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per current collector: improving
adhesion property between a silicon electrode and
current collector for flexible lithium-ion batteries†

Hyunkyu Jeon,‡a Inseong Cho,‡a Hearin Jo,a Kyuman Kim,a Myung-Hyun Ryou *a

and Yong Min Lee *b

Two types of Cu foil, conventional flat Cu foil and rough Cu foil, are used to fabricate silicon (Si) electrodes

for flexible and high-energy-density lithium-ion batteries (LIBs). Confocal microscopy and cross-sectional

SEM images reveal the roughness of the very rough Cu foil to be approximately 3 mm, whereas the

conventional flat Cu foil has a smooth surface and a roughness of less than 1 mm. This difference leads

to the improvement of the interfacial adhesion strength between the Si electrode and the Cu foil from

89.7 (flat Cu foil) to 135.7 N m�1 (rough Cu foil), which is measured by a versatile peel tester. As a result,

the Si electrode with high Si content (80 wt%) can deliver a significantly higher discharge capacity of

1500 mA h g�1 after 200 cycles, even at a current rate of 1200 mA g�1. Furthermore, when the

corresponding Si electrode is assembled into a pouch-type cell and cycled in the rolled conformation

with a radius of 6.5 mm, the Si electrode with rough Cu foil shows a stable cycle performance due to

better interfacial adhesion.
1. Introduction

Silicon (Si) has been in the spotlight as a highly promising
anode material for lithium-ion batteries (LIBs) because of its
superior gravimetric capacity (�4200 mA h g�1), which is
approximately 10 times that of conventional graphite anodes
(�370 mA h g�1).1–3 The large volume change of Si during
electrochemical cycling by up to 300% led to the development of
not only hierarchically nano-structured Si materials4–6 but also
more adhesive polymeric binders,1–3,7–12 and new types of
conductive materials.13,14 In particular, delamination of the Si
electrode layer from the Cu current collector must be prevented
to maintain the electronic connectivity during the service
period, which includes both high-temperature storage and
cycling. Although this problem can be solved by increasing the
binder content or using highly adhesive binders, the solutions
lead to other issues such as a decrease in energy density or an
increase in battery price. Although the current collectors have
been considered a necessary but less important material in LIBs
for a long time, the surface modication of the current
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collectors seems to be a practical and effective approach to
improve the interfacial adhesion strength between Si electrode
composites and Cu foil.

Many researchers have tried to make the current collector
surface as rough as possible to enlarge its surface area because
more contact points can lead to higher adhesion strength. In
2004, the electrochemical performance of a radio-frequency
(RF)-sputtered amorphous Si electrode on a rough Cu current
collector, which was simply prepared using sandpaper, was
quite improved by suppressing the delamination, although
there was no direct evidence.15 Another attempt was made with
nodule-type Cu foils for a Si/graphite composite electrode,
which led to enhanced cycle retention and reduced electrode
pulverization.16 Electrochemically roughened Cu foils were also
studied with the aim of obtaining better adhesion strength
between Si composite electrodes and current collectors.17,18

However, all of these studies focused simply on morphological
changes to the current collectors and the improvement of
electrochemical performance without any deep analysis of the
interfacial adhesion strength change or consideration of the
electrode composition and loading. Furthermore, to our
knowledge, no attempts were made to apply the current
collectors to exible LIBs with highly loaded electrodes.

Herein, an elaborate analysis of the surface morphology and
roughness of at and rough Cu current collectors was per-
formed to elucidate the interfacial adhesion property of Si
electrodes. The interfacial adhesion strengths of Si electrodes
were measured and compared using a versatile peel tester and
a surface and interfacial cutting analysis system (SAICAS). Then,
RSC Adv., 2017, 7, 35681–35686 | 35681
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we evaluated electrochemical properties of two Si electrodes
having different compositions—60 and 80 wt% Si—to examine
the roughness effect of the Cu current collectors. Finally, we
applied the Si electrodes on the at and rough Cu current
collectors in exible pouch-type LIBs and measured their elec-
trochemical performance in the rolled conformation with
a radius of 6.5 mm.

2. Experimental
2.1. Morphological analysis of Cu foil current collectors

To conrm the surface morphology and roughness of the at
and rough Cu foils, a confocal microscope (HYBRID Color Laser
Confocal Microscope, Laser Tec) was used. Both the 3D surface
images and depth proles were measured at full length. Field-
emission scanning electron microscopy (FE-SEM, S4800, Hita-
chi, Japan) was also used to investigate not only the surface
morphology of both types of Cu foils but also Si electrodes
based on them. In particular, the interfacial morphology could
be assessed by cutting the corresponding Si electrodes with an
ion milling system (E-3500, Hitachi, Japan) at a constant power
of 2.1 W (6 kV and 0.35 mA) under vacuum (<2.0 � 10�4 Pa).

2.2. Interfacial adhesion strength measurement

The adhesion strength of the Si electrodes was measured using
a peel tester (Versatile Peel Analyzer, Kyowa, Japan) and
a surface and interfacial cutting analysis system (SAICAS®,
Daipla Wintes, Japan). For the peel test, 19 mmwide and 50mm
long sample pieces of Si electrodes were attached to Nitto
adhesive tape and the peel strength of each electrode was
measured. The tape was detached by peeling at an angle of 90�

at the constant displacement rate of 30 mm min�1; the applied
load was continuously measured, and force/displacement plots
were produced. Aer the peeling, the surface morphologies of
the electrodes were observed using optical microscopy.

In addition, we measured the adhesion strength between the
Si electrode and Cu current collector using a SAICAS. For the
SAICAS measurements, a boron nitride blade (width ¼ 1 mm)
xed at a 45� shear angle was used. The interfacial adhesion
strength could be obtained under constant load mode by
moving the blade horizontally at 2.0 mm s�1. In a cutting mode,
the blade moves vertically with a force of 0.5 N until it reaches
the Cu current collector. In a peel mode, the vertical force is
changed from 0.5 N to 0.2 N to prevent further vertical move-
ment. The adhesion strength can be calculated by averaging the
horizontal forces during the peel mode and dividing the average
horizontal force by the blade width.

2.3. Electrode preparation

Two types of Si electrodes were prepared by coating slurries
containing Si particles (30–50 nm, 98+%, NanoAmor Inc., USA),
carbon black (Super P-Li®, Imerys Ltd., Belgium), and poly(-
acrylic acid) (PAA,MW ¼ 450 000, Sigma-Aldrich, USA) binder in
deionized water (type 1 ¼ Si/carbon black/PAA ¼ 60/20/20 by
weight, type 2 ¼ Si/carbon black/PAA ¼ 80/10/10 by weight) on
two kinds of Cu current collectors at Cu foil (thickness¼ 8 mm,
35682 | RSC Adv., 2017, 7, 35681–35686
roughness ¼ 1 mm, Iljin Materials Co., Ltd., Republic of Korea)
and rough Cu foil (thickness ¼ 8 mm, roughness ¼ 3 mm, Iljin
Materials Co., Ltd., Republic of Korea). Both types of Cu foils
were produced by an electroplating process. In particular, an
additional etching process was conducted on at Cu foil to
produce rough Cu foil. For convenience, the Si electrodes
produced by applying type 1 slurry to at Cu foil and rough Cu
foil are denoted as Si/fCu/622 and Si/rCu/622 (Si electrode
composite thickness ¼ 9, calendaring ratio ¼ 10%, loading
amount ¼ 0.37 mg cm�2), respectively. Likewise, the Si elec-
trodes produced by applying type 2 slurry to at Cu foil and
rough Cu foil are denoted as Si/fCu/811 and Si/rCu/811 (Si
electrode composite thickness ¼ 5, calendaring ratio ¼ 17%,
loading amount ¼ 0.20 mg cm�2), respectively. The loading
amount was controlled by the solid content in the slurry and the
clearance of the doctor blade. The coated Si electrodes were
dried in a convection oven at 80 �C in an air atmosphere for 1 h.

2.4. Cell assembly

2032 coin-type half cells were fabricated by stacking a Li metal
electrode (450 mm, Honjo Metal, Japan), a polyethylene sepa-
rator (ND420, Asahi Kasei E-materials, Japan, porosity ¼ 40%,
thickness¼ 20 mm), and Si electrodes (diameter¼ 12mm, dried
in a vacuum oven at 60 �C for 12 h before use) and injecting
a liquid electrolyte of 1.15 M LiPF6 in ethylene carbonate/ethyl
methyl carbonate (EC/EMC ¼ 3/7 by vol.) containing 5 wt%
uoroethylene carbonate (FEC, Panax Etec Co., Ltd., Republic of
Korea). The cell assembly process was performed in an argon-
lled glove box, where the dew point was maintained below
�80 �C. In addition, pouch-type cells (electrode dimensions¼ 3
� 3 cm2) with the same cell chemistry were fabricated in the
glove box.

2.5. Electrochemical measurements

The assembled coin cells were stored for 12 h before the elec-
trochemical tests. Cyclic voltammetry (CV) testing was per-
formed over the potential range of 0.05 to 2.0 V for 3 cycles at
a scanning rate of 0.1 mV s�1. A battery tester (PNE Solution,
Republic of Korea) was used for the cell formation and cycle
performance evaluation. The cells were precycled and cycled
between 0.05 and 2.0 V at constant current densities of 200 and
1200 mA g�1 at room temperature for formation and cycle
performance, respectively. The specic capacity and coulombic
efficiency of the unit cells were recorded for 200 cycles to
measure the cycle performance. The cycle performance of the
pouch-type cells was evaluated in the rolled conformation with
a radius of 6.5 mm for 50 cycles. The voltage range and current
density for this test were maintained at the same values as for
the coin cells.

3. Results and discussion

The surface roughness of the current collectors plays an
important role in determining the interfacial adhesion property
of LIB electrodes. The surface roughness proles of at Cu and
rough Cu were monitored using a high-precision confocal
This journal is © The Royal Society of Chemistry 2017
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microscope. As shown in Fig. 1a and b, the surface morphology
of at Cu and rough Cu were completely different. Contrary to
the extremely smooth surface morphology of conventional at
Cu foils, the rough Cu foils exhibited a rapidly vibrating surface
texture with a deeper roughness valley and a much shorter
roughness wavelength, the latter of which corresponds to the
distance between successive peaks or ridges in the surface
prole. From the roughness proles shown in Fig. 1c, we could
obtain simple numerical roughness values for the at and
rough Cu foils of approximately 1 mm and 3 mm, respectively.

The morphological properties of two different Cu foils, i.e.,
a at Cu and a rough Cu, were also compared with SEM. As
Fig. 1 Surface 3D morphologies of (a) flat Cu and (b) rough Cu. (c)
Depth profiles of flat Cu and rough Cu.

Fig. 2 Surface SEM images of (a) flat Cu and (b) rough Cu. Cross-
sectional images of (c) Si/fCu/622 and (d) Si/rCu/622.

This journal is © The Royal Society of Chemistry 2017
shown in Fig. 2a and b, the surface morphologies is clearly
different but has roughly the same roughness tendencies as
those seen by confocal microscopic data. On the other hands, as
shown in Fig. 2c and d, the cross-sectional images of two Si
electrodes coated on the at and rough Cu foils clarify where the
coated electrode materials are located and how their interfaces
Fig. 3 Cyclic voltammograms of unit cells with (a) Si/fCu/622 and (b)
Si/rCu/622 (scan rate ¼ 0.1 mV s�1).

RSC Adv., 2017, 7, 35681–35686 | 35683
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Fig. 5 Digital images of the electrode surfaces of (c) Si/fCu/622 and
(d) Si/rCu/622 after the peel test. Schematic illustration of the peel test
of (a) Si/fCu/622 and (b) Si/rCu/622.
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look. Obviously, the Si/rCu has more contact points than the Si/
fCu (Fig. 3).

The electrochemical activities of the two Si electrodes (Si/
fCu/622 and Si/rCu/622) were evaluated using a CV test. The
Si/rCu/622 electrodes exhibited a slightly higher current density
during the rst cycling, which continuously became much
larger in the subsequent cycling. Finally, Si/rCu/622 showed an
oxidative current of 0.16 mA in the third cycle, which was twice
as high as that of the reference Si/fCu/622 (0.085 mA). This
capacity increasing behavior of Si/rCu means that more Si
particles on the rough Cu foils were easily activated to partici-
pate in electrochemical reactions under the same voltage
change because of more contact points at the interface between
electrode coating layer and current collectors.

The adhesion strength of two different types of Si electrodes
(Si/fCu/622 and Si/rCu/622) was measured and compared. As
shown in Fig. 4, Si/rCu/622 showed higher adhesion strength to
that of Si/fCu/622, which is equivalent to an increase of
approximately 151% (Si/fCu/622 ¼ 89.7 N m�1, Si/rCu/622 ¼
135.7 N m�1).

This enhancement is related to the better interfacial adhe-
sion properties of Si electrodes on the rough Cu foil. Aer the
peel test, the surface structure of Si electrodes was monitored
using a digital camera. As shown in Fig. 5a and b, a large
amount of Cu current collector was exposed aer the peel test
for Si/fCu/622, whereas Si composite still covered the entire
region of the Cu current collector for Si/rCu/622. To facilitate
understanding of the phenomenon, the peeling mechanism of
each Si electrode was illustrated in the schematic gures. As
shown in Fig. 5c, the Si/fCu/622 was delaminated mainly from
the interface between Si electrode composites and Cu current
collectors. On the other hand, as shown in Fig. 5d, the Si/rCu/
622 was able to maintain a stable interface between the Si
composite and the Cu current collector due to physical inter-
locking, resulting in peeling near the middle of the electrodes.

We attempted to determine the interfacial adhesion strength
of Si/rCu/622 using a SAICAS. This technique can measure the
adhesion strength at a specic depth by cutting the electrode
Fig. 4 Adhesion strength profiles of Si/rCu/622 and Si/fCu/622 during
the peel test.

35684 | RSC Adv., 2017, 7, 35681–35686
with a micro blade.19,20 We found that the interfacial adhesion
strength of the Si/rCu/622 was still higher than that of the Si/
fCu/622 (Si/rCu/622 ¼ 292.2 N m�1, Si/fCu/622 ¼ 231.0 N
m�1; Fig. S1, ESI†), but the increase of 121% was not compa-
rable to that measured by the peel test. This inconsistency
might be related to the measurement limitation of SAICAS.
What we measured was not the real interfacial strength but
rather an averaged value of the interfacial and bulk adhesion
strengths (Fig. S2, ESI†).

We investigated the effect of the surface roughness of Cu
current collector on electrochemical performance of Si elec-
trodes. The electrochemical properties of the Si/fCu and Si/rCu
were evaluated with 2032 coin-type half-cells. Two different
electrode compositions were tested to investigate the binder
content effects (Si/rCu/622 and Si/rCu/811 for rough Cu foil and
Si/fCu/622 and Si/fCu/811 for at Cu foil).

As shown in Fig. 6 and Table 1, both Si electrodes delivered
quite high specic discharge capacities of 2600 to 2800 mA h
g�1 and initial coulombic efficiencies (ICEs) of 79 to 82%, which
indicates that neither the roughness nor the binder content has
an effect at the early stage of cycling. On the other hand, their
cycle performances were surprisingly different from each other,
depending on the Cu foil type and binder content. There was no
difference in the discharge capacity retention behavior or
coulombic efficiency values of the Si electrodes containing 60
wt% of Si active materials regardless of Cu foil type (Si/fCu/622
and Si/rCu/622). Both types of Si electrodes delivered similar
discharge capacities of approximately 1300 mA h g�1 and
exhibited an average CE of 98.6% for 200 cycles. In contrast, the
Si electrodes having a lower binder content of 10 wt% were
sensitive to the Cu foil roughness. Si/rCu/811 showed much
better cycle performance, maintaining its discharge capacity of
approximately 1500 mA h g�1 aer 200 cycles, whereas the Si/
fCu/811 delivered 900 mA h g�1 under the same operating
conditions.

Aer cycling, the interface between Si electrode and Cu
current collector was observed. The Si electrodes containing 60
wt% of Si active materials regardless of Cu foil type (Si/fCu/622
and Si/rCu/622) showed a rm adhesion between Si electrode
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The first charge–discharge voltage profiles (current density ¼ 200 mA g�1), cycle performance (current density ¼ 1.2 A g�1), and
coulombic efficiencies of (a and b) Si/fCu/622 and Si/rCu/622 and (c and d) Si/fCu/811 and Si/rCu/811.

Table 1 Specific capacities and coulombic efficiencies of Si electrodes (Si/fCu/622, Si/rCu/622, Si/fCu/811, and Si/rCu/811) during initial cycling
and their discharge capacities after the 200th cycle related to Fig. 6

Charge capacity
(mA h g�1)

Discharge capacity
(mA h g�1)

Coulombic efficiency
(%)

Discharge capacity
aer 200th cycle (mA h g�1)

Si/fCu/622 3267 2607 79.8 1276
Si/rCu/622 3279 2602 79.4 1229
Si/fCu/811 3355 2750 81.9 914
Si/rCu/811 3404 2782 81.7 1479

Fig. 7 Cycle performances of pouch-type flexible batteries (bending
�1
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and Cu current collector aer cycling (Fig. S3, ESI†). Si/fCu/811
showedmuch cracking and peeling between Si electrode and Cu
foil compared to Si/rCu/811 (Fig. S4, ESI†). From these results,
we discerned that the better interfacial adhesion properties of Si
electrodes and rough Cu foils resulted in improved cycle
performance. In this regard, the total cell resistance of fCu-
based Si electrodes was larger compared to those of rCu-based
Si electrodes regardless of electrode composition (Fig. S5, ESI†).

The roughness effects of the Cu foils were also investigated
with exible pouch-type LIBs having the same Si electrodes, Si/
fCu/622 and Si/rCu/622, that were used in experiment described
above. Both Si electrodes were electrochemically cycled in the
rolled conformation with a radius of 6.5 mm (Fig. S6, ESI†). As
shown in Fig. 7, contrary to the cycle performance under the
mechanically unstressed condition (Fig. 6), the Si/rCu/622
showed much better cycle performance than the Si/fCu/622.
In other words, the roughness effects of Cu foil are more
evident in the exible batteries.

The capacity increase of Si electrode at the early stage of
cycling was observed as shown in Fig. 6d and 7. This behavior is
This journal is © The Royal Society of Chemistry 2017
attributed to the Si electrode stabilization.2,5,21 Electrically iso-
lated Si particles can be rearranged and electrically reconnected
during repeated volume expansion and contraction, resulting in
radius ¼ 6.5 mm) at a current density of 1.2 A g for 50 cycles.

RSC Adv., 2017, 7, 35681–35686 | 35685
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capacity increase. Although the exact mechanism for this
behavior is currently unclear, our results suggest that the Si
electrode stabilization depends not only on the composition of
Si electrode but also on the battery type.

4. Conclusions

The roughness effects of Cu foils on Si electrodes in LIBs were
successfully investigated by analyzing the interfacial adhesion
property and performing electrochemical performance tests. In
particular, not only peel test but also SAICAS was applied to
compare the adhesion properties of Si electrodes in more detail.
When Cu foils with a roughness of 3 mm were used for the Si
electrode, they deliver much better cycle performance, espe-
cially under lower binder content and in the mechanically
stressed condition. Thus, increasing the roughness of the Cu
foil, or any other current collector, should be carefully consid-
ered for electrode materials having a large volume change such
as Si.
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