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Abstract—Cu foil has widely been used as a current collector for Li ion batteries due to its excellent electrical,
mechanical properties and facile fabrication process, but improvement in the properties of Cu foil is necessary for con-
tinuous development of the Li ion battery. Thinner and stronger Cu foil is being demanded, and the self-annealing of
Cu foil needs to be prevented for effective control of properties as well as higher productivity of the fabrication pro-
cess. We investigated the effects of three additives, 2-mercapto-5-benzimidazole sulfonic acid (2M5S), polyethylene gly-
col (PEG), and bis (3-sulfopropyl) disulfide (SPS), on the mechanical properties and self-annealing phenomenon of Cu
foil. Cu foil deposited with PEG shows the highest tensile strength and elongation after electrodeposition; however, it
experiences severe self-annealing for 48 hrs. On the contrary, 2M5S and SPS reduce the self-annealing phenomenon
with their incorporation into Cu film, while the initial mechanical properties are worse than those with PEG. There-
fore, combinations of additives are investigated to obtain both higher mechanical properties and excellent resistance
against self-annealing. Finally, 10 um-thick Cu foil having a tensile strength of 673 MPa and an elongation of 2.9%
without self-annealing can be fabricated using PEG-2M5S-SPS.
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INTRODUCTION

The Li ion battery has widely been used to provide power to vari-
ous electronic devices, such as laptop computers, cellular phones,
electrical vehicles, and portable consumer devices due to its high
energy density, high power density; long life, and low self-discharge
rate [1-3]. A Li-ion battery consists of two electrodes (active mate-
rials for lithiation and delithiation), a current collector, an electro-
lyte, and a separator [4]. Cu foil has typically been used as the current
collector for the anode of the Li ion battery due to its excellent con-
ductivity and low cost. Recently; it has been revealed that a thin-
ner and mechanically more robust current collector is required to
meet the demand for highly integrated energy storage devices.

Generally;, Cu foil is produced by electrodeposition. In detail, a
cylindrical metal drum acting as a working electrode is partially
submerged in the electrolyte and rotates during the process. Cu elec-
trodeposition takes place on the immersed metal drum, and the
deposited Cu film is then mechanically peeled off from the surface
of the metal drum. The properties of the Cu foil can be controlled
by changing the electrochemical variables, including current den-
sity and applied potential, and by deposition methods such as con-
stant current or potential, pulse or pulse-reverse electrodeposition,
rotating speed of metal cylinder, and the composition of electrolyte
[5-7]. In particular, the organic additives introduced in the electro-
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lyte critically affect the morphology and mechanical/electrical prop-
erties of Cu film [8-11]. For example, it was reported that the addition
of benzotriazole (BTA) or thiourea significantly reduces the grain
sizes of Cu deposits, thereby improving the mechanical hardness
in accordance with the Hall-Petch relation [10,12]. Also, pulse or
pulse-reverse electrodeposition can tune the mechanical and elec-
trical properties of Cu film [13-21].

In addition to the properties of Cu foil, the control of self-anneal-
ing is also important for improving the mechanical property and
fabrication process. Self-annealing is a phenomenon in which changes
in the microstructures of electrodeposited Cu occur without any
post heat treatment, accompanied with the diffusion of grain bound-
aries, resulting in an increase in grain size and the development of
(200) orientation [22]. Although a decrease in the electrical resis-
tivity due to the grain growth can be a benefit of self-annealing, the
loss of initial high strength is one of the limitations to making more
robust Cu foil [23-25]. In addition, self-annealing usually lasts for
a few hours or several days [26-32], which is significantly longer
than the electrodeposition process. The mechanical properties of
Cu foils should be stabilized before using them in Li ion battery
fabrication. Therefore, the use of produced Cu foils in the fabrica-
tion of Li ion battery is delayed until self-annealing finishes. Al-
though an additional thermal annealing process can be adopted to
accelerate the change in the properties of Cu foils, this method is
not cost-effective for bulk production. Therefore, accelerating or
eliminating the self-annealing of Cu foils could increase the pro-
ductivity of Cu foil and Li ion battery fabrication.

The self-annealing process of electrodeposited Cu films is affected
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by the thickness of the film and the deposition conditions includ-
ing electrodeposition modes (constant current, pulse, and pulse-
reverse electrodeposition), applied current density; and organic addi-
tives [29,33,34]. An increase in the thickness and current density
accelerates the self-annealing process [29,35]. However, the effects
of organic additives on self-annealing are not simple [35]. Although
it is obvious that self-annealing could not occur in the absence of
organic additives [35-37], self-annealing can be driven or prevented
by incorporating organic additives.

Self-annealing induced by incorporating additives has been ex-
plained in terms of the intrinsic instability of as-deposited Cu film
due to defect energy, impurity distribution, and stress by organic
additives [22,26-32,38]. Lee et al. [28] reported that an incorpo-
rated polyethylene glycol (PEG) could create local stress that accel-
erated the diffusion of the grain boundary. In addition, other studies
maintain that the impurities incorporated between grain boundar-
ies are driving forces of self-annealing of Cu by segregation and
diffusion [29,32]. It was also reported that the incubation time for
self-annealing was linearly increased with the ratio of stress and
impurity factors [34].

In contrast, it has been reported that the organic additives con-
taining sulfur or nitrogen atoms, such as 2-mercaptobenzothiazole
sodium salt, 2-mercapto-5-benzimidazolesulfonic acid sodium salt
dihydrate, and sodium-3-(5-mercapto-1H-tetrazole-1-yl)benzenesul-
fonate-monohydrate, are able to inhibit self-annealing [33]. Surholt
et al. [39] reported that Cu-S complex incorporated in Cu film can
act as the second phase particle, which effectively inhibits the motion
of grain boundaries. In addition, Matsuda et al. [33] observed that
the mercapto group and the functional groups containing nitrogen
atoms reduce the self-annealing phenomenon due to the increase
in the concentration of incorporated impurities.

Considering the method of controlling the film properties and
self-annealing of the Cu deposit, it is reasonable to suggest that the
development of an organic additive for Cu electrodeposition is a
proper approach to improve the properties of Cu foil as well as to
inhibit self-annealing. Therefore, we investigated the effects of PEG,
bis (3-sulfoproply) disulfide (SPS), and 2-mercapto-5-benzimidaz-
ole sulfonic acid (2M5S) on both the mechanical properties and
self-annealing of Cu foil and finally suggested the additive chemis-
try for the fabrication of Cu foil having excellent mechanical prop-
erties without self-annealing.

MATERIALS AND METHODS

The aqueous electrolytes for electroplating basically consisted of
14M CuSO,, 3.1 M H,SO,, and 0.85mM HCIl. To compare the
effects of additives, either 56 uM SPS, 10 uM PEG (MW=1,000),
243 uM 2M5S or their combinations were added to the electrolyte.
In the absence of any additives, Cu electrodeposition took place irreg-
ularly and mechanical tests were not feasible. The addition of PEG-
SPS is required to obtain smooth Cu foils, and we investigated the
effect of 2M5S on the mechanical properties of Cu foils in the pres-
ence of PEG and SPS. The temperature of the electrolyte was pre-
cisely controlled to 55 °C by using a temperature controller (Temp-
air control unit, Jungdo Instruments), and the electrolyte was circu-
lated by a mechanical pump. The electrodeposition was performed
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in a two-electrode system consisting of a Ti plate having a geomet-
ric area of 100 cm” as a working electrode and an insoluble IrO,/Ti
plate as a counter electrode. The current density for Cu electrode-
position was fixed at 600 mA/cm’, and the thickness of the Cu film
was controlled to 10 (+0.5) um.

The tensile properties of electrodeposited Cu foils were ana-
lyzed using a universal testing machine (UTM, 5965, Instron) with
a 1kN load cell at a strain rate of 50 mm/min. The measurements
were carried out three times, at 0 hr, 24 hrs, and 48 hrs after electro-
deposition to investigate the self-annealing phenomenon accord-
ing to the organic additives. The microstructure of the Cu film was
analyzed using a focused ion beam (FIB, VERSA 3D, FEI) com-
bined with a scanning electron microscope (SEM, VERSA 3D, FEI)
and X-ray diffraction (XRD, D8 DISCOVER, Bruker). The contents
of impurities in Cu foils were acquired using time-of-flight second-
ary ion mass spectrometry (TOF-SIMS, ION-TOF GmbH, Miin-
ster). The sheet resistance of Cu foils was measured by a four-point
probe (CMT-SR1000N, Chang Min Tech.).

RESULTS AND DISCUSSION

The true stress-strain curves of the as-deposited Cu foils from
single additive (2M5S, PEG, and SPS) are shown in Fig. 1(a), indi-
cating that the mechanical properties of Cu foils significantly dif-
fered according to the additives. It was observed that Cu foil de-
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Fig. 1. (a) Stress-strain curves for the Cu foils deposited with SPS,
2M5S, and PEG and (b) the values of E and K calculated from
stress-strain curves shown in (a).
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posited with PEG was the strongest and the most ductile, with a
plastic flow area having a wide range among the three Cu foils. Cu
foil from SPS also showed plastic deformation similar to PEG. How-
ever, 2M5S resulted in a stress-strain curve with a high slope, indicat-
ing high stiffness. Eventually, the Cu foil was torn at small elongation
(0.7%) without plastic deformation.

The stress-strain relation during elastic (Eq. (1)) and plastic (Eq.
(2)) deformations are given below [40,41].

o=E&; )]
or=0y+Ker” @

where o7 is the stress, & is the strain, E is Youngs modulus, K is the
strength coefficient in the plastic deformation regime, and o is the
constant.

Typical stress-strain curve of metal in a tensile test shows elastic-
plastic behavior. At the stress-strain curve, metal initially showed
elastic behavior, in which the stress is proportional to strain with a
constant slope (Youngs modulus), as described in Eq. (1). After
passing the critical point, the material experiences plastic deforma-
tion until it fractures. This plastic deformation is an irreversible
change which can be described by Eq. (2). That is, E and K can
describe the mechanical properties of Cu foil in the elastic and
plastic deformation regimes, respectively. The tensile strength of
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Fig. 2. Time-dependent (a) tensile strength and (b) total elongation
of the Cu foils prepared with SPS, 2M5S, and PEG.

Cu foil is the sum of the effects from both elastic and plastic defor-
mation [42-46].

When adding either SPS or PEG alone, the stress-strain curve
showed elastic behavior, followed by plastic deformation, which is
a typical characteristic of ductile materials. Youngs modulus (E)
can be obtained from the initial slope of the elastic region, and the
strength coefficient (K) is calculated from the plastic deformation
region in the stress-strain curve. However, the Cu foil prepared with
2M5S was broken at 0.7% of strain without plastic deformation
due to its brittleness; thus, only E can be calculated from Eq. (1).

Fig. 1(b) summarizes the E and K values for the three Cu foils
from the aforementioned equations. When using 2M5S, the high-
est E value (62.1 GPa) was obtained. However, 2M5S increased the
brittleness of the Cu foil. Therefore, the tensile strength was the
lowest because Cu foil was broken before the plastic deformation.
For Cu foil deposited with PEG, a lower E (46.9 GPa) in the elas-
tic deformation regime was obtained; however, the tensile strength
was the highest due to the highest K (3.17 GPa). In contrast, both
E (39.5GPa) and K (0.71 GPa) values were relatively low when
using SPS, which resulted in the lowest tensile strength (272 MPa).
The maximum strain measured at the fracture point was in the
order of PEG (3.5%)>SPS (2.8%)>2MS5S (0.7%).

While PEG is an additive that renders Cu foil more ductile and
stronger, it has been reported that Cu foil prepared with PEG could
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Fig. 3. (a) Stress-strain curves for Cu foils obtained using 2M5S-
PEG, PEG-SPS, and 2M5S-PEG-SPS and (b) the values of E
and K calculated from stress-strain curves shown in (a).
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experience significant self-annealing, which could change the mech-
anical properties from the as-deposited foil (4). Therefore, the changes
in tensile strength and total elongation as a function of shelf time
were analyzed. As presented in Figs. 2(a) and 2(b), the Cu foil de-
posited with PEG experienced severe self-annealing, as evidenced
by the drop in tensile strength from 688 MPa to 352 MPa and the
simultaneous increase in total elongation from 3.5% to 5.8% after
48 hrs. These results suggest that PEG is inappropriate for the indus-
trial process for the fabrication of Cu foil, as explained above. In
contrast, when using either 2M5S or SPS, no significant changes
in mechanical properties were observed.

Since the single addition of three additives was not appropriate
to fabricate Cu foil with high strength and ductility as well as to
prevent self-annealing of Cu foil, combinations of organic additives
were applied to the deposition of Cu foils. The true stress-strain
curves of as-deposited Cu films obtained from the additive combi-
nation are presented in Fig. 3(a). For all combinations, the tensile
strength/total elongation were comparable to those for PEG (639
MPa/2.12% for 2M5S-PEG, 627 MPa/2.66% for PEG-SPS, and 654
MPa/2.77% for 2M5S-PEG-SPS).

The E and K of Cu foils from the additive combinations are
summarized in Fig. 3(b). The E from the additive combinations was
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Fig. 4. Time-dependent (a) tensile strength and (b) total elongation
of the Cu foils prepared with 2M5S-PEG, PEG-SPS, and
2M5S-PEG-SPS.
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located in the middle of that from the single additive, ie., 2M5S
(62.1 GPa)>2M5S-PEG (52.4 GPa)~2M5S-PEG-SPS (51.0 GPa)>
PEG (46.9 GPa)>PEG-SPS (43 GPa)>SPS (39.5 GPa). Similarly, the
K values were in the order of PEG (3.17 GPa)>2M5S-PEG (3.06
GPa)>PEG-SPS (2.42 GPa)~2M5S-PEG-SPS (2.44 GPa)>SPS (0.71
GPa). The PEG resulted in high K value and total elongation that
were required to obtain high tensile strength. When SPS was com-
bined with PEG, the E, K, and total elongation reduced, leading to
the decrease in tensile strength. Compared to PEG-SPS, 2M5S-PEG-
SPS showed slightly higher tensile strength because the addition of
2MB5S increased E in the elastic deformation regime. Meanwhile,
relative to 2M5S-PEG, the 2M5S-PEG-SPS led to higher total elonga-
tion, which was probably because SPS further reduced the brittle-
ness of Cu foil caused by 2M5S. In summary;, PEG and 2M5S played
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Fig. 5. (a) Ratio of tensile strength before and after self-annealing
(g/0), (b) tensile strength and (c) total elongation after 48 hrs
according to the additives.
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‘PEG-SPS’

Fig. 6. Cross-sectional images of Cu foils deposited with (a) PEG-SPS and (b) 2M5S-PEG-SPS as a function of self-annealing period.

a role of improving tensile strength by providing high K and E values.

The time-dependent changes in the tensile strength and total
elongation of Cu foils obtained with additive combinations are shown
in Fig. 4. The 2M5S-PEG and 2M5S-PEG-SPS resulted in negligi-
ble changes in tensile properties during 48 hrs. Especially, the Cu
foil from 2M5S-PEG-SPS was the most stable against self-anneal-
ing (654 MPa to 673 MPa of tensile strength and 2.8% to 2.9% of
total elongation after 48 hrs). In contrast, for PEG-SPS, a decrease
in tensile strength and increase in total elongation were observed.
The extent of self-annealing for various additive combinations is
summarized by the ratio of oy (tensile strength after 48 hr)/c; (ini-
tial tensile strength) (Fig. 5(a)). The oy o; was close to 1 when using
either 2M5S or SPS alone, indicating good stability against self-
annealing. This value decreased to 0.51 with PEG. When combin-
ing PEG with 2M5S and SPS, this ratio increased to 0.95 and 0.70,
respectively. Adding both SPS and 2M5S to PEG further increased
gyl c; to nearly 1, implying negligible self-annealing. These results
indicate that 2M5S is the most effective additive for inhibiting self-
annealing. SPS also increases the resistance against self-annealing,
although it is weaker than 2M5S. Furthermore, we measured the
tensile strength of Cu foils deposited with 2M5S after annealing at
130 °C for 10 min. The tensile strength of the annealed Cu foils was
almost identical to that of the self-annealed Cu foils (3% ditference),
also supporting that the incorporated 2M5S effectively inhibited
property changes due to the grain growth.

The tensile properties of Cu foils after self-annealing are sum-
marized in Figs. 5(b) and 5(c). While the Cu foil deposited with
PEG showed the highest total elongation, this Cu foil underwent
severe self-annealing (g/5;=0.51). Among the additive combina-
tions showing a property change of less than 10%, 2M5S-PEG-SPS
showed the best tensile properties (673 Mpa of tensile strength and
2.9% of total elongation). This improvement of mechanical prop-
erties is due to (i) effective inhibition of self-annealing by SPS and
2MB5S, (ii) increase in E in elastic deformation regime by 2MS5S,
and (iii) decrease in brittleness by PEG and SPS enabling Cu foil
to undergo large plastic deformation with high K value.

To clarify the effect of 2MS5S on the inhibition of self-annealing,

we investigated the changes in the grain size, the crystal structure,
and the impurity contents of Cu deposits using two representative
samples (PEG-SPS and 2M5S-PEG-SPS). Figs. 6(a) and 6(b) show
a cross-sectional image of the Cu films deposited with PEG-SPS
and 2M5S-PEG-SPS, respectively. In the case of PEG-SPS, the grain
size dramatically increased from 115+3 nm (as-deposited) to 782+
500 nm (24 hrs) and to 1.2+1 um (48 hrs). On the contrary, in the
presence of 2M5S, the grain growth was strongly restrained (112+
31nm, 118+34 nm, and 112+10nm at 0, 24, and 48 hrs, respec-
tively). The smaller grains from 2M5S potentially increased the elec-
trical resistance of Cu foils. However, the sheet resistance of Cu foil
prepared with 2M5S-PEG-SPS (2.11 m2 sq ") was comparable to
that from PEG-SPS (2.12 mQ2 sq ). Since the grain size from 2M5S-
PEG-SPS was considerably larger than the electron mean free path
for Cu at room temperature (39 nm) [18], the effect of grain size on
the electrical resistance was negligible for the Cu foils examined in
this study.

In addition, the changes in the crystal structure were investigated.
XRD patterns for Cu films deposited with PEG-SPS and 2M5S-
PEG-SPS are shown in Figs. 7(a) and 7(b). In the case of PEG-SPS,
(200) crystal orientation significantly developed after 48 hrs from
the electrodeposition, while the (111) peak slightly increased. How-
ever, when Cu foil was deposited with 2M5S-PEG-SPS, the crys-
tal structure was much more stable; thus, the intensities of Cu, the
(111) and (200) peaks, were almost similar after 48 hrs. The peak
intensity ratio shown in Fig. 7(c) summarizes this behavior. The
(200)/(111) peak intensity ratio from the case of PEG-SPS contin-
uously increased, while it was constant for 2M5S-PEG-SPS. These
results imply that 2M5S assisted the formation of the Cu grains
that had the higher resistance against self-annealing; in particular,
2MS5S inhibited the development of the (200) orientation in the
Cu deposit. As reported by Hasegawa et al. [36], Cu (200) grains
grew dominantly during self-annealing due to the smaller strain
energy of the (200) orientation than that of the (111) orientation.
From Figs. 6 and 7, the addition of 2M5S inhibited the growth of
(200) grains, which enabled the mechanical properties of the as-
deposited Cu foil to be maintained.

Korean J. Chem. Eng.(Vol. 36, No. 6)
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Fig. 7. XRD patterns for Cu foils deposited with (a) PEG-SPS and
(b) 2M5S-PEG-SPS as a function of the self-annealing period,
and (c) the intensity ratios of (200) and (111) peaks.

As explained above, the incorporation of sulfur in Cu film is
important to inhibit self-annealing, and 2M5S was expected to in-
crease the sulfur content in Cu film because it has mercapto and
sulfonate groups. Therefore, we compared the sulfur concentrations
in Cu foils deposited with PEG-SPS and 2M5S-PEG-SPS using
TOF-SIMS (Fig. 8). In the absence of 2M5S (PEG-SPS), the sulfur
was detected due to the incorporation of SPS. When using 2M5S-
PEG-SPS, the sulfur content was ten-times higher than that using
PEG-SPS, implying the additional incorporation of 2MS5S. The sul-
fur atoms at 2M5S could bind with Cu ions, acting as second phase
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Fig. 8. Contents of incorporated sulfur in Cu foils deposited with
PEG-SPS and 2M5S-PEG-SPS.

particles and exert pinning pressure that diminished the grain bound-
ary motion (5). Compared to SPS, 2M5S was more rapidly incor-
porated during Cu electrodeposition. That is, the increase in the
sulfur content in the Cu deposit caused by the incorporation of
2M5S effectively inhibited the self-annealing phenomenon.

CONCLUSIONS

The combination of 2M5S-PEG-SPS was suggested for promis-
ing additive chemistry to obtain Cu foil having excellent tensile
properties and self-annealing resistance. When PEG was solely used,
the Cu foil initially showed very high tensile strength/total elonga-
tion; however, it also underwent rapid self-annealing. The incor-
poration of SPS and 2M5S prevented self-annealing, while the mech-
anical properties of Cu foils deposited with these additives were
worse than with the incorporation of PEG. Especially, 2M5S effec-
tively inhibited the development of (200) orientation and grain
growth during self-annealing. Based on the synergetic effect of PEG,
SPS, and 2MS5S, more robust and ductile Cu foil was obtained
with negligible self-annealing, which can shorten the production
time for Cu foil.
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