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Abstract : The cycle performance of Ti-Si alloy anode material for Li-ion batteries has been
investigated as a function of loading level of electrode using a nodule type of substrate, in
which the current collector of flat foil is also used for comparison. The Ti-Si alloy powders
are prepared by mechanical alloying method. The electrodes with the nodule type of current
collector exhibit enhanced cycling performance compared to those using the flat foil because
the alloy particles are more strongly adhered to substrate and the stress caused by lithiation
and delithiation reaction can be effectively relaxed by nodule-type morphology. It appears, how-
ever, that the cycle performance is critically dependent on the loading level of electrode, even
when the nodule type of current collector is applied. With high loading level, cracks are ini-
tiated at surface of electrode due to a steep stress gradient through the electrode thickness
during cycling, leading to capacity fading.
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1. Introduction

Li-ion batteries are known as the preferred form
of electrical energy storage system. Recently, an
increase in energy density of Li-ion batteries is
required. In this respect, Si has attracted attention
because it has a high storage capacity (3572 mAh g’
for Li;sSiy) compared to commercial graphite hav-
ing theoretical capacity of 372 mAh g' [1]. How-
ever, the practical application of Si anode is
hindered due to poor cycle performance caused by
the large volume changes (~300 %) upon charging
(lithiation) and discharging (delithiation). The large
volume change of the Si active material can lead
to the loss of electrical contact between active
material particles or between active material parti-
cles and current collector. To overcome the large
volume change and thus improve cycle performance
of Si anodes, various approaches have been used.
Most of the research has focused on the develop-
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ment of new anode materials including Si nano-
structures, Si alloys and Si/C composites [2-11].

On the other hand, the surface conditions of Cu
current collector such as surface morphology also
have a crucial role to play in dealing with the
problem regarding the volume expansion in Si-
based anodes [12-15]. Nevertheless, limited papers
have paid attention to the effect of current collector
on the cycle performance of Si-based electrodes
prepared by slurry-coating [16,17]. A nodule-type
Cu current collector appears to be effective in
improving the cycle performance of Si-based anodes
[16]. Moreover, it is very meaningful to investi-
gate the effect of electrode thickness on the cycle
performance of Si-based electrodes because the high
loading level of the electrode is needed for lith-
ium ion batteries with high energy density.

In this work, we demonstrate the morphology
effect of Cu current collector on the cycle perfor-
mance of Si alloy electrode with different loading
levels. Electrochemical performance of Ti-Si alloy
anodes using two types of Cu current collector,
conventional flat and nodule-type, has been com-
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pared as a function of loading level of electrode.

2. Experimental

Mechanical alloying to prepare Ti-Si alloy was
conducted for 3 h in a planetary mill with a water
—cooling system using a hardened steel balls and
vial, keeping ball to powder ratio of 10 : 1. Ele-
mental Si (325 mesh, 98%) and titanium hydride
(TiH,) were used as starting materials. The mechan-
ically alloyed Ti-Si sample shows two phases of Si
and the metastable silicide (U-phase) [18]. This
sample is designated in the text by the term MA
Ti-Si.

For evaluation of the electrochemical characteris-
tics, electrodes were fabricated by pasting an aque-
ous slurry containing 80 wt% active material, 10
wt% CB, and 10 wt% poly(acrylic acid) (PAA) on
two types of copper foil of flat substrate and nod-
ule-type substrate. The nodule-type Cu foil was
obtained from Iljin Electrofoil Co., Ltd. The slurry-
coated electrodes were then dried under vacuum at
180°C for 12 h and subsequently pressed. Coin
cells with working electrodes and Li foil counter
electrodes were assembled in an Ar-filled glove-box
using 1 M LiPFs in a mixture of ethylene carbon-
ate/diethyl carbonate (1:1 by volume) as the electro-
Iyte. The cells were discharged (lithiated) and
charged (delithiated) between 0.02 and 1.5V (vs.
Li/Li") at 30°C. Cells were discharged in constant
current—constant voltage (CC-CV) mode (a con-
stant current of 100 mA/g and then maintained at a
constant voltage of 0.02 V) and charged at a con-
stant current density of 100 mA/g for first the two
cycles. After that, the electrodes were cycled in CC
mode. Electrochemical impedance spectroscopy

(EIS) of electrodes after cycling was also performed
in a frequency range of 1 MHz to 10 mHz with
AC amplitude of 5 mV.

3. Results and Discussion

Fig. 1 a and b shows the cross-sectional SEM
images of the MA Ti-Si electrodes coated on flat
substrate and nodule-type substrate, respectively.
With nodule-type substrate in comparison with flat
substrate, it is considered that the contact area
between coating layer and current collector is large
and the composite coating layer is more strongly
adhered to the substrate, in which some small
active material (MA Ti-Si) particles can also be
anchored between nodules.

Fig. 2 shows the cycle performance and coulom-
bic efficiency of the MA Ti-Si electrodes coated on
flat substrate and nodule-type substrate, in which the
loading level for both electrodes was 4 mg cm™.
The electrode with nodule-type foil displays better
cycle performance than the electrode with flat foil.
The former electrode maintains high coulombic effi-
ciency of ~99.8% during cycling, while the latter
electrode shows a relatively low coulombic effi-
ciency of ~99.3%. In general, the cycle perfor-
mance of Si-based electrode is degraded mainly by
the following two mechanisms: one is the electrical
disconnection between active material particles or
between active material particles and current collec-
tor and the other is the continuous formation of
solid electrolyte interphase (SEI). The above men-
tioned failure mechanisms are associated with the
large volume change of the Si phase during
cycling. The volume contraction of the Si phase
upon delithiation process results in a loss of electri-

Figure 1. Cross-sectional SEM images of MA Ti-Si alloy electrodes on (a) flat and (b) nodule type substrate.
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Figure 2. Cycle performance and coulombic efficiency of
MA Ti-Si electrodes coated on flat and nodule type
substrate.

cal connection in the electrode. The large repeated
volume expansion/contraction can cause a failure of
SEI layer of the Si-based electrode, resulting in
continuous electrolyte decomposition and continu-
ous formation of the SEI layer. Based on these
considerations, the capacity retention of Si-based
electrodes during cycling can be expressed in terms
of cumulated relative irreversible capacities, in
which the relative irreversible capacity (RIC) with
cycling is defined as the ratio between the irrevers-
ible capacity loss and the delivered charge capac-
ity [19]. The relative irreversible capacity associated
with electrical disconnection and SEI formation is
defined as follows [19]:

RIC (disconn) = (Cc, — Ccps1) / Cecy )
where Cc, is the charge capacity at cycle n and
Cc,: is charge capacity at cycle n+1.
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RIC(SEI) = (CDn-H - Ccn) / CCn (2)
where Cp,; is the discharge capacity at cycle n+1.

Fig. 3a and b shows the cumulated loss of
RIC(disconn) and RIC(SEI) for both electrodes as a
function of cycle, respectively. The irreversibility
related to both of the electrical contact loss and
SEI formation is significantly lower for nodule-type
substrate electrode than that for flat substrate one.
This is supported by the cross-sectional and surface
SEM images after 20 cycles as shown in Fig. 4.
For the electrode with flat substrate, the surface
cracking proceeded markedly and the cracks propa-
gated inward, while the surface cracking was not
noticeable for nodule-type substrate although some
internal cracks are visible (Fig. 4c). This indicates
that the mechanical stability of the MA Ti-Si elec-
trodes is significantly enhanced using the nodule-
type substrate probably due to increased contact
area and adhesion between coating layer and cur-
rent collector.

On the other hand, even with the nodule-type
substrate the cycling stability appears to be depen-
dent on the loading level of the electrode. For the
nodule-type substrate, the cycle performance of the
electrodes, having two different loading levels of
4mg ecm? and 8 mg cm™, is compared (Fig. 5).
No major difference can be observed between both
electrodes until the 30" cycle. After that, the capac-
ity decay with cycling is significantly higher in the
case of the electrode with the higher loading level.
Cross-sectional SEM images of the electrode with
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Figure 3. Relative irreversibe capacity related to (a) disconnection (RIC(disconn)) and (b) SEI (RIC(SEI)) for MA Ti-Si

alloy electrodes of flat and nodule type substrate.
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Figure 4. Cross sectional and surface SEM images of MA Ti-Si electrodes (a,b) flat and (c,d) nodule type substrate after

20 cycles.
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Figure 5. Cycle performance and coulombic efficiency of
MA Ti-Si alloy electrodes on nodule type substrate with
two different loading level of 4 mg cm™ and 8 mg cm™.

the higher loading level reveal that cracks are
found at the initial stages of cycling (only after 10
cycles), and the cracks initiate at the electrode sur-
face as shown in Fig. 6(a). With increasing elec-
trode thickness, the mass transport limitations of
lithium ions in the electrolyte phase as well as the
impedance for electrons in the solid phase of the
electrode become dominating. Therefore, when the
electrode is discharged and charged, MA Ti-Si par-
ticles in the upper region of the electrode are
kinetically favored over those in the underlying
regions. As a result, more lithium ions are inserted

into particles in the upper region than in the under-
lying regions and thus a stress gradient through the
electrode thickness due to the volume changes of
MA Ti-Si particles becomes steep, leading to an
initiation of cracks at surface, while the particles
are more strongly adhered to substrate and the
stress can be effectively relaxed by nodule-type
morphology. In contrast with the mechanical disinte-
gration behavior of nodule-type electrode, in the
case of flat substrate electrode having the loading
level of 8 mgcecm™, the coating layer was com-
pletely detached from the substrate after only 10
cycles as shown in Fig. 6(b).

The difference in cycle performance between
nodule-type electrodes with different loading level is
also confirmed by electrochemical impedance
change with cycling. Fig. 7 compares the Nyquist
plots of electrodes with two different loading levels
of 4 mg em™ and 8 mg cm™ after 20, 40 and 60
cycles. It should be noted that the specific imped-
ance of the electrode was calculated based on the
weight of active material per cm? of the electrode,
i.e., weight specific impedance [20]. As shown in
Fig. 7, both electrodes comprise one depressed
semicircle in the high frequency range followed by
a straight line portion in the low frequency range.
The diameter of the depressed semicircle rep-
resents the overlap between the resistance of SEI
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Figure 6. Cross sectional SEM images of MA Ti-Si alloy electrode on (a) nodule type substrate and (b) flat substrate with

loading level of 8mg cm™.
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Figure 7. Nyquist plots of two electrodes on nodule type substrate with different loading level of (a) 4mg cm™ and of (b)

8$mg cm™

layer and the charge-transfer resistance, and the
straight line is related to the diffusion of lithium
ion [21,22]. The electrode with low loading levels
of 4 mg cm™ shows tiny variance in the cell resis-
tance during 60 cycles, indicating that the MA Ti-
Si electrode is maintaining stable interface imped-
ance for lower loading levels. Meanwhile, the resis-
tance of the electrode having high loading levels of
8 mgem? increases distinctly with cycling. As evi-
denced by SEM images (Fig. 4 and Fig. 6), the
electrode with lower loading level keeps the struc-
tural integrality well after the repeated cycles, while
the electrode with high loading level shows signifi-
cant mechanical cracking. As more and more active
material particles lose electrical contact with the
active material particles and/or current collector on
cycling, the impedance of the electrode increases as
illustrated in Fig. 7. These results indicate that the
performances of Si-based anodes can be effectively

enhanced only within a limited level of electrode
loading even with well modified current collector
like nodule-type foil. Above a critical thickness of
coating layer, the crack is created by the volume
changes of MA Ti-Si particles in the surface region
of the electrode, which can cause splitting of the
electrodes and lead to capacity fading upon pro-
longed cycling.

4. Conclusion

The electrodes coated on the nodule type sub-
strate exhibited enhanced cycling performance com-
pared to those coated on the flat foil. It is
considered that the particles are more strongly
adhered to substrate and the stress can be effec-
tively relaxed by nodule-type morphology. However,
the cycle performance is critically dependent on the
loading level of electrode, even when the nodule
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type substrate is applied. It appears that the perfor-
mances of Si-based anodes can be effectively
enhanced only within a limited level of electrode
loading even with well modified current collector
like nodule-type foil.
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