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Construct Stable Charge Carrier Transport Interface for
High-Energy-Density Electrodes by Grafting lon-Conducting

Group to Carbon Nanotube Additives

Nan Meng, Yunfei Du, Bo Pang, and Fang Lian*

Carbon materials are the key additives for electronic conductivity in
electrodes, which determine the electrochemical performances and durability
of batteries. Herein, a strategy for grafting ion-conducting groups to multi-wall
carbon nanotubes (MWCNTs) is proposed via in situ polymerization induced
by a Lewis acid agent BF;, which is generated from the disproportionation of
LiBC,0,F, (LIODFB). The as-obtained MWCNTs demonstrate a narrower
particle size distribution in the solution due to the reduced surface defects
and steric effect between the grafted oxyethylene (EO) segments. Moreover,
the MWCNTs with ion-conducting groups (CNT-EO) show not only good
electronic/fionic dual conductivity but also high chemical- and
electrochemical- stability up to 4.8 V with the LiNi, 3Co,;Mn,,0, (NCM811)

challenging.l*] For example, during the pro-
cess of deep delithiation and repeat lithia-
tion in NCM, the mechanical stress caused
by the inhomogeneous and anisotropic vol-
ume change of primary particles could in-
duce intergranular cracks along the inter-
nal grain boundaries and secondary par-
ticle fragmentation.’] The resultant loss
in mechanical contact between the active
materials in polycrystalline powder, carbon
additives and polymer binders blocks the
ionic and electronic percolation pathways,
causing an impedance increase and perfor-
mance decay.l®) Therefore, it is noted that

electrode. The CNT-EO integrates the cathode into a monolithic structure
through an interconnected 3D dual conductive network, which accelerates the
construction of a robust LiF-dominated interphase layer on NCM811.
Therefore, the Li/NCM811 cells with CNT-EO additive deliver a high
discharge capacity of 183.5 mAh g=' at 0.5 C, and a significantly improved
cycle life of 400 cycles. The strategy of grafting special functional groups to
the CNTs is beneficial to construct a stable charge carrier transport interface
for electrodes with high-energy density, long life, and high safety.

1. Introduction

The lithium-ion battery demand is expected to continue to sky-
rocket for large-scale stationary storage and electric vehicles.!!]
In a decade, the technical progress on active materials has
contributed greatly to the service performance and cost-
effectiveness of lithium-ion batteries.[>3] But developing the Ni-
rich LiNi,Co,Mn, 0, (NCM, x> 0.8,x +y +z = 1) or Silicon-based
electrode with a high loading toward high energy density is quite
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the further electrochemical optimization of
the batteries depends eventually on the me-
chanically stable electrode. Strategies for
the stable electronic and ionic transfer in-
terface in the electrode have been devel-
oped in order to guide the current redistri-
bution, reduce the polarization growth, and
enhance the durability of the batteries.”]
Xu et al.®l built a (Li/Al/Co)(O/F) rock-
salt interphase with the cationic/anionic
disorder on the surface of LiCoO, to im-
prove the electron/Li* conductivity, which
therefore delivered an initial capacity of 154 mAh g~! and 93.0%
capacity retention after 1000 cycles at 10 C in 3.0-4.5 V. Fan
et al.’! integrated a robust 3D network using a sodium-super-
ion-conductor-type Li, , Y, ,Ti, (PO, layer on the surface of single-
crystal NCM particles, which increased Li* and electron conduc-
tivity of ~1.5 and 1.3 times respectively, leading to an improved
capacity of 130 mAh g~ after 500 cycles at 5 C in 2.75-4.40 V.
Surface modification of active materials not only stabilizes the
interface but also facilitates Li* and electron conduction in the
short-range within the electrodes. Moreover, the homogeneous
distribution of conductive additives/binders and their good con-
tact with the active materials powder are vital to achieving high
charge transport channels both in the short-range and the long-
range for reliable redox reactions of the electrodes,!'*12] which
governs the structural integrity of the electrode throughout cy-
cling. Meanwhile, the minimalized content of inert additives con-
tributes to the high active material ratio of the electrodes for the
high-energy-density batteries.!"*)

Carbon nanotubes (CNTs) demonstrate a lower percolation
threshold due to their high aspect ratio.['*] In detail, CNT addi-
tives with a smaller amount can ensure electrical contact with
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each other either by electron tunneling or direct contact, leading
to a sharp rise in the electronic conductivity of the electrode.[*5]
Moreover, CNTs with robust linear morphology have been proven
to achieve better electrode performance compared to carbon
black.'®) Among them, single-walled carbon nanotubes (SWC-
NTs) are shown to be a simple yet effective additive, for exam-
ple, improving electrical connectivity and increasing capacity re-
tention in the electrodes with high energy density but huge vol-
umetric change.!"”] By contrast, multi-walled carbon nanotubes
(MWCNTS) are less expensive but are often short with much less
adhesion strength. He et al. compared the impact of SWCNTs
and MWCNTs with different aspect ratios on the performance
of Si-based anodes."® The result showed that the long MWC-
NTs contributed to a better anode performance than the short
SWCNTs, owing to the acupuncture effect of the short rigid CNTs
on the solid-electrolyte interphase and the carbon layers of the
Si-based anodes. The exposed surface of active material acceler-
ates continuous detrimental side reactions with electrolytes, hin-
dering Li* diffusion on the interface. Therefore, rather than the
number of carbon layers of the CNTs, the improvement of flexi-
bility and distribution of CNTs is much more important as con-
ductive additives, which improve the mechanical stability of the
electrodes.

In our work, a novel strategy for ion-conducting
oxyethylene (EO) group-grafted to MWCNTs (CNT-
EO) was proposed via in situ  polymerization.
Scheme 1a shows the synthesis process of CNT-EO: the
trace amounts of Lewis acid BF; are generated from the dis-
proportionation of lithium oxalyldifluoroborate (LiODFB) at 60
°C,[1%21] which induces the ring-opening reaction of the epoxy
group on ethylene glycol diglycidyl ether (EGDE) by the cationic
polymerization. Therefore, ion-conductive EO groups are grafted
to carboxylic acid-functionalized MWCNTs in the presence of
LiODFB, meanwhile, the EO groups maintain a high dielectric
constant and strong Li* solvating ability.[??! The as-prepared
CNT-EO is dispersed homogeneously and keeps close contact
with the active materials during cycling, which integrates the
cathode into a monolithic structure. Moreover, a robust LiF-
dominated cathode-electrolyte interphase (CEI) layer is induced
by CNT-EO, which stabilizes the interface and maintains the
structural integrity of the LiNi,Co,;Mn,;0, (NCM811) elec-
trode. The CNT-EO addition can ensure a continuous charge
transfer pathway for NCM811 cathode during cycling. Therefore,
the Li/NCM811 batteries with CNT-EO display a stable cycle
performance for more than 400 cycles with a high-capacity
retention of 70.08%, as well as a good rate capacity of 141.77
mAh g™ at3.0 C.

2. Results and discussion

The weight ratio of EGDE grafted to MWCNTTs is measured by
Thermogravimetric analyzer (TGA) in Figure 1a. EGDE exhibits
a sharp weight loss starting at 131.51 °C, while MWCNTs show
thermal stability up to 600 °C. The weight ratio of MWCNTs:
EGDE is determined to be 4:1 and 1:1, therefore the samples
are named as CNT-EO-41 and CNT-EO-11, respectively (Table
S1, Supporting Information). The decomposition temperature
gradually decreases with an increase in ion-conducting EO con-
tent. The CNT-EO-11 samples demonstrate thermal stability be-
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low 186.56 °C and CNT-EO-41 with an appropriate amount of
ion conductive segments demonstrates a higher decomposition
temperature at 239.37 °C.

The morphologies of CNTs before and after grafting are shown
in Figure 1b—d and S1 (Supporting Information). In the scanning
electron microscopy (SEM) image, CNT-EO-41 still keeps the
morphology of CNTs, while CNT-EO-11 is fully covered by amor-
phous polymer. The transmission electron microscope (TEM)
image of CNT-EO-41 in Figure 1d shows a small amount of amor-
phous polymer coated on the part of the CNTs.

Fourier transform infrared spectroscopy (FTIR) was con-
ducted to analyze the surface chemical structure of the carbon
materials. Figure le shows the FTIR spectra of MWCNTs and
CNT-EO-41. The peaks at 1631, 1543, and 1164 cm™' correspond
to C=0, C=C, and C—C stretching vibrations of the carbon back-
bone, respectively. In the CNT-EO-41 spectra, the vibration peak
belonging to the hydroxyl group at 3447 cm™~! appears, and simul-
taneously the absorption peak at 911 cm™! of the epoxy groups
disappears as in Figure S2 (Supporting Information), which in-
dicates that the epoxy group in EGDE is attached to the carboxyl
group on CNT through ring opening reaction.?’] The increased
intensity of the C—H vibrational peak at 2920 cm™! is attributed
to the C—H stretching in -CH, for the CNT-EO-41 carbon mate-
rials, while the vibrational peak #1100 cm™! corresponds to the
C—O0—C group (Figure S3, Supporting Information),/>?* which
implies that the chain segments graft to MWCNTs by in situ poly-
merization after ring-opening reaction of EGDE.

The Raman spectra in Figure 1f demonstrate the high-
intensity ratio of 1.28 between the D band (1384 cm™!) and G
band (1595 cm™!) (ID/IG) of MWCNTs with defects, which could
be used for functional modification. The ID/IG values of MWC-
NTs and CNT-EO-41 are 1.28 and 1.17, respectively, indicating
that the EO-grafting decreases the surface defects of MWCNTTs.
High-resolution X-ray photoelectron spectroscopy (XPS) was fur-
ther used to investigate the surface chemical state. The decon-
volution of C 1s spectra in Figure 1g,h and Figure S4 (Support-
ing Information) reveals four peaks, corresponding to graphi-
tized carbons (284.8 eV), C=C (285.2 eV), C—O (285.9 eV), and
C=0 (289.1 eV).I®] The peak intensities of C—O in CNT-EO-41
and MWCNT-EO-11 are significantly higher than that of the CNT
sample, corroborating that ion conductive EO segments graft
onto the surface of carbon materials.

Dynamic light scattering (DLS) analysis in Figure 1i shows
that MWCNTSs have an average hydrodynamic particle diameter
of 14.2 um, which is smaller than the average length of MWC-
NTs due to the convolution of the long tubes. In comparison, the
CNT-EO-41 sample exhibits a remarkably reduced particle diam-
eter of 11.8 pm, indicating a better dispersion state than MWC-
NTs as shown in Scheme 1, which is attributed to the reduced de-
fects of MWCNTSs and steric hindrance effect between the organic
segments on the surface.[?®! However, excessive EO segment on
the surface of CNT-EO-11 (Figure S5, Supporting Information)
might cause the crosslinking mutually, leading to an increase in
the average particle size of CNTs.

The electrostatic potential calculation demonstrates an in-
crease in the density of the electron cloud around the epoxy group
of EGDE, which corroborates the epoxy group of EGDE with
much stronger electronegativity than the carboxylic acid func-
tional groups on CNT (Figure S6, Supporting Information).?’!
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Figure 1. a) TGA results of the EGDE and CNTs. Morphologies of CNTs: SEM image of b) MWCNTs and c¢) CNT-EO-41, d) TEM image of CNT-EO-41.
e) FTIR of MWCNTs and CNT-EO-41. f) Raman spectra of MWCNTs, CNT-EO-41 and CNT-EO-11, C 1s XPS spectra of g) CNTs and h) CNT-EO-41.

i) Particle size distribution of CNTs and CNT-EO-41.

The trace amounts of Lewis acid BF, generated from the dispro-
portionation of LIODFB at 60 °C initiate the ring-opening reac-
tion of the electronegative epoxy group in EGDE, ending up with
the grafting of the EO segments on the carboxylic acid functional
groups of MWCNTs.[1%21 Together with FTIR, TGA, Raman, and
XPS analysis, the calculation and experiment results corroborate
that the EO segment of EGDE grafting to MWCNTTs is realized in
the presence of LIODFB.

In addition, in solid polymer electrolytes, EO chains are rec-
ognized as efficient Li* conductors due to their strong polarity,
excellent flexibility, and facile chemical modifiability.[?#) These
inherent advantages motivated the strategic selection of EO seg-
ments for grafting to MWCNTs, thereby achieving enhanced elec-
tronic/ionic dual conductivity of the carbon-based material. As
shown in Figure S6 (Supporting Information), strong negative
electrostatic potential in EO chains implies that the oxygen atom
induces the interaction with Li*, which could accelerate Li* trans-
port kinetics.

The electronic conductivity of the solid cathode pellets contain-
ing CNT-EO-41 is determined to be 7.94 X 10~* S cm™!, which
is much higher than that of the cathode pellets with MWCNTs
(4.22 x 107> S cm™') (Figure 2a). Moreover, the ionic conduc-
tivity of the CNT-EO-41@LiFePO, (LFP) cathode pellets reaches
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2.83 x 107* S cm™ (Figure 2b), which is much higher than that
(8.29 x 107 S cm™!) of CNT@LFP cathode pellet (the detail
impedance spectra are given in Figure S7 and S8 (Supporting In-
formation). The z-electron localized orbital locator (LOL-x) was
performed to evaluate the influence of the ion conductive seg-
ments on CNTs. In Figure 2c,d, CNTs demonstrate a higher den-
sity of z electrons of the interior than the exterior, in which the
isosurface over each carbon atom on the outer layer is fully iso-
lated, while some neighboring carbon atoms in the inner layer
show a merged isosurface.[?”) Moreover, the high delocalization
LOL-z regions in the CNT-EO samples (red color regions) reveal
the favorable delocalization path in the LOL-z color-filled map
(Figure 2¢; Figure S9, Supporting Information).3%! The above cal-
culation corroborates that grafting ion conductive EO segments
on the surface of MWCNT improves its electron delocalization
path and the overall conjugation effect of CNT-EO-41.

The linear sweep voltammetry (LSV) test was performed to in-
vestigate the electrochemical window of CNT-EO-41 in Figure 2f.
CNT-EO-41 is stable up to 6.0 V without any current fluctua-
tion. Furthermore, as shown in Figure 2g and Figure S10 (Sup-
porting Information), the oxidation stability of the electrodes
with CNT-EO-41 is evaluated by an electrochemical floating ex-
periment. The LFP, LiCoO, (LCO), and NCM811 batteries with

© 2025 Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1T1D) 3|qeo! [dde au Aq peuienob aJe Sspolle YO ‘8SN JO S8|nu o} Akeiq18uljuO /8|1 UO (SUOIPUO-PUB-SWLBH W00 A8 1M ARe.ql1Bu JUO//:SdnL) SUORIPUOD pue swe 1 8y} 88S *[6202/60/.T] U0 Areidiauluo A8 ‘ullieg Yoo 1 3 80UB10S JO AsBAIUN AQ S/E€05202 ' IWS/Z00T OT/I0p/W0d A8 1w ARe.q 1 jpul|uoy//sdny wouy pepeojumod ‘Sz ‘SZ0Z ‘6Z89€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

10.0 T 40 0.10
(a)s (b) § ()
] »
£ 80 L 30 __ 005
Z X <
2 60 < £
E £ 20 £ 0.00
T 40 B g
8 3 3
e 20 £ 10 0.05{ — CNT-EO-41
c o
2 o
8 00 5 00 -0.10
i MWCNTs CNT-EO-41 CNT-EO-11 = MWCNTs CNT-EO-41 CNT-EO-11 10 20 P3»0 :1&3) 50 60
otential
(e) 040 (g) 03 50
@ 0.30 T 45
— =02 Y
< £ 2
: D) e w
S 0.20 s 408
H 0.1 2
=2.00 £ >
010 € |43V|44Vv|a5V|a6V|a7V|a8VI35
-4.00 Soo— —
; 0.00 3.0
-6.00 -4.00 -2.00 0.00 2.00 4.00 6.00 0 10 20 30 40 50 60

Length (A)

Time (h)

Figure 2. The electronic a) and ionic b) conductivities of CNT@LFP, CNT-EO-41@LFP, and CNT-EO-11@LFP cathodes. The LOL-z isosurface map of
¢) CNT and (d) CNT-EO. e) The LOL-z color-filled map of CNT-EO. f) LSV plots of CNT-EO-41. g) Electrochemical floating analysis of the NCM&11 cells

assembled with CNT-EO-41.

CNT-EO-41 display limited leakage current and remain stable
at 4.8 V, which demonstrates excellent electrochemical stabil-
ity of CNT-EO-41 and its compatibility with the LFP, LCO, and
NCM&811 active materials.

In general, an appropriate amount of ionic conductive chain
segments produces a steric hindrance effect, promoting the dis-
persion and also delocalizing 7 electrons of MWCNTs, which
ends up with an enhanced electronic and ionic conductivity of
the electrode. Accordingly, the CNT-EO-41 with MWCNTs: EGDE
ratio of 4:1 delivers high electronic and ionic conductivity si-
multaneously, and superior electrochemical stability even with
NCMS811, which is chosen as the optimal additive for NCM811
electrode evaluations in lithium-ion batteries for its high energy
density.

The NCM811 cathode with active material weight ratio in-
creased to 90% was evaluated in Figure 3a,b. The NCM811
cathodes with CNT-EO-41 and MWCNTs as conductive agents
were labeled as CNT-EO-41@NCM811 and CNT@NCMS811.
CNT@NCMS811 and CNT-EO-41@NCMS811 cells deliver an ini-
tial discharge capacity of 185.3 and 183.5 mAh g~! at 0.5 C, re-
spectively. After 240 cycles, the CNT@NCMS811 electrodes de-
liver a specific discharge capacity of 137.6 mAh g~! with a ca-
pacity retention of 74.28%, while the CNT-EO-41@NCM811
electrode exhibits a specific discharge capacity of 146.9 mAh
g~! with a capacity retention of 80.05%. After the 400™ cycle,
CNT@NCM811 only shows a capacity retention of 51.38%, while
CNT-EO-41@NCMS811 shows a capacity retention of 70.08%.
Moreover, the rate performance of CNT-EO-41@NCM811 has
been shown in Figure 3b, which exhibits discharge capacity of
175.91 mAh g7, 161.76 mAh g™', 141.77 mAh g~', 111.07 mAh
g™ and 75.06 mAh g™' at the rate of 1.0 C, 2.0 C, 3.0 C, 4.0 C
and 5.0 C, respectively. The discharge capacity was restored to
200.47 mAh g=! when the current density decreased from 5.0
C to 0.1 C, showing an excellent rate performance of CNT-EO-
41@NCMS811. While, as in Figure S11 (Supporting Information),
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the discharge capacity of CNT@NCMS811 at 1.0, 2.0, 3.0 and 4.0
Care 170.27 mAh g1, 124.32 mAh g7, 73.51 mAh g~! and 1.98
mAh g~!, which is inferior to CNT-EO-41@NCM811 owing to
the worse electronic and ionic conductivity of the cathode.

To investigate the effect of conductive additives on the cath-
ode, the electrochemical impedance spectroscopy characteriza-
tion of the Li/NCM811 cells after activation and 100 cycles was
performed in Figure 3c and Figure S12 (Supporting Informa-
tion). With the higher electronic and ionic conductivity, CNT-EO-
41@NCMS811 shows a smaller bulk resistance of 4.4 Q versus 7.7
Q of CNT@NCM811. Moreover, compared with CNT@NCM811
(742.9 Q), CNT-EO-41@NCM811 after 100 cycles demonstrates
a smaller semicircle at the mid-frequency region in the Nyquist
plot, corresponding to a lower impedance of 412.1 Q. The
Li* diffusion coefficient of the CNT-EO-41@NCMS811 batteries
from the galvanostatic intermittent titration technique (GITT)
is higher than that of CNT@NCMS811 as shown in Figure 3d,e
and S13 (Supporting Information). The morphology of NCM811
cathodes before and after 200 cycles was characterized by SEM
in Figure 3f~k and S14 (Supporting Information). The disassem-
bled CNT-EO-41 @NCM811 electrodes still maintain the original
morphology, and the secondary particles exhibit a uniform and
compact interface without any significant cracks or exposures af-
ter cycles. In contrast, several cracks and breaks are detectable on
the surface of the secondary particles in the CNT@NCM811 elec-
trode, which attributes to a significant capacity loss in the long-
term cycles. Due to the improved interface conductivity and elec-
trode integrity, the NCM811 cathode with CNT-EO-41 exhibits
better electrochemical performance in comparison with the re-
cent reports as shown in Table S2 (Supporting Information).

During the cycling of the batteries, CEI will be generated
on the interface between the cathode material and electrolyte,
which is investigated herein using XPS and Time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) after 100 cycles
at 0.5 C of the CNT@NCM811 and CNT-EO-41@NCM811
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Figure 3. a) The cycling performance of CNT@NCM811 and CNT-EO-41T@NCM811 at room temperature at 0.5 C between 3.0-4.3 V (vs Li/Li*). b) The
charge—discharge voltage profiles of CNT-EO-41@NCMZ&11 at different rates from 0.1 C to 5.0 C between 3.0-4.3 V (vs Li/Li*). ¢) Impedance spectra
of CNT-EO-41@NCM811 after activation and after the 100t cycle. Diffusion coefficients from the GITT potential profiles for CNT@NCM811 and CNT-
EO-4T@NCM811 as a function of the state of d) charge and e) discharge. SEM images at different magnifications of f~h) CNT-EO-41@NCM811, and

i—k) CNT@NCM811 after 200 cycles at 0.5 C between 3.0-4.3 V (vs Li/Li").

cathodes. The F 1s spectra of the cathodes after cycling are
shown in Figure 4a,b. The CNT-EO-41 @ NCMS811 cathode shows
a significantly improved ratio of Li-F peak at 685.4 eV versus
C-F peak (corresponding to the PVDF binder) at 687.6 eV,
which demonstrates a Li-F dominated CEI on the CNT-EO-
41@NCMS811 compared with CNT@NCMS811. Furthermore, a
thorough analysis of the CEI layer was conducted by TOF-
SIMS. In the TOF-SIMS depth profiles, NiO~ fragment rep-
resents NCM811 bulk, LiF,” and C,HO™/CH,O~ fragments
are in association with the inorganic species and organic
species from the decomposition of the electrolyte respectively,
while NiF,~ fragment stands for the dissolved active materials.
Both CNT@NCM811 and CNT-EO-41@NCM811 in Figure 4c,d
demonstrate similar intensity increments of the NiO~ fragment,
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indicating a comparable CEI thickness on both cathodes (as-
suming that the edge of the CEI layer corresponds to an in-
crease in normalized intensity of NiO~ to 80%).132) Moreover, as
shown in Figure 4c¢,d, the much more LiF-intensive CEI layers
are formed on the CNT-EO-41@NCM811 cathode in compari-
son with CNT@NCM811, which is also indicated by the LiF,~
3D distributions in Figure 4g. Conversely, the C,HO~/CH,0~
fragments in CNT@NCMS811 are more dominant than CNT-
EO-41@NCM811, as observed from Figure 4e and h, showing
an organic-specie dominated CEI on CNT@NCM811. Moreover,
CNT@NCMB811 exhibits signs of transition metal dissolution af-
ter 100 cycles in Figure 4f. Therefore, the CNT-EO-41-induced
robust CEI prevents the cathode materials from collapsing, im-
proving the durability of the high-energy-density batteries.[**]

© 2025 Wiley-VCH GmbH
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Figure 4. F 1s XPS spectra of a) CNT@NCM811 and b) CNT-EO-41@NCM811 after 100 cycles at 0.5 C between 3.0-4.3 V (vs Li/Li*). Normalized
TOF-SIMS depth profiles of the CEl layers on ¢) CNT@NCM811 and d) CNT-EO-41T@NCM811 after 100 cycles at 0.5 C between 3.0-4.3 V (vs Li/Li*).
TOF-SIMS depth profiles of different fragments on CNT@NCM811 and CNT-EO-41@NCM811 after 100 cycles: ) CHO, ™ and f) NiF; ™. 3D distributions
of different fragments on CNT@NCM811 and CNT-EO-41@NCM811 after 100 cycles: g) LiF,~ and (h) C,HO™.

The interaction between the electrolyte and CNT-EO was stud-
ied using the classic molecular dynamic simulations as in Figure
S15 (Supporting Information). The grafted EO groups are directly
solvate with Li*, pulling the Li* with PF~ in its solvation struc-
ture to the vicinity of the CNT-EO, which not only accelerates Li*
conduction on the electrolyte/electrode interface but also facili-
tates to the formation of a LiF-dominant CEI layer.

In conclusion, the CNT-EO with ion-conducting segment
grafting to the surface demonstrates the promoted dispersion
and close contact with Ni-rich layered material as depicted in
Scheme 1b integrating the cathode into a monolithic structure,
which increases particle interconnectivity due to the high tensile
strength carbon nanotubes. Moreover, CNT-EO-41@NCM811
exhibits a robust and more conductive LiF-dominant CEI layer.**)
In contrast, the CEI layer on CNT@NCM811 is primarily
composed of organic species derived from the decomposi-
tion of carbonate solvents, which exhibits lower conductivity.*]
Therefore, CNT-EO additive constructs a stable Li*/electronic
transport network within the cathode and ensures continuous
charge transfer pathways for the electrochemical reaction, which
contributes to the improved cycling stability of the NCM811
batteries.
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3. Conclusion

A novel strategy of ion-conducting EO group grafted to CNT
(CNT-EO) is developed with the aim of a carbon-based electronic
and ionic dual conducting additive. The solid-state cathode pel-
lets with CNT-EO-41 exhibit high electronic conductivity (7.94
x 107 S cm™') and ionic conductivity (2.83 x 10™* S cm™), as
well as remarkable chemical and electrochemical stability up to
4.8 V (vs Li/Li*). More importantly, the improved dispersion of
CNTs, good contact with active materials, and the robust LiF-
dominant CEI layer induced on the cathode contribute to con-
structing a stable and rapid charge carrier transport channel in
the cathode, enhancing effectively the ion/electron transport at
the cathode/electrolyte interface, ensuring a continuous charge
transfer pathway for normal cathodic electrochemical reaction,
and suppressing the polarization induced by the ion/electron
concentration gradient in the electrodes. The high active load-
ing Li/NCM811 batteries using CNT-EO present much better cy-
cling performance for more than 400 cycles and higher capacity
retention of 70.08% at room temperature. This work creates great
potential for the economic practical application of MWCNTs ad-
ditives for high energy density and long lifespan batteries.

© 2025 Wiley-VCH GmbH
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4. Experimental Section

Synthesis of CNT-EO Materials: MWCNTs with 3.86% carboxylic acid
functional groups (] & K Scientific) were dispersed in methyl pyrrolidone
(NMP, Sinopharm) with a weight ratio of 5 wt.% via ultrasound and mag-
netic stirring. Then, LIODFB (Macklin) and EGDE (Macklin) were added
with the LIODFB: EGDE mass ratio of 1:10 to obtain CNTs with the ion
conductive segments. The samples named as CNT-EO-41and CNT-EO-11
were prepared, in which the mass ratio of MWCNTs and EGDE is deter-
mined to be 2:1 and 1:4 respectively. The mixture was kept stirring for 12 h
in an argon-filled glove box (H,0 < 0.1 ppm, O, < 0.1 ppm) at 60 °C and
used directly in the cathode preparation or vacuum-dried at 80 °C for 12 h
for material characterization.

Materials Characterization: FTIR measurement was carried out on
a Bruker Vector 22 infrared spectrophotometer from KBr pellets be-
tween 500 and 4000 cm~'. TGA (Discovery, Waters) was conducted
in nitrogen from 50 to 600 °C at a heating rate of 10 °C min~'. Ra-
man measurement was performed with a Raman JY HR800 spectrom-
eter. XPS spectrum was tested on a Phoibos X-ray photoelectron spec-
trometer (100 Analyzer, SPECS, Germany, Al Ka X-rays). Scanning elec-
tron microscopy (SEM) was carried out on a ZEISS SUPRASS, and TEM
was performed on a JEOL JEM-2010 microscope. TOF-SIMS was con-
ducted using a TOF.SIMS 5-100 spectrometer (ION-TOF GmbH, Ger-
many) with a primary ion beam of 30 keV Bi;™, covering a scan area of
100 x 100 um?Z.

Measurements on the lonic and Electronic Conductivity of Solid Cathode
Pellet:  To reveal the contribution of CNT-EO to the electrode, LiFePO,
(LFP) solid cathode pellets with CNT-EO were designed and character-
ized for the ionic and electronic conductivity via potentiostatic and electro-
chemical impedance spectroscopy measurements using an electrochem-
ical workstation (VersaSTAT3).13¢] In detail, the cathode composite pow-
der with the proportion of LFP:CNT-EO: PVDF = 80:15:5 was uniformly
mixed into the NMP solvent to promote the dissociation of Li salt and
the coordination of Lit with ionic conductive polymer. Then the mixture
was vacuum dried at 80 °C for 12 h and subsequently compressed into
10 mm diameter pellets with a thickness of ~300 um at ~4.0 MPa using
an isostatic pressing machine and pellet moulds (Xinnuo Instrument). The
SS| solid cathode pellet |SS cell was assembled to perform the potentio-
static test with an applied voltage of 50 mV, the steady-state current was
recorded. The electronic conductivity was calculated by using the following
Equation (1):

1 Ix1

= - = — 1
Oelectron » stV ( )

where V is the applied voltage, | is the steady-state current, | is the thick-
ness of the cathode pellet, s represents the contact area between the cath-
ode composite pellet and SS, and p is the electrical resistivity of the cath-
ode pellet.

For the ionic conductivity measurement, the solid cathode pellet was
sandwiched between two Dual-Li SPEB?] with a thickness of ~30 um to
block the electron transportation to assemble the SS|SPE| cathode pellet
|SPE|SS cell as well as SS|SPE|SPE|SS cell, then the impedance measure-
ments were carried out at 30 °C. The ionic conductivity was calculated
according to the Equation (2):

o=— @)

where L is the thickness of the cathode pellets, S represents the surface
area of the stainless steel, and R is the measured resistance.

Electrochemical Measurements: The electrochemical stability window
of CNT-EO without cathode material was measured using a LSV experi-
ment performed on a working electrode with lithium anode as a counter
and reference electrode at a sweep rate of 1 mV s~ between 0 and 6.0 V
with an electrochemical workstation (VersaSTAT3).
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The cathode slurry was prepared by mixing active material NCM811,
CNT-EO-41, and PVDF in NMP with the mass ratio of 90:5:5 at 60 °C for
6 h. The mixed slurry was cast onto aluminum foil and dried in a vacuum
at 80 °C for 12 h. The cathode with active material loading ~3 mg cm—2
was cut into discs with a diameter of 12 mm for cell assembly. The coin
cells were assembled in an Ar-filled glovebox with LiPF¢ (1 mol L™") dis-
solved in a mixed solution of ethylene carbonate (EC), dimethyl carbonate
(DMC), and diethyl carbonate (DEC) (EC:DMC: DEC = 1:1:1 in volumetric
ratio) as electrolyte and lithium metal as anodes. Electrochemical floating
test was proceeded by charging the Li/LFP, Li/LCO, and Li/NCM811 cell to
425V (Li/LFP), 4.4 V (Li/LCO) and 4.3V (Li/NCM811) at a constant cur-
rent of 0.05 C and subsequently charging at constant voltage for 10 h be-
tween 4.3-4.8 V (Li/LFP), 4.4-4.8 V (Li/LCO) and 4.3-4.8 V (Li/NCM811)
with a battery test system (CT-3008-164, NEWARE). Galvanostatic charge-
discharge tests of Li/NCM811 batteries were performed between 3.0 and
4.3V onaland CT2001A automatic battery test system at different current
rates at 30 °C. Li/NCM811 cells were cycled at 0.5 C followed by activation
at 0.1 C in the initial three cycles (1.0 C= 180 mA g~1).

Calculation Methods: ~All quantum chemical calculations in this work
were performed with the B3LYP level using the framework of the ORCA
4.0 program.[38] The density functional B3LYP combined with the D3 dis-
persion correction was employed, and the 6-311G+(d,p) basis set was
used for all atoms. Both structural optimization and frequency analysis
were performed at the same level of theory. All optimized structures have
satisfied the default convergence criteria and exhibit no imaginary frequen-
cies. The point charges on each atom were obtained by fitting the electro-
static potential surface with the RESP (Restrained Electro Static Potential)
method using Multiwfn, and the local electronic function graph could be
calculated.3>*11 LOL-7 were calculated by Multiwfn 3.8 programs,[4] and
the isovalue of 0.55 was adapted to distinguish the delocalization extent
of the 7 electrons on different rings.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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