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Abstract The influence of a 200 nm Cu,O coating layer
on the electrochemical performance of an 800 nm Si thin-
film anode was investigated by cyclic voltammetry, elec-
trochemical impedance spectroscopy, and galvanostatic
charge/discharge measurements. The electrochemical per-
formance of the Si thin-film anode was improved by the
coating layer. The coated Si anode exhibited higher values
of conductivity in comparison with the pristine Si anode.
Scanning electron microscopy images of the anodes after
cycling test showed that the coated Si anode after cycling
test had less cracks than the pristine Si anode. The galva-
nostatic charge/discharge measurements reveal that the
cyclability and rate capability of the coated Si thin-film
anode were better than the pristine Si thin-film anode.

Keywords Lithium-ion batteries - Silicon anode -
Cu,0 coating

1 Introduction

It is well known that the solid electrolyte interphase (SEI)
plays an important role in the reversible cycling and long-
term stability of graphite anodes in Li-ion batteries due to
the surface passivation effect [1-4]. However, with silicon
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anodes—one of the best candidates for anode material in
Li-ion batteries, the development of an SEI layer results in
an opposite effect. During the intercalation process, the
huge volume change (c.a. 300 %) of Li-Si alloy [5, 6]
generates great mechanical stress and leads to the cracking
of the Si anode material. Although the “self-welding”
ability of Li-Si alloy has been confirmed [7], the formation
of an SEI layer on the Si surface destroys this welding
process. The SEI layer with the composition of oxides,
organic—inorganic salt species [8, 9] will cover the surface
of the cracks in alloy material, and hinders the patching
process of the cracks in the Si anode. The formation of new
cracks together with the development of old cracks results
in the pulverization of the Si anode after a short period of
time. To reduce the effect of the SEI layer on the perfor-
mance of the Si anode, a protective layer on the surface of
the Si anode is necessary. Several types of coating layers
based on carbon [10, 11], conductive polymers [12],
metallic oxides [13—17], and silicon alloy [18] have been
shown to improve the performance of Si anodes. Generally,
these coating layers not only protect the Si surface against
the formation of SEI layer, but also increase the conduc-
tivity of Si anode.

Among metallic oxide semiconductors, cuprous oxide
(Cu,0) has been recognized as a candidate anode material
in Li-ion batteries [19, 20]. Recently, many studies based
on thin-film [21, 22], and nanostructures [23-27] of Cu,O
have shown the applicability of this material as a potential
alternative anode material for Li-ion batteries. In another
approach, Fu et al. [28] showed the protective effect of a
Cu,0 layer, against the destruction of the propylene-car-
bonate-based electrolyte solution and the exfoliation of the
graphite anode. In the case of Si anode material, a confir-
mation of the protective effect of the Cu,O layers not only
helps to improve the electrochemical performance of Si

@ Springer



354

J Appl Electrochem (2014) 44:353-360

anode, but also gives a chance for the increase of specific
capacity of Cu,O anode material. In this paper, the con-
tribution of the Cu,0 coating layer, on the electrochemical
characteristics of amorphous Si thin-film anode, was
investigated by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). The composition
of the coating layer, before and after lithiation, was studied
by X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES). In addition, galvanostatic
cycling tests and SEM observation were also performed to
show the contribution of the Cu,O layer to the stability of
the Si anode structure.

2 Experimental
2.1 Preparation of materials

Amorphous Si thin films were first deposited on copper foil
using an electron cyclotron resonance plasma-enhanced
chemical vapor deposition (ECR-MOCVD) system. The
plasma was generated by the electron cyclotron resonance
of magnetic fields from two electromagnetic coils and a
2.45-GHz microwave source with a power of 700 W. For
the preparation of the deposition process, the reaction
chamber was pumped to a vacuum pressure of 10~ torr by
a turbo-molecular pump. During the deposition process, the
working pressure was kept stable at 1.5 x 1072 torr by a
throttle valve. For the deposition of amorphous Si thin-
film, the substrate temperature was kept at 200 °C, and a
gas mixture of Ar and SiH, was used at flow rates of 30 and
5 sccm, respectively. After finishing the deposition of the
Si thin-film, the sample was kept in the reaction chamber
for the deposition of Cu,O. The details of the deposition
system can be found elsewhere [29]. The substrate tem-
perature was kept at 250 °C. The flow rates of the (hfac)
Cu (DMB), O,, and Ar feeding gases were 5, 20, and
15 sccm, respectively. The deposition times of the amor-
phous Si and Cu,O thin-films were 15 and 30 min,
respectively. To protect the samples against oxidation, they
were kept in an Ar environment, while the temperature was
cooled down to room temperature by shutting off the
heater.

2.2 Material characterization and electrochemical
measurements

The morphology of the samples was observed using a Hit-
achi S-5500 scanning electron microscope (SEM). The
crystal structure of the samples was investigated using a
Bruker D8 X-ray diffractometer (XRD). The composition of
the Cu,O coating layer was analyzed by an Auger electron
spectroscopy (AES) (ULVAC-PHI, AES-PHI 700) and an
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XPS-VG Scientific X-ray photoelectron spectroscope (XPS)
with 27.9-W AlKua radiation at room temperature.

The half cells were fabricated in a dry room with
humidity at a dew point less than —60 °C. An anode with
an area of 2 x 2 cm” was separated from the Li electrode
by a polyethylene separator. The liquid electrolyte was
composed of 1 M LiPFs in ethylene carbonate, ethyl
methyl carbonate, and dimethyl carbonate (1:1:1 volume
ratio). Cyclic voltammetry (CV) and galvanostatic charge/
discharge measurements were performed in the potential
range of 0-2 V using a battery test system (Maccor Series
4000) at room temperature. The potential range CV ana-
lysis was carried out at a scan rate of 0.2 mV s~ '. The
impedance measurements were carried out by an electro-
chemical impedance spectroscopy system (EIS-Zahner IM
6) at amplitude of 10 mV and frequency range of 10~
10° Hz. The “KK test for Windows” software was used to
validate the quality of EIS data [30]. The deconvolution of
impedance spectrum was performed by Tikhonov regular-
ization method which implemented in the Ftikreg software
[31, 32]. The fitting of EIS data was performed by Zview
software.

3 Results and discussion
3.1 Structure and morphology

The cross section of the as-deposited Si thin films is shown
in Fig. la. The Cu,O crystals are pillar-shaped with
diameters of about 20-50 nm. The thickness of the Si thin-
film and Cu,O layer were estimated at about 800 and
200 nm, respectively. XRD analysis was performed to
determine the crystal structure of the deposited Si and
Cu,0O thin-films. However, no diffraction peaks were
observed in the XRD spectra. These results are similar with
literatures [33, 34].

It is well known that XPS is a powerful technique for the
study of transition metal compounds which have localized
valence d orbitals. Figure 1b shows the XPS spectrum of
Cu,0 coating layer. XPS peaks of Cu 2p1/2, Cu 2p3/2, and
O 1s were detected at 952.4, 932.5, and 530.2 eV,
respectively. Based on the disappearance of the satellite
peak in the region of 946-938 eV [35] and the position of
the O 1s peak [36], it can be concluded that the composi-
tion of the coating layer was Cu,O.

3.2 Cyclic voltammograms

The effect of Cu,O coating layer on the lithiation process
of the Si thin-film anode was investigated by the cyclic
voltammogram analysis. Figure 2a, b, respectively, present
the cyclic voltammograms of the pristine Si thin-film and
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Fig. 1 a The cross section of
copper-oxide-coated Si thin
films. b The XPS spectrum of
the copper oxide coating layer.
The inset shows the detail of the
Cu 2p1/2, Cu 2p3/2, and O

1s XPS peaks in the XPS
spectrum of the Cu,O coating
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Fig. 2 The comparison of the cyclic voltammograms of the pristine
Si thin-film (a) and the Cu,O-coated Si thin-film (b) as electrodes at a
scan rate of 0.2 mV s~
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the Cu,0-coated Si thin-film anodes obtained at a scan rate
of 0.2 mV s~ Generally, the lithiation behavior of both
samples was represented by four reduction peaks at around
0.42, 0.33, 0.19, and 0.02 V, and two broad oxidation
peaks at around 0.52 and 0.39 V. However, the transfor-
mation of the cyclic voltammograms from the 1st cycle to
the 4th was different between the two types of electrodes.
In the case of the coated Si electrode, the cyclic voltam-
mogram became stable after two cycles, while the pristine
Si electrode needed three cycles to obtain the same result.
This difference was even clearer in the oxidation behavior.
Based on the Gibb’s phase rule, the ambiguous present of
lithiation peaks showed a behavior of nonuniform phase
transformation in Si anode. At the same scan rate, the lower
intensity of the oxidation peaks in the case of the pristine Si
electrode revealed a lower intercalation level in compari-
son with the case of the pristine electrode.

A broad reduction peak at around 0.9 V, which showed at
the first cycle, was assigned for the lithiation of the Cu,O
coating layer. The disappearance of this reduction peak at
second cycle revealed that there was a change in the com-
position of the Cu,O layer after the first cycle. This conclu-
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sion was supported by the observation of George and co-
authors [37] recently. In that work, the authors pointed out
that the lithiation process of Cu,O was quite complex, and
there were tiny Cu particles which existed after cycling test.
Herein, AES analysis was performed to look for the existence
of Cu metal in the coating layer after first cycle of charge/
discharge. However, the AES spectra of the coating layer did
not show any change in the Cu LMM Auger peak [38]. There
was evidence for the extension of the Auger spectra of Cu
clusters by size effect [39]. This size effect may results in an
overlap of the Cu LMM peaks in the Auger spectra.

3.3 Electrochemical impedance spectroscopy
The effect of the Cu,O coating layer on the electrical

conductivity and surface properties of the Si thin-film
anodes was examined by electrochemical impedance
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spectroscopy. Figure 3a shows results of the Kramers—
Kronig (K-K) transform tests of the pristine and coated Si
thin-film anode. With residuals are mainly below 1 %, the
quality of EIS data is acceptable [40]. In this work, the
calculation of the distribution of relaxation times (DRT) of
electrochemical impedance spectra was performed to ana-
lyze EIS data [31, 32]. The DRT spectra of the pristine and
coated Si anodes after 20 cycles of charge/discharge are
presented in Fig. 3b. Generally, there are four impedance
arcs which can be identified by the DRT technique. At low
frequency, the diffusion of Li* ion into Si anode was
attributed to Al peak. By comparison of two spectra, A2
peak was assigned for the coating layer to the impedance
spectrum. In the range of very high frequency, the exis-
tence of A4 peak might come from the contribution of
connectors and current collectors. The last contribution
from electrolyte and Li cathode was assigned to A3 peak.
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Fig. 4 The Nyquist plot and the fitting result of the pristine Si thin-
film cell (a) and the Cu,O-coated Si thin-film cell (b)

For further investigation, the DRT analyses of the half cells
were performed at different sizes of Si anodes. However,
the DRT spectra showed the changes in intensity of all
DRT peaks at the different sizes of Si anode.

The equivalent circuit for EIS fitting was showed in
Fig. 3c, the diffusion of Li" ion into Si anode was modeled
by a Finite Length Warburg (FLW) element which can be
presented as follow:

Zriw = Rw(ja)‘f)_“ tan h(jwr)“ (1)

The value of o in Eq. (1) is in the range of 0—1. Ry is
constant, and 7 is the time constant of the diffusion process
(proportional to /*/D, where [ and D are the thickness of the
inserted thin-film and the diffusion coefficient of Li™ ions,
respectively).

The Nyquist plots of the pristine and coated Si thin-film
anodes were presented in Fig. 4a, b, respectively. The
equivalent circuit showed good fitting results. The fitting
results for resistance (R4) and diffusion coefficient of the
pristine anode are 1,999 Q and 1.4 x 1070 cm? s7h
respectively. In the case of the coated Si anode, these
values, respectively, are 74 Q and 1.42 x 1079 cm? s,
Although there was no improvement in the diffusivity of
the coating anode, it is clear that the conductivity of the
pristine Si anode were improved by Cu,O coating layer.

The DRT analysis also used to investigate the variation of
electrical properties of the Si anodes during cycling test.
Figure 5a showed the DRT spectra of the pristine Si anodes
after 20, 30, and 60 cycles of charge/discharge at 0.5 C rate.
During cycling test, the A2 peak increased and moved to the
low frequency region. The increase in intensity of this peak

showed the development of the SEI layer during cycling test.
This behavior was different with the case of the coated
electrode. In Fig. 5b, the intensity of A2 peak decreased with
the increase of cycle number. After 60 cycles of charge/
discharge, the shape of A2 peak becomes clearer. This fact
may results from the formation of an SEI layer on the surface
of the coating layer. The increase in the total impedance of
the coated anode after 60 cycles of charge/discharge in
Fig. 5d may caused by the contributions of SEI layer and the
poor contact of active material. In Fig. 5c, the decrease in
the total impedance of the pristine anode together with the
decrease of the specific capacity after 60 cycles of charge/
discharge may results from the loss of active material due to
cracking after cycling test.

3.4 Cycling performances

The cycling performance of the Cu,O-coated Si thin-film
anode in comparison with the pristine Si thin-film anode is
presented in Fig. 6. Galvanostatic cycling tests were per-
formed between 0 and 2 V (vs. Li/Li™) at 0.5 C rate. For
the calculation of the specific capacity of the thin-film
anodes, the weight of the active material was estimated by
the densities of Cu,O (6 g cm_3) [41] and amorphous sil-
icon (2.2 g cm ™) [42]. The voltage profiles of the pristine
and the coated anodes at first three cycles are presented in
Fig. 6a, b, respectively. At the first cycle, the specific
charge and discharge capacities of the pristine Si anodes,
respectively, were 2,673 and 2,380 mAh g~ '. In the case
of the coated Si anode, the specific charge and discharge
capacities at the first cycle were 1,994 and 1,610 mAh gfl,
respectively. As can be seen from figure, the lithiation
behavior of the Cu,O coating layer (at around 1.5 V)
almost disappeared after first cycle of charge/discharge.
The low value of coulombic efficiency at the first cycle and
the disappearance of the lithiation behavior of the Cu,O
coating layer at the second cycle may be caused by the
irreversible lithiation reaction in the Cu,O coating layer.

Figure 6¢ showed the cyclability of the pristine and the
coated Si anodes. The fading process of the pristine Si
anode after more than 20 cycles of charge/discharge was
presented by the decrease of the charging capacity and the
coulombic efficiency. It is clear that the cyclability of Si
thin-film anode was improved by the coating layer. After
100 cycles of charge/discharge, the charging capacities of
the coated and the pristine Si anode, respectively, were 509
and 342 mAh g~'. The rate capability of the Si anodes was
presented in Fig. 6d. The C-rate values were calculated
based on the current which applied on the cells at 1 C. The
coated Si anode exhibited a better rate performance in
comparison with the pristine Si anode.

The structural stability of the pristine and coated Si thin-
film anodes was observed by the SEM observations.
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Fig. 7 SEM morphology of a the pristine Si thin-film and b the
Cu,0O-coated Si thin-film anodes after 30 cycles of charge/discharge

Figure 7a, b, respectively, showed SEM images of the
pristine and Cu,O-coated Si thin-film anodes after 30
cycles of charge/discharge. In contradiction with the case
of pristine Si thin-film anode, where the anode was cracked
and separated into many islands about 10—40 pm in size,
the structure of Cu,O-coated Si thin-film anode was quite
stable after cycling test. As can be seen in Fig. 7b, only
small cracks can be observed on the surface of coated Si
thin-film anode even after 30 cycles of charge/discharge.
The stable in the structure resulted in the better electro-
chemical performance of the coated Si thin-film anode in
comparison with the pristine Si thin-film anode. As can be
concluded from CV and EIS analysis, the Cu,O coating
layer helped to improve the uniformity of the phase
transformation processes. This uniform phase transforma-
tion might result in the decrease of the stress in the coated
Si thin-film anode. In addition, the coating layer also pro-
tected Si surface against the formation and the develop-
ment of the SEI layer on the surface of the Si thin-film
anode and finally resulted in the longer lifetime and the

improvement of the stability of structure of the Cu,O-
coated Si thin-film anode during cycling test.

4 Conclusion

The coating of Cu,O layer on the amorphous Si thin-film
anode resulted in the improvement in the electrochemical
performance of Si thin-film anodes. This benefit caused by
the effects of coating layer on the increase of surface
conductivity and the restriction of the SEI layer formation.
Although there was no evidence for the change in the
composition of the Cu,O coating layer after cycling test,
we believe that the existence of the Cu tiny particles which
was confirmed in the literature resulted in the improvement
of surface conductivity of the coated Si thin-film anodes.
As a result, the improvement of surface conductivity
helped to improve the lithiation behavior of the coated Si
thin-films. Moreover, the coating layer also helped to
increase the uniformity of the phase transformation pro-
cess, and finally resulted in the decrease of stress inside the
Si thin-film anodes. Overall, the results in this paper have
shown the applicability of the Cu,O coating layer for the
improvement of the electrochemical performance of Si
anodes in Li-ion batteries.
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