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The lithiation/deintercalation of cathode materials leads to poor contact between the cathode particles in
solid-state batteries. This process leads to fast capacity attenuation as there is no continuous ion transport
medium to fill up the voids caused by the volume change of active materials. Herein, we designed a dehy-
drofluorination polyvinylidene fluoride (PVDF) coating layer for LiNig gCog1Mng 10, (NCM) particles using
residual Li,COz on the NCM surface to induce the dehydrofluorination reaction of PVDF. On the one
hand, the in situ formed coating layer increased the contact area between the NCM particles and acted as
a buffering barrier for the volume change of NCM, ensuring unobstructed Li* transport during the lithia-
tion/deintercalation process. On the other hand, the —~C=C- and LiF generated via the dehydrofluorina-

Received 17th February 2025, tion reaction was beneficial for Li* diffusion. As a result, a sturdy and fast Li* transport network was con-
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structed, and the electrochemical performance of the solid-state battery was greatly improved. Thus, this
dual-functional Li* transport network simultaneously alleviates the poor particle contact and limited Li*
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Broader context

transport in cathodes, offering a novel approach for achieving high-performance solid-state batteries.

Solid-state batteries are the most promising energy storage devices for the future owing to their satisfactory security and energy density. However, there is no
continuous medium for Li" transport in their cathodes. Moreover, the volume change of cathode materials during the lithiation/deintercalation process leads

to poor contact between particles, leading to further deterioration of the performance of solid-state batteries. This work constructs a dual-functional Li*
diffusion network by coating NCM811 with a PVDF layer. This Li" diffusion network could promote Li" transport efficiency by increasing the Li" transport
path and Li" transport speeds. This strategy underscores the importance of constructing high-performance cathodes for solid-state batteries and provides a

novel approach for achieving high-performance SSBs.

1. Introduction

With the gradual increase in requirements for energy storage
devices, solid-state batteries (SSBs) have drawn significant
attention owing to their high safety and satisfactory energy
density. An SSB uses a solid-state electrolyte (SSE) to replace
the liquid electrolyte, which can not only solve the risk of elec-
trolyte leakage but also provide the possibility for the stacking
of cells, thereby achieving high energy density." Moreover,
the high mechanical strength of SSE endows it with the ability
to resist Li dendrites, making it compatible with Li metal
anode with high theoretical energy density.* For these reasons,
SSBs are expected to substitute traditional secondary batteries
for application in various scenarios in the future.””
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The interior of an SSB is entirely piled up by solids, which
implies that there is no continuous medium to fill the voids
between particles coming from the SSE-cathode interface,
SSE-anode interface, SSE interior and cathode interior.>™* As
a consequence, ion transport paths are blocked by the large
number of voids, and accordingly, rapid ion transport is
limited."” Resolving the issue of poor physical solid contact is
the key to construct high-performance SSBs. The cathode elec-
trolyte interface (CEI) layer™*™” and solid electrolyte interface
(SEI) layer'®2° are usually built to increase the contact area at
the interface to improve the contact between the SSE and elec-
trode. SSE internal interface problems ordinarily exist in in-
organic-based SSE. Hot pressing is an effective method to
reduce the voids in SSE bulk.***' Beyond that, by combining
organic and inorganic components, the voids between in-
organic particles can be filled with continuous organic matrix,
improving the internal interface of inorganic SSE.**™*°
However, the situation is more complex for the cathode. On
the one hand, the accumulation of particles results in voids in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the bulk,”**” hindering the ion diffusion. On the other hand,
the volume of cathode particles undergoes significant changes
during the lithiation and delithiation process.***° The volume
effect leads to poor contact between particles,**>* leading to
further deterioration of the SSB performance. Inorganic SSEs
with fast ion transport are often employed as additives to
promote ion diffusion in the cathode.?*?* Another method to
achieve unobstructed ion diffusion is by increasing the contact
area of various components. Adding sintering additive can fill
up the voids and increase the ion transport path.**3°
Additionally, organic SSEs can be used as surface contact
modifiers because of their flexibility.>’*® However, the above
strategies aim to address the issue of slow ion transport while
ignoring the contact failure caused by volume changes. Even
the soft polymer additives cannot adapt to the huge volume
changes of cathode materials, especially the mainstream Ni-
rich materials with high energy density. Therefore, construct-
ing the sturdy and fast ion transport network with excellent
volume adaptability for the cathode is of great significance.

In this study, polyvinylidene fluoride (PVDF) was selected
as the coating layer for LiNiygC0o1Mng,0, (NCM). The
residual Li,CO; on the NCM surface induces partial dehydro-
fluorination of the PVDF chain to generate the coating layer
for NCM in situ. The in situ generated layer increases the
contact area between NCM particles to provide more Li" trans-
port pathways and firmly adheres to the NCM surface during
the lithiation/delithiation process, ensuring satisfactory
contact with the NCM when the volume changes. Favourable
contact between particles ensures unobstructed Li" transport
at all times. More than that, the in situ dehydrofluorination
reaction has generated the -C=C- bond and LiF on the NCM
surface. The -C=C- bond has a more delocalized electron
cloud, which adsorbs Li" and facilitates its rapid transport. LiF
is a good conductor for Li', which is also beneficial for Li"
transport. Altogether, the PVDF coating layer has enhanced
the performance of SSB from two aspects: the number of Li'
transport paths and Li" diffusion rate. Analogously, the dehy-
drocyanation polyacrylonitrile (PAN) coating layer achieved the
same accomplishments. This dual-function Li" transport
network addresses the challenges of poor particle contact and
limited Li" transport in cathodes and offers a novel approach
for high-performance SSBs.

2. Results and discussion

A garnet-rich composite solid-state electrolyte (GRSE) with
high hardness is favourable for resisting lithium dendrite,
which is important for the anode stability of the SSB.>**°
Herein, a GRSE with 70 wt% Lig 4LazZr; 4Tay 604, (LLZTO) was
employed. The surface of the GRSE is relatively uniform and
flat, and the thickness is ~52.5 pm (Fig. S1 and S2t). The
GRSE has excellent mechanical properties. The maximum
tensile strength of the film is 3.62 MPa and the elongation-at-
break reaches 141.11% (Fig. S3at). Moreover, the hardness of
the GRSE is 5.94 MPa and the elastic modulus of the GRSE is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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204.74 MPa (Fig. S3bt). The satisfactory mechanical strength
provides the possibility of anode stability. Subsequently, the
electrochemical properties were tested. The GRSE has good
antioxidative stability, and the decomposition potential of the
SE/GRSE/Li asymmetric battery is 4.62 V (Fig. S4t). The electro-
chemical stability window makes it applicable in the high
voltage system. The Li' migration number (f;) is 0.39
(Fig. S51), and the ionic conductivity (5) increases from 0.61 to
1.59 mS em™' with the temperature increasing from 30 to
80 °C (Fig. S61). According to the § result, the activation energy
(E,) is calculated as 0.18 eV (Fig. S71), implying that Li" can
easily migrate in the GRSE. To confirm the stability of the
GRSE to Li, the cycling stability of the Li-Li battery was tested.
The battery can cycle stably for 1000 h (Fig. S8t). The overpo-
tential initially increases, then decreases. After 100 h, it
becomes stable. The unstable overpotential in the first 100 h is
caused by FSI” decomposition into the SEI film. We dis-
assembled the battery after 100 h cycling and investigated the
interface. After cycling, the GRSE surface remains flat and the
Li surface is covered by a uniform SEI layer (Fig. S91). By ana-
lysing the component of the SEI layer, there is an obvious F 1s
characteristic peak (Fig. S107). It contains two substances: few
-CF,CH,- and abundant LiF (Fig. S11}). -CF,CH,- comes
from PVDF of the GRSE matrix, and LiF is caused by the
decomposition of FSI™. LiF plays an important role in Li"
transport at the GRSE/Li interface.*>**> To sum up, GRSE has
preeminent mechanical strength and acceptable electro-
chemical properties; thus, it has the potential to be used in
high voltage SSBs.

The GRSE was then matched to the NCM/Li battery. The
discharge capacity is less than 100 mA h g™' and decays
rapidly at 0.5 C (Fig. 1a). After 15 cycles, the charge and dis-
charge plateaus almost disappeared (Fig. S127). Since the
stability of the anode side has been demonstrated, the poor
performance of the battery is caused by the cathode side. The
morphology of the NCM cathode is displayed in Fig. 1b and
S13a.f NCM and conductive carbon particles are bound
together by PVDF binder. Between two NCM particles, PVDF
acts as the Li' transport medium, and the point-point contact
mode between solids results in abundant voids. Unlike liquid
electrolyte systems, SSEs cannot fill these voids. As a result,
the Li" migration pathway is blocked. During the lithiation/
delithiation process, the volume of NCM constantly shrinks
and expands, causing poorer contact between particles, and
the cathode surface becomes rougher (Fig. S13b¥). In addition,
Li" is extracted from the NCM crystal during the charge
process, leading to the structural contraction. The volume of
NCM decreases, causing contact failure between particles. As a
result, the Li" transport path decreases. During the subsequent
discharge process, a portion of Li' fails to insert into the NCM
crystal structure. Therefore, the NCM battery displays low cou-
lombic efficiency.

To address the issue of poor Li* diffusion in the cathode, a
soft PVDF coating layer was designed. A thin coating layer com-
pletely envelops the NCM particle (Fig. 1c). Compared to the
NCM particle (Fig. S14t), the C element from PVDF and the S
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(a) Cycling performance of the NCM/Li battery. (b) SEM image of the NCM cathode. (c) TEM image of NCM@PVDF cathode. (d) SEM image of

NCM@PVDF cathode. 3D optical profile images of (e) NCM and (f) NCM@PVDF cathodes. (g) Pore area of NCM and NCM@PVDF particles. (h)

Schematic of Li* transport in NCM and NCM@PVDF cathodes.

element from LiFSI uniformly distribute around NCM
(Fig. S15%), indicating the uniformity of the PVDF coating
layer. The coating layer makes the accumulation of cathode
particles more compact; therefore, the surface of the
NCM@®@PVDF cathode is smoother than the NCM cathode
(Fig. 1d and S16%). This is because of the improved interface
wettability between particles and PVDF binder. The voids in
the cathode are decreased to a large extent, which provides
more Li' transport pathways. In addition, the height difference
between the highest and lowest points of the NCM cathode is
21.58 pm, while that of the NCM®@PVDF cathode is only
8.81 pm (Fig. le, f and S17t). The reduction in height differ-
ence reflects the compactness of particle accumulation, and
the smoother surface is beneficial to the contact of the
cathode and SSE. The automatic mercury porosimeter results
reflect the contact of two particles more intuitively (Fig. 1g and
Table S1f). The total pore area of the NCM particle is
0.404 m> g~', while that of the NCM@PVDF particle is only
0.145 m” g~ '. The smaller pore area reflects larger contact area

504 | EES Batteries, 2025, 1, 502-510

between particles. However, the total pore volume of the
NCM@PVDF particle is 0.2793 m® g~', which is slightly
smaller than that of the NCM particle (0.2829 m® g~'). This
provides evidence that the coating layer is soft, which has a
cushioning effect when the volume of NCM changes and
avoids contact failure of particles (Fig. 1h). In short, the PVDF
coating layer has improved the contact of cathode particles
and ensured the effective contact of cathode/SSE, which is to
the advantage of ion transport in both the cathode interior
and cathode/SSE interface.

The generation mechanism of the PVDF coating layer was
further investigated. The C=C characteristic functional group
was verified by Raman spectroscopy and Fourier transform
infrared (FTIR) spectroscopy (Fig. 2a and b). The electron-rich
C=C bond is more favourable for Li" transport compared to
the C-C bond.*® Beside this, the original PVDF consists of an
a-phase and p-phase, while only the f-phase PVDF was identi-
fied after coating (Fig. 2¢). This indicates that the DMF solvent
leads the phase transformation of PVDF.*® The configurations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
PVDF coating layer promoting Li* transport.

of the two kinds of PVDF are depicted in Fig. S18.f Compared
to the o-phase, the molecular configuration of the p-phase
PVDF is more ordered, and all the F atoms are on the same
side of the polymer chain.** This structure makes the Li* trans-
port path short and improves the transmission efficiency of
Li'. X-ray photoelectron spectroscopy (XPS) results also prove
the existence of a PVDF coating layer. The characteristic peaks
of F 1s, N 1s, and S 2p are detected in NCM@PVDF (Fig. 2d).
In addition, the -CF,CH,- characteristic peak can be found in
NCM@PVDF, which is the important functional group of
PVDF. Except for -CF,CH,-, there is a LiF characteristic peak
in NCM®@PVDF, which comes from the chemical reaction
between Li,CO; and HF (Fig. 2e). Li,CO; is lithiophobic and
related to low ionic conductivity, while LiF is lithiophilic and
provides a fast channel for the transmission of Li". Residual
Li,CO; on the NCM surface leads to partial dehydrofluorina-
tion of the PVDF chain (Fig. 2g), enhancing the interactions

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

(a) Raman and (b, c) FTIR spectra of PVDF, NCM and NCM@PVDF. (d—f) XPS spectra of NCM and NCM@PVDF particles. (g) Schematic of

between PVDF and NCM. Apart from providing more Li" trans-
port channels, the PVDF coating layer improves the Li' trans-
port rate based on three aspects. Firstly, PVDF in situ dehydro-
fluorination on the NCM surface generates -C—=C- bonds,
which is favourable for Li" transport. Secondly, Li,CO; with
low ionic conductivity on the surface of NCM reacts with HF
detached from PVDF chains to generate LiF with high ionic
conductivity. Finally, the coating process has changed the con-
figuration of PVDF from the a-phase to the f-phase, increasing
Li" transport efficiency by shortening the Li* transport path.
Molecular dynamic simulation was conducted to theoreti-
cally validate and elucidate the experimental observations of
enhanced Li" transport facilitated by the dehydrofluorination
PVDF coating layer. The simulation aims to investigate the
differences in structure and electron distribution between
PVDF and dehydrofluorination PVDF, as well as their effects
on Li" diffusion in the PVDF matrix and the NCM crystal. The
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structure of each component in the PVDF coating layer is
exhibited in Fig. S19.f Fig. 3a and b display the simulated
structure of the NCM cathode and the NCM@PVDF cathode,
respectively. The electron cloud in dehydrofluorination PVDF
is more delocalized because of -C=C-; therefore LiFSI is more
likely to be dissociated as Li* and FSI".*’ In addition, Li* in
the NCM crystal structure can be captured by the electron
cloud of -C=C- due to electrostatic adsorption. As a result,
there is more Li" participating in transport, leading to more
efficient Li". The migration rate of Li" in the two PVDF
matrices are displayed in Fig. 3c. The Li* migration rate of
dehydrofluorination PVDF is 1.23 x 107> A? ps™*, which is six
times more than that of PVDF (0.20 x 10™* A”> ps™"). The Li"
diffusion energy barriers in the NCM crystal of the two systems
were also calculated. As shown in Fig. 3d and e, the PVDF
repeating unit is at a distance from NCM, while the C atoms in
dehydrofluorination PVDF bond with O atoms in the NCM
crystal (Fig. 3g and h) because the electron distribution in
-C=C- is more delocalized. The optimized electron distri-
bution plays a positive role in Li* diffusion, with the Li'
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diffusion energy barrier decreasing from 1.51 eV to 1.10 eV. In
short, the dehydrofluorination PVDF coating layer promotes
Li' transport in the PVDF matrix and the NCM crystal.

SSBs were assembled with GRSE, and the electrochemical
performances are illustrated in Fig. 4. The galvanostatic inter-
mittent titration technique (GITT) plots show that the voltage
polarization of NCM®@PVDF is significantly weaker than that
of NCM (Fig. 4a), indicating improved Li" transport efficiency.
Li" experiences lower resistance when migrating in the
NCM@PVDF cathode, leading to smaller polarization. The
corresponding Li* diffusion coefficient of the NCM@PVDF
cathode is much higher than that of the NCM cathode
(Fig. 4b). The transportation kinetics is enhanced and the Li"
diffusion coefficient of NCM@PVDF is much higher than that
of NCM thanks to the efficient Li" transport network. The
Nyquist plots of the two batteries are shown in Fig. 4c and
$20.1 In general, the intercept of the plots with the Z’ axis rep-
resents the internal resistance (R;) of a battery, the first semi-
circle represents the interfacial impedance (Rs), and the
second semicircle reflects the charge transfer impedance at
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the electrode surface (R.). As the results show, no matter R,
or R.. of NCM@PVDF battery have significantly decreased, and
Rs of NCM@PVDF battery is also smaller than that of NCM
battery. The decreased impedance is the result of the improved
contact in the inside of the cathode and the cathode/SSE inter-
face. The smaller impedance is important for the battery to
work at high current density. The impedance values of each
part are listed in Table S2.1 From the CV curves (Fig. 4d and
S21%), it can be identified that the reversibility of oxidation
peaks and reduction peaks of NCM@PVDF are excellent, and
the NCM@PVDF battery reaches the stable state earlier than
NCM battery. Taking the characteristic peaks of the H1-M
phase transition as an example, the potential difference
between the oxidation-reduction of NCM is 0.215 V, while that
of NCM@PVDF is only 0.107 V. In addition, the phase tran-
sition processes of NCM occurs at 3.843 V, while that of
NCM@PVDF occurs at 3.774 V, demonstrating that the deinter-
calation of Li" in NCM@PVDF is easier. This provides evidence
for the Li" diffusion energy barriers results in Fig. 3. The

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

cycling performance of the NCM@PVDF battery is superior to
that of the NCM battery (Fig. 4e). The specific capacity of the
NCM battery is low and approaches 0 mA h g™" after 30 cycles
and the voltage platform already disappears after 30 cycles
(Fig. S22at). While the NCM@PVDF battery displays slight
capacity attenuation after 100 cycles, the voltage platform is
maintained (Fig. S22bf). As mentioned above, the dehydro-
fluorination PVDF formats a rapid Li" transport network and
acts as a soft buffer layer for NCM. It avoids the interruption of
Li" transport paths caused by the volume change of NCM,
ensuring the smoothness of Li" transport. Compared to the
original cathode, the morphology of the cycled NCM@PVDF
cathode is well preserved (Fig. S231). NCM@PVDF particles are
clearly visible and their surface remains flat. This microstruc-
ture ensures the continuity of the Li* transport network; there-
fore, the resistance of Li" transport inside the cathode will not
increase when the volume changes. As a result, the IR drops
during cycling of the NCM battery significantly increases,
while that of the NCM@PVDF battery almost remains at the
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same value (Fig. 4f and Table S37). The rate capability has also
been greatly improved (Fig. 4h). No matter how high the
current density is, the specific capacity of the NCM@PVDF
battery is much higher than that of the NCM battery. At the
current density of 2 C, the specific capacity of the NCM battery
is almost 0. From the corresponding charge-discharge pro-
files, the NCM battery clearly does not maintain the voltage
platform at high current densities (Fig. 4h). However, the
NCM@®@PVDF battery has fast charging and discharging owing
to the efficient Li* transport and the decreased resistance. The
specific capacity reaches nearly 100 mA h g™* at 2 C, and the
voltage platform is obvious at each current density.

Similarly, PAN was also employed as the coating layer on
NCM. The reaction mechanism was similar to that of PVDF
(Fig. 5a). Li,CO; can induce in situ dehydrocyanation of the
PAN chain*®*” on the NCM surface, forming a soft coating
layer for NCM particles to increase the contact area. The

N
HC 1,c0;
o Ty PP
HH M N

+ HCN

HCN + LiCO; —= LiCN

View Article Online
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polymer layer provides buffering for NCM during the volume
change process and the electron distribution of -C=C-
improves the Li" transportation.*® There is a uniform coating
layer on the surface of NCM particles (Fig. 5b). C, N, F, and S
elements are contained in the coating layer (Fig. S24 and 257).
This indicates that PAN is successfully coated on the surface of
NCM. The presence of the -C=C- bond is proven by FTIR and
Raman spectroscopy (Fig. 5¢ and d). In addition, the LiCN
characteristic peak can be identified by further assaying the N
1s fine spectrum (Fig. 5e). This is due to the chemical reaction
between HCN and Li,CO;. Compared with pristine NCM, there
is no characteristic Li,CO; peak in NCM@PAN (Fig. S267),
indicating that all the Li,CO; which is adverse to Li" transpor-
tation has been consumed by HCN. As a result, NCM@PAN
displays an excellent cycling performance (Fig. 5f). The voltage
platforms remain even after 100 cycles (Fig. 5g). Similar to the
NCM@®@PVDF battery, the IR drop remains at almost the same

NCM@PAN NCM@PAN = N1is
- i NCM@PAN - c=C -
ERE E =
A ¥ ) 2 &
£ o I £ PAN £
1721 ' @ w
;E I-CH , ) V g WL §
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Fig. 5

Specific capacity (mAh g™)

Cycle number

(a) Schematic of the formation mechanism of the PAN coating layer. (b) TEM image of NCM@PAN. (c) FTIR and (d) Raman spectra of PAN,

NCM, and NCM@PAN. (e) N 1s XPS spectrum of NCM@PAN. (f) Cycling performance and (g) the corresponding GCD profiles of NCM@PAN during

different cycles. (h) IR drops at different cycle numbers.
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value during cycling (Fig. 5h and Table S3t). The PAN coating
layer facilitates unimpeded Li" diffusion in the cathode; there-
fore, the battery exhibits a significantly improved rate capa-
bility (Fig. S271). Thus, the dehydrocyanation PAN coating
layer can also improve the contact between NCM particles and
provide continuous Li" transport in the cathode.

3. Conclusions

An in situ coating strategy is proposed to simultaneously address
the issue of poor particle contact and limited Li* transport in the
cathode of the SSB. The PVDF was designed as the coating layer
of NCM particles by the dehydrofluorination reaction of PVDF
induced by the residual Li,CO; on NCM surface. The in situ
coating polymer layer increases the contact area between NCM
particles, providing an abundant Li' transmission path. In
addition, the -C=C- bond generated by the dehydrofluorination
reaction of PVDF helps to adsorb Li* and promotes its rapid
transport. Besides, the product (HF) of the dehydrofluorination
reaction consumes the residual Li,CO; on the surface of NCM
particles to generate LiF, which is also beneficial for Li* transport.
Profiting from the above advantages, a fast Li" transport network
is constructed in the cathode. As a result, the electrochemical per-
formance of the SSB is greatly improved. Based on the above prin-
ciple, PAN was employed as another coating layer through the
dehydrocyanation reaction, and the electrochemical performance
of NCM@PAN was comparable to that of NCM®@PVDF. This
in situ coating strategy provides a new approach for the construc-
tion of a high-performance SSB.
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