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Abstract

Si0/C is believed to be one of the most promising anode material for lithium-ion batteries due to the low operation potential and
superior theoretical capacity. However, the substantial volume change during cycling process limits its further practical applica-
tion. Herein, we report an affordable and highly effective approach to enhancing the electrochemical performance by adding a
small amount of single-walled carbon nanotubes (SWCNT) as conductive additive for SiO/C anodes. An efficient liquid-phase
mixing approach is employed to evenly disperse the SWCNT into silicon oxide/graphite composite anode for lithium-ion
batteries (LIBs). The electrochemical capability is carried out using pouch full cells with commercial electrode areal loading
and mass loading. The addition of SWCNT (0.5%) reduces film resistance and direct current resistance (DCR) for charging. The
lithium-ion diffusion coefficient is 6.32 x 10 '°> cm? s ' for SWCNT-added sample, which is an order of magnitude higher than
that of the sample without SWCNT (2.33 x 10 '¢ cm? s™"). Furthermore, the battery assembled by the SWCNT-adding electrode
shows better rate performance and cycle stability. The charge efficiency improves 1.25 times at 4 C charging, which enables fast
charging for LIBs. The cycling results show that SWCNT-adding electrode displays capacity retention of 90.30% after 600 cycles
at 1 C. Furthermore, the loading of SiO/C electrode increases from 93.4 to 95.4 wt%, which is beneficial for improvement of
energy density. It is worth noting that it suggests a well-designed recipe for the practical application of SWCNT for LIBs.
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Introduction

With the rapid development and implementation of consumer
electronics devices and electric vehicles, tremendous efforts
have been stimulated towards pursuing high energy density
and long cycle life of rechargeable lithium-ion batteries (LIBs)
to satisfy the soaring demands [1-9]. The conventional graph-
ite anode, due to its limited theoretical capacity
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(372 mAh g "), could not meet the increasing demand for high
energy density [10]. Therefore, researchers are dedicated to
exploring alternative anode active materials with a high re-
versible capacity [11, 12]. Among extensively studied next-
generation anodes, silicon has been considered as one of the
most attractive candidates owing to its superior theoretical
specific capacity (4200 mAh g™ '), which is approximately
ten times larger than that of conventional graphite, and a low
charge potential (< 0.5 V vs. Li*/Li) [13, 14]. To better couple
with commercial cathodes, such as LiCoO, and Li(Nij 4 —
yCoxMn,)O,, the silicon oxide/graphite (SiO/C) composite
anode with a proportion of Si is recognized as promising neg-
ative materials for commercial application in LIBs. However,
the large-scale commercial application of SiO/C has been im-
peded by low electron conductivity and large volume expan-
sion during lithiation and delithiation process [15, 16].
Furthermore, the conductivity of electrode is further decreased
when the SiO/C anode materials are combined with binders
that are generally electronical insulators. Therefore, signifi-
cant research effort is dedicated to enhance the conductivity
of SiO/C anodes. The conductive additive is one of the most
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promising and practical approaches. However, the conductive
additive does not contribute to the energy density, and thus, its
adding amount needs to be optimized to achieve good con-
ductivity and decent volumetric energy density.

Super P (SP) is believed to be one of the most widely used
conductive additives and recognized as zero-dimensional par-
ticles (0D) that easily form aggregates. Meanwhile, it provides
inefficient electronic pathways due to “point-to-point” con-
tact. In this regard, a large amount of SP particles are required
in the electrode formulations to achieve relatively high con-
ductive efficiency [17, 18]. Unlike 0D SP, carbon nanotube
(CNT), in particular SWCNT, is one-dimensional (1D) mate-
rial with high porosity and high surface area, which is consid-
ered as an attractive conductive addition agent [19, 20]. As
shown in Fig. 1, the 1D CNTs form three-dimensional (3D)
conductive nets by the efficient “line-to-line” contact between
other CNTs and active material particles. Therefore, numerous
efforts have been directed at improving these issues using
CNT conductive additive. Lim et al. reported that carbon
nanotube can improve cycling performance for anode mate-
rials compared with carbon black conductive additive [21].
Sheem et al. reported that the resistivity of electrode using
CNTs was one order magnitude lower than that of super P
electrode [22, 23]. Nevertheless, these scientific investigations
have been only evaluated for coin cells.

In this work, we report the effect of SWCNT as a conduc-
tive additive on the performance of SiO/C anodes. The
SWCNT 3D conductivity networks were found to be well
covered all the SiO/C primary particles. The prepared
SWCNT-SiO/C composites were electrochemically investi-
gated as the anode electrode in full pouch cells with
LiNig 30C0g.10Mng 190, (LNCM) as the cathode material.
Their electrochemical performances including charge-
discharge rate and cycle performance were systematically
investigated.

Experimental
Electrode preparation

To prepare the SiO/C@SWCNT electrodes, the SWCNT
powders (90%, Aladdin) were uniformly dispersed in polyvi-
nyl pyrrolidone (PVP, Aladdin) and H,O (DI water) solution
to form the SWCNT suspension. The aqueous slurry, contain-
ing SiO/C anode materials (BTR New Energy Material Ltd),
super P and SWCNT conductive additive, and polymer binder,
was mixed and dispersed in a double high-speed disperse
mixer. For control sample, the composite with only conven-
tional SP as the conductive additive was prepared. The chem-
ical composition of each anode for this work is listed in
Table 1. The anode slurry was evenly coated on copper current
collector with a pilot-scale slot-die coater. As for cathode fab-
rication, the electrodes were prepared by mixture slurry of
LiNig goCog 10Mng 100> active material (96.4 wt%), carbon
black (2.3 wt%), and PVDF (1.3 wt%). The corresponding
slurry was carefully coated on an aluminum foil substrate with
automatic coating machine. The areal loading of anode and
cathode is around 21.2 mg cm 2 (ca. 9.54 mAh cm ?) and
47.0 mg cm 2 (ca. 8.46 mAh cm ?), respectively. The design
capacity of anode and cathode is 450 mAh g ' and
180 mAh g_l, respectively. The capacity balance of anode/
cathode was approximately 1.1 for pouch cells.

Material characterization

The morphology of materials and as-prepared electrodes was
performed through field-emission scanning electron micros-
copy (FESEM, JSM 6400, JEOL). The film resistance of an-
ode electrode was characterized using a two-probe approach
[24]. Two high-conductivity probing system (ACCFILM
Technology Co., Ltd.) was used to test the film resistance of

Fig. 1 Schematics of conductive
network for SP and SWCNT
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Table 1 The composition of SiO/C anode electrodes prepared in this

work

Samples Anode Binder Conductive additive
Super P SWCNT

SP 93.40% 2.60% 4.00% -

SWCNT-A 95.40% 2.60% 1.50% 0.50%

SWCNT-B 95.40% 2.60% 1.20% 0.80%

as-prepared sample. The probe diameter was approximately
14 mm (area is 1540.25 mm?). The nano-indentation tests
were measured using G200 nano indentation system.

Cell assembly and electrochemical testing

Each pouch cell was assembled via lamination process. It
contains 13 layer anode (8.5 cm x 15.6 cm in size) and 12
layer cathode (8.4 cm x 15.3 cm in size), filled with around
37.3 g electrolyte (1.05 mol/L LiPF6 including ethylene
carbonate-ethyl methyl carbonate-diethyl carbonate (EC/
EMC/DEC, 3:5:2 by weight) with addition of 1 wt% vinylene
carbonate (VC), 1 wt% propylene sulfite (PS), 5 wt% fluori-
nated ethylene carbonate (FEC). The basic electrochemical
characterizations of cathode and anode were tested in coin
cells. A LAND battery was used to perform the charge—
discharge performances of the coin cells with the voltage
range of 0.01-1.5 V vs. Li/Li* for anode and 2.75-4.2 V vs.
Li/Li* for cathode at room temperature, respectively. For the
A/C impedance measurements, the frequency ranged from

0.01 Hz to 100.00 kHz. The rate and cycling performance
for pouch cells were carried out between 2.75 and 4.2 Von a
BTS-5V/50A battery-testing instrument (Kinte Industrial Co.,
Ltd., China) at room temperature. The hybrid pulse power
characterization (HPPC) test was used to assess the resistance
of cells at 20%, 50%, and 90% state-of-charge (SOC) [25].

Results and discussions

Figure 2 a and c show that SP conductive additive distributes
inhomogeneously in the bare SiO/C sample and large amounts
of SP aggregates between the micrometer-sized active parti-
cles, resulting in a long electron transport pathway through
SiO/C anode material to the SP conductive additive. In con-
trast, SWCNT conductive additives are effectively dispersed
on overall surface of primary SiO/C particles and no obvious
aggregates were found, as shown in Fig. 2 b and d. This 3D
SWCNT network and intimate contact between SWCNT and
primary SiO/C particles are beneficial to form extremely effi-
cient electron transport pathways.

Galvanostatic charge—discharge measurements were
employed to investigate the fundamental electrochemical per-
formances of cathode and anode materials. The initial charge
and discharge curves of cathode are plotted in Fig. S1. And its
first discharge capacity is 205.2 mAh g ' at 0.1 C under 25 °C
over the potential window of2.75-4.2 V. Figure 3 a shows the
typical lithiation/delithiation profiles for SP and SWCNT
adding SiO/C materials under the same rate over the
voltage range of 0.01-1.5 V. The first charge capacity is

lum

Fig. 2 FESEM and TEM images of SiO/C anode electrode with SP additive sample (a, ¢) and SWCNT-B (b, d)
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4522 mAh g ', 468.7 mAh g ', and 477.1 mAh g ', with an
initial columbic efficiency of 86.5%, 88.2%, and 88.4% for
SP, SWCNT-A, and SWCNT-B, respectively. The improved
reversible capacity and initial coulomb efficiency of SWCNT
sample can be ascribed to provide more transmission routes
for lithium-ion and electron. As presented in Fig. 3b, the re-
versible capacity of SP sample decreases to 317.4 mAh g™,
which corresponds to 70.2% retention of initial capacity dur-
ing 50 cycles. However, the cycling performance of SWCNT-
adding SiO/C sample is better than that of SP sample. For
example, the SWCNT-B sample has charge specific capacity
of 464.6 mAh g ', with a capacity retention of 97.4% at the
same cycles.

As shown in Fig. 4a, the film resistance was measured to be
3.17, 0.82, and 0.74 Ohm-cm? for SP, SWCNT-A, and
SWCNT-B samples, respectively. The film resistance value
of the SWCNTs sample was approximately a quarter of that

Cycle number

of SP electrode, indicating the effective electron networks
formed by SWCNT additives. The charging DCR for
LNCM//SiO/C pouch cell at 20%, 50%, and 90% SOC were
measured as shown in Fig. 4b. Due to the highly efficient 3D
conductive network in SWCNT-A and SWCNT-B samples,
their corresponding DCR values are smaller than that of the
SP electrode at all the three SOC states. For example, the
resistances at 50% SOC are decreased by 30%.

In order to further understand how SP and SWCNT conduc-
tive additive affect the impedance behavior of cell, EIS studies
for fresh coin cell were carried out and the Nyquist plots are
illustrated in Fig. 4c. All Nyquist plots are composed of one
semicircle and a sloping line. The semicircle can be attributed
to the charge-transfer resistance (R). A suitable electric equiv-
alent circuit (EEC) was carried out to fit EIS data and the fitting
parameters are listed in Table 2. The R values of SWCNT-A
cell (37.95 ) and SWCNT-B cell (33.95 Q) are significantly
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Table2  Typical fitting parameters for SP, SWCNT-A, and SWCNT-B
Samples R, (©) Re () Dy (em? s )
SP 8.13 183.6 233x10°'°
SWCNT-A 10.61 37.95 3.49x 1071
SWCNT-B 5.66 33.95 632x1071

smaller than those of SP cell (183.6 €2). The low R value of
SWCNT electrode indicates its better electronic conductivity
and kinetics characteristic than that of SP electrode, which are
good consistent with the results in Fig. 4a and b.

Furthermore, the diffusion coefficient of lithium-ion (Dy;")

was investigated according to the below equation [16, 26-31]
and listed in Table S2:
Dii" = R*T?2An* F*C? 02 (1)
where R is the gas constant, T is the room temperature in our
work, A is the area of anode electrode, n is the number of
transferred electrons, F is the Faraday constant, C is the molar
concentration of Li* in anode electrode, and o is the Warburg
coefficient that calculated from the slope of Z~w "2 plot. As
shown in Fig. 4d, the Dy;" is calculated to be 2.33 x

107'° em® s7', 3.49x 107" cm? s7', and 6.32x
107 ¢cm? s7! for SP, SWCNT-A, and SWCNT-B samples,
respectively. The Li* diffusion coefficient of the SWCNT
electrode was approximately one order magnitude larger than
that of SP sample. The improvement of Dy;* for SWCNT
could be ascribed to as follows [32, 33]: (1) a high surface
area for tethering of electroactive compounds, (2) enhanced
Li* conductivity and transport within the composite due to
well-directed 1D conductive pathways, and (3) reduced diffu-
sion length due to nanometric structure (Fig. S2).

For understanding the effect of SWCNT conductive addi-
tive on the charge and discharge rate performance, the pouch
cells were measured under 0.5 C, 1.0 C, 2.0 C, 3.0 C, and
4.0 C, as depicted in Fig. 5 a—f. Herein, the charge efficiency
refers to the ratio of charge capacity at constant current stage
to the charge capacity at constant current-constant voltage
stage. And the discharge efficiency is regarded as the ratio
of discharge capacity at corresponding C rates to the discharge
capacity at 0.5 C. All cells demonstrate similar configuration
for charge/discharge efficiencies at 0.5 C. The SWCNT con-
ductive additive has a good effect on rate performance with
increasing C rate. In order to further identify an effect, both
charge constant current ratio and discharge capacity retention

Fig. 5 The typical charge and 2 4.4
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Fig. 6 The charge constant

=
-’

~
=2
~—

current ratio (a), discharge X 100 -~ .
capacity retention (b), average 3 Charge Rate %100 Discharge Rate
charge voltage (c), and discharge E £
middle voltage (d) at different C e £ 90
rates g 80 <
[ = E™
3 &
- < 80
g . g
S 60} =0— sp g == SP
g =@= SWCNT-A g 70} —@= SWCNT-A
g =@ SWCNT-B J £ == SWCNT-B
o =
= 40 1 3 60
S0 1 2 4 55 % 1 2 3 4 5
C-rate (C) C-rate
© 42 @ 33 2
-~ Charge average voltage = Disharge middle voltage
S 4l %36
S 40 E
g = 34
£ 3.9 =
: - sp = -~ sp
@38 =@= SWCNT-A 8032 =Q= SWCNT-A 9
2 —9— SWCNT-B | 2 =@~ SWCNT-B
= @
o .-
= i 7 3 i R 1 2 3 4
C-rate (O) C-rate (C)

with different C rate are listed in Fig. 6 a and b. There is no
obvious difference at 0.5 C between SP and SWCNT elec-
trode. However, a remarkable deviation was illustrated above
1 C with the SP sample decreasing quickly with the improve-
ment of C rate. The result indicates that rate capability of
SWCNT electrode has significantly improved. The SWCNT
can provide 3D conductive framework, which facilitates elec-
tron and ion transport and reduces charge-transfer resistance,
especially for high rates. In addition, the benefits of SWCNT
can also be evidenced by the charge average voltage and dis-
charge middle voltage as illustrated in Fig. 6 ¢ and d. The
average charge voltages for SWCNT-A and SWCNT-B are
almost the same and constantly lower than SP sample. And
the discharge middle voltage shows the decreasing trend for
three type cells. However, the downward trend is more obvi-
ous for SP sample.

The cycling stability of the active materials is one of the
important demands for practical application. To investigate
the stability, the three type samples for pouch cells were tested
at 1 C for 600 cycles. As shown in Fig. 7, the three samples for
SP, SWCNT-A, and SWCNT-B exhibited a similar initial dis-
charge capacity of 12.3 Ah. However, the SP sample suffers
from worse capacity fading, which remains only 10 Ah after
600 cycles. When SWCNT is added, the cycling stability is
much improved for SWCNT-A and SWCNT-B sample with
approximately 90.3% capacity retention, which is obviously
higher than the SP sample (i.e., 81.1%).

The electrode swelling was characterized by the inspection
of cross-sectional SEM morphology of electrodes to study
why the SWCNT electrodes showed better cycling perfor-
mance than the super P sample. As demonstrated in Fig. 8,
the thickness of SWCNT-A electrode after 300 cycles is ca.

Fig. 7 Cycling performance for
pouch cells
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Fig. 8 The SEM cross section
morphology of electrode SP (a)
and electrode SWCNT-A (b) be-
fore cycle; electrode SP (¢) and
electrode SWCNT-A (d) after
300 cycles

b
44 8um
20um

35.1 um, ca. 231% of the original thickness (ca. 10.6 um). In
sharp contrast, the super P electrode has ca. 302% of expan-
sion (43.4 um) after 300 cycles. Moreover, the discrete cracks
for SP cycled electrode have been observed (Fig. S3b) in
comparison with cycled SWCNT-A electrode, which might
be caused by greater expansion. Meanwhile, partial active
anode materials of SP electrode after cycling were peeled off
from substrate, which is worse than that of SWNCT electrode
(Fig. S3a,c). The possible reason is that the SWCNT electrode
has better mechanical properties than that of SP electrode. The
mechanical properties of super P and SWCNT electrode are
therefore measured using nano-indentation test. As shown in
Fig. S4, the maximum force of SWCNT electrode is approx-
imately 40 mN, which is higher than that of SP electrode
(17.8 mN). This result implies that the SWCNT electrode
can provide greater tolerance to expansion than that of super
P electrode.

Conclusion

The superior SiO/C composite anodes using SWCNT as a
conductive additive were fabricated through an aqueous pro-
cess. The pouch batteries, using SiO/C anode and LNCM
cathode, were produced for the electrochemical capability,
including electrochemical impedance spectroscopy, rate, and
cycle performance. In comparison with the cells with SP con-
ductive additive, those with SWCNT additive exhibit much
higher charge—discharge rate performance above 1 C rate.
Furthermore, the cycling results validate that the SWCNT
additive can improve capacity retention of the cell to 90.3%
after 600 cycles as compared to 81.1% with only SP conduc-
tive additive. The improved performance is attributed to that

.
42 .5um

34 .6um
LWAT
35.8um

34.8um

20um

SN
42 8un

SWCNT not only can significantly improve the conductivity
by forming three-dimensional conductive network and fully
covering the primary SiO/C particles but also enhance the
tolerance of volume expansion.
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