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Abstract

As a crucial material for fabrication of lithium-ion battery current collector, the properties of electrodeposited copper foil
are closely related to the battery performances. How to improve its properties is thus of great importance for battery design
and manufacturing. In this paper, we reported a novel composite additive, consisting of collagen, glycerol, hydroxyethyl
cellulose, and sodium polydisulfide dipropane sulfonate, for electrodeposition of high-quality copper foil from conventional
acid copper sulfate bath. Meanwhile, a pulse superimposed on direct current was used during the preparation process of
copper foil. It was demonstrated that the additive could improve the foil’s performances, through changing the kinetic
parameters of copper electrodeposition in sulfate bath. The optimized bath has a higher allowable current density during
superimposed current electrodeposition, in contrast to the situation in direct current electrodeposition. This may then lead
to an increase in deposition rate of copper foil, and a further improvement in surface roughness, grain size, residual stress,
as well as elongation. Specially, the superimposed current offers a number of adjustable parameters for modulating copper

foil’s properties in a wide range.
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1 Introduction

The conductivity of copper (5.7 x 10’ S m™!) is second only
to silver (6.3x 10’ S m™') among all the metals, but the
price of copper (2.57 USD Ib™"!) is much cheaper than silver
(260.54 USD 1b~!) [1-3]. Furthermore, the higher ductility
and larger reserves of copper, compared to other metals, as
well as merit of easy processing made copper foil to be the
most ideal negative current collector for lithium-ion batteries

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10800-020-01509-x&domain=pdf

490

Journal of Applied Electrochemistry (2021) 51:489-501

(LIBs) [4-6]. Presently, the manufacturing methods of cop-
per foils mainly included electrodeposition and rolling pro-
cess, in which the former was more popular due to its lower
cost, easier to operate, and higher production efficiency
[7, 8]. However, the growing requirements for better LIBs
required continuous performance improvement in copper
foil, such as suitable crystallographic orientation, smaller
grain size, lower surface roughness, and stronger mechani-
cal property. The above properties directly determined the
adhesive strength of electrode active substances with cop-
per current collector, during the flattening and winding of
electrode assembly, thereby influencing the battery perfor-
mances [9-12]. Consequently, various strategies in recent
years have been proposed to promote the comprehensive
performance of electrodeposited copper foil, which could
be summarized as follows:

(1) Bath Screening First, choosing a suitable bath is a
promising strategy to promote copper foil’s proper-
ties. So far, there are many baths available for copper
electrodeposition, such as alkaline [13], sulfate [14],
citrate [15], tartrate [16], and pyrophosphate [17]. The
above baths can change electrodeposition behavior of
copper by complexing copper ions, thereby improving
the coating properties. Although these baths have their
own specific competitive advantages, the copper sulfate
bath is still the most commonly used in industrial-scale
copper foil production [18-22]. This is because the sul-
fate bath has the merits of higher current efficiency, less
energy consumption, better solution stability, as well
as easier maintenance, and it is more suitable for high-
speed electrodeposition compared with other baths.

(2) Additive addition Another attractive strategy for
improving copper foil’s properties is adding additive to
the bath. The additive is a class of reagents, including
complexing agents and organic solvents, which have a
significant and positive effect on the performances of
copper foil, even in small doses. Its functional mecha-
nisms include not only complexing copper ions but
also absorbing on the cathode surface and thus, alter-
ing the electrochemical double layer as well as inhibit-
ing copper nucleation [23-26]. For example, gelatin, as
a widely used grain refiner and leveler, can markedly
elevate the deposition overpotential of copper, thereby
producing a smooth copper foil with fine, dense, and
uniform grain distribution [27, 28]. Hydroxyethyl cel-
lulose is a nonionic surfactant that can prevent pinhole
formation in copper foil [29]. In addition, compared
to the single additive, the composite additive is more
effective in decreasing surface roughness and improv-
ing ductility of copper foil [30-32].

(3) Optimization of electrodeposition parameters The cur-
rent modes, such as direct current (DC) and pulse cur-
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rent (PC), also have an appreciable impact on copper
electrodeposition. Briefly, a constant current is applied
in the case of DC deposition, while the applied cur-
rent is switched on and off repeatedly or periodically
reversed during the PC deposition. The DC deposition
is the most commonly adopted in copper foil produc-
tion because of its easily controlled and long-term
stable output current [19, 20, 27-32]. Although the
operation process of PC deposition is slightly more
complicated than that of the DC deposition, the for-
mer offers a larger number of parameters than does the
DC deposition to improve copper foil’s properties. For
example, the relaxation period in PC deposition enables
higher current to be applied during the transient period
without copper ions depletion, and the higher current
induces a larger polarization potential which in turn
elevates the deposition rates of copper. The mass trans-
fer limitation can also be alleviated in the PC deposi-
tion, thereby improving the deposit’s property [33-35].
There are sufficient evidences that the PC is better than
the DC in controlling the microstructure, and improv-
ing the tribological, mechanical, electrochemical, as
well as electrical performances of copper coatings [36—
41]. However, surprisingly little has been reported in
the production of copper foils using the PC deposition
[42]. This may be due to the fact that the fabrication
process of copper foils is different from that of gen-
eral copper coatings, in terms of operation procedure,
product usage, and quality requirements (e.g., thick-
ness, roughness, and ductility). More importantly, in
order to facilitate the foil peeling off from the substrate,
copper is electrodeposited on pure titanium which has
a very poor adhesive strength with copper due to its
surface scale [6]. It is completely opposite to the elec-
trodeposition of general copper coating which must be
tightly adhered to the substrate, so that the coating can
provide a good protection to other active metals. There-
fore, the previous experiences in the electrodeposition
of copper coatings are not fully applicable to copper
foil production.

Composite electrodeposition Besides the three strate-
gies mentioned above, another promising method to
enhance the performances of copper foil is the introduc-
tion of foreign materials, such as SiO, [43], TiO, [44],
carbon nanotube [45], and graphene (rGO) [46—49], to
form the composite foil. For instance, Song et al. [50,
51] prepared copper and graphene composite foil (Cu@
rGO) by the DC electrodeposition, and demonstrated
that the introduction of rGO also led to a reduction in
grain size, besides enhanced the mechanical strength
of copper foil. Pavithra et al. [52] synthesized the Cu@
rGO with higher hardness and elastic modulus, com-
pared to the pure copper foil produced by the PC elec-
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trodeposition. However, limitation still exists, since the
alien materials may decrease the conductivity, increase
the surface roughness, or introduce defects, and thus,
resulting in a poor corrosion resistance of copper foil
[53]. In addition, the high cost of composite electro-
deposition is an important factor to consider. Obvi-
ously, this method is not yet suitable for the industrial
production of copper foils as negative current collectors
for the LIBs.

Based on the understanding to the strategies described
above, one may conclude that a proper combination of the
composite additive and the PC electrodeposition can be more
beneficial than their individual effects on the performances
improvement of copper foil. For this reason, electrodeposi-
tion of copper foil from conventional acid copper sulfate
bath in the presence of a novel and effective composite addi-
tive using pulse superimposed on direct current (PC&DC)
was proposed in this study. The effects of composite addi-
tive on electrodeposition behavior, microstructural variation
as well as ductility of copper foil, and the structure—func-
tion relationship between the PC&DC current and the foil’s
properties were investigated. Detailed discussions were also
conducted to clarify the mechanism responsible for the per-
formance improvement of copper foils.

2 Material and methods

2.1 Electrodeposition of copper foil

Copper foil was electrodeposited from an acid copper sulfate
bath, consisting of 200 g L™! copper sulfate (CuSO,-5H,0),

60 g L' sulfuric acid (H,SO,), and 70 mg L™! sodium chlo-
ride (NaCl), in the absence and presence of the composite

react with cuprous ion (Cu%), thereby forming the slightly
soluble CuCl.] is beneficial to the anodic dissolution process
of copper [54, 55]. Two kinds of current modes, i.e., the DC
and PC&DC current, were employed during copper electro-
deposition. The optimal parameters for two modes are listed
in Table 1, and the optimization processes are as stated below.
Titanium (9 cm X9 cm) and copper plates (10 cm X 10 cm)
were used as cathode and anode, respectively. Prior to each
experiment, the cathode was degreased in an ultrasonic bath
of acetone for 300 s, activated with 10 wt% H,SO, for 20 s,
and then rinsed in deionized water. The thickness of copper
foil was controlled to approximately 8 pm by adjusting the
deposition time. The relationship between thickness (d, in pm)
and deposition time (¢, in h) is as follows [56, 57]:

Cjtn
d=—"" M
with
m
n= IC % 100%, )

where C is the electrochemical equivalent of copper (1.186 g
A~'h7Y), jis the current density (A dm™2), 5 is the current
efficiency, p is the copper density (8.93 g cm™>), m is the foil
weight (g), and [/ is the cathodic current (A).

2.2 Performance characterization

Surface morphology of copper foil was observed using scan-
ning electron microscope (SEM, Zeiss supra 55). According
to the X-ray diffraction (XRD, Panalytical X pert Powder)
information of copper foil, the grain size (G, in nm), texture
coefficient (7 ), and residual stress (o, in N m~2) were cal-
culated from the following formulas [58-60]:

additive with magnetic stirring (100 rpm). The bath’s pH value G = M’ 3)
is around 0.5. All chemicals were purchased from Shanghai peosd
Aladdin Bio-Chem Technology Co., Ltd., without any further
purification. Among them, CuSO, is main salt for providing Loy / Loy
cupric ion (Cu**), H,SO, plays a role in adjusting the bath’s Ty = m’ )
pH, and NaCl [To be exact, it is chlorine ion (C17) that can (HKDIZ0KD
Table 1 .The optimum b.ath Bath  Compositions Conditions
compositions and experimental
conditions of copper Sulfate bath Composite additive DC PC&DC
electrodeposition
CuSO, H,SO, NaCl A B c D Js Jtia T
gL™! gL™! mgL™! gL' gL' gL' gL' Adm? Adm? kHz K
I 200 60 70 2045 13 298
I 200 60 70 0.1 0.08 0.05 0.01 2045 13 298

where A, B, C, and D represent collagen, glycerol, hydroxyethyl cellulose, and sodium polydisulfide dipro-
pane sulfonate, respectively, j, is the direct current density, j, is the pulse current density, fis the frequency,

and T is the temperature

@ Springer



492

Journal of Applied Electrochemistry (2021) 51:489-501

d—d,
o=Le=LE27% _E 5. a0, (5)
2y 2y 4y Wy

where 4 is the X-ray wavelength (0.154 nm), 0 is the diffrac-
tion angel (degree), f is the full width at half maxima in 26,
Iy and L) are the measured and standard peak intensities
of (hkl) crystallographic plane, respectively, n is the total
number of crystallographic planes being considered, E is
the Young’s modulus of copper (1.078 x 10! N m~2), y is
the Poisson’s ratio of copper (0.35), ¢ is the strain (nm), d,,
and d are the lattice spacing before and after strain (nm),
respectively, and A28 is the angle variation.

The laser confocal microscope (Olympus DSX510) was
used to measure the surface roughness of copper foil. At least
three different locations were analyzed for each sample, and
each location was tested three times to get the average value.
The roughness calculation can be conducted automatically
with the Olympus’s software. More details of computational
process can be found in application note of Olympus Cor-
poration "Introduction to Surface Roughness Measurement."
The ductility of copper foil was evaluated by using electronic
universal testing machine (CREE 8007B) at a tensile rate of
2 mm min~!. The rectangle tensile specimens with a gage
length of 5 cm and a width of 1 cm were peeled from titanium
substrate. Each sample was measured eight times to get an
average value. After the test, the fracture morphology was also
analyzed using the SEM.

2.3 Electrochemical analysis

Electrochemical tests were carried out in the conventional
three-electrode cell controlled by a CHI 760E electrochemi-
cal workstation with glassy carbon [GC, diameter (¢)=3 mm]
or glassy carbon rotating disk electrode (GC-RDE, ¢ =5 mm),
platinum plate, and saturated calomel electrode (SCE) as the
working, auxiliary, and reference electrode, respectively.
Cyclic voltammetry (CV) was carried out using the GC-
RDE with rotation speeds of 100 rpm at various scan rates
ranging from 100 to 350 mV s~!. The GC-RDE is applied
because there is convection in the electrolyte between cath-
ode and anode in the actual production of copper foils [6,
7]. Linear sweep voltammetry (LSV) was conducted using
the GC-RDE at a scan rate of 1 mV s~! with rotation speed
of 100 rpm min~!. The chronoamperometry (CA) was per-
formed using the GC electrode at various potentials ranging
from—0.35t0—0.50 V.
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3 Results and discussion
3.1 Electrodeposition behaviors

Influences of the composite additive on electrodeposition
behaviors of copper, including discharge process, cathodic
polarization, and nucleation mechanism, were studied in
a conventional acid copper sulfate bath by means of CV,
LSV, and CA, respectively. The optimal additive concentra-
tion, obtained from a series of single-factor and orthogonal
experiments, is listed in Table 1. The optimization processes
are illustrated in the supporting information (Fig. S1-Fig.
S5, Table S1, and the corresponding discussions). It is well
known that organic additives can alter the electrochemi-
cal double layer by adsorbing on the electrode surface or
increase deposition overpotential through the complexation
with copper ions, thereby influencing copper electrocrystal-
lization as well as deposit properties. As for the additives
behaved differently, it is mainly related to their molecular
structure and mode of action. Among four ingredients of the
composite additive, collagen, hydroxyethyl cellulose, and
sodium polydisulfide dipropane sulfonate have the ability
to significantly improve the overall performances of copper
foils, while glycerol may contribute to the reduction of cop-
per’s grain size, the enhancement of foil’s ductility, and the
improvement of bath’s allowable current density.

3.1.1 Discharge process

The CV curves of acid copper sulfate bath (Bath I) at various
scan rates are shown in Fig. 1a. The curves have only one
cathodic peak (C) and one anodic peak (A), corresponding
to the one-step reduction (Eq. 6) and oxidation (Eq. 7) reac-
tions, respectively.

Cu** +2¢ - Cu, (6)

Cu — Cu®* +2e". (7)

It should be mentioned that the C1~ could complex with
Cu™ if the surface concentration got high enough (as stated
in the experimental section). At this point, the dissolution
processes of copper may involve the following equilibrium
reactions as well [54, 55].

Cu+Cl" - CuCl+e, ¥

CuCl - Cu** +ClI” +e". 9)

A crossover (E_,) between anodic and cathodic current
curves appears on the reverse potential sweep, which is
characteristic of the nuclei formation on electrode surface
[61]. Furthermore, the cathodic peak current density (j,,
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Fig.1 CV curves of acid copper sulfate bath in the absence (Bath 1) and presence (Bath II) of the composite additive at various scan rates (a, d),
Jp versus v'2 (b, e) and E,, versus logv (c, f) plots derived from the CV curves. The arrows indicate scan directions of voltages

in A cm™2) is gradually increased with the increase of scan
rates. Figure 1b reveals that the j, and the square root of
scan rate (v'’?) have a good linear relationship. This is in
accord with the theoretical formula of M. V. Mirkin and A.
J. Bard (Eq. 10) [62], indicating that the discharge reaction
is controlled by diffusion process.

J, = 0.4958nFcD'/*v!/*(anF /RT)'/2, (10)
where n is the number of electrons involved in the elec-
trochemical reaction (n=2 in this study), F is the Faraday
constant (96,485 C mol‘l), ¢ is the mole concentration of
electroactive species (c=0.8 mol L™!), D is the diffusion
coefficient (cm? s™'), v is the scan rate (V s7!), a is the
charge transfer coefficient which can be calculated accord-
ing to Eq. (11), R is the gas constant (8.314 J mol~! K71),
and T is the thermodynamic temperature (K).

E, - E,, = —1.85TRT/(anF), (1)
where E, is the cathodic peak potential (V) and E,,, is the
potential at half of the peak current density. It is noteworthy
that the j, versus v!”2 plots do not go through origin, which
may be due to the adsorption of reactants on the electrode
surface or electrolyte convection. However, this phenom-
enon also occurs in the convection-free system [13, 63-65].
Therefore, the results allow us to speculate that the discharge

reaction may be affected by the adsorption of reactants on
cathode surface.

Another noteworthy feature of the CV curves is that the
E,, shifts to more negative potential with the increase of scan
rates. As shown in Fig. Ic, the E; versus the logarithm of
scan rate (log v) is linear, that is also a characteristic of irre-
versible electrode process (Eq. 12) [62].

2.3RT
E,=K- SanF logv, (12)
with
RT 2.3 anFD
K=E"——=-]078 - =21 — |,
<~ anF [ 2 %8 ((KS)ZRT>] 3)

where Eg is the standard potential (V), and K is the kinetic
constant.

By comparing the CV results for acid copper sulfate
bath in the absence (Bath I, Fig. 1a—c) and presence of
composite additive (Bath II, Fig. 1d-f), it can be inferred
that the additive does not change above electrochemical
characteristics, i.e., the irreversible process under diffu-
sion control. However, the addition of composite additive
leads to a change in the kinetic parameters of copper elec-
trocrystallinzation. Table 2 shows the @ and D of copper
ions in both Bath I and Bath II calculated from their CV
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Table 2 The kinetic parameters Bath N j E E, E-E,, a D (x107%)
of copper electrocrystallization " b P P pp 1
in two baths calculated from mV's Adm v v v oo s
gzrl?;fg‘ges presented in I 100 28579  -0369  —0.186  —0.183  0.130 5.626
150 31.319 —0.400 -0.219 —0.181 0.132 4.455
200 34.121 —0.458 —0.240 —-0.218 0.109 4.777
250 37.448 —-0.491 —0.265 —-0.226 0.106 4.772
300 40.973 —0.484 —-0.262 —-0.222 0.107 4.676
350 43.653 —0.504 —0.265 —-0.239 0.100 4.900
Average 0.114+0.014 4.867+0.400
11 100 27.901 —0.388 —0.200 —0.188 0.127 5.509
150 29.379 —-0.418 -0.213 —0.205 0.116 4.440
200 33.693 —-0.424 -0.213 —-0.211 0.113 4.508
250 36.398 —0.480 —-0.250 —-0.230 0.104 4.588
300 39.027 —0.532 -0.274 —0.258 0.092 4.930
350 41.304 —-0.571 —-0.293 —0.278 0.086 5.100
Average 0.106£0.015 4.846+0.414
0 — - 3.1.3 Nucleation mechanism
, 7
5t L7 The CA curves of Bath I and Bath II at various step poten-
e tial are illustrated in Fig. 3a and d, respectively. As illus-
'gl0 7 trated, both curves show a sharp rise in current during the
° e initial period of potential step, and then the current gradually
;ils - e ’ decays and converges to a limiting value. The current rise
e — — BathI period results from the birth a.md growth of copper nu.cleqs
200 7 Bath 11 on the electrode surface, while the current drop period is
due to the fact that the continuous overlap of diffusion zones

25 L L L L L L L
-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10
E/Vvs.SCE

Fig.2 LSV curves of Bath I and Bath II at a scan rate of 1 mV s~
without iR correction

curves (Fig. la and d) according to Eq. 10 and Eq. 11.
As illustrated, both of the average a and D are slightly
lowered with the addition of composite additive to Bath I.

3.1.2 Polarization process

Figure 2 displays the LSV curves of two baths at a scan
rate of 1 mV s~! without iR correction. It can be clearly
seen that the curve (Bath I) shows obvious shifted to more
negative potential (Bath II) with addition of the composite
additive into acid copper sulfate bath, indicating the occur-
rence of cathodic polarization. Specifically, it is mainly
due to the collagen and hydroxyethyl cellulose in the com-
posite additive. As shown in Fig. S6, the cathodic polariza-
tion only takes place in Bath I containing the above two
ingredients.

@ Springer

around copper nucleus leads to a decrease in copper ions
concentration of the overlap zones [66—-68]. The maximum
current value of all the CA curves increases as the step
potential is set to more negative values, which is typical tree-
dimensional (3D) nucleation and growth process [69, 70].
Figure 3b and e presents the j versus £~/ plots for the CA
curves of two baths. As shown, there is a linear relationship
between j and #~'/? of all the plots during the current drop
period (the orange solid line), which satisfies the Cottrell
law (Eq. 14), demonstrating that the nucleation process of
copper at this stage is strictly controlled by the diffusion of
copper ions [71-73]. This result is also consistent with that
determined from the CV curves (Fig. 1b and e).

j =nFcAD" 2z~ 121/2, (14

where A is the electrode area (cm?) and 7 is the circular
constant (3.14).

For the nucleation process with 3D growth of nuclei con-
trolled by the diffusion of electroactive species, the Schar-
ifker-Hills (SH) model, which is the most widely accepted
nucleation model, can be employed to better understand
the nucleation mechanism of copper in two baths. The SH
model classifies the nucleation and nuclei growth into two



Journal of Applied Electrochemistry (2021) 51:489-501

495

a' b °
10+ J10f
20} 20}
=30 g30 g
Zwl Zaof =
;50 L :‘50 + ]
60f || 60}
70t 70r
x s
€ .10
0F
10f
o 20 o]
-530 a
_1:40 :
50 o
60|
70 ¢ y ’ 0.012 0.02 (:.04t/(§.06. 0.08 0..10 70 . . ! s p 1 y
0 3 3 o 9 12 15 5 5 1(;”21/58_”220 25 30 35

Fig.3 CA curves of Bath I and Bath II at various step potentials (a, d), j versus 2 (b, €) and non-dimensional plots (¢, f) with three-dimen-
sional instantaneous and progressive nucleation models derived from the CA curves

limiting cases, i.e., instantaneous and progressive nucleation
expressed by Eq. 15 and Eq. 16, respectively [74].

(1) wvmale) {2

as)

N2 A\ 2 2
(L) =1.2254<—> 1 —exp —2.3367(—) :
Jm Im I

(16)
where j, and 7, are the maximum value of current density
and the corresponding time, respectively. According to the
SH model, the CA curves of two baths were expressed in
terms of dimensionless variables by plotting (j/j,,)* versus
(t/t,,) (the broken lines) and compared with the theoretical
plots of instantaneous (the green solid line) and progressive
(the violet solid line) nucleation, as shown in Fig. 3¢ and f,
respectively. It can be seen that all the non-dimensional CA
curves are very close to the theoretical plot of instantane-
ous nucleation, suggesting that copper electrodeposited from
both baths displays instantaneous nucleation process. For
an instantaneous nucleation process, the number density of
formed nuclei (N, in cm~?) can be determined by using the
following equations [74]:

v 12564

"~ t7kD’ a7

2
N = $’ (18)
(0.6382nFDc)%k
with
1
2
k= <8”;M> , (19)

where M is the molar mass of copper (63.546 g mol~!) and
p is the density of copper (8.96 g cm™). The kinetic param-
eters of copper electrocrystallization thus obtained are listed
in Table 3. It is clear that the N of copper electrocrystalliza-
tion in Bath II is obviously lower than that in Bath I. The
ability of composite additive to change the abovementioned
behaviors may be due to the fact that it alters the electro-
chemical double layer by adsorbing on the electrode surface,
or inhibits copper nucleation through complexing Cu** [75,
76].

3.2 Performance characterization

3.2.1 DCelectrodeposition of copper foils

Figure 4a and b displays the surface morphology of cop-
per foils electrodeposited from sulfate bath in the absence
(Bath I) and presence (Bath II) of the composite additive.
The experimental conditions are listed in Table 1, and the
optimization processes can be found in the Fig. S7 and
Fig. S8, as well as the corresponding discussion sections.
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Table3 The kinetic parameters of copper electrocrystallization in
two baths calculated from their CA curves presented in Fig. 3a and d

Bath E tn Jm N (x10°)
mV S mA cm™> cm™?
1 —-350 0.125 541.018 9.000
—400 0.113 562.801 10.177
—450 0.053 678.784 31.802
—500 0.047 688.826 39.269
Average 22.562+15.295
I —350 0.258 349.081 5.074
—400 0.129 514.003 9.362
—450 0.111 539.604 11.473
—500 0.077 625.035 17.770
Average 10.920+5.286

The SEM images recorded at higher magnification are also
provided as supporting materials (Fig. S9). As illustrated,
the foil deposited from Bath II (Fig. 4b and Fig. S9b) has
much smoother surface with a smaller grain size than that
obtained from Bath I (Fig. 4a and Fig. S9a). The analysis
result of laser confocal microscope shows that the aver-
age surface roughness of two copper foils is 5.5 (Bath
I) and 2.0 pm (Bath II), respectively. The typical micro-
scope images are shown in Fig. S10. The XRD spectra of
two copper foils and corresponding calculation results of
texture coefficient, grain size, as well as residual stress

are depicted in Fig. 4c—f. It can be seen that both spectra
of two foils only exhibit three obvious diffraction peaks
indexed as (111), (200), and (220) (Fig. 4c). The maximum
texture coefficient of copper foils produced from Bath I
and Bath II, which corresponds to the foil’s preferential
orientation, is from (111) and (220) (Fig. 4d), respectively.
The average grain size (Fig. 4e) of two copper foils, which
was calculated using the Scherrer formula, is 98.7 (Bath I)
and 80.3 nm (Bath II), respectively. Moreover, addition of
the composite additive to acid copper sulfate bath results
a significant decrease in average residual stress (Fig. 4f) of
copper foils from 1.31 x 10% (Bath I) to 0.86 x 103 N m™2
(Bath II).

The ductility of two copper foils is illustrated in Fig. 5a.
The elongation and tensile strength values of copper foil
obtained from Bath II (5.0% and 369.8 MPa) are approxi-
mated 1.9 and 2.1 times higher than those of the foil
obtained from Bath I (2.7% and 176.6 MPa), respectively.
Observation of the fracture morphology may be helpful
to understand the ductility improvement of copper foils
with the addition of composite additive into acid copper
sulfate bath. As shown in Fig. 5b and b’, the foil produced
from Bath I displays a non-uniform and coarse fracture
surface after tensile failure, due to the concentration of
tensile stress. In contrast, the foil produced from Bath II
shows a homogeneous and smooth fracture surface (Fig. Sc
and ¢’), indicating that its tension distribution is relatively
uniform. As a result, the latter presents a better ductility.
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Fig.4 SEM images of copper foils electrodeposited from Bath I (a) and Bath II (b) with the average roughness values (R,), XRD spectra of two
coatings (c), and the texture coefficient (e), grain size (d), as well as residual stress (f) calculated from the spectra
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Fig.5 The elongation and tensile strength (a), as well as cross-sectional SEM images of copper foils electrodeposited from Bath I (b, b’) and

Bath II (¢, ¢’) after tensile failure

Many studies have been demonstrated that the decrease
in grain size of electrodeposited coatings could cause the
improvement of ductility and surface roughness [77-79].
As for the reduction of residual stress, it is mainly related
to the change in preferred orientation of copper coatings
(see Eq. 3-Eq. 5). Both of the grain size reduction and the
preferred orientation variation of copper foil are attributed
to the fact that the addition of composite additive changes
the kinetic parameters of copper electrodeposition in acid
copper sulfate bath (as stated above).

3.2.2 PC&DC electrodeposition of copper foil

In order to further improve the properties of copper foils,
a pulse superimposed on direct current was employed to
electrodeposit copper foils from the optimized bath (Bath
II), and its effects on microstructural variations and ductility
of the foils were investigated. Figure 6a is a schematic dia-
gram of the PC&DC electrodeposition. As shown, the pulse
current is switched on and superimposed on the direct cur-
rent in electrodeposition process, and therefore, the PC&DC
is expected to combine the characteristics of direct current
and pulse current, i.e., the former’s long-term stable out-
put current, and the latter’s high deposition rate as well as
advantages in control of deposit properties, including crystal
texture, grain size, roughness, thickness distribution, and
mechanical strength [80-82].

Surface morphology of electrodeposited copper foils at
different superimposed current density (j, +/4) is shown in
Fig. 6b—e. During the PC&DC electrodeposition, the direct
current density (jy=5 A dm™?) and frequency (13 kHz)
are constant. From these figures, it becomes clear that the

a jd+.ip

j/A-dm?

Ja

t/ ms

R,=2.82 pm 100 pm 100 pm

R,=1.46 pm 100 pm R,=1.44 pm

100 pm

Fig.6 A schematic diagram of the pulse superimposed on direct cur-
rent (a), and SEM images of copper foils electrodeposited from Bath
IT at various pulse current densities (j,): j,=5 A dm™2 (b), Jp=10 A
dm (¢), j,=15 A dm™ (d), and j,=20 A dm™* (e). The direct cur-
rent density (j;=35 A dm~2) and frequency (13 kHz) are constant
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grain size and surface roughness of copper foils are gradu-
ally decreased with the increase of pulse current density
(Jp)- Comparison with the SEM images of copper foils is
produced from the same bath at different j; (As shown in
Fig. S7, it displays a completely opposite trend.), and it can
thus conclude that the allowable current density of Bath I is
improved during the PC&DC electrodeposition.

Figure 7a exhibits the XRD spectra of two foils, in which
it is shown that the intensity of all diffraction peaks increases
significantly as the increase of j,, indicating an improve-
ment in the crystallization of copper foil. The correspond-
ing texture coefficient results illustrate that copper foil has
a (220) preferred orientation when the j, is 5 A dm™2, and
sequentially increasing the j, from 10 to 20 A dm~2 alters
the preferred orientation to (200) crystal plane (Fig. 7b). The
increase in j, also leads to enhancement of tensile strength
and elongation of copper foils, as illustrated in Fig. 7c.
Moreover, Fig. 7d gives the digital photographs of copper
foils electrodeposited at different j,. Obviously, the curl-
ing degree of copper foils is gradually improved with the
increase of j,, suggesting that the foil’s residual stress is
decreased.

This is because the high j; of DC electrodeposition
greatly reduces the concentration of copper ions near the
cathode surface, resulting in the nucleation rate of copper
lower than its growth rate, and therefore, the prepared foils
are relative rough. However, the current-off time of PC&DC

R,=1.11 R = 1.05
jp=5A-dm"2 jp=10A-dm‘2 7

Residual stress (R, X 103 N m?2)

R,=1.01
»—15A-dm™2

electrodeposition makes copper ions concentration of cath-
ode surface rise rapidly, which is favorable for using higher
current density in later cycle. It is well known that the over-
potential (y, in V) increases linearly with logarithmic cur-
rent (log i) following the Tafel relation [83]:

v =a+blogi, (20)

where a and b are the constants, respectively. It can be con-
cluded that the larger the i, the higher is the y. On the other
hand, according to the electrocrystallization theory, the high
cathodic y decreases the activation energy of nucleation,
resulting in an increased nucleation rate [84], and the crys-
tallographic orientations developed are also correlated with
the change in the y [85, 86]. While the changes in grain size
and preferred oriented plane of copper foils could affect the
surface roughness, ductility, and residual stress. As a result,
the foil electrodeposited under high j, has a relatively excel-
lent comprehensive property.

Table S2 presents a summary of the comparative results
for overall performance of copper foils electrodeposited
from Bath II using the optimal DC (j;=5 A dm~?) and
PC&DC (j,=20 A dm™2 +j4=5A dm~2) parameters. It
can be concluded that the properties of copper foil, includ-
ing the surface roughness, grain size, residual stress, and
elongation, can be further improved by using the PC&DC
electrodeposition. To the best of our knowledge, the ductility

0
Te;lsile strength
/ Mpa

R,=082
Jp=20A-dm-2

4 cm

Fig.7 The XRD spectra (a), texture coefficient (b), grain size, elongation as well as tensile strength (c), and digital photographs of copper foils

electrodeposited from Bath II at different superimposed current densities
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of our copper foils deposited by both DC and PC&DC tech-
niques is better than the commercial copper current collector
(electrodeposited and rolled copper foils) as well as other
electrodeposited copper foils published in the open litera-
ture and achieves the standard of Institute of Interconnecting
and Packaging Electronic Circuits, as illustrated in Table S2.
Therefore, the PC&DC electrodeposition provides an alter-
native approach to quickly produce high-quality copper foils.

4 Conclusions

Copper foils were electrodeposited from the conventional
acid copper sulfate bath in the presence of a novel com-
posite additive by using the pulse superimposed on direct
current. It was shown that the additive had no impact on
nucleation mechanism, i.e., an irreversible 3D instantaneous
nucleation process under diffusion control but changed the
kinetic parameters of copper electrocrystallization, e.g., the
increased deposition overpotential and lowered transfer coef-
ficient, diffusion coefficient, as well as number density of
formed nuclei. This may then lead to a change in preferential
orientation from (111) to (220) crystal plane, a reduction in
grain size, surface roughness as well as residual stress, and
a strengthening in ductility of copper foil. The superimposed
current deposition is possible to elevate the bath’s allowable
current density, thereby further improving the deposition
rate and properties of copper foil, compared to direct current
electrodeposition. Specially, the flexible parameter setting
of superimposed current can realize the convenient perfor-
mance regulation of copper foil’s properties. The results
confirmed the effectiveness of this new strategy which is
expected to guide the industrial productions, and provide a
theoretical basis for further performance improvement of the
electrodeposited copper foils.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10800-020-01509-x) contains supplementary
material, which is available to authorized users.
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