activated for
five cycles at 0.1C before cycling to 100 cycles at 0.5C. It is
evident that the CPU-based cell exhibits significantly better
stability and higher discharge specific capacity. The voltage-
specific capacity graph (Fig. 5(g and h)) indicates that the CPU-
based cell experiences lower polarization. These improvements
could be attributed to the lower electrochemical impedance.
Rate capability tests (Fig. 5(f)) show a stepwise capacity
decline with increasing C-rates (0.1C — 2C — 1C). When the
rate is reduced from 2C to 1C, the discharge capacity quickly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) LSV curves of the CPU and PVDF binders, impedance comparisons of PVDF-LFP and CPU-LFP after (b) 10 and (c) 100 cycles at 0.5C, (d)

CV curves of PVDF-LFP and CPU-LFP, (e) cycle performance and (f) rate performance of PVDF-LFP and CPU-LFP, and the 10th/30th/60th/90th gal-
vanostatic charge/discharge curves of (g) PVDF-LFP and (h) CPU-LFP at 0.5C.

recovers to nearly its original value. This shows that the CPU-
based cell exhibits a superior rate capacity performance, indi-
cating that CPU effectively inhibits ohmic polarization, facili-
tating charging and discharging at varying rates. With contin-
ued cycling at 1C, the CPU-based cell shows excellent high rate
cycling stability. In contrast, the PVDF-based cell shows rapid
capacity degradation as well as instability.

In addition, we employed a galvanostatic intermittent titra-
tion technique (GITT) to assess the stability of the Li'
diffusion coefficient (Dy;:) in different electrodes (Fig. 6(a—c)).
By calculating Dy ;- at each charge/discharge step, we generated
curves illustrating the variation in Dy;- (see the dotted lines
below each image in Fig. 6(a and b)). Since the set voltage is
reached before the completion of the last charge or discharge,
there is a slight deviation in the calculated value of the final
Dy, which can be negligible. The results indicate that the
CPU-based electrode exhibits a more stable Dy;.. Fig. 6(d) pre-
sents the direct current internal resistance (DC-IR) test results.
The internal resistance during the charging and discharging

© 2025 The Author(s). Published by the Royal Society of Chemistry

processes was determined through linear regression analysis
of the voltage versus current changes (AV-I). The slopes of the
AV-I curves for the CPU-based cells are relatively low, indi-
cating that CPU binders, with their higher lithium-ion con-
ductivity, are more effective than PVDF in reducing internal re-
sistance. Consequently, CPU-based cells exhibit lower and
more stable internal resistance compared to their PVDF
counterparts.

The full-cell tests were conducted using graphite anodes (wet
coating, loading 10 mg cm™?). The assembled full cells show an
N/P ratio of 1.05. Within the voltage range of 2.4-3.8 V (vs. Li/
Li"), five preconditioning cycles were performed at 0.1C, fol-
lowed by a long-term cycling test at 0.5C. The results in Fig. 6(e)
indicate that the CPU-based full cell achieved a higher initial
capacity of 113.1 mAh g~' with a capacity retention of 87.4%
after 400 cycles, whereas the PVDF-based full cell exhibited a
lower initial capacity (110.8 mAh g™') and capacity retention
after 400 cycles (59.3%). Notably, the coulombic efficiency of
the PVDF-based cell gradually declined after 400 cycles, while

EES Batteries
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Fig. 6 (a) GITT profiles of the initial charge—discharge process for LFP||Li cells based on PVDF and CPU, voltage/D,;.—time curves of (b) PVDF-LFP

and (c) CPU-LFP cells of the GITT test, (d) plots of the change in voltage vs.

the current of different cells, and (e) cycling performance of the LFP||Gr

full cell with an N/P ratio of 1.05 based on the PVDF and CPU binders at 0.5C. (f) TGA spectra of the CPU-based electrode powder before and after

400 °C roasting and (g) cycling test of the different batches of the electrode

the CPU-based cell maintained a stable coulombic efficiency of
>99.8% throughout the test (1000 cycles).

To demonstrate the advantages of the easy decomposition of
the CPU binder, the electrode powder was subjected to high-
temperature calcination (400 °C for 2 h) to decompose the
binder, followed by the reintroduction of the binder for powder
preparation. The TGA curve shows that the CPU binder is
almost completely decomposed (as shown in Fig. 6(f)). As
shown in Fig. 6(g), the half-cells assembled with CPU as the
binder exhibit negligible capacity decay after 100 cycles at 0.5C.
Remarkably, even after four cycles of recycling via calcination of
the CPU binder, the half-cell retains a capacity retention rate of
nearly 100% after 100 cycles at 0.5C. In previous works,***?
confirmed that the decomposition products of PPC-based poly-
mers are environmentally friendly. Additionally, studies have
shown that thermal decomposition of polyurethane under an

we
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powder.

inert atmosphere does not produce nitrogen oxides, resulting in
a minimal environmental impact.**

Fig. 7(a and b) show the surface morphology of different elec-
trodes before cycling and after 100 cycles at 0.5C. Before cycling,
both electrodes exhibit tightly adhered active materials without
any cracks. After 100 cycles, the PVDF-based electrode displays
significant cracks, while the CPU-based electrode shows no
noticeable cracks at a scale of 200 pm. Only when magnified to
50 pm can some minor cracks be observed. This difference
arises because PVDF, being a linear structure, has a higher ten-
dency to swell. Upon absorbing the electrolyte, PVDF undergoes
substantial volume changes, disrupting the electrode structure.
In contrast, although the CPU binder also shows affinity for the
electrolyte, its lower swelling tendency and crosslinked structure
provide greater toughness to withstand volume changes in the
active materials, ultimately maintaining the integrity of the elec-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of (a) PVDF-LFP and (b) CPU-LFP before and after
PVDF-LFP and (d) CPU-LFP after 10 cycles at 0.1C.

trode structure. To investigate the role of CPU in cathode electro-
lyte interphase (CEI) film formation during the cycling process,
XPS analysis was conducted on cycled cathodes (10 cycles at
0.1C; Fig. 7(c and d)). The results show that the CEI film compo-
sitions on both electrodes are similar, with no significant differ-
ences in the C 1s, F 1s, and O 1s spectra. However, in the N 1s
spectrum, the CPU-LFP electrode displays distinct characteristic
peaks at ~400.9 eV (N-H) and ~397.1 eV (Li3N). In contrast, the
N 1s spectrum of the PVDF-LFP electrode shows much higher
noise, with no clear characteristic peaks. A weak peak is
observed, which can be attributed to the incorporation of nitro-
gen atoms in the conductive carbon.

3. Conclusions

In conclusion, the use of in situ thermally induced cross-
linking to prepare CPU as a binder for dry LFP electrodes

© 2025 The Author(s). Published by the Royal Society of Chemistry

Binding energy (eV) Binding energy (eV)

100 cycles at 0.5C, and the C 1s, F 1s, O 1s and N 1s XPS spectra of (c)

offers several advantages. First, the binder monomers (PPCDL
and polyether polyol) are already industrially available, ensur-
ing cost-effectiveness and scalability. Notably, PPCDL is
derived from carbon dioxide, which not only enhances sustain-
ability but also creates value-added use of greenhouse gases.
Second, the CPU binder can be completely decomposed at
400 °C, facilitating electrode recycling without environmental
hazards. The batteries assembled from powder after four re-
cycling cycles still have over 97% of the original capacity.
Third, with a low glass transition temperature, the CPU binder
maintains elasticity during battery operation, ensuring excel-
lent adhesion. The cross-linked structure also enhances the
binder’s ability to withstand volume expansion of the active
electrode material during cycling. Additionally, both the car-
bonates in the PPCDL segment and the ether bonds in the
polyether polyol segment contribute to the excellent ionic con-
ductivity, which reduces electrochemical impedance. The dry
LFP electrodes using this CPU binder show significantly lower
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electrochemical impedance (EIS: ~50% lower than PVDF-LFP)
and exhibit higher and more stable discharge capacities at
0.5C with long cycling stability (97.5% capacity retention after
100 cycles). As a result, the assembled LFP||Gr full batteries
show improved initial coulombic efficiency (88.04% vs.
83.56%), cycle life (87.4% vs. 59.3% capacity retention after
400 cycles) and discharge capacity.

This study innovatively combines in situ thermally induced
crosslinking with solvent-free technology, providing new
insights into the development of dry electrodes and binders.
In the future, battery binders will likely evolve toward lower
cost and more environmentally friendly options. Furthermore,
binder design should focus not only on adhesion but also on
addressing specific challenges of target electrodes, promoting
the development of multifunctional binders. Ideally, these
binders should be adaptable to a wide range of electrode
types, enhancing their applicability battery
technologies.
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