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In this work, we proposed a facile method to fabricate the three-dimensional porous copper current col-

lector (3D Cu CC) for a Si-dominant anode in a Li-ion battery (LiB). The 3D Cu CC was prepared by com-

bining chemical etching and thermal reduction from a planar copper foil. It had a porous layer employing

micro-sized Cu balls with a large surface area. In particular, it had strengthened attachment of Si-dominant

active material on the CC compared to a planar 2D copper foil. Moreover, the increased contact area

between a Si-dominant active material and the 3D Cu could minimize contact loss of active materials from

a CC. As a result of a battery test, Si-dominant active materials on 3D Cu showed higher cyclic perfor-

mance and rate-capability than those on a conventional planar copper foil. Specifically, the Si electrode

employing 3D Cu exhibited an areal capacity of 0.9 mAh cm-2 at the 300th cycles (@ 1.0 mA cm-2), which

was 5.6 times higher than that on the 2D copper foil (0.16 mAh cm-2).
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1. Introduction

Lithium-ion battery (LiB) is a dominant energy storage

system in the commercial field, especially for electric

vehicles (EVs) and portable devices due to its high energy

and power density [1-3]. As an anode material for LiBs,

silicon (Si) is one of the most promising candidates because

of its higher theoretical capacity (4200 mAh g-1) and cost-

effectiveness compared to graphite (372 mAh g-1) dominantly

used in the commercial field [4,5]. However, its large volume

change (300~400 %) during the LiB cycling causes a severe

degradation of a cell performance and a rapid decrease in

the capacity through a pulverization of silicon particles and

a delamination of active materials from the current collector

(CC) [6,7]. To overcome this obstacle, many researchers

have studied new synthesis and modification methods of a

nanostructured silicon with high durability [8-11]. However,

CC, which significantly affects the performance of silicon

electrode as an important component of electrode, has been

rarely studied. However, some studies reported that the

modification of CC improved the durability and performance

of Si-based electrode [12,13]. For example, silicon/graphite

composite anode employing the nodule-type CC showed a

higher cycle stability than that on a flat CC [12]. Moreover,

thin silicon film sputtered on the porous Cu substrate showed

a better electrochemical performance than that on the flat

Cu substrate, because the porous structure relieved the stress

on the silicon anode during cycling [13]. Unfortunately,

however, since the modification methods reported in the

above studies were based on compact film such as nodule-

type Cu film or thin film process such as magneton

sputtering, they are inappropriate in a high loading of active

materials, although it is very critical to use the electrode

practically. Therefore, alternative method to modify the

surface of CC, which can facilitate a high-loading of active

material of Si, and moreover can be fabricated by a facile

method, is necessary. Herein, we introduce a facile two-step

surface treatment using chemical oxidation and thermal

reduction to make the 3D-structured Cu CC (3D Cu), and

investigate the effects on the electrochemical performances and

stability in terms of surface analysis, material characterization,

and electrochemical impedance analysis.
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2. Experimental Methods 

2.1 Synthesis of 3D Cu

First, NaOH (Daejung Chemicals & Metals) and ammonium

persulfate (APS, Duksan Pure Chemicals) were dissolved in

distilled water to prepare 10.0 M NaOH and 1 M APS

solution, respectively. Second step was mixing 24 mL of

NaOH, 12 mL of APS and 54 mL of distilled water. After

making the solution, a copper foil was cleaned with 1 M

HCl solution several times. After drying the foil, the enamel

polisher was coated one side of the foil. The foil was

immersed in the as-prepared solution for 12 hours. After

that, the foil was cleaned by distilled water, acetone and

ethanol. After drying the foil for an hour in room temperature,

it was heated at 400 oC for 10 hours in a H
2
/Ar (5 v% of H

2
)

to make 3D Cu.

2.2 Materials characterization

X-ray diffraction (XRD) was conducted to characterize

the crystal structure of the materials using a D/MAX 2500V

X-ray diffractometer system (Rigaku) with Cu Kα radiation

in the range of 25o-85o. Scanning electron microscopy (SEM)

images for the copper foils were taken using a Hitachi S-4700

Field Emission Scanning Electron Microscope (FESEM) and

a JEOL IB-09020CP cross section polisher (CP).

2.3 Electrochemical measurements

The slurries for the Si anodes were made of 70 wt% Si

powder (CNvision), 20 wt% polyacrylic acid (Sigma Aldrich)

and 10 wt% SuperC65 (MTI) as conductive additive. The

obtained slurries were coated onto planar copper foil (2D

Cu) and 3D Cu, respectively. These electrodes were dried

overnight at 60 oC. The electrochemical performances of Si

half-cells were examined using 2032 coin-type cells. Each

cell consisted of Si on 2D Cu and 3D Cu as the working

electrode, a Li disk as the counter electrode, 1 M LiPF
6

solution in an EC/DEC solvent (1:1 by volume) with 10 wt%

fluoroethylene carbonate as the electrolyte, and a Celgard

2400 as the separator. The coin cells were fabricated in the

glove box with Ar atmosphere. Galvanostatic charge/discharge

test, rate capability test, cyclic voltammetry (CV) tests were

conducted using a battery charge/discharge cycler (WonATech).

The voltage window in every electrochemical test was 0.05-

2.0 V (vs. Li+/Li). Electrochemical impedance spectroscopy

(EIS) was conducted over a frequency range from 1 mHz-

100 kHz and a voltage amplitude of 10 mV via VSP potentiostat

(Bio-Logics). The areal loading masses of Si active materials

were 1.0 ± 0.1 mg cm-2. In the electrochemical tests, specific

capacity and areal capacity were calculated based on the

mass of Si.

3. Results and Discussion

Fig. 1 shows process of 3D Cu fabrication by a facile two-

step synthesis including chemical oxidation and thermal

reduction. In the chemical oxidation step, the shape of the

oxidized copper at the surface of foil are dependent upon the

concentration of the reactants, so the ratio of the reactants and

etching time were selected to obtain flower-like morphology

[14-16]. At the next step, thermal reduction, the CuO layer

Fig. 1. The fabrication method of 3D Cu current collector using chemical oxidation and thermal reduction, proposed in this
work
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reacts with H
2 

and successfully reduced to porous 3D Cu

[17,18]. The accompanying chemical reactions during

chemical oxidation and thermal reduction are described by

Eqution (1) and Eqution (2). In alkaline solution, surface

oxidation of copper into CuO could occur by Eqution (1).

During thermal reduction, surface CuO layer reacts with H
2
,

producing water vapor and 3D Cu corresponding to Eqution

(2).

CuO layer formation: Cu + 4 NaOH + (NH
4
)
2
S
2
O

8
 

→ CuO + 2 Na
2
SO

4
 + 2 NH

3
 + 3 H

2
O (1)

Thermal reduction of CuO: CuO + H
2
 → Cu + H

2
O (2)

In Fig. 2, the diffraction pattern shows that the surface of

Cu is successfully oxidized to CuO, and CuO is converted

to 3D Cu during subsequent thermal reduction. It is

confirmed by removal of several CuO peaks after thermal

reduction. To investigate the morphological change of Cu

current collector during fabrication process, the surface SEM

images are taken and shown in Fig. 3. 2D Cu (a) has flat

surface than other samples. The surface of CuO @ Cu (b)

is covered by the CuO flower balls consisted of several CuO

sheets. The size of a CuO flower ball is 3-5 µm. Thermal

reduction converts the CuO flower balls into the porous Cu

balls successfully, and 3D Cu (c-d) is successfully fabricated.

The size of a porous Cu ball is 3-5 µm, which is similar

with a CuO flower ball. From the cross-sectional SEM of

(e) 2D Cu and (f) 3D Cu, we could confirm that 3D Cu has

much higher surface area than 2D Cu, so it could contribute

to more contact points between active materials and CC. The

size of a porous Cu ball is 3-5 µm and the thickness of the

porous layer is about 10.6 µm. 

Fig. 4a-b show the CV plots of Si on 2D Cu and 3D Cu,

which is similar to the plots in the previous paper. The scan

rate at the first two cycles is 0.10 mV s-1 and the scan rate

at the 3rd, 4th, 5th and 6th cycles are 0.15, 0.20, 0.25 and

0.30 mV s-1, respectively. The number of an anodic peak and

the number for a cathodic peak are same as one. These peaks

are related with lithiation/delithiation of silicon anodes [19].

Both anodic peaks of 2D Cu and 3D Cu are based on the

Li alloying peaks at 0.05-0.30 V. The cathodic peaks of 2D

Cu are shown at 0.556 V and 0.599 V at the scan rate of

0.10 mV s-1 and 0.30 mV s-1, respectively. The cathodic peaks

of 3D Cu are shown at 0.520 and 0.576 V at the scan rate

of 0.10 mV s-1 and 0.30 mV s-1. The voltage of cathodic

peaks of 2D Cu are higher than 3D Cu at every scan rates

because of the higher overpotential at 2D Cu. The specific

currents of every peaks at every cycles at 3D Cu are higher

than that at 2D Cu. From the results of CV, we could expect

that 3D Cu increases the electrical conductivity of electrode,

which leads to the high specific capacity at the high current
Fig. 2. XRD diffraction pattern of 2D Cu, CuO/Cu and 3D
Cu

Fig. 3. SEM surface images of 2D Cu, CuO@Cu, and 3D Cu; (a) 2D Cu, (b) CuO @ Cu, (c-d) 3D Cu. Cross-sectional SEM of
(e) 2D Cu and (f) 3D Cu
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density. The rate capabilities of Si on 2D Cu and 3D Cu are

shown in Fig. 4c. The discharge capacities of Si on 3D Cu

shows superior capacities that are 2473, 1951, 1379 and 853

mAh g-1 at the current densities of 0.25, 0.50, 1.0 and 2.0 A

g-1, compared to Si on 2D Cu which shows capacities of 1714,

1302, 925 and 569 mAh g-1, respectively. The discharge

capacities of 2D Cu and 3D Cu are recovered to 698 and

1313 mAh g-1, respectively, at the 40th cycle with current

density of 1.0 A g-1. The recovered capacity of 2D Cu

(698 mAh g-1) is far lower from the specific capacity at the

earlier cycle (925 mAh g-1) with same current density of 1.0

A g-1. This phenomenon could be incurred by the detachment

of silicon from the surface of 2D Cu. For better understanding

of enhanced kinetics at 3D Cu, the charge/discharge profiles

of the Si on 2D Cu and 3D Cu are shown in Fig. 5a-b. The

cycle stability test of Si on 2D Cu and 3D Cu without the

first 5 cycles are shown in Fig. 4d. Discharge capacities of

Si on 2D Cu and 3D Cu are 1.86 mAh cm-2 and 2.07 mAh

cm-2, respectively, at the 6th cycle that is the first cycle with

the current density of 1.0 A g-1. Even though discharge

capacity of the Si on 2D Cu at the 300th cycle is 0.16 mAh

cm-2, the Si on 3D Cu shows remarkable discharge capacity

of 0.90 mAh cm-2. This superior cycle stability of Si on 3D

Cu is contributed by the increased area between active

materials and CC that induces better electrical contacts

between them.

Fig. 4. Electrochemical performances of Si on 2D Cu and 3D Cu; (a) CV plots of 2D Cu and (b) 3D Cu, (c) rate capabilities of
2D Cu and 3D Cu at various current densities (0.25 A g-1, 0.50 A g-1, 1.0 A g-1, 2.0 A g-1 for 5 cycles, 1.0 A g-1 for the other
cycles), (d) cycle stabilities of 2D Cu and 3D Cu without the first 5 cycles (0.25 mA cm-2 for 5 cycles, 1.0 mA cm-2 for the
subsequent cycles)

Fig. 5. Charge/discharge profiles of the Si anodes on 2D Cu and 3D Cu; (a) 2D Cu, (b) 3D Cu. (Current densities at 0.25 mA
cm-2 for first 5 cycles, 1.0 mA cm-2 for the other cycles)
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To clarify the reason of superior cycle stability of Si on

3D Cu, the EIS results of Si on 2D Cu and 3D Cu before

cycle stability test and after 300 cycles at 1 mA cm-2 are

shown in Fig. 6a-c, and values of each of the resistances

from the equivalent circuit (Fig. 6d) are shown in Table 1.

R
s
, R

SEI
, R

IEC
 and R

ct
 are electrolyte resistance, SEI resistance,

interphase electronic contact resistance, and charge transfer

resistance, respectively. CPE
SEI

 and CPE
ct
 are constant phase

elements (CPEs) corresponding to an imperfect double layer

of an SEI and a film, respectively. The variable W
o
 is an

open Warburg element in a low frequency alternating current

condition. R
IEC

 and CPE
IEC

 are the interphase electronic contact

resistance and CPE. The first semicircle associated with Si

on 2D Cu is larger than Si on 3D Cu before cycle stability

test. It means that the sum of R
s
 and R

ct
 at the 2D Cu is

larger than R
e
 and R

ct
 at the 3D Cu. From Fig. 6b-c, there

is a significant difference between the 2D Cu and 3D Cu

after 300 cycles. The second semicircle at the high frequency

occurs at the 3D Cu only and this semicircle is related to the

new component, R
IEC

 and CPE
IEC

. From the previous study,

the R
ct
 at the high frequency is due to the weak contact

between active material and conductive carbon, whereas

R
CAML

 occurs at the high frequency when the contact between

the CC and conductive carbon/binder system is tight [20].

Fig. 6. EIS results of Si on 2D Cu and 3D Cu; Experimental and fitted curves before (a) cycle test, (b, c) after 300th cycle of Si
on 2D Cu and 3D Cu with currents of 1 A g-1 corresponding to (d) the equivalent circuits

Fig. 7. The schematic representation showing the different contact area and adhesion strength with Si-dominant active
materials between the conventional 2D Cu and the fabricated 3D Cu current collectors
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Therefore, 3D Cu has large surface area that leads to the better

electrical contact between the CC and carbon/binder system.

Even though R
IEC

 is observed, the sum of all resistances at the

3D Cu are smaller than that at the 2D Cu. Moreover, all

kinds of the resistances (R
s
, R

SEI
 and R

ct
) at the 3D Cu are

lower than these values at the 2D Cu.

From the above results, we could conclude that 3D Cu

improves the electrical conductivity of Si electrode and

retains all kinds of binding among the anode components.

These improvements lead to the higher cycle stability, the

higher specific capacities and the lower overpotential of Si

on 3D Cu compared with Si on 2D Cu. Enlarged surface

area of 3D Cu could have enhanced all kinds of contacts

and retaining the structure during the subsequent cycles, as

shown in Fig. 7. We could conclude that enlarging surface

area of Cu current collector is one of the effective strategies

to improve electrochemical performances of Si electrodes,

and it can be achieved by simple surface corrosion and

subsequential thermal reduction.

4. Conclusions

The 3D Cu was successfully formed by a facile two-step

synthesis using a combination method of chemical oxidation

and thermal reduction. The fabricated 3D porous layer was

composed of the porous Cu ball of which size was 3-5 µm,

and its total thickness was 10.6 µm. It was notable that the

3D Cu was effective to alleviate the degradation of Si-

dominant anode during LiB cycles due to the strengthened

attachment of the active materials on a CC. Specifically, the

Si electrode on 3D Cu could maintain a relatively high

discharge capacity of 0.9 mAh cm-2 even after the 300th cycles

(at 1.0 mA cm-2), higher than that of 2D Cu (0.16 mAh cm-2).

It is because the electrical conductivity was improved

attributed to a large contact area between active materials

and CC, which could be confirmed from electrochemical

analyses using CV and EIS.
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