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ARTICLE INFO ABSTRACT

Keywords: This work presents a comprehensive analysis of the impact of carbon nanotubes (CNT) and carbon nanofibers
Li-ion batteries (CNF) composition on the performance of nano-Si anodes in lithium-ion batteries. The nano-Si anode suffers from
Si anodes

chemo-mechanical issues caused by its large volumetric change (e.g., 280%) during cycling. One of the prom-
ising solutions in electrode level is to establish a robust electronic conduction pathway in Si anodes by incor-
porating CNT and CNF with high aspect ratios. The objective of this work is to quantitatively measure the
performance improvement achieved by CNT and CNF based on their compositions and analyze the improvement
mechanism through electrochemical methods. The results indicate that substituting a portion of carbon black
with CNT and CNF in a range of 1 — 10 wt% can enhance the capacity retention (from 44% to around 60%) and
the fast-charging and fast-discharging capabilities. Electrochemical impedance spectroscopy (EIS) and distribu-
tion of relaxation times (DRT) analyses revealed that 5% — 10% CNT and CNF conductors effectively suppressed
contact impedances growths in Si anodes. In summary, our findings highlight the importance of precise control
over the composition of CNT and CNF to achieve good electrode morphology and electrochemical properties for

Conducting additive
Carbon nanotube
Carbon nanofibers

nano-Si anodes.

1. Introduction

Recent rapid development in electric vehicles has led to increasing
demand for Li-ion batteries with high energy density. To address this
demand, Si anodes has been suggested as an alternative to commonly
used graphite anode because of their higher theoretical specific capacity
of 4200 mAh/g, compared with 372 mAh/g of graphite anode [1,2].
However, fully lithiated Si (e.g., Lis4Si) can lead to a large volume
expansion (> 300%), which leads to fracture of Si particle, loss of Si
particles, and consequently solid electrolyte interface (SEI) degradation
[3]. In addition, the repeated volumetric changes of Si resulted in me-
chanical stress and electrode delamination during repeated cycles [4].
These chemo-mechanical problems led to poor battery cycle life of Si
anodes [5,6]. Recently, we reported that Si particles were cracked
during de-lithiation and produced new SEI layer by using in-situ atomic
force microscopy, which led to the cell impedance growth [7]. Si particle
isolation was also observed during cycling battery cells [7], which
contributed to a capacity fading. Beside these mechanical problems, Si
anode itself suffers from slow reaction kinetics, low electronic conduc-
tivity and Li-ion diffusivity [8-10]. These problems compounded to
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present performance issue that hinders commercialization of pure Si
anodes.

Various approaches have been explored in recent years to overcome
the mechanical strain issues induced by Li-Si alloying and improve its
cycle-life in battery cells. First, nanostructured Si materials have been
developed actively because they can alleviate particle fractures and
isolations during cycling process [11,12] For example, various Si
nano-structures such as nano-particles, nano-wires [13], nano hollows
[14], and nanotubes [15] has been demonstrated. Among them, Si
nano-particles have been stood out due to its relatively simple processes
and thereby low processing cost compared with other complex
nanostructures.

It is also equally important to retain good electronic conduction
pathway of Si nano-powders within anodes during cycling. To this end,
carbon nanotube (CNT) and carbon nanofiber (CNF) are often used as
conductive additives to supplement carbon black. The carbon black,
spherical nano-powders, offers point-to-point contacts between Si par-
ticles [16]. In contrast, the one-dimensional CNT and/or CNF could
provide line-to-line contacts between Si particles, which increase elec-
troconductivity of the anode and improve the electrochemical
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performance [16-18]. In addition, recent studies demonstrated that
both CNT and CNF can partially subdue the detrimental effects of Si
particle volume expansion by improving overall mechanical strength of
Si anode via their 3D network structure within anodes [17-21]. More-
over, CNF could contribute to reducing tortuosity of electrolyte channels
due to its dimensional impact on anode microstructure [22].

These improvement mechanisms can explain the benefits of adding
CNT and CNF on improving the electrochemical performance (e.g.,
cyclability and rate capabilities) of Si anodes. However, there has been
lack of systematic study that compares the effects of CNT and CNF on
physical and electrochemical performances under the same anode pro-
cessing and testing conditions. Quantifying the improvement brought
about CNT and CNF compositions and characterizing the improvement
mechanism will contribute to manufacturing high performance Si an-
odes. In this regard, we designed a systematic experiment that can
compare the morphology and electrochemical properties of CNT and
CNF-added Si anodes with various compositions. The results from this
work will provide better guidance on selecting conductive additives for
the optimization of nano Si anodes.

2. Experimental section

Si nano-sized powder (Nanostructured & Amorphous Materials, Inc)
with an average particle size of 30-50 nm diameter was used as
received. Si anode was prepared by mixing Si powder, 10 wt% lithiated
polyacrylic acid (LiPAA), and carbon conductor (Super-P, MTI Corp.), at
a weight ratio of 6:2:2. This electrode composition served as the control
sample. The Super-P carbon black nanoparticles with average particle
size of 40 nm, was partly replaced by multi-walled carbon nanotube
(CNT, Sigma-Aldrich) or carbon nanofiber (CNF, Sigma-Aldrich). Here,
both CNT and CNF were used as received, of which SEM images were
shown in Fig. 1. The dimensions of CNT were 6 - 13 nm in diameter and
2.5 — 20 ym in length, and the dimension of CNF were 100 nm in
diameter and 20-200 ym in length. Table 1 listed carbon combinations
prepared and examined in this work.

The slurry was prepared by mixing nanosized Si powder and
conductive carbons in a plastic bottle with zirconia grinding balls at a
powder to ball wt. ratio of 15:1. In addition, the appropriate amount of
water was added to reach the designated solid loading of 20%, followed
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Table 1
List of samples and nomenclatures of various carbon compositions used for Si
anodes in this work.

Nomenclatures Carbon Compositions

Baseline 100 wt% Super P

1% CNF 1 wt% of CNF / 99 wt% of Super-P
5% CNF 5 wt% of CNF / 95 wt% of Super-P
10% CNF 10 wt% of CNF / 90 wt% of Super-P
1% CNT 1 wt% of CNT / 99 wt% of Super-P
5% CNT 5 wt% of CNT / 95 wt% of Super-P
10% CNT 10 wt% of CNT / 90 wt% of Super-P

by mixing for two days using a roller mill (U.S. Stoneware, 801CVM).
The resulting slurry was mixed with 10 wt% LiPAA binder at 2000 rpm
for 10 min using a planetary mixer (Thinky, ARE310). The obtained
slurry was coated on an electrodeposited copper foil (Sumitomo Metal
Mining) using a doctor blade. After calendaring at 85 °C, all electrodes
were vacuum dried at 80 °C overnight before moving into an Ar-filled
glove box for cell fabrication.

Coin half cells (CR2032) were fabricated in the Ar-filled glovebox by
using a Si anode, a piece of polypropylene separator (Celgard 2500), a
lithium metal foil (Alfa Aesar), and a liquid electrolyte consisting of 1 M
LiPFg in ethylene carbonate (EC) and diethyl carbonate (DEC) (EC:DEC
= 1:1 vol. ratio) with 10% FEC. All coin cells were cycled by using a
multichannel battery testing station (Arbin LBT system) at 25 °C in an
environmental chamber. The cycling protocol was constant current (CC)
- constant voltage (CV) charging (i.e., lithiation) and CC discharging (i.
e., delithiation) in a voltage range of 1.5 - 0.005 Vs at C/20-rate for
initial 3 cycles, followed by at C/10-rate for the remaining cycles. The
fast charging and discharging capabilities were examined after three
formation cycles at C/10-rate. EIS was measured (Gamry Interface
1010E) in a frequency range of 1 MHz - 0.1 Hz using AC amplitude of 3
mV. Before EIS measurement, cells were rested for 3 h at their fully
discharged states. DRT analysis was also performed based on the EIS
data [23]. Before the DRT analysis, Walburg diffusion tails from Nyquist
plots were first removed.

Fig. 1. SEM images of (a, b) carbon nanofibers (CNF) and (c, d) carbon nanotubes (CNT) used in this work.
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3. Result and discussion
3.1. Effect of CNF and CNT on electrode morphology

Fig. 2 shows the surface morphology of fresh Si anodes with various
CNT or CNF compositions. The baseline anode without CNT and CNF has
revealed microcracks across the surface with approximately 100 pm
dimensions that would be associated with LiPAA binder properties as
reported earlier [24]. The 1% and 5% CNF added Si anodes (see, Fig. 2b
and 2c) had reduced amounts of surficial cracks compared to the base-
line anode (see, Fig. 2a) which can be attributed to the long-range
(20-200 pm-length) network of CNF. However, larger amount of crack
was observed from the 10% CNF electrode, indicating that there is
adverse impact of excess CNF on the morphology of Si anode.

CNF

200 pum

200 pum
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The addition of 1% CNT did not significantly change the morphology
of the anode surface. However, an increase in CNT content to 5% and
10% led to a poor-quality coating. For example, they often exposed
uncoated Cu foil surfaces as shown in Fig. 2f and 2g. The defects
observed in CNT-added Si anodes may be related to the strong van der
Waals force of CNTs, which can cause agglomeration of the CNT-Si
composite [25], leading to an inhomogeneous coating layer. However,
the exact defect mechanism and its correlation with hydrodynamics of
aqueous solvents have yet to be fully explored and require further
investigation in future studies. The result indicates that excess amounts
of CNF (> 5 wt%) and CNT (> 1 wt%) negatively impact the homoge-
neity of the Si anodes.

200 pm

200 pum

Fig. 2. SEM images showing the surfaces of pristine Si electrodes with (a) no conductive additive (baseline), (b) 1% CNF, (c) 5% CNF, (d) 10% CNF, (e) 1% CNT, (f)

5% CNT, and (g) 10% CNT. .
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3.2. Effect of CNF and CNT on cycle life

Fig. 3 compares the effect of CNF and CNT on the cycle life of the Si
anodes in half-cells. Without CNF or CNT, the baseline anode delivered
~ 40% capacity retention at the 45th cycle. In contrast, improvement in
the cycle life could be obtained by adding CNF or CNT. For example,
increase in CNF content from 1% to 10% improved the normalized ca-
pacity retention values from ~ 44% to ~60%. It is worth noting that a
considerable increase of ~ 19% in capacity retention was observed from
the baseline to 5% CNF, while a marginal improvement of ~ 1.7% was
observed from 5% CNF to 10% CNF. The results indicate that ~ 5% CNF
will be the optimal carbon composition in terms of cycle life.

For CNT added Si anode (Fig. 3c and 3d), the addition of 1 wt% CNT
did not offer a noticeable improvement on capacity retention. However,
5% CNT improved the capacity retention to ~ 63%, followed by ~ 55%
improvement from the 10% CNT. It is worthwhile to note that 5% and
10% CNT samples delivered improved cycle life despite their poor
coating quality (see, Fig. 2f and 2g). This result suggests that Si anodes
coated with 5% and 10% CNT still maintain good electrical contact.
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Fig. 3. Cycle life of Si anodes with (a, b) baseline (0%), 1%, 5%, and 10% CNF
and (c, d) baseline (0%), 1%, 5%, and 10% CNT. All the half-cells were cycled at
C/10-rate at 25 °C. (b, d) Normalization was performed based on the specific
capacity at 4th cycle (i.e., after 3 formation cycles).
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Overall, our data shows that CNT and CNF both improved capacity re-
tentions of Si anodes.

The rapid capacity fading of the baseline Si anode in Fig. 3 is asso-
ciated with physical degradation of Si and cell resistance growth during
full-lithiation of Si up to Liz 14Si. The stress from volume changes could
induce particle crack, particle isolation, and capacity fading [7].
Employing the CNF or CNT will increase the carbon — Si contact areas
due to their fiber/wire dimensions compared with that of simple carbon
black (Super P). This enhanced carbon network can provide more stable
electron conduction pathway within the anodes where severe mechan-
ical evolution (e.g., crack or pulverization) of Si occurs, and therefore
offers improved capacity retentions compared with the baseline anode.

The mechanical degradation of Si anodes can be partially alleviated
by limiting the depth of charging (i.e., lithiation capacity). Using a
capacity-limited cycling method, Si particles in anodes would experi-
ence reduced volumetric stress and consequently lesser mechanical
degradation (e.g., crack, particle isolation, and particle pulverization).
Fig. 4a and 4b show the capacity retentions and Coulombic efficiencies
(CEs) of baseline, 10% CNT, and 10% CNF anodes in half-cells using the
capacity-limited cycling protocol, where target charging (i.e., lithiation)
capacity was limited to 1800 mAh/g. Under this condition, the cells
delivered improved cycle life compared with the cycling at full-depth of
lithiation (see, Fig. 3). The baseline anode showed capacity fading at
38th cycle and failed to reach the designated lithiation capacity of 1800
mAh/g at 41st cycle. In contrast, the 10% CNT anode did not experience
the capacity fading until 43rd cycle, followed by slower degradation of
discharge (i.e., delithiation) capacity and consequent failure at 51st
cycle. The 10% CNF anode did not show the capacity fading until the
58th cycles but failed after that. This result implies that CNF is more
effective at maintaining electronic conducting pathways in electrodes
during the repeated volumetric changes of Si compared to CNT.

The voltage profiles and differential voltage (dQ/dV) profiles of the
half-cells from capacity limited testing (Fig. 4) are presented in Fig. 5. At
the 4th cycle, all the cells showed one major charging process at ~ 0.25
Vys.1i which was associated with a lithiation of Si to Li,Si, followed by a
minor charge process below ~ 0.2 Vyg1; which was associated with a
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Fig. 4. (a) Cycle life and (b) Coulombic efficiency of baseline, 10% CNT, and
10% CNF anodes in half-cells at 25 °C, tested by using a capacity-limited
cycling protocol (limited charging to 1800 mAh/g). The initial 3 formation
cycles were not shown for simplicity. .
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Fig. 5. Voltage and dQ/dV profiles at 4th, 10th, and 40th cycles of (a,b) baseline,

capacity-limited cycling protocol (limited charging to 1800 mAh/g).

lithiation of Li,Si to Lis 5Si. At the 40th cycle, the first lithiation process
at around 0.25 Vy, 1; was suppressed with abrupt voltage drop (AIeR) at
the beginning of the charging (i.e., lithiation) from the dQ/dV profiles
(marked with arrow). Also, the decrease in the charge capacity at ~ 0.25
Vys.Li With cycle number can be in part caused by an active material’s
(Si) contact-loss during cycling. To deliver the net charge capacity of
1800 mAh/g, the aged Si anode should experience deep charging (x > 2
in Li,Si at below 0.2 Vyg1;) at 40th cycle, which unwantedly increased
volumetric stress of Si [26]. This result confirms that the failure of the Si
anodes stems from the gradual mechanical degradation of Si particles
and increase in cell resistance.

Our results suggest that tailoring the carbon conductors enhances the
electronic conduction network inside Si anodes. Specifically, adding
10% CNF is shown to provide a significant improvement in the con-
duction pathway as evidenced by (1) the lower AleR drop (i.e., lower
electrode resistance), (2) maintaining good charge capacity at ~ 0.25
Vys.Li at 40th cycle, and (3) the improving overall cycle life.
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(c,d) 10% CNT, (e, f) 10% CNF anodes in half-cells at 25 °C, tested by using a

3.3. Effect of CNF and CNT on rate capability

We further examined the effect of CNF and CNT addition on fast-
charge and fast-discharge capabilities of the nano-Si anodes. Fig. 6a
and 6b compare the fast-discharge (i.e., delithiation) capabilities of CNF
and CNT added anodes, respectively. Baseline sample suffers from a
rapid decrease in achievable capacity, reaching only ~300 mAh/g at 7
C-rate. In contrast, fast-discharge capacity of Si anodes increased with
increasing CNF or CNT contents from 1% to 10%. Both 10% CNF and
10% CNT delivered the best fast-discharge performance of around
~1650 mAh/g at 7 C-rate. These results confirm that not only the long
fiber length (e.g., 20 — 200 ym) of CNF but also the intermediate lengths
(e.g., 2.5—20 um) of CNT can improve the contact with Si nanoparticles
and enhance electrical conduction within the anodes. Furthermore, the
incorporation of CNF and CNT into the carbon network can help reduce
particle isolation under severe volumetric stress during fast discharging,
enabling a larger amount of Si active material to be utilized. At a given
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Fig. 6. Fast discharging (i.e., delithiation) capability of Si anodes with various
(a) CNF and (b) CNT contents in half-cells. Fast charging (i.e., lithiation)
capability of Si anodes with various (c¢) CNF and (d) CNT contents in half-cells;
discharge capacities were plotted hear after the fast-charging.

content, CNF samples delivered slightly better fast-discharge capacity
than CNT samples probably due to the relatively longer fiber length of
CNF.

Figs. 6¢ and 6d compare the fast-charge (i.e., lithiation) capabilities
of CNF and CNT added anodes, respectively. Here, it should be noted
that the data plotted in Fig. 6c and 6d are discharge capacities obtained
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after each fast-charging in a range of 1 — 5 C-rates. Similar to the fast-
discharge test, baseline sample suffers from large capacity drop at
high C-rates; e.g., ~100 mAh/g at 5 C-rate. In contrast, the specific
discharge capacities after the fast-charging increased with the amount of
CNF, as shown in Fig. 6¢. Compared to the CNF samples, Si anodes with
10 wt% CNT only provided a marginal capacity increase. In the range of
1 — 3 C-rates, Si anodes showed higher fast-charge capabilities with the
order of 10% CNF > 5% CNF > 10% CNT, indicating the longer length of
CNF providing better conductivity, hence better overall fast charging
capability for Si anode.

The fast-charge capability of Si anodes was inferior to their fast-
discharge capability. This trend agrees well with our earlier report
[27], and can be explained by AleR drops of the cells at high C-rate. As
shown in dQ/dV profiles (see, Fig 5), LixSi alloying (i.e., charging) could
be incomplete during the constant-current (C.C.) charge process due to
limited voltage windows down to 5 mV even at C/10-rate. The amount
of AleR drops increase with higher C-rates, which in turn reduce the
charge capacity significantly as well as the following discharge capacity.
Although this incomplete charging issue can be partly alleviated by
employing constant-voltage charging at the low cut-off voltage (e.g., 5
mV in this study), it unwantedly prolongs the charging time. In this
work, we only used the C.C. charging process to compare intrinsic
fast-charging capabilities between baseline and CNF/CNT added Si
anodes.

3.4. Effect of CNF and CNT on cell impedances

Earlier section demonstrated that rate capability of Si anodes
(particularly, fast-charge capability) was governed by the cell imped-
ance. Therefore, we performed EIS characterization of various Si anodes
[28]. Fig. 7 compares Nyquist plot of the baseline anode with those of
CNF- or CNT-added Si anodes. The baseline anode suffers from signifi-
cant impedance growth from the 4th cycle to 45th cycle. Compared to
the baseline, anodes with CNF suppressed the growth of impedance from
the 4th to 45th cycle with increasing CNF contents from 1 to 10%.
Similar trend was observed from the CNT-added Si anodes. This EIS data
agrees well with the electrochemical data presented in earlier sections.

The complex impedance behaviors of Si anodes were further
analyzed by distribution of relaxation times (DRT) analysis to separate
individual impedance responses appearing at different time domain ()
from the Nyquist plots. Fig. 8 presents DRT plots obtained by processing
Nyquist plots shown in Fig. 7. The DRT plots consisted of multiple peaks
indexed by different colors. The high frequency (~10%° Hz) peak (pink)
corresponds to contact impedance from Si anode [29,30] while the two
peaks (green and yellow) appearing in a range of 10° — 10! Hz corre-
spond to impedance from SEIs on Li and Si [31,32]. The charge transfer
peak that resides below 10! Hz is omitted from the DRT plots because of
its unreliable value, which was caused by (i) artifact from Li SEI
occurring at low frequency region which, in turn, (ii) distort Warburg
type diffusion [28,33]. Such Li SEI driven errors at low frequency
domain would negatively impact the accuracy of removing the diffusion
tail from the Nyquist plot before the DRT analysis.

Fig. 9 compares the evolution of contact impedances determined by
DRT analysis. The DRT data of the baseline Si anode showed that its
contact impedance (pink) increased from 1.19 Qemg (4th cycle) to
28.30 Qemg (45th cycle). Such increase in contact impedance is an
indicative of the electrical contact loss between Si particles or between
Si and Cu-foil as a result of their chemo-mechanical degradation during
cycling. Compared with the baseline anode, both CNF and CNT added Si
anodes had significantly reduced contact impedance after 45th cycle.
For example, the contact impedance values of CNF added Si anodes were
18.4 Qemg (1% CNF), 2.7 Qemg (5% CNF), and 9.4 Qemg (10% CNF) at
the 45th cycle. the contact impedance values of CNT added Si anodes
were 19.9 Qemg (1% CNT), 3.1 Qemg (5% CNT), and 4.4 Qemg (10%
CNT) at the 45th cycle. In general, the 5% CNF and 5% CNT samples
offered the lowest contact impedances, followed by the 10% CNF and
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Fig. 7. Nyquist plots of Si anodes at 4th and 45th cycles in half-cells: (a) baseline, (b) 1% CNF, (c) 5% CNF, (d) 10% CNF, (e) 1% CNT, (f) 5% CNT, and (g) 10%

CNT samples.

10% CNT. These DRT data unambiguously confirms the observation
from Nyquist plots in Fig. 7, which showed significant decreases in
contact impedances (at high frequency region of > 1000 Hz) for 5% -
10% CNF and CNF samples.

As for the SEI impedances (green and yellow) in the range of 10° -
10! Hz, there are no noticeable trend depending on the CNF or CNT
contents. The changes in peak intensity are sporadic and not likely the
result of CNF or CNT since their addition will not alter chemical prop-
erties/compositions of SEI layers on Si particles. This impedance data is
in line with the cell performance data which showed that 5% and 10%
CNF and CNT could lead to positive impacts on capacity retentions (see,
Figs. 3 and 4) and rate capabilities (see, Fig. 6). The 1% CNT and CNF
would not be enough to improve electrochemical performance of Si
anodes.

4. Conclusions

Our systematic work demonstrated that by partially replacing carbon
black with CNT and CNF conducting additives, the performance of nano-
Si anodes can be significantly improved in terms of cycle life, rate
capability, and cell impedance. The nano-Si anodes with 5% — 10% CNF
and CNT could improve capacity retentions due to the significant
reduction in contact loss as evidenced by DRT analysis. Within the 5% —
10% composition, CNF samples delivered improved fast-charge (be-
tween 1 C and 3 C-rates) and fast-discharge capability (between 1 C and
7 C-rate) compared to CNT samples. However, the inclusion of 1% CNF
and 1% CNT did not result in a meaningful enhancement in the per-
formance of nano-Si anodes. Our results demonstrated that well-
controlled CNF compositions such as 5 — 10 wt% could achieve good
electrode morphology and electrochemical properties of the nano-Si
anodes. Although CNT also offered improved electrochemical
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Fig. 8. DRT plots of Si anodes at 4th and 45th cycles in half-cells: (a) baseline, (b) 1% CNF, (c) 5% CNF, (d) 10% CNF, (e) 1% CNT, (f) 5% CNT, and (g) 10%

CNT samples.
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performances, 5 wt% and 10 wt% CNT caused noticeable deterioration
in coating quality using our electrode processing methods. The out-
comes of this comparative analysis between CNT and CNF can provide a
valuable basis for the future optimization of nano-Si anodes, intended

for high-energy Li-ion battery applications.
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Fig. 9. Impedance growth for (a) CNF and (b) CNT added Si anodes comparing
to bare Si anode (None). The values were determined by the DRT analysis.
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