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Deciphering the Interactions of Carbon Nanotubes and
Super P with Silicon and Graphite Active Materials in
Silicon-Graphite Negative Electrode-Based Lithium-lon

Batteries

Leyla Unal,* Viviane-Maccio Figgemeier, Felix Weber, Egbert Figgemeier,*

and Gebrekidan Gebresilassie Eshetu

In high-capacity Silicon (Si)-based negative electrodes for Lithium-lon
Batteries (LIBs), conductive additives play a pivotal role for preserving
electrical conductivity and electrode integrity, boosting the electrochemical
performance. This study presents how defect-mediated Multi-walled Carbon
Nanotubes (MWCNTSs) impact battery performance when employed as
conductive additive material in both high-capacity Si and low-capacity
graphite (Gr) electrodes. For benchmarking, state-of-the-art carbon black
(Super P) is used. Half-cell test results of MWCNTs-based Si-rich Si/Gr
(60/28) blended electrodes exhibit a specific discharge capacity of 534.2 +
21.1 mAh g~ with a capacity retention of 73.3% at 100th cycle, surpassing
Super P-based counterparts, which achieve only 436.1 + 16.3 mAh g~' and
61.7% retention at the same cycle. However, for Gr-rich Si/Gr (20/68) blended
electrodes, the discrepancies in performance and capacity retention between
both conductive additives is less significant than in the Si-rich Si/Gr electrode
system. Imaging and spectroscopic analyses reveal that the differences in
performance originate from the distinctive interactions between the surface
functional groups of the conductive additives and those of the active
materials. Overall, the findings highlight the critical role of defect-mediated
interaction chemistry in MWCNTs in boosting electrochemical performance,
offering valuable insights for the design of next-generation LIB electrodes.

1. Introduction

The global demand for Lithium-ion Bat-
teries (LIBs) is surging, fueled by the
rapid growth of electro mobility market,
and the rising popularity of the integra-
tion of renewable energy sources into
the energy mix. The market is projected
to grow at a compound annual growth
rate (CAGR) of 26% between 2020 and
2030."1 Currently, graphite (Gr) domi-
nates as the negative electrode mate-
rial in LIBs, owing to its favorable at-
tributes: low (de-)intercalation potential
(£0.2 V vs. Li/Li*), minimal volume ex-
pansion during (de-)lithiation (<10%),
high structural stability, low irreversible
capacity, and consequently long cycle
life (total charge-discharge rounds).l>8
However, Gr-based LIBs are approach-
ing their practical specific energy den-
sity limit (i.e., 250 Wh kg™1),’] primar-
ily due to the limited theoretical capac-
ity of Gr (372 mAh g™ for LiCy the
maximum lithiated phase). This short-
fall prevents them from meeting the
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demands  of
2-4,9

stringent emerging advanced  Dattery
applications.>*%! In this realm, lithium alloying chemistries
represent as the most appealing alternatives, offering higher
capacities compared to traditional intercalation materials.
Among various alloying candidates, Silicon (Si) stands out as
a highly potent electrode material due to its remarkably high
theoretical specific capacity of 3590 mAh g~! (for Li;sSi, at room
temperature), nearly 10 times that of graphite (372 mAh g=1){1%
while also being earth-abundant, low-cost, environmentally
benign, and operating at a suitable potential (<0.4 V vs. Li/Li*),
making it a leading contender for future LIBs [*!12] However,
several critical challenges remain unresolved, including: 1) the
anisotropic volume swelling of Si (> 280%) during (de-)lithiation
induces mechanical stress, and structural degradation, leading
to crack formation and pulverization of Si particles and growth
of an unstable and thick Solid Electrolyte Interphase (SEI)
layer that impedes efficient Li-ion transport, and thus affects
the cycling performance, Coulombic Efficiency (CE), and rate
capability;>*1213] 2) much lower intrinsical electronic conduc-
tivity (6,<107°S cm™) and Li-ion diffusion rate (D;;*, 1071
-1071 cm? s7!) in high-purity Si compared to that of Gr (o,_,
10-10* Scm™!; D;;*, 107° cm? s71); and 3) crystallization of Si
during cycling.’! To overcome these obstacles, various strategies
have been proposed, including combining Si particles with
carbon-based materials in the form of blended or composite,
incorporation of a small dose of electrolyte additives and poly-
meric binders.’! In addition, optimizing conductive additives
has emerged as a key approach to mitigate the fundamental
limitations of Si-based negative electrodes. [*°] They aid in
the formation of flexible structures that can withstand volume
expansion, boost ion and electron diffusivity, and promote the
formation of a stable and efficient SEI layer. Among various car-
bonaceous materials, Carbon Nanotubes (CNTs), in both single-
and multi-walled forms, are gaining popularity as electrode con-
ductive additive materials in the negative electrodes of LIBs due
to their unique properties, such as exceptional electronic conduc-
tivity, remarkable mechanical strength, and high flexibility. This
is especially attractive for electrodes that undergo significant
volume changes and exhibit low electrical conductivity, as in
Si-based electrodes.[>3141¢] However, MWCNTs produced by
chemical vapor deposition, arc discharge, and laser ablation are
rarely obtained in pure form; they typically contain intrinsic
defect sites, vacancies, and oxygen-containing functional groups
(e.g., —OH, —COOH, —C=0), emanating from the synthesis
or subsequent purification, covalent functionalization, and
non-covalent surface modifications.l'”18]" Although commonly
viewed as defects, these sites confer chemical reactivity, promot-
ing interactions with other components during electrode slurry
preparation and/or enhancing dispersion in polar media.l'31°]
For instance, these functional moieties can interact with the
oxide-rich surface of Si particles through hydrogen bonding and
covalent coupling, thereby strengthening interfacial contact that
impacts the electrode stability.[22!] The novelty of this work lies
in demonstrating that defect-rich MWCNTs function not merely
as conductive additives but as interfacial mediators. Our study
shows that their defective structure and surface chemistry sig-
nificantly influence the electrochemical behaviour of pure Si and
Si-rich negative electrodes-based battery cells. For benchmark-
ing, pure Gr and Gr-rich Si/Gr negative electrodes-based battery
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cells are evaluated. For comparison, state-of-the-art Super P as a
conductive additive both in Gr and Si-based battery cells is tested
under the same electrode formulation, cell configuration and
conditions. Contrary to expectations that defect-rich MWCNTs
reduce electrical conductivity,[!>?2%°] this study demonstrates
that defective MWCNTs suppress battery degradation and im-
prove rate capability in Si-rich Si/Gr negative electrode-based
cells. This improvement arises from the interplay between
MWCNTs surface chemistry (defects and functional groups) and
Si through interfacial chemical bonding, as well as favorable
electrode structural evolution during cycling. In contrast, Super
P-based electrodes exhibit accelerated degradation and limited
rate capability due to their morphology and surface chemistry
which lead to reduced mechanical stability, highlighting the
critical impact of the conductive additive’s nature. Our work
addresses these by correlating ATR-FTIR and RAMAN spec-
troscopies before and after cycling of MWCNTs- and Super
P-containing negative electrodes. Overall, this study underscores
the crucial role of defect-rich MWCNTs and the need for in-depth
understanding of their surface chemistry to advance high-energy
density Si-based LIBs.

2. Results and Discussion

2.1. Material Characterization and Half-Cell Tests

SEM images show a thread-like structure of MWCNTs with ran-
domly oriented and entangled tubes, a common shape in CNT
samples where the tubes are densely packed (Figure 1a,b).[26-28
Each tube varies in length and thickness, ranging from 0.1 to 10
um; with outer diameters in the range of 10-15 nm as provided
by the supplier ARKEMA. The specific surface area of the MWC-
NTs is 175 m? g™ (Graphistrength C100, powder material).l*"]
According to supplier, the same MWCNTS material was used in
the production of the dispersion. In contrast, Super P shows a
dot-like particle structure that tends to aggregate into irregular
clusters (Figure 1c,d). This powdery structure exhibits an aver-
age particle size of 40 nm and a specific surface area of 62 m?
g~! (provided by supplier IMERYS TIMCAL) and distinctly dif-
fers from the entangled filamentous morphology of MWCNTs.

SEM images of pure Gr negative electrode show flake-like
Gr particles (average particle size of 22.9 um) that are exten-
sively wrapped by an intricate network of MWCNTS (Figure 2a,b).
In particular, the Gr edges are partially covered by MWCNTs
(Figure 2b). Whereas, Super P aggregates are observed on spe-
cific areas of the Gr particles (Figure 2c,d). The Si-alloy parti-
cles vary in size, ranging from 0.9 to 24 pm. This size disparity
affects their interaction with MWCNTSs, showing some Si-alloy
particles become fully encapsulated by thread-like MWCNTS, as
illustrated in SEM images of Gr-rich Si/Gr (20/68) and Si-rich
Si/Gr (60/28) negative electrodes (Figure 2e,f,i,j). Conversely, Su-
per P particles are primarily located between the active particles
(Figure 2g,h k,]). This is also evident with pure Si negative elec-
trode, where MWCNTSs are convoluted tightly between Si-alloy
particles (Figure 2n), whereas Super P is distributed across the
Si-alloy particles (Figure 2p). All these demonstrate the different
affinities and degrees of interaction between the conductive ad-
ditives and electrode active particles.
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Figure 1. SEM images of a, b) MWCNTs and ¢, d) Super P conductive agents.

To gain insights into the structural characteristics and sur-
face composition of pristine materials and the as-prepared (non-
cycled) negative electrodes, a comparative analysis utilizing ATR-
FTIR and RAMAN spectroscopy was conducted. Figure 3 il-
lustrates ATR-FTIR spectra of pristine materials used for neg-
ative electrode fabrication as well as the as-prepared negative
electrodes.

The ATR-FTIR spectrum of pristine Gr shows a peak at 1610
cm™!, which is characteristic of the C=C bond stretching of the
benzene ring present in the graphene layers (Figure 3a).’ In
addition, the peaks at 810 and 670 cm™! are ascribed to C—H
bending vibrations in aromatic structure in Gr, which seems also
be present in Super P (Figure 3a).[23132] Similar features ap-
pear in the pristine Si-alloy material that consists of amorphous
Si particles finely distributed within a crystalline iron disilicide
(FeSi,) and carbon matrix.33-7I Furthermore, the broad peak at
~1300 cm™' represents Si-O or/and Si-O-Si groups of the Si
surface.[#3% The ATR-FITR spectrum of pristine MWCNTs ma-
terial exhibits a peak at 1720 cm™ (—C=0), a sharp and broad
absorption peak at 1564 cm™! (~COO), and a broad peak at 970
cm! (-C-0), indicating the presence of oxygenated functional
groups on the surface. Peaks in the range of 1415-1300 cm™!
correspond to aliphatic compounds (-CH,, —-CH,) that can be
assigned to bending vibrations (Figure 3a).[***?) This evidence
shows that MWCNTSs have polar and non-polar functional groups
on their surface. On the contrary, Super P contains fewer func-
tional groups compared to MWCNTs (Figure 3a). Such surface
functionalities may dictate the nature and degree of interaction
with that of Gr and Si active materials.

The ATR-FTIR spectra of the as-prepared negative electrodes
display peaks related to various functional groups, such as
carbonyl (—C=0, 1800 - 1740 cm™), alkene (—C=C, 1680-
600 cm™?), carboxylate anion (—COO~, ~1580 cm™), aliphatic
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(-CH,, —CHj;, 1400-1300 cm™!) as well as siloxane, silanol (Si-
0-Si, Si-OH, 1070-900 cm™) groups.[*>*® A more intricate
group composition is observed in the Si/Gr blend compared
to the reference systems (pure Gr and Si-based negative elec-
trodes), which is attributed to the presence of electrode con-
ductive additives and polymeric binders used during the elec-
trode fabrication process (Figure 3c,d). In the reference nega-
tive electrodes, only LiPAA and CMC were used for Si and Gr-
based negative electrodes as per established literature.[* The RA-
MAN spectra and estimated R values (I, /1) are further shown in
Figure 4

The RAMAN spectra exhibit three features: 1) the D band
(~1350 cm™!), associated with structural defects, disorder or ir-
regularities, 2) the G band (~1580 cm™), ascribed to well-ordered
graphitic structure, and 3) the 2D band (%2700 cm™!), which re-
flects the number of graphene layers, and provides insights into
their number/quality of layers, as defects at the edges, vacancies
and functional groups can influence the characteristics of the 2D
band.[>*>% Moreover, the intensity ratio of the D and G bands
(R = I,/I;) provides crucial information about the material’s
degree of structural order or disorder. A higher degree of dis-
order results in an increased R value, indicating high defect
density.[235152] The Si-alloy exhibits an amorphous structure, evi-
denced by the broad 400 — 500 cm ! peak (Si,). The RAMAN spec-
trum further confirms carbon by-products in Si-alloy through
distinct D and G bands (Figure 4a). The estimated R values for
MWCNTs and Super P are 1.4 and 1.05 (Figure 4b), indicating
that the MWCN'Ts material exhibits a higher defect density than
Super P. Regarding active materials, the Si-alloy material shows
a higher defect density (R = 0.73) than Gr (R =~ 0.09). On the
other hand, an intense D band is observed for all MWCNTs-
containing negative electrodes, indicating a higher defect den-
sity compared to their Super P-containing counterparts, inher-
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ited from the MWCNTs material itself (Figure 4c—f). An increase
in Si-alloy content in Si/Gr blend results in a higher defect den-
sity as depicted by an elevated value of R in MWCNTs-based elec-
trodes, suggesting a potential interaction between MWCNTs and
Si (Figure 11e). However, such a trend is not observed with Su-
per P as the R value remained relatively constant in both pure Gr
and Si/Gr-based negative electrodes. A notable increase in the R
value is observed only in the case of Si + Super P negative elec-
trode, though this increase is also less pronounced compared to
MWCNTs-based one (Figure 11e).
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Figure 2. SEM images of the as-prepared a, b) Gr + MWCNTs; ¢, d) Gr + Super P; e,f) Gr-rich Si/Gr (20/68) + MWCNTs; g,h) Gr-rich Si/Gr (20/68) +
Super P; i,j) Si-rich Si/Gr (60/28) + MWCNTSs; k) Si-rich Si/Gr (60/28) + Super P; m,n) Si + MWCNTs, and o,p) Si + Super P negative electrodes.

The Si surface features various functional groups such as
Silanol (-Si-OH), Siloxane (Si—O-Si), and native passivation
film, ie., Silicon dioxide (SiO,) groups.’*>*| The defect-rich
MWCNTs exhibit functional groups such as carboxyl (-COOH)
and carbonyl (—C=0) groups as shown in the ATR-FTIR spec-
trum (Figure 3a). Interactions such as hydrogen bonding can oc-
cur between silanol (Si—-OH) groups of the Si/Si-rich active ma-
terial and carboxyl (-COOH) groups on MWCNTs. Specifically,
during the slurry mixing step, mechanical forces may induce
local heating or stress that can promote covalent bonding via
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Figure 2. Continued

condensation/esterification and silanization reactions between
Silanol groups (-Si-OH) and the -COOH or —OH groups on the
MWCNTs as shown in Figure 5.

These reactions can tailor the interfacial reactions between
MWCNTs and Si, enhancing their adhesion and contributing to
structural stability in composite electrode materials. In contrast,
Gr interacts via weak van der Waals forces between layers, such
as weak z-7z stacking, rather than forming strong covalent bonds.
Consequently, the interaction between MWCNTs and Gr is much
weaker as compared to the binding between MWCNTs and Si.
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Unlike Si, Gr is characterized by its highly crystalline and or-
dered structure, enabling Li-ion intercalation between its well-
defined graphene planes. Although the defects on MWCNTSs of-
fer extra sites for Li-ion storage, these additional sites can often
lead to irreversible side reactions (such as excessive SEI forma-
tion and Li immobilization) that limit their effective contribution
to obtainable capacity. Consequently, the overall capacity of the
electrode remains dominated by Gr’s intercalation mechanism,
with the MWCNTSs or Super P primarily contributing to a robust
electrical contact and structural stability rather than to enhance
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Figure 3. ATR-FTIR spectra of: a) pristine materials used for negative electrode fabrication and of as-prepared; b) Gr + MWCNTs and Gr + Super P;
c) Gr-rich Si/Gr (20/68) + MWCNTs and Gr-rich Si/Gr (20/68) + Super P; d) Si-rich Si/Gr (60/28) + MWCNTs and Si-rich Si/Gr (60/28) + Super P; e)

Si + MWCNTs and Si + Super P negative electrodes.

capacity. This is clearly illustrated in the voltage profiles of Gr
negative electrodes-based lithium-ion cells in Figure 6a.

They exhibit plateaus within the range of 0.2 to 0.05 V vs.
Li/Li*, corresponding to the formation of various Li-Gr intercala-
tion compounds, e.g., Li,C;,, Li,C;, and Li,C,.>*! No significant
differences are observed in the voltage profiles between pure Gr
and Gr-rich Si/Gr blend negative electrodes with MWCNTs or Su-
per P (Figure 6a,b), suggesting that the electrochemical response
is predominantly governed by the Gr component. In contrast, for
Si-rich Si/Gr and pure Sinegative electrode systems (Figure 6¢,d),
a different behaviour is seen. Specifically, the initial lithiation
process with MWCNTS results in a higher degree of lithium in-
sertion, which enhances the initial capacity by forming a Li_ Si-
alloy. After 100 cycles, the Si-rich Si/Gr (60/28) + Super P elec-
trode shows a significantly lower lithiation capacity compared to
its MWCNTs counterpart (Figure 6¢). This trend is further pro-
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nounced in the pure Si negative electrode: The voltage curves of
the pure Si negative electrode clearly highlight the beneficial ef-
fect of MWCNTs in the presence of Si, exhibiting nearly twice the
lithiation capacity at 100th cycle compared to the Super P coun-
terpart (Figure 6d). Figure 7 shows the half-cell cycling outcomes
of MWCNTs and Super P-containing negative electrode-based
cells.

All battery cells exhibit fluctuations in CE, which is due to ex-
cess lithium reservoir in a half-cell set-up, leading to continuous
parasitic side reactions and generating electrochemically inactive
by-products by irreversible Li-ion consumption.[®® The cycling
results show a higher ICE for Gr + MWCNTs (~89.1%) as com-
pared to its counterpart with Super P (~68.6%) (Table 1).

However, the cycling performance of Gr + MWCNTs dis-
plays almost similar or only a slight decrease in specific
discharge capacity and capacity retention at the 100th cycle
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Figure 4. RAMAN spectra of: a) materials used for negative electrode fabrication and estimated R (ID/IG) values. RAMAN spectroscopy results of the
as-prepared; b) Gr + MWCNTs and Gr + Super P; c) Gr-rich Si/Gr (20/68) + MWCNTs and Gr-rich Si/Gr (20/68) + Super P; d) Si-rich Si/Gr (60/28) +
MWCNTs and Si-rich Si/Gr (60/28) + Super P; e) Si + MWCNTs and Si + Super P negative electrodes.

(349.7 + 7.4 mAh g™! and ~97.4%), compared to Gr + Super P
(360.3 = 7.1 mAh g~! and ~98%) (Figure 7a, Table 1). As shown
in the SEM images, MWCNTs form a conductive network cover-
ing the Gr surface (Figure 2a,b), through the passivation of re-
active sites of Gr, specifically at edges where electrolyte decom-
position predominantly occurs.>®! This discerning coverage by
MWCNTs may reduce the high irreversible Li-ion consumption.
In contrast, Super P, which is a quasi-spherical, isotropic car-
bon particle that forms discrete contact points that do not cover
Gr edges (Figure 2c,d), leading to higher irreversible Li-ion con-
sumption and consequently to a lower Initial Coulombic Effi-
ciency (ICE). However, once the SEI layer is formed for both
cases, it acts as a stable passivation layer, which probably min-
imizes further irreversible reactions during subsequent cycles.
As a result, the long-term cycling performance becomes simi-

Adv. Mater. Interfaces 2025, 12, €00503 €00503 (7 OfZO)

lar for both electrode systems regardless of the slight difference
in ICE.

For the Si/Gr (20/80) blend negative electrodes, the ICE is
found to be lower for MWCNTs-based design (~85.5%) compared
to the electrode system incorporating Super P (x~87.1%). This
could be related to the initial consumption of a large amount
of Li-ion. However, despite lower ICE, MWCNTs-containing Gr-
rich Si/Gr (20/68) electrode cell exhibits superior electrochemi-
cal performance and improved capacity retention (448.1 + 10.5
mAh g and ~87.9% at the 100th cycle) compared to its Su-
per P counterpart (406.3 + 14.6 mAh g=! and ~83.4% at the
100th cycle). Furthermore, with an increase of Si content in the
Si/Gr blend, incorporation of MWCNTs results in a more en-
hanced reversible specific capacity of 534.2 + 21.1 mAh g~! and
an improved capacity retention of ~73.3% at the 100th cycle,

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Possible reactions between surface functional groups of Si-alloy surface (-Si-OH) and those on MWCNTs (-COOH, -COO" and ~COH).

compared to Super P-based battery cell, which exhibits a decline
in cycling performance and capacity retention of 436.1 + 16.3
mAh g! and ~61.7%, respectively. These results evidence that
despite lower ICE due to high Li-ion consumption during the
SEI formation and other competing side reactions during the ini-
tial cycles, MWCNTTs form a stable interphase resulting in an en-
hanced cycling performance and capacity retention (Figure 7b,c).
In line with the above trend, the non-blended Si + MWCNTS neg-
ative electrode achieved a capacity of 710.8 + 19.9 mAh g~! with
~71.7% of capacity retention at the 100th cycle. In contrast, Si
+ Super P shows poorer performance with a capacity of 439.0 +
64.8mAh g~! and only ~58.8% capacity retention at the 100th cy-
cle, once again showing the positive impact of the reaction chem-
istry between the functional groups on MWCNTSs and Si, includ-
ing improving structural integrity and SEI stabilization. Table 1
summarizes the obtained electrochemical performance data for
all electrode formulations.

To provide a comprehensive overview of the capacity degrada-
tion for each negative electrode system, the lithiation capacity loss
(Cioss» Equation 1) from the 1st to 100th cycle was evaluated and
is presented in Figure 8.

c discharge capacity (1st cycle) — discharge capacity (100th cycle)
loss —

discharge capacity (1st cycle)
x 100% (1)

Adv. Mater. Interfaces 2025, 12, e00503 00503 (8 Of20)

The lithiation capacity loss with MWCNTs containing Si neg-
ative electrode-based battery cells is significantly lower than that
of Super P counterpart, particularly with a higher percentage of Si
as in Si-rich Si/Gr (60/28) blended (i.e., #27% with MWCNT vs.
~38% with Super P) and pure Si (%28% for MWCNTS vs. ~47%
for Super P) negative electrode-based battery cells. In summary,
the obtained results clearly demonstrate that MWCNTs endow
specific features that sustain capacity, and its effect gets more
pronounced in Si-rich Si/Gr and pure Si negative electrodes.
The difference in performance between MWCNTs and Super P-
containing electrodes lies in the peculiar interaction of their func-
tional groups with that of Si active materials emanating from the
natural oxide filmand other different functional groups, defects,
etc., and their intrinsic physico-chemical properties.

2.2. Post-Mortem Analysis

To investigate the morphological changes in MWCNTs and Super
P-containing negative electrodes after cycling (charge/discharge),
SEM images are presented in Figure 9. Electrodes cycled vs.
Li/Li* in half-cell set-up were extracted at the 30th discharge
(lithiated) cycle for characterization.

As depicted in Figure 9a,b, the surface of cycled Gr + MWCNTs
negative electrode shows a blurred appearance and the MWCNTs
that were visible in the as-prepared state (Figure 2b) are no longer
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Figure 6. Voltage profiles (1st and 100th cycle) of a) Gr + MWCNTs and Gr + Super P, b) Gr-rich Si/Gr (20/68) + MWCNTs and Gr-rich Si/Gr (20/68) +
Super P, ¢) Si-rich Si/Gr (60/28) + MWCNTs and Si-rich Si/Gr (60/28) + Super P, d) Si + MWCNTs and Si + Super P negative electrode-based half-cells.
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Cycle number

Cycle number

c) Si-rich Si/Gr (60/28) + MWCNTs and Si-rich Si/Gr (60/28) + Super P; d) Si + MWCNTs and Si + Super P negative electrodes.
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Table 1. Summary of obtained electrochemical performance data of cycled negative electrodes in a half-cell set-up.

Negative Electrodes Initial CE [%)] Specific discharge Capacity retention100th cycle
capacity100th cycle [mAh g™'] [%]

Gr + MWCNTs 89.1 349.7+7.4 97.4

Gr + Super P 68.6 3603 £ 7.1 98.0

Si/Gr (20/68) + MWCNTs 85.5 4481 +10.5 87.9

Si/Gr (20/68) + Super P 87.1 406.3 + 14.6 83.4

Si/Gr (60/28) + MWCNTs 84.7 534.2 +21.1 73.3

Si/Gr (60/28) + Super P 86.2 436.1 + 163 61.7

Si+ MWCNTs 843 710.8 + 19.9 71.7

Si + Super P 83.9 439.0 + 64.8 58.8

discernible. This blurred structure likely result from the deposi-
tion of electrolyte decomposition products during (de-)lithiation,
as the loss of well-defined graphite edges indicates the forma-
tion of a surface layer or modification of the graphite surface. In
contrast, Super P particles remain clearly visible (Figure 9c,d). A
similar behaviour is evident in both blended and pure Si nega-
tive electrodes. The surface of the cycled Gr-rich Si/Gr (20/68)
+ MWCNTs electrode exhibits an irregular,jagged surface mor-
phology (Figure 9e,f). On the contrary, there is no such irregu-
larity with Super P particles; instead, they remain distinctly vis-
ible (Figure 9gh). In cycled Si-rich Si/Gr (60/28) + MWCNTs
and pure Si + MWCNTSs negative electrodes, a blurred film is ob-
served between the Si-particles (Figure 9k,0). Conversely, Super P
particles remain detectable (Figure 9m,q). Furthermore, the sur-
face of cycled Si + Super P negative electrode reveals significant
cracking (Figure 9p), which is notably absent in the cycled Si +
MWCNTs electrode (Figure 9n). As illustrated in Figure 10, dur-
ing the charge/discharge process, Si-alloy particles undergo sig-
nificant volume changes, eventually leading to cracking and frag-
mentation. MWCNTs mitigate this effect by forming conductive
bridges between the broken Si-alloy particles, maintaining struc-
tural integrity and electrical connectivity(Figure 10a). In contrast,
Super P can’t form such connections, leading to larger cracks

60

B MWCNTS
501 B Super P
40

47%

30+
20+
10+

15t -100™ cycles (%)

Loss of lithiation capacity

Gr Gr-rich " Si-rich Si
Si/Gr Si/Gr
(20/68) (60/28)

Figure 8. Comparison of lithiation capacity loss from the 1stto 100th cycle
for MWCNTs- and Super P-containing as electrode conductive additives.
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and loss of contact between particles as observed in SEM images
(Figure 9p), which could be among the reasons into why the per-
formance deteriorates over long-term cycling, including in the
case of internal pulverization as depicted in Figure 10.

Another critical factor could be the interaction between defect-
rich MWCNTs and binders such as CMC and LiPAA, which dif-
fers markedly from Super P due to their surface chemistry and
functional groups. The carboxyl and carbonyl groups on MWC-
NTs can form hydrogen and covalent bonds with the ~-COOH/-
OH groups of CMC and LiPAA, leading to stronger adhesion,
better dispersion, and improved mechanical integrity of the elec-
trode film.5758]

In contrast, the relatively amorphous, hydrophobic, and chem-
ically inert surface of Super P shows weak interactions with aque-
ous binders, providing minimal mechanical reinforcement. By
comparison, MWCNTs improve film elasticity, reduce cracking
and delamination in Si-rich systems, and lower interfacial resis-
tance through stronger binder interactions. In our previous work,
Si/Gr electrodes with MWCNTs showed no cracks under bend-
ing, unlike their Super P-based counterparts.[*!

To gain a more detailed insight into the chemical makeup,
structure, and other functional properties of the SEI formed
on MWCNTs and Super P-containing negative electrodes,
ATR-FTIR measurements were conducted. Figure 11 shows
the ATR-FTIR spectra of cycled MWCNTs and Super P-
containing negative electrodes, exhibiting characteristic absorp-
tion peaks at ~1764 (—C=0), 1570 — 1580 (-COO’), 1450 —
1300 (-CH,, ~CH), 1190, 1080 (C-O—C, ~C-0), 830 — 721 cm"!
(-OCO,).

The broad and intense peak at ~1764 cm™! is attributed to
the C=0 stretch of ester Ethylene Carbonate (EC) or from SEI
compounds bearing such bonding, as further supported by the
presence of a peak at 1190 cm™! (-C-O-C).>>*%7] Peaks at
1570 cm™! (-COO"), 1450 — 1300 cm~! (-CH,, ~CHj), 829 —
720 cm™ (-OCO,) corresponding to lithium alkyl carbonates
such as CH,0CO, Li, [CH,0CO,Li],, and CH;CH,0CO, Li.[%:¢]
The peak at 1570 cm™ (-COO") suggests the existence of car-
boxylate groups, which may originate from binders used for
electrode preparation (e.g., LIPAA/CMC in this study) and SEI
compounds. It is important to note that the ATR-FTIR analy-
sis did not reveal significant differences between cycled MWC-
NTs and Super P-containing Gr and Grrich Si/Gr (20/68)
negative electrodes. However, distinct differences are observed
in cycled Si and Sirich Si/Gr (60/28) systems in that the
intensity of the C=0 peak at #1764 cm™! is notably lower for
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Figure 9. SEM images of cycled (vs. Li/Li+, 30th cycle): a, b) Gr + MWCNTSs; ¢, d) Gr + Super P; e, f) Gr-rich Si/Gr (20/68) + MWCNTs; g, h) Gr-rich
Si/Gr (20/68) + Super P; i, j) Si-rich Si/Gr (60/28) + MWCNTs; k, I) Si-rich Si/Gr (60/28) + Super P; m, n) Si+ MWCNTs; and o, p) Si + Super P negative

electrodes.

cycled Si-rich Si/Gr (60/28) + Super P compared to cycled Si-
rich Si/Gr (60/28) + MWCNTs (Figure 10c). In contrast, a well-
defined SEI structure is observed on cycled Si-rich Si/Gr (60/28)
+ MWCNTs, with the emergence of a new peak at 900 cm™"
which is absent in its Super P counterpart (Figure 11c). This
peak could be linked to C-H out-of-plane bending vibrations
or C-O stretching vibration in [LiOCO,CH,],."% The degrada-
tion of the passivation layer becomes more intense in cycled Si
+ Super P and the large broad peak at ~1764 cm™, typically
present in all cycled negative electrodes, is absent (Figure 11d).
Additional evidence of surface species in Si + Super P-based

Adv. Mater. Interfaces 2025, 12, e00503 00503 (11 0f20)

cells is found in the broad peak between 1250-890 cm™, likely
arising from overlapping vibrational modes associated with Si—
0-Si/Si-0O, C-0-C, and salt degradation products such as PF’
or PO,F, groups.”7*] The appearance of these broad peaks
during cycling may signal ongoing electrolyte decomposition,
which could be correlated with capacity fade and poor long-
term performance, as reflected in the electrochemical perfor-
mance data (Figure 7d). Furthermore, large cracks are seen in
the SEM images of cycled Si + Super P, further highlighting
significant irregularities and deconstruction of the SEI layer
(Figure 9p).
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Figure 9. Continued

To investigate the structural changes after cycling, RAMAN
measurements were performed as depicted in Figure 12 a—d. Cal-
culated R values for both cycled and non-cycled negative elec-
trodes are presented in Figure 12e,f.

After cycling, the R values for MWCNTs-containing electrodes
decrease, indicating a more ordered structure (Figure 12ef). Sev-
eral mechanisms may contribute to this behavior, including sur-
face and bulk stabilization due to reactions between Li-ions and
functional groups at defects, dangling bonds, and stress-induced
atomic rearrangements. Figure 13 shows the reaction mecha-
nism during the lithiation process. One possible mechanism is

Adv. Mater. Interfaces 2025, 12, e00503 e00503 (12 0‘F20)
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‘24 Si + Super P

that Li-ions interact with carboxylate groups (-COO~) of MWC-
NT5, resulting in the formation of a MWCNTs-COO™-Li*-Si
linkage. This can neutralize negative charges and lower localized
charge density, reducing electron scattering and thereby decreas-
ing the D-band intensity in RAMAN spectra. Additionally, Li-ion
coordination may promote electronic delocalization within the
MWCNTs network, enhancing structural order and further sup-
pressing the D band.

Another factor contributing to the reduced R (Iy/I;) value
could be the reductive lithiation of carboxylate groups, lead-
ing to the formation of carboxyl species. These species can

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 10. Effect of conductive additives on Si-alloy particle integrity during cycling: a) MWCNTs-based system, and b) Super P.
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c) Si-rich Si/Gr (60/28) + MWCNTs and Si-rich Si/Gr (60/28) + Super P; d) Si + MWCNTs and Si + Super P negative electrodes.
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Figure 12. RAMAN spectroscopy results of cycled: a) Gr + MWCNTs and Gr + Super P; b) Gr-rich Si/Gr (20/68) + MWCNTs and Gr-rich Si/Gr (20/68)
+ Super P; c) Si-rich Si/Gr (60/28) + MWCNTs and Si-rich Si/Gr (60/28) + Super P, d) Si + MWCNTSs and Si + Super P negative electrodes. Comparative
R (ID/IG) estimations of all negative electrode formulation systems at their ) non-cycled; and f) cycled state.

decompose with CO, release, breaking the MWCNTs—-O-Si link-
age. The highly reactive Si surface can react with H,O to form
Si—OH, which can further condense with functional groups on
MWCNTs, forming stable Si—-O-C linkages. Such linkages can
enhance the mechanical integrity of the composite structure and
promote structural stability during cycling. In contrast, when Su-
per P is used asa conductive additive, a decrease in the R value af-
ter cycling is not observed. Instead, all electrode systems with Su-
per P exhibit an increase in R value (Figure 12e,f). This can be at-
tributed to the inherently disordered nature of Super P, where cy-
cling induces structural degradation, electrolyte decomposition,

Adv. Mater. Interfaces 2025, 12, €00503 e00503 (14 OfZO)

or irreversible reactions that introduce additional defects. These
defects increase the R value and signal a loss of structural order.
By comparison, in MWCNTs, defects, dangling bonds, and re-
lated reactive sites are often neutralized or saturated during cy-
cling, leading to a lower R value.

Overall, the presence of oxygen-containing functional groups
such as carboxyl (-COOH), hydroxyl (-OH), and carbonyl
(-CO) on MWCNTs plays a multifaceted role in electrode
performance. Theysignificantly enhance interfacial adhesion be-
tween (a) MWCNTs and binders (e.g., CMC, LiPAA), (b) MWC-
NTs and active materials (e.g., Si, Gr), and (c) MWCNTs and the
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Figure 13. Interaction of Si/MWCNTSs with Li-ions during the lithiation step.

current collector through binder mediation. This adhesion arises
primarily from hydrogen bonding and covalent interactions be-
tween -COOH/-OH groups on MWCNTs and complementary
functional groups on binders, as well as surface oxides on active
materials. The resulting strong interfacial coupling enhances the
mechanical integrity of the electrode film, prevents particle de-
tachment during cycling, and mitigates delamination and crack-
ing, particularly in high-volume-change systems such as Si-rich
electrodes.

The improved cycling stability of Si negative electrodes
withdefiect-mediated MWCNTs conductive additive arises from
the MWCNT’s ability to maintain mechanical and electrical
integrity during repeated lithiation and delithiation. Oxygen-
containing functional groups (e.g., -COOH, -COO~, —OH) fa-
cilitate strong chemical bonding with both the binder and the
native SiO, layer on Si particles, ensuring robust interfacial adhe-
sion. This anchoring effect prevents particle isolation despite the
large volume changes of Si, allowing the CNT network to remain
intact and conductive over cycling. While functionalization may
initially reduce the intrinsic electronic conductivity of MWCNTS,
the preservation of the percolation network throughout cycling
outweighs this drawback which result in superior capacity reten-
tion compared to electrodes with Super P.

2.3. Full-Cell Tests
To validate the results obtained in half-cell configuration and

assess their potential for practical applicability, electrochemi-
cal tests were performed in full-cells. From a practical perspec-
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tive, full-cells were assembled only for the Si/Gr blended-based
negative electrode materials. Due to the limited Li-ion availabil-
ity in full-cell set-ups, the impact of conductive additives is ex-
pected to be reflected in the overall performance of the cell.
Figure 14a,b displays the cycling performance of full-cells con-
structed with MWCNTs and Super P-containing Gr-rich Si/Gr
(20/68) and Si-rich Si/Gr (60/28) negative electrodes coupled
with LiNi; Mn,,Co,,0, (NMCq,,) positive electrode. To bet-
ter understand the impact of MWCNTs in both Si/Gr-based
full-cells, long-term cycling, Accumulated Irreversible Capacity
(Qaic)"”*! Accumulated Coulombic Inefficiency (Qucig), 7! differ-
ential capacity (dQ/dV) and rate capability (power) tests are pre-
sented and discussed below.

As can be seen from Figure 14a, MWCNT and Super
P-containing Gr-rich Si/Gr (20/68) electrode-based full-cells
demonstrate comparable features up to 200 cycles. The ICE for
both battery cells is almost similar, ~#80.6% for MWCNTs-based
design and ~80.9% for the Super P-based one. However, after
the 120th cycle, a decline in long-term CE is obtained for Gr-
rich Si/Gr (20/68) + MWCNTs-based cell, which is probably at-
tributed to an unstable SEI layer resulting from the incompati-
ble interaction between the functional groups of MWCNTs and
that of Gr. The less stabilized interface between Gr and MWCNTs
could trigger further parasitic reactions that lead to reduced CE.
Quic and Qu¢s plots (Figure 14c¢,d) demonstrate that there are
no significant differences between battery cells built from both
MWCNTs and Super P-containing negative electrodes.

A slightly reduced specific discharge capacity up to the 80th
cycle is observed for Si-rich Si/Gr (60/28) + MWCNTs-based bat-
tery cell as compared with its counterpart Super P (Figure 14b).
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Figure 14. a,b) Full-cell cycling performance results; c,d) QAIC and QACIE of MWCNTs and Super P-containing Gr-rich Si/Gr (20/68) and Si-rich Si/Gr

(60/28) negative electrode-based battery cells.

Further underlying this, an increased Q¢ (Figure 14c) and Q ;g
(Figure 14d) are detected until 80th cycle. Afterward, however,
up to 200th cycle, the specific discharge capacity of MWCNTs-
based cell becomes enhanced (88.8 + 7.2 mAh g, at 200th cy-
cle) compared to the Super P-based cell (73.1 + 2.4 mAh g™!).
The higher consumption of Li-ions up to 80th cycle may be due
to pre-storage of Li-ions that can lead to improved cycling sta-
bility and CE in later cycles. The ICE is found to be slightly
lower for MWCNTs-based battery cell design (~71.4%) as com-
pared to Super P (x73.0%), in line with results obtained in half-
cells (Figure 7a—d). Despite lower ICE, the Si-rich Si/Gr (60/28)
+ MWCNTs-based battery cell, however, exhibits improved CE
compared to the Si-rich Si/Gr (60/28) + Super P-based cell over
a long-term cycling (i.e., up to the 200th cycle). For instance, at
the 200th cycle, CE is found to be ~99.8% for the MWCNTs-
containing Si/Gr-based cell, while for its Super P counterpart,
the CE is much lower (= 98.9%). Results from Q¢ and Q¢
(Figure 14c,d) corroborate the above observations in that, after
the 80th cycle, the accumulated irreversible capacity loss and ac-
cumulated coulombic inefficiency are found to be higher for the
Super P cell (4.6 mAh, #66%) compared to MWCNTs-based bat-
tery cell (4.1 mAh, ~#60%).

To gain deeper insights into the electrochemical behaviour and
battery cell performance, differential capacity (dQ/dV) curves are
presented in Figure 15.

The observed peak shifts in the dQ/dV analysis of full-cells can
be attributed to several potential factors. One possibility is that
the loss of Li-ions shifts the positive electrode’s working poten-
tial due to a change in the operating window, a phenomenon that
is unique to full-cells since half-cells have a relatively fixed po-
tential of ~0 V vs. Li/Li*. When the operating window shifts due
to Li-ion loss, the positive electrode’s potential is elevated, caus-

Adv. Mater. Interfaces 2025, 12, €00503 e00503 (16 OfZO)

ing all dQ/dV peaks for (de-)lithiation to shift to lower potentials.
Another driving reason lies in the development of overpotentials
within the battery cell itself, primarily due to the formation of SEI
that limits the Li-ion transport. As overpotentials increase, the
lithiation peak of the negative electrode (during charging) could
shift to higher potentials, while discharging peaks to lower poten-
tials, particularly given the relatively high current of C/5. While
no significant differences in peak position or intensity are ob-
served at different cycling stages in the Gr-rich Si/Gr (20/68) cell
system, the Si-rich Si/Gr (60/28)-based cell exhibits notable dif-
ferences when using different conductive additives (Figure 15).
For the Si-rich Si/Gr (60/28) + MWCNTs negative electrode-
based cell (Figure 15c), the peaks in the charging direction (top)
shift toward higher potentials with an increasing cycle number.
In the discharging direction (bottom), no peak shift is observed
for cycles 10 and 50, suggesting the increase in overpotential and
subsequent SEI build-up occurs at least partially during these cy-
cles. However, for higher cycle numbers, a shift to higher poten-
tials is observed in both charging and discharging, indicating a
change in the aging behaviour. For Si-rich Si/Gr (60/28) + Super
P negative electrode-based cells, all peaks are shifted to higher
potentials, indicating that Li-ion loss predominates throughout
all cycles (Figure 15d). This could be due to the Li-ion loss due
to the continuous resistive SEI formation. These observations
align well with the full-cell cycling results (Figure 14b), where
MWCNTs-containing negative electrode-based battery cells show
faster capacity loss at low cycle numbers compared to their Su-
per P counterpart. This initial capacity loss is likely attributed to
SEI formation in the case of the MWCNTSs system. However, with
higher cycle numbers, the earlier formed SEI helps mitigate fur-
ther decomposition reactions, slowing down capacity fade and
thus maintaining the higher capacity. In the of Super P-based
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Figure 15. dQ/dV curves of Gr-rich Si/Gr (20/68) and Si-rich Si/Gr (60/28) negative electrode-based cells comprising MWCNTs or Super P.

cell system, a stable SEI does not form during the initial cycles,
resulting in continued decomposition and accelerated capacity
fade. Figure 16 shows the rate capability test at various C-rates
(C/10, C/5, C/2, 1C, 2C).

As shown in Figure 16 a, no significant difference in power
output is observed between MWCNTs and Super P in Gr-rich
Si/Gr (20/68) electrode-based full-cells across various C-rates, in-
dicating that MWCNTs offer no additional benefit in graphite-
dominated systems. In contrast, in the Si-rich Si/Gr (60/28)
electrode-based battery cell system (Figure 16b), MWCNTS sig-
nificantly enhance the electrical performance at higher C-rates
(C/5 to 2C), indicating a strong positive impact on the power out-
put in Si-rich electrode systems. This improvement can be at-
tributed to several factors: 1) MWCNTs form a continuous perco-
lating network that bridges isolated or fractured Si particles, en-
suring efficient electron transport, one of the critical challenges
for pure Si and Si-rich electrodes and thus reduces internal re-
sistance under high current densities; 2) defect-rich MWCNTs
promote improved interfacial contact through defect-mediated
interactions that enhance wettability and lead to stronger adhe-

(a) 200
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S "o 1501 N T
£ 2 c gy
£ £ 100 B
o Z
£%
2 8 01 4 scr(zo/68) + MWCNTS

o Si/Gr(20/68) + Super P
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sion to Si surfaces and thus better compatibility with the binder
and electrolyte. These features facilitate both electronic and ionic
transport, particularly in pure Si and Si-rich which are endowed
with slow diffusivity. Furthermore, the surface defects in MWC-
NTs promote Li-ion adsorption and enable interfacial ion trans-
port, and also lead toward enhancing electrolyte wetting and ac-
tive Li* ion accessibility. In contrast, Super P lacks mechanical
resilience and fails to maintain conductive pathways during Si
expansion. Its point-to-point contact network is easily disrupted,
resulting in poor electronic connectivity, elevated internal resis-
tance and a significant decline in rate capability under high C-rate
conditions.

3. Conclusion

This study presents a comparative analysis of MWCNTs and Su-
per P as electrode conductive additives in Si-based anode ma-
terials and graphite as a benchmarking electrode material in
Li-ion Batteries. It aims at appraising their impact on battery
cell performance and cycling efficiency as well as an in-depth
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Figure 16. Rate capability results of Gr-rich Si/Gr (20/68) and Si-rich Si/Gr (60/28) negative electrode-based cells comprising MWCNTSs or Super P.
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Table 2. Negative electrode composition.

www.advmatinterfaces.de

Negative Electrode

wt.% of electrode components

Super P MWCNTs Si Gr CMC LiPAA
Gr + MWCNTs - 2 - 88 10 -
Gr + Super P 2 - - 88 10 -
Gr-rich Si/Gr (20/68) + MWCNTs - 2 20 68 7.7 23
Gr-rich Si/Gr (20/68) + Super P 2 - 20 68 7.7 23
Si-rich Si/Gr (60/28) +MWCNTs - 2 60 28 3.2 6.8
Si-rich Si/Gr (60/28) + Super P 2 - 60 28 3.2 6.8
Si+ MWCNTs - 2 88 - - 10
Si + Super P 2 - 88 - - 10

understanding of the underlying mechanisms. Defect-rich
MWCNTs demonstrated significant improvement in electro-
chemical performance when combined with Si-rich Si/Gr blends
and pure Si in half-cell configuration, resulting in enhanced re-
versible discharge capacity and capacity retention at the 100th cy-
cle. Specifically, the MWCNTs-based pure Si electrode achieved a
discharge capacity of 710.8 + 19.9 mAh g~ and a capacity reten-
tion of 71.7%, while in the Si-rich Si/Gr (60/28) blend, it showed
areversible capacity of 534.2 + 21.1 mAh g~ and a capacity reten-
tion of 73.3%. In comparison, the Super P-containing electrodes
showed lower performance (pure Si: 422.8 + 5.5 mAh g~ and
55.6%; Si-rich Si/Gr (60/28): 436.1 + 16.3 mAh g~ and 61.7%).
However, in pure Gr and Gr-dominated Si/Gr electrode systems,
the benefits of MWCNTTs are not as significant as in pure Si and
Si-dominated Si/Gr electrode systems. Post-mortem analysis, in-
cluding SEM, ATR-FTIR, and RAMAN spectroscopy, provided in-
sights into surface chemistry and morphology of the electrodes
before and after cycling, indicating that a more stable SEI layer
formed on MWCNTs-containing Si and Si-rich Si/Gr blend elec-
trodes sustains long-term cycling. This stability was also reflected
in the full-cell tests, where Si-rich MWCNTs-containing Si/Gr-
based cells demonstrated significantly improved cyclability and
CE compared to their Super P counterparts. After 200 cycles, full-
cells based on MWCNTs-containing Si-rich Si/Gr negative elec-
trode demonstrate a specific discharge capacity of 88.8 + 7.2 mAh
g~! and Coulombic Efficiency (CE) of 99.8%, whereas Super P-
containing Si-rich Si/Gr-based cell presents a reduced discharge
capacity of 73.1 + 2.4 mAh g~! and a lower CE of 98.9% after 200
cycles. However, no notable differences were observed in Gr-rich
Si/Gr blend-based cells.

Overall, this study highlights the advantages of MWCNTs as an
electrode conductive additive for Si-rich negative electrode-based
lithium-ion battery cells, outperforming the state-of-the-art Super
P in terms of cycling stability, capacity retention, rate capability,
and CE. This is attributed to the unique interactions between the
functional groups of defect-rich MWCNT and those of Si and Si-
rich Si/Gr active materials as well as polymeric binders (CMC and
LiPAA). These results open a new avenue toward realizing Si-rich
negative electrode-based LIBs, however, more advanced charac-
terizations, such as using XPS, NMR, GC-MS, etc., are needed to
foster an in-depth mechanistic understanding, including decou-
pling the accompanying competitive interactions.

Adv. Mater. Interfaces 2025, 12, e00503 e00503 (18 OfZO)

4. Experimental Section

Materials and Negative Electrode Production: In total, four different
negative electrode systems (pure Gr, Gr-rich Si/Gr blend, Si-rich Si/Gr
blend, and pure Si negative electrodes) were formulated (Table 2), each
with MWCNTs or Super P as an electrode conductive additive. Graphite
(Gr, MagE3, Hitachi Japan, 350 mAh g~! reversible capacity, 22.9 pm
particle size) and Si-alloy (Si, 3m, ~1240 mAh g ! reversible capacity,
particle size distribution in the range of 0.9 — 24 pm, surface area ~6
m? g~1) as active materials, 10 wt.% lithium poly(acrylic acid) LiPAA in
H,0 and sodium carboxymethyl cellulose (CMC, WALOCEL) as polymeric
binders, Carbon Black (Super P, IMERYS TIMCAL) and Tangled Multi-
Walled Carbon Nanotubes (MWCNTs, Graphistrength CW2-L, Arkema) as
electrode conductive agents were employed. The MWCNTs material was
a water-based dispersion with 45.45 wt.% of MWCNTs and 54.55 wt.% of
CMC. The LiPAA binder was produced by stirring poly (acrylic acid) (PAA,
25 wt.% of aqueous solution, M,, = 240.000, Acros Organics) in deionized
water. 80% of the stoichiometric amount of lithium hydroxide monohy-
drate (LIOH'H,O, battery grade, Alfa Aesar) was added to the solution
and heated up to 60°C. The solution was stirred overnight to obtain a
10 wt.% of LiPAA in water. The pH value was targeted at 7, and LiOH-H,O
was added if necessary (if the solution was still acidic, reaching a pH value
of 7).

Si/Gr blend negative electrodes were produced using a three-step pro-
cess, whereas the reference (pure) Gr and Si negative electrodes were
made in a single step. For the production of Si/Gr blend, electrode compo-
nents were mixed in 60 mL cups using a planetary micro mill (Pulverisette
7, Fritsch). A mixture of 10 wt.% LiPAA in H,O was added to Si and mixed
for 10 min at 800 rpm. Afterward, electrode conductive agents and CMC
were added to the mixture and further mixed for 10 min. CMC has been
established as an effective binder for Gr due to its favourable interaction
with graphitic surfaces, whereas LiPAA can accommodate the significant
volume changes of Si through the formation of robust bonds with the
native SiO, layer. Hamzelui et al. have demonstrated that adjusting the
LiPAA/CMC ratio to match the Si/Gr composition enhances adhesion,
maintains electronic connectivity, and results in superior electrochemical
performance.[*] In line with this, the LIPAA/CMC binder ratio in this study
was adjusted to match the Si/Gr composition. Finally, Gr was added, and
the slurry was mixed for 20 min. For pure Gr negative electrode formulation
with MWCNTs or Super P as conductive additives, all components were
mixed for Th at 800 rpm. In this case, only CMC was used as a binder.
For the production of a pure Si negative electrode, the same procedure
was conducted with only using 10 wt.% LiPAA in H,O as a binder. The
slurries were coated onto 14 um thick electro deposited (ED) copper foil
(Cu, CustomCells) using a sheetwise coating unit (CUF 5, SUMET, Ger-
many). The coated films were dried at room temperature (22-26°C) for
24h. Afterward, electrodes were calendered at 10 N mm~" in a laboratory
calender pressure (SUMET, Germany), which were then punched using a
high-precision electrode cutter (EL-CELL) with dimensions of 16 mm, and
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then dried overnight at 80°C in a vacuum oven (Buechi, Glass oven B-
585 Drying). Table 2 presents the composition of the fabricated negative
elctrodes.

Coin Cell Set-Up and Electrochemical Testing: CR2032 type coin half-
cells were built in an argon-filled glove box (O, < 1 ppm, H,O < 0.1 ppm)
using Lithium metal chips (15.6 mm diameter, Gelon, China) as counter
electrode and Si and Gr — based active materials as working electrodes,
a glass fiber GF/C Whatman separator (17 mm diameter) and 90 pL of
electrolyte (1.2 M LiPFg in EC: EMC (3:7, w/w) + 10 wt.% FEC, E-lyte).
For full-cell configuration, Gr-rich Si/Gr (20/68) and Si-rich Si/Gr (60/28)
were paired with 2.4 mAh cm™2 (12.5 mg cm~2) and 3 mAh cm~2 (16 mg
cm™2) cathodes (LiNig gMng,Coq,0,, NMC622). Electrochemical testing
was conducted using Neware BTS4000-5 V10 mA. The half-cells were cy-
cled at C/10 in a voltage range of 0.01—0.9 V until 100 cycles. The full-cells
were cycled in a voltage window of 2.8 — 4.35 V with two initial formation
cycles at C/20 in CC charge and CC discharge mode. Afterward, they were
cycled in the same mode at C/5 for up to 200 cycles. For rate capability
tests, full-cells were cycled using the same voltage range at various C-rates
(C/10, C/5,C/2,1C, and 2 C).

Analytical Techniques:  Different analytical methods, namely SEM, ATR-
FTIR, and RAMAN spectroscopy were used to characterize the surface
chemistry of as-prepared (non-cycled) and cycled negative electrodes. For
ATR-FTIR and Raman spectroscopies, cycled electrodes (vs. Li/Li*, 30th
cycle) were washed with DMC to remove traces of residual salts and dried
under vacuum for Th. The electrodes were sealed in an aluminium pouch
back and transferred to a dry room (Dew point ~ -55 °C, Room Temper-
ature = 22°C), where the spectroscopic tests were conducted. A Bruker
spectrometer (Vertex 70) was used to conduct ATR-FTIR measurements
on both non-cycled and cycled negative electrodes. The measurements
were performed in an attenuated total reflection (ATR) mode within the
frequency range of 4000 — 500 cm~'. The spectra were obtained with a
resolution of 4 cm™ for 256 scans. The RAMAN spectra were obtained
using a Bruker Senterra spectrometer with a 532 nm He—Ne laser. The
micro-RAMAN measurements were conducted using a 50xmagnification
objective. Each spectrum was measured at 25 points arranged in a square
with a 5 um distance from each other. The average of these measurements
was then calculated and utilized as a representative measure of a 25 um?
surface. Afterward, the spectra baseline corrected was corrected. Aiming
to analyze the samples’ morphologies, SEM was conducted on non-cycled
and cycled electrodes utilizing a Zeiss Supra 55 apparatus at an accelera-
tion voltage of either 5 or 10 kV.
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