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a b s t r a c t

The effects of carbonization process and carbon nanofiber/nanotube additives on the cycling stability
of silicon–carbon composite anodes were investigated by monitoring the impedance evolution during
charge/discharge cycles with electrochemical impedance spectroscopy (EIS). Three types of Si–C anodes
were investigated: the first type consisted of Si nanoparticles incorporated into a network of carbon
nanofibers (CNFs) and multi-walled carbon nanotubes (MWNTs), with annealed polymer binder. The
eywords:
i-ion battery
ilicon anode
yclic stability
arbon nanotube
lectrochemical impedance spectroscopy

second type of Si–C anodes was prepared by further heat treatment of the first Si–C anodes to carbonize
the polymer binder. The third Si–C anode was as same as the second one except no CNFs and MWNTs being
added. Impedance analysis revealed that the carbonization process stabilized the Si–C anode structure
and decreased the charge transfer resistance, thus improving the cycling stability. On the other hand,
although the MWNTs/CNFs additives could enhance the electronic conductivity of the Si–C anodes, the
induced inhomogeneous structure decreased the integrity of the electrode, resulting in a poor long term

cycling stability.

. Introduction

Lithium-ion batteries have been recognized as an enabling
nergy storage technology for many emerging applications, includ-
ng electric vehicles (EV) and plug-in hybrid electric vehicles
PHEV). However, the low specific capacity of commercially used
raphite anodes is a limiting factor in the development of Li-ion
atteries with high energy density. As a potential anode material,
ilicon stands out due to its superior theoretical specific capac-
ty of 3579 mAh g−1 – the highest capacity of any known anode

aterials at room temperature [1] other than Li metal. However,
i-based anodes suffer from poor cycling stability due to severe Si
xpansion/shrinkage during Li insertion/extraction. Although the
i particle pulverization was alleviated by using Si nanoparticles or
anowires [2–4], the cyclic stability of nano-Si anodes still cannot
atisfy the needs of practical applications due to the poor electrode
tructural stability during Li insertion/extraction cycles. To solve
hese problems, more attention has been recently paid on Si-based

omposite anode materials with improved structural integrity and
lectronic conductivity. Among them, Si–carbon composite anodes
ith carbon nano-materials, such as carbon nanotubes [5–11],

raphene [12,13], and nano-porous framework structures [14–18]
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have demonstrated very promising performances. However, the
mechanism behind the cyclability enhancement of Si anode com-
posites with carbon nano-materials is still not fully understood
due to a lack of a systematic study of the impedance (diffusion
impedance, charge transfer impedance, solid electrolyte interface
impedance, etc.) in Si–C anodes along charge/discharge cycles.

Electrochemical impedance spectroscopy (EIS) is a powerful
electroanalytical technique for studying the kinetics occurring in
the electrodes of Li-ion batteries. The resistance due to each kinetic
step during the electrochemical reaction in the electrode can be
obtained by EIS if the time constants are resolvable. Therefore,
the evolution of the electrochemical and physical properties of
the electrodes can be inferred from EIS data. The EIS technique
has been used to investigate the lithiation/delithiation kinetics and
structural evolution of the graphite electrodes [19–23]. Recently,
EIS was also used to investigate the electrochemical behavior of
some emerging electrode materials, including the lithiation kinet-
ics of SnO and Sn [24,25], the formation of the solid electrolyte
interface (SEI) on Si thin film electrodes [26], and the phase
transformation and structural change of carbon-coated Si parti-
cles and Si nanowires [27–31]. These EIS studies mainly focused on
the impedance change at different depths of discharge or charge

in one specific cycle to investigate the reaction mechanism and
kinetics during a lithiation or delithiation process. However, the
poor cycling stability rather than kinetics is the major barrier for
commercialization of high capacity Si–C anodes. Therefore, investi-
gation of capacity decline mechanism of Si–C anodes by monitoring
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http://www.sciencedirect.com/science/journal/00134686
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he evolution of the electrode impedances during the cycling pro-
ess is of great importance for the development of an optimal Si–C
lectrode design. To the best of our knowledge, there is no study
hat has systematically investigated the impedance changes of the
i electrode during the entire cycling process especially, at the end
f every discharged cycle.

For the first time, we used EIS to investigate the capacity decline
echanism of Si–C anodes by monitoring the impedance varia-

ion of electrodes as a function of cycle number. The obtained
mpedance data were interpreted by a model combining SEI resis-
ance, charge transfer resistance, and interphase electronic contact
esistance that represent the electrical contact between current
ollectors and electrode components, including Si nanoparticles,
arbon additives, and binder. By combining and comparing the
lectrochemical performance tests and the EIS data, we attempted
o acquire a better understanding of the mechanism behind the
apacity fading of the Si–C electrodes.

Since the porous carbon frameworks from carbonization of poly-
er precursors and carbon nanotube/nanofiber additives are the
ost effective carbon materials to enhance the cycling stability

f Si–C anodes, the effects of carbonization and multi-walled car-
on nanotubes (MWNTs)/carbon nanofibers (CNFs) additives on the
ycling stability were investigated by monitoring the impedance
volution of three types of Si–C electrodes (type 1: Si–MWNTs/CNFs
ith annealed polymer binder, type 2: Si–MWNTs/CNFs with car-

onized polymer binder, and type 3: Si only with carbonized
olymer binder). The influence of carbonization in cycling stability
f Si–C anodes can be obtained by comparing the impedance differ-
nce between type 1 and type 2 electrodes during charge/discharge
ycles, while the effect of addition of MWNTs/CNFs on cycling
tability can be illustrated by the impedance difference between
ype 2 and type 3 electrodes. The characteristic dimensions of the
mployed CNF were 200–500 nm in diameter and 10–40 �m in
ength, and those of MWNT were 10–30 nm in diameter and 1–2 �m
n length. This carbon network can improve the electronic conduc-
ivity of the electrode, because the network should be able to bridge
i active materials on both MWNT (small scale) and CNF (larger
cale). The type 1 Si–C electrodes were annealed through heat-
reatment at 250 ◦C (melting temperature of the polymer binder) in
n inert gas environment. This heat–melt–cool process could redis-
ribute the binder and form a more continuous binder phase, thus
eading to better performance, as suggested by a previous study
y Dahn et al. [32]. The type 2 Si–C electrodes were prepared by
urther heating the first type to 700 ◦C to carbonize the polymer
inder, resulting in a porous carbon framework binder structure.
he comparison of annealing process and carbonization process can
e concluded from these two types of Si–C electrodes. The type 3
i–C electrodes were prepared by mixing the Si nanoparticles and
olymer binder without the CNFs/MWNTs additives, followed by
arbonization at 700 ◦C.

. Experimental

Silicon nanoparticles (20–30 nm), CNFs, and MWNTs were all
urchased from Nano-structured & Amorphous Materials, Inc.,
nd used as received. Polyacrylonitrile (PAN, molecular weight
50,000) was purchased from Sigma–Aldrich, and used as received.
o prepare the first two types of Si–C electrodes, a mixture of Si
ano-particles, CNFs, and MWNTs was blended in an 8 wt.% DMF
anhydrous, Sigma–Aldrich) solution of PAN. The composition of

he resulting slurry was 40 wt.% Si nanoparticles, 15 wt.% CNFs,
wt.% MWNTs, and 40 wt.% PAN. The slurry was mixed for 1 h in
n egg-shaped stainless steel vial using a Spex 8000 M mixer with
irconia balls as the milling media. The mixed slurry was cast onto a
heet of copper foil current collector and dried for 24 h in the fume
ta 56 (2011) 3981–3987

hood, followed by drying overnight at 110 ◦C in a vacuum oven. The
obtained Si–C electrodes were heated to 250◦ (PAN melting point)
in a tube furnace for 3 h with flowing argon (Airgas, 95% Ar and 5%
H2) and then naturally cooled to room temperature to obtain the
annealed electrodes. To obtain the carbonized electrodes, the elec-
trodes described above were further heated from 250 ◦C to 700 ◦C
and kept at 700 ◦C for another 3 h in the flowing argon environ-
ment. The heating rate for both steps was 5 ◦C min−1. The third
type of Si–C electrodes was similarly prepared without adding the
MWNTs/CNFs, as described in details in a previous report [16].

Two-electrode coin half-cells with lithium foil as the counter
electrode were assembled in an argon-filled glove box. Since EIS is
sensitive to the loading of the Si active material, the Si loading of all
electrodes was precisely controlled at 0.5 mg cm−2. Electrolyte con-
sisting of 1 M LiPF6 in a mixture of ethylene carbonate and diethyl
carbonate (1:1 by volume) was used with a micro-porous mem-
brane separator (Celgard®3501). The cells were discharged (Li-ion
insertion) and charged (Li-ion extraction) with various cycling cur-
rents between 0.05 and 1.5 V (vs. Li/Li+) using an ArbinTM battery
test station. The EIS measurements were performed after the elec-
trodes reached the end of discharge and relaxed until the open
circuit potential reached 0.1 V. The measurements were taken over
a series of cycles in a frequency range of 1000 kHz to 1 mHz with
AC amplitude of 10 mV using a SolartronTM SI1287/1260 analyzer.
The EIS data were fitted to the equivalent circuit using CorrWare®

electrochemistry software to analyze the individual resistances.
Thermogravimetric analysis (TGA) was carried out to determine the
Si content in the carbonized electrodes using a thermogravimetric
analyzer (Q50, TA instruments) with a heating rate of 5 ◦C min−1

in air. SEM images were taken using a Hitachi SU-70 Analytical
Ultra-high Resolution scanning electron microscope.

3. Results and discussion

The SEM images of all three types of Si–C electrodes are shown
in Fig. 1. The images of the annealed (Fig. 1a and b) and the car-
bonized electrodes (Fig. 1c and d) with MWNTs/CNFs clearly show
the hierarchical carbon network. The structural difference between
these two electrodes can be clearly distinguished: The components
of the annealed Si–C electrode are bound by a continuous binder
phase, as shown in the high magnification SEM image in Fig. 1b,
while the carbonized Si–C electrode shown in Fig. 1d has a more
porous structure, due to the carbonization of the PAN. Although
the MWNTs/CNTs are uniformly distributed in the type 1 and type
2 Si–C electrodes (Fig. 1a–d), these additives may also induce local
structural inhomogeneity, resulting in unevenly distributed local
strain/stress in the electrode structure during the severe Si volume
change, which may demolish the electronic connection between
the Si active material and the conductive binder/additives. The
structure of the third type of Si–C electrode is shown in Fig. 1e and
f. The high magnification SEM in Fig. 1f shows a more homogenous
porous structure without MWNTs/CNFs, comparing with the ones
with MWNTs/CNFs.

The Si content in the annealed Si–C electrodes is 40 wt.% based
on the composition in the electrode preparation. The Si contents
in the carbonized electrodes were determined by the TGA analysis.
The TGA results shown in Fig. 2 demonstrate that the carbonized
Si–C electrode with MWNTs/CNFs contains 50 wt.% Si, and the one
without MWNTs/CNFs contains 76 wt.% Si. The weight increase
after 700 ◦C in the TGA curve is due to the oxidation of Si in air above

700 ◦C [33]. Based on the Si content before and after the carboniza-
tion, the weight loss of PAN during carbonization was estimated at
50 wt.%, which agrees with the reported value [34].

The reversible charge capacities over 120 cycles of these
three Si–C electrodes are shown in Fig. 3 with the correspond-
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ig. 1. SEM of (a) low magnification and (b) high magnification of the annealed Si–
f the carbonized Si–C electrode with CNFs/MWNTs; and SEM of (e) low magnificat

ng coulombic efficiency data. The discharge/charge current was
00 mA g−1 based on Si weight. The reversible charge capacities

n the first cycle are 2300 mAh g−1 for the annealed electrode,
750 mAh g−1 for the carbonized electrode with MWNTs/CNFs, and

200 mAh g−1 for the carbonized electrode without MWNTs/CNFs.
he capacity was calculated based on Si. The capacities of all
hree electrodes increased during the initial numbers of cycles,
hich will be discussed later. After reaching their peak val-
es, the capacities of all electrodes decreased until the end of
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Fig. 2. TGA curve of the carbonized Si–C electrodes in air.
trode with CNFs/MWNTs; SEM of (c) low magnification and (d) high magnification
d (f) high magnification of the carbonized Si–C electrode without CNFs/MWNTs.

cycling. However, these cycling stability curves distinctly show
that the capacity fading of the carbonized electrode without
MWNTs/CNFs is much more mitigated comparing with the two
electrodes with MWNTs/CNFs. As results, the reversible capacities
after 120 cycles of the annealed Si–C electrode with MWNTs/CNFs,

the carbonized Si–C electrode with MWNTs/CNFs, and the car-
bonized Si–C electrode without MWNTs/CNFs are 730 mAh g−1

(32% capacity retention), 1170 mAh g−1 (42% capacity retention),
and 1550 mAh g−1 (70% capacity retention), respectively. Similarly,
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he coulombic efficiency curves of these three electrodes also show
ifferent patterns. The first cycle coulombic efficiencies of the
nnealed electrode, the carbonized electrode with MWNTs/CNFs,
nd the one without MWNTs/CNFs are 75.2%, 90.5% and 68.4%,
espectively. The coulombic efficiency of the Si–C electrode with-
ut MWNTs/CNFs quickly increased to 100% after only a few cycles.
n the contrary, the coulombic efficiencies of the other two elec-

rodes with MWNTs/CNFs increased to 98% at the third cycle; and
tarted to decrease until the 45th cycle and then increased grad-
ally. Their coulombic efficiencies eventually reached 100% after
bout 80 cycles. It is interesting to note that the obvious dip in the
oulombic efficiency curve of the annealed electrode accompanied
ts faster capacity fading, as indicated by the steeper capacity curve
f the annealed electrode.

Comparing the cycling stability of the annealed Si–C electrode
nd the carbonized Si–C electrode, both with MWNTs/CNFs, the
ype 2 electrode has higher reversible capacity and better cycla-
ility. The better cyclability can be clearly demonstrated by the

ess steep capacity decline of the carbonized electrode starting
rom the 20th cycle. The different cycling behaviors of type 1
nd type 2 electrodes clearly show the performance improve-
ent through the carbonization process. The cycling behaviors of

he type 2 and 3 electrodes, both carbonized with and without
WNTs/CNFs, demonstrate that adding MWNTs/CNFs increase the

lectrode capacity in the early stage charge/discharge cycles, which
s consistent with the reported results [11]. However, it has nega-
ive impact on the long term cycling stability of the Si–C electrodes
s indicated by the inferior long-term cycling result of the type 2
i–C electrode.

To better understand the capacity fading mechanism of these
i–C electrodes, EIS measurements were performed on the fully
ischarged electrodes. All measurements were taken after full
elaxation, when the open circuit potentials of the electrodes
eached 0.1 V. The Nyquist plots of the annealed Si–C electrode, the
arbonized Si–C electrode with MWNTs/CNFs, and the carbonized
i–C electrode without MWNTs/CNFs at different charge/discharge
ycles are shown in Figs. 4–6, respectively. As shown in Fig. 4, all
he Nyquist plots of annealed Si–C electrode with MWNTs/CNFs
re composed of two depressed semicircles in the high frequency
HF) region, one semicircle in the middle frequency region, and a
loped line in the low frequency region. The first semicircle with
haracteristic frequency of ∼104 Hz can only be clearly observed
y enlarging the HF region (inset of Fig. 4b). During the first 20
ycles, the magnitude of the second semicircle with characteristic
requency of 251 Hz rapidly decreases, while its characteristic fre-
uency remains unchanged at 251 Hz during the decrease. It starts
o slightly increase after the 45th cycle until the end of the cycling
est (Fig. 4b). This observation suggests that the shrinking 251 Hz
emicircles in sequential discharges actually reflect the impedance
hange of certain kinetic step. Meanwhile the third semicircle at
frequency of around 0.2 Hz keeps growing through the first 20

ycles. The Nyquist plots of the carbonized Si–C electrodes with
WNTs/CNFs and without MWNTs/CNFs exhibit similar behavior

n Figs. 5 and 6. The difference in characteristic frequencies between
ype 2 and type 3 electrodes in Figs. 5 and 6 can be attributed to the

WNTs/CNFs additives.
Since two-electrode cells with Li metal counter electrode were

sed in the EIS measurement, the influence of the Li counter elec-
rode has to be considered. Therefore, a symmetric cell with Li metal
oil on both sides of the electrolyte was assembled and tested. The
ymmetric Li cell was charged and discharged for 5 h, respectively,

sing 0.1 mA cm−2 current. The impedance was measured after a
eries of cycles until a stable impedance spectrum was obtained.
he obtained Nyquist plot of the symmetric Li cell is plotted in
ig. 7, where a depressed semicircle with a characteristic frequency
f 310 Hz is observed. The impedance of the Li cell initially increases
Fig. 4. Nyquist plots of the annealed Si–C electrode with CNFs/MWNTs after dis-
charge in a series of cycles. Inset is the close-up of the high-frequency range.

from the freshly made state and then decreases, finally stabilizes
after 10 cycles, and remains similar impedance to 120 cycles. It
can be estimated that the impedance due to the Li counter elec-
trode is about 8 � (half of the final resistance shown in Fig. 7, since
symmetric structure was used). Although the impedance of the Li
counter electrode was included in the measured EIS of three Si–C
anodes, a reliable impedance change of Si–C anodes can still be
obtained after 10 charge/discharge cycles because the impedance
of Li counter electrode became stable after 10 cycles.

The typical Nyquist plot of Li-ion battery electrodes consists of
two semicircles and one 45◦ linear diffusion drift. The generally
accepted interpretation of the Nyquist plot is that the HF semicir-
cle is due to the formation of the SEI film, and the middle frequency
semicircle is due to the impedance of the charge transfer reaction
at the interface of electrolyte and active material. In this particular
study, the third semicircle in the Si–C electrodes can be attributed
to the charge transfer resistance. However, the two HF semicir-
cles cannot be simply attributed to the SEI film resistance alone. A
previous study on the HF impedance semicircles by Gaberscek and
coworkers [35] suggested one of HF semicircle could be interpreted
as the resistance of the interphase electronic contacts between the
current collector and the conductive additive/binder system. Their
experiments clearly demonstrated that increasing external load
could significantly reduce the magnitude of the HF semicircle of the
Nyquist plot of Li-ion battery electrodes. The behavior of our Si–C
electrode EIS spectra is very much in agreement with the findings of
Gaberscek et al. Moreover, the impedance modeling study by Dees

et al. [36] also predicted that better interphase electronic contact
could reduce the HF impedance semicircle. Based on the behavior
of our EIS spectra and the aforementioned studies, we here propose
an equivalent circuit for the Nyquist plots of our Si–C electrodes,
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s shown in Fig. 8. This equivalent circuit consists of a series of
hree resistors and constant phase elements (CPE) in parallel and
Warburg diffusion element to account for the SEI film resistance

first HF semicircle), interphase electronic contact resistance (sec-
nd HF semicircle) and charge transfer resistance (mid-frequency
emicircle). The fitted impedances (solid lines in Figs. 4, 5 and 6)
sing this equivalent circuit agree well with the actual impedance
ata. By fitting the impedance data, the SEI resistance, interphase
lectronic contact resistance, and charge transfer resistance at dif-
erent charge/discharge cycles were obtained. Fig. 9a is the SEI film
esistance as a function of cycle numbers. The SEI resistances of
he annealed and carbonized electrodes with MWNTs/CNFs start
t similar level, and both exhibited fluctuations in a small range
ower than 4 � in the first 10 cycles and then stabilized at 6 � for
he annealed electrode and 2 � for the carbonized electrode after
0 cycles. The fluctuations of SEI resistance in the first 10 cycles
ay be attributed to the impedance interference from Li counter

lectrode. It is worth noting that the SEI resistance curve of the
nnealed electrode fluctuates between the 30th and the 70th cycle,
hich matches the coulombic efficiency curve dip of the annealed

lectrode shown in Fig. 3. The SEI resistance of the carbonized
lectrode without MWNTs/CNFs is stabilized at 17 �. The mag-
itudes of the SEI resistance, 6 � for the annealed electrode with
WNTs/CNFs, 2 � for the carbonized electrode with MWNTs/CNFs,

nd 17 � for the carbonized electrode without MWNTs/CNFs, are
onsistent with their initial irreversible capacities of 24.8%, 9.5%,
nd 31.6%, respectively. Fig. 9b is the interphase electronic con-

act resistance as a function of cycle numbers, which characterizes
he direct electronic contact between the current collector and the
dditive/binder matrix combination. Unlike the SEI resistance, large
ecrease of interphase contact resistance was observed in all elec-
rodes during the first 20 cycles, and then it slowly increased until
Fig. 8. The equivalent circuit used to model the impedance spectra in Figs. 4–6.

the end of the cycling tests. The decrease of interphase electronic
contact resistance can be attributed to the irreversible electrode
volume increase during the first few Li insertion/extraction cycles
[37,38]. Due to its continuously increased thickness, the Si–C elec-

trode was pressed by a spring in the coin cell assembly, resulting
in gradually increased pressure on the Si–C electrode. Therefore,
the direct electronic contact between the current collector and the
conductive additive/binder was improved, leading to decreased
interphase electronic contact resistance. Furthermore, the more
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ig. 9. Plots of (a) SEI film resistance, (b) interphase electronic contact resistance,
nd (c) charge transfer resistance as function of cycle number.

apid decrease in the interphase contact resistance for the type
and 2 electrodes can be attributed to the high conductivity of
WNTs/CNFs.
Despite the consistent behaviors of all three electrodes in SEI

esistance and interphase contact resistance, the charge transfer
esistances (Fig. 9c) of these three indicate distinct difference. The
harge transfer resistances of both electrodes with MWNTs/CNFs
onstantly increase during the cycling tests, and the increase is
aster for the annealed electrode. On the contrary, the charge trans-
er resistant of the carbonized electrode without MWNTs/CNFs
hows starkly different behavior: instead increasing, it decreases
rom a high initial value (82 �), reaching the lowest value (15.5 �)
fter 45 cycles, and then gradually and slightly increasing until
he end of cycling. This difference may be explained by the fol-
owing scenario: the charge transfer reaction takes place on the
urface of the Si nanoparticles so that the direct electronic contact
etween the Si particles and the additive/binder has great influ-
nce on the charge transfer reaction. Comparing the electrodes
ith MWNTs/CNFs to the one without MWNTs/CNFs, their major
ifference is the addition of MWNTs/CNFs. Therefore, the increas-

ng charge transfer resistance in the electrodes with MWNTs/CNFs
an mainly be attributed to the demolition of electronic contact
etween Si nanoparticles and additives/binder due to the uneven

ocal strain–stress distribution induced by the inhomogeneous
lectrode structure by adding MWNTs/CNFs. Also, the tortuosity
f the electrode also plays an important role: some electrolyte flow
hannels in the electrode may be blocked by the structural demoli-
ion. It should be pointed out that the decreasing interphase contact
esistance is not contradictory to the increasing charge transfer
esistance in the electrodes with MWNTs/CNFs. The former one is

nduced by the tighter contact between the current collector and
dditive/binder system, and the later one is due to the weakened
ocal contact between the Si nanoparticles and the conductive addi-
ives. Meanwhile, by sustaining good electronic contact between Si
anoparticles and conductive carbon framework, the charge trans-
ta 56 (2011) 3981–3987

fer resistance in the carbonized electrode is improved. This capacity
decline mechanism was well explained by Bruce et al. for porous
�-MnO2 cathodes of Li-ion batteries [39]. Addition of MWNTs/CNFs
not only enhanced the conductivity of Si–C anodes, but also induced
local structural inhomogeneous of the electrode structure, resulting
in uneven stress/strain distribution in Si–C anodes during volume
change of Si, which led to demolition of local electronic connections
and block some electrolyte channels.

The sum of the increased charge transfer resistance and the
decreased interphase contact resistance in the electrodes with
MWNTs/CNFs in the first 20 cycles resulted in a decreasing net elec-
trochemical impedance, which can explain the capacity increase
in the first 20 cycles for both electrodes. The charge transfer
resistance of the annealed electrode increased faster than that of
the carbonized electrode, which led to its faster capacity fading.
The increase in the charge transfer resistance of the carbonized
electrode became much more moderate compared to that of the
carbonized electrode after 50 cycles, and this eventually resulted
in higher reversible capacity of the carbonized electrode. It sug-
gests that the carbonized electrode has a more stable structure to
preserve better connections between the Si nanoparticles and the
conductive additives than the annealed electrode.

4. Conclusion

EIS technique has been used to investigate the impedance
evolution of the porous Si–C composite electrodes during con-
tinuous charge/discharge cycles. This technique has been shown
to be an effective tool to investigate the mechanism of cycling
decline of porous Si–C anodes. The EIS study from three types
of Si–C anodes (annealed and carbonized with MWNTs/CNFs, and
carbonized without MWNTs/CNFs) demonstrated that the best per-
formance of the carbonized electrode without MWNTs/CNFs can
be attributed to a uniform porous carbon framework structure
from the carbonization process. The structural homogeneity is of
great importance for improving electrode cyclability, especially for
porous Si electrode with high volume change during lithiation and
delithiation.

Overall, electrodes with carbonized binder clearly have an
advantage over ones using a conventional polymer binder, as
they are able to provide better structural stability and connection
between the Si active materials and conductive additives. Future
investigations will be carried out to improve the electrochemical
performance of Si electrodes through synthesizing homogenously
structured carbon binder.
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