
Gabrielle Bachand
Department of Materials Science and Engineering,

University of Nevada Reno,
1664 North, Virginia Street,

Reno, NV 89557-0338
e-mail: gbachand@unr.edu

Jason Mennel
Department of Materials Science and Engineering,

University of Nevada Reno,
1664 North, Virginia Street,

Reno, NV 89557-0338
e-mail: jmennel@unr.edu

Dev Chidambaram1

Department of Materials Science and Engineering;
Nevada Institute for Sustainability,

University of Nevada Reno,
1664 North, Virginia Street,

Reno, NV 89557-0338
e-mail: dcc@unr.edu

Improved Performance of Silicon
Anodes Using Copper
Nanoparticles as Additive
Nanoscale copper has been successfully integrated into a silicon-based anode via a cost-
effective, one-step process. The additive was found to improve the overall electrical conduc-
tivity and charge/discharge cycling performance of the anode. Analysis of the new material
shows that copper particles are homogeneously interspersed into the silicon active layer.
The formation of Cu3Si during the annealing step of the fabrication process was also con-
firmed using X-ray diffraction and is thought to contribute to the structural stability of the
anode during cycling. Despite the inclusion of only small quantities of the additive (approx-
imately 3%), anodes with the added copper show significantly higher initial discharge
capacity values (957 mAg−1) compared to anodes without copper (309 mAg−1), and they
continue to outperform the latter after 100 charge/discharge cycles. Results also show a sig-
nificant decrease in the resistance of anodes with the additive, a contributing factor in the
improvement of the electrochemical performance. [DOI: 10.1115/1.4056841]

Keywords: lithium-ion battery, electrochemical performance, X-ray diffraction, copper
silicide, electrochemical storage

Introduction
Development of high capacity yet economically viable Li-ion

battery electrode materials remains a high priority in the research
field as power demands of new technologies rapidly increase and
greater societal concern for the sustainability of materials continues
to grow [1]. Restrictions in the performance capabilities of current
Li-ion battery materials especially hinder the advancement of elec-
tric vehicles, renewable energy generation, and portable technolo-
gies [2,3]. One of the most expansively researched anode
materials is silicon, and it continues to prove to be a compelling
choice compared to other anode candidates due to having the
highest theoretical gravimetric capacity of materials for standard
Li-ion batteries and exceptional volumetric capacity [4]. Silicon
also shines as a sustainable material option due to its general
natural abundance and non-toxicity [5]. However, several unfavor-
able characteristics of silicon prevent the material from becoming
more prominently utilized. Factors such as the large volume
changes upon lithiation/delithiation and poor capacity retention
have hindered the commercial viability of predominantly silicon-
based anodes [5–7]. Another prominent issue is the low electrical
conductivity of silicon (electron conductivity of 10−3 S/cm) com-
pared to that of graphite (104 S/cm) [8]. While the low conductivity
of silicon is not a significant issue for very thin film electrodes
(which almost act as a 2D electrode) for solid-state batteries [9],
it needs to be addressed for traditional Li-ion batteries [8]. The
most common approach to mitigate this issue is to supplement
silicon with a carbon component either in the form of a mixture
additive (such as conductive carbon) or as an integrated material.
Examples of the latter include carbon-coated silicon [10,11],
silicon/carbon embedded frameworks [12], or variations of
silicon/carbon composites [13–15]. Literature indicates that addi-
tives with higher conductivity provide greater electrical contact
within the active material structure, thus enhancing the electro-
chemical performance of the anode. Though silicon/carbon integra-
tion methods have proven successful in demonstrating increased
capacity, impressive results have also become achievable with the
addition of metallic components.

The addition of different transition metals has been shown to
enhance the performance of silicon-based anodes [16–18], and
there is significant research investigating silicon/metal composite
materials [19]. Many studies have been dedicated to improving
silicon anode characteristics, specifically with the addition of
copper. Copper is well-known for its high electrical conductivity
(resistivity of 1.68 × 10−8 Ωm, 20 °C), and it has been studied in
forms such as arrays [20,21], coatings [22,23], and depositions
[24,25] with silicon. Silicon/copper composites have been synthe-
sized and yield promising results in improving performance
[26–29]. In several reports, Cu3Si was shown to be an effective con-
tributor to improved stability and performance of silicon anodes as
it can have a buffering effect to combat large volume expansion,
and the compound can be formed using a variety of facile
methods [25,26,30–33]. Copper has also been studied as a nanopar-
ticle additive for anode materials [27,34,35], and it is advantageous
that the small particle size allows for thorough integration into the
silicon anode structure; however, these studies involve varying
degrees of complexity for industry application. Although numerous
strategies to help address functional issues with silicon anodes have
been explored throughout the past decade, further development of
effective and economic solutions is still needed as the demand for
improved battery performance continues to grow.
The motivation for this study derives from the concept of using a

copper component to lessen the undesirable functional attributes of
silicon as an anode, however, accomplishing this by means of a
straightforward and economic method. As Li-ion battery fabrication
facilities swell in production size, simplicity, and cost-effectiveness
of potential solutions are of significant interest and have a greater
likelihood of success in the industry [36]. This study investigates
the one-step addition of copper nanoparticles via CuCl2 to
improve the overall cycling performance of silicon-based anodes.
An experimental anode made with CuCl2 as a substitute for conduc-
tive carbon is also assessed to determine the viability of using exclu-
sively silicon with CuCl2 as the active material.

Experimental
Sample Preparation. The following chemicals were used for

anode fabrication: silicon nanopowder (<100 nm, 98% purity,
Sigma-Aldrich), polyvinylpyrrolidone (PVP, Sigma-Aldrich),
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carbon black Super P (CB, 99% purity, Alfa Aesar), and copper
dichloride anhydrous powder (99.995% purity, Beantown Chemi-
cal). A control batch was made using approximately 200 mg
silicon, 720 mg PVP, and 20 mg CB dissolved in ethanol and
mixed to form a homogeneous slurry using a magnetic stirrer at
room temperature for 1 h. The control batch was denoted as “Si
only.” The procedure was replicated for a second batch with the
addition of 20 mg copper dichloride, denoted as “Si–Cu.” A third
batch was then made without CB and with 20 mg copper dichloride,
denoted as “Si–Cu (NC)” where “NC” corresponds to “no conduc-
tive carbon.” Sample procedure as described by Zhong et al. was
used to prepare the samples [17].
Two sample preparation methods were executed for physical

characterization. Sample slurries were spread onto copper foil
using Meyer rod application, and the films were allowed two
hours to air-dry prior to annealing under argon at 700 °C for
15 min. Anode discs of 1.3 cm diameter were punched from the
annealed foils and were measured to have approximately
0.03 mm thickness and 0.3 mg cm−2 material loading.
For further characterization methods, a thin layer of each of the

sample slurries was spread on a tantalum foil coupon. Tantalum
foil was selected as the platform rather than a copper foil in order
to clearly distinguish the copper content in the annealed slurries
during characterization methods. The coated coupons were
allowed to air-dry for 2 h, and then, they were placed in a tube
furnace to anneal under argon at 700 °C for 15 min. Once cooled,
the annealed coatings were removed from the tantalum platforms
for use in characterization.
For electrochemical testing, annealed and punched anode discs

were transferred to an argon-filled glove box for coin cell assembly.
The glove box was maintained with water and oxygen at less than
1.0 ppm. The coin cells (CR2032-type) were assembled using
1.3 cm diameter discs of lithium foil (Alfa Aesar, MA, USA) as
counter and reference electrode, Celgard 25-μm-thick membrane
as separator (MTI), and the experimental anode discs. The electro-
lyte was a solution of 1.0 M LiPF6 in ethylene carbonate (EC) and
diethyl carbonate (DEC) with a 1:1 volume ratio (Sigma-Aldrich).
Coin cells were assembled and then sealed with an electric
crimper (MTI).

Sample Characterization. The surface characteristics and parti-
cle sizing of the anode disc samples were examined using scanning
electron microscopy (SEM) with a Hitachi S-4800 microscope
(JEOL, Tokyo, Japan). Raman spectroscopy was also performed on
the materials using a Thermo Scientific DXR Raman Microscope
with a 532-nm laser at 10 mW power. The Raman data were collected
at 10× magnification and a spot size of 50 µm. For the remainder of
the characterization techniques, annealed coating samples were used.
Energy-dispersive X-ray spectroscopy (EDS) was performed on the
sample coatings using an Oxford EDS system. The samples were
then investigated using X-ray diffraction (XRD) with a Rigaku Smar-
tLab XRD using CuKα radiation from 20 deg to 100 deg 2θ and a
step size of 0.07 deg at a scan rate of 0.5 degmin−1. Rigaku
PDXL2 analysis software and JCPDS cards were used in assessing
the XRD data. Following this, inductively coupled plasma optical
emission spectrometry (ICP-OES) analysis was conducted using a
PerkinElmer ICP-OES 8000 (Waltham, MA) to confirm the presence
and composition of copper within the experimental samples. For
ICP-OES, samples were dissolved in nitric acid. Calibration standards
were purchased from SCP Science, and reported results showed less
than 3% relative standard deviation.

Electrochemical Measurement. The fabricated coin cells were
then tested using electrochemical impedance spectroscopy (EIS)
with an Ametek PARSTAT 4000 instrument and a frequency range
from 100 kHz to 0.01 Hz. Then, charge and discharge cycling of
the cells was performed using an MTI multichannel battery analyzer,
galvanostatically in the voltage range from 0.01 V to 1.5 V at room
temperature. To establish active layer lithiation and solid electrolyte

interphase (SEI) layer development, cells first completed two cycles
at a lower current density of 100 mAg−1 before proceeding to full
testing. All sample tests were performed at a current density of
250 mAg−1 and for 100 cycles.

Results and Discussion
Characterization Results. In producing the anode slurry coat-

ings, homogeneity and even distribution of the copper additive in
the mixture is important to maximize the contact of the additive
and silicon for greater conductivity. Figures 1(a)–1(c) show the
SEM micrographs of the Si-only, Si–Cu, and Si–Cu (NC) sample
surfaces, respectively. As shown, the surfaces are comprised of par-
ticles with nanoscale diameters, and the particles form larger aggre-
gates. Particles seen on the anode surface are evaluated to be in the
range of 5–20 nm. Little visual difference can be seen between the
three samples at 40 k-× magnification, indicating that the addition
of CuCl2 did not substantially alter the surface morphology. The par-
ticle distribution also appears consistent across the surfaces of the
anode discs as there are no anomalous formations. Figures 1(d )
and 1(e) show the results of EDS elemental mapping of copper for
the Si–CuandSi–Cu (NC) samples at 40 k-×magnification, confirm-
ing the visual observations that the copper is uniformly distributed
throughout the silicon-based coating.
Further SEM analysis, as shown in Fig. 2, illustrates how copper

helps improve the conductivity of the electrode. Taken in YAGBSE
mode at 1 k-× magnification, clear pathways can be seen of copper
particles percolating throughout the surface that would aid in elec-
tron transport. Figure 3 shows SEM results contrasting the copper
particle sizes compared to silicon and carbon electrode material.
Figure 4 shows a comparison of the Raman spectra of the

samples at 10× magnification. All samples exhibit the same four
prominent peaks: two corresponding to silicon at approximately
520 cm−1 and 950 cm−1 [37–40] and two corresponding to graphite
carbon [35,41,42]. The graphite D peak and G peak are visible at
approximately 1350 cm−1 and 1580 cm−1 and have similar peak
heights between the samples. The calculated intensity ratios for
the two carbon peaks (ID/IG) of the Si only, Si–Cu, and Si–Cu
(NC) are 0.92, 0.96, and 0.95, respectively. The values show the
amorphous quality of the carbon in the materials. The prevalence
of the amorphous carbon is thought to be derived from the PVP
binding material during the annealing step, and groups such as
Zhong et al. have shown in previous work that the decomposition
of the PVP forms a carbonaceous structure surrounding the other
particulates [43]. Though the Si–Cu (NC) sample did not have
added carbon in its mixture, the amorphous carbon from the PVP
and high weight percentage of PVP used seem sufficiently large
to nullify the difference.
The measured amounts of copper present in each sample after the

fabrication processes determined by ICP-OES are shown in Table 1.
No copper was detected in the control sample. The Si–Cu and
Si–Cu (NC) samples contain 3.04% and 2.12% of copper, respec-
tively. Relatively small amounts of the copper additive were used
to promote the goal of cost-effectiveness, and smaller quantities
of additive metals have been known to have a significant effect
on anode performance in previous literature [17,26].
To confirm the presence of copper and to determine the chemistry

following the fabrication processes, the samples are analyzed using
XRD. The three XRD patterns of the samples are shown in Fig. 5.
The peaks for Si are consistent with JCPDS 00-005-0565, and
peaks indicating crystalline Cu (JCPDS 00-004-0836) and Cu3Si
(JPCDS 00-059-0262) are well matched with the index. The
XRD patterns for Si–Cu and Si–Cu (NC) suggest the formation
of the Cu3Si compound occurred during annealing from the
copper additive and is supported in the literature [25,26,44].
Several publications attest to the benefits of Cu3Si in the anode
composition to improve stability [25,30,31] and electrical conduc-
tivity [30,44], but the compound does not seem to actively partici-
pate during electrochemical reactions with lithium [31,44].
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Fig. 1 SEM Images using 20 kV accelerating voltage at 40 k-× magnification of the anode sur-
faces prior to cycle testing for (a) Si only, (b) Si–Cu, and (c) Si–Cu (NC). The initial surfaces of
all three coatings show a similar, homogeneous dispersion of particles with an average size
range from 5 nm to 20 nm. EDS elemental mapping of the dispersion of copper is also included
in images. (d ) Si–Cu and (e) Si–Cu (NC) at 40 k-× magnification to show the confirmation of the
integrated copper nanoparticles. Copper was uniformly distributed in the silicon-based
coating.

Fig. 2 SEM Image showing Si–Cu anodes at 1 k-× magnification
and YAG BSE mode detailing percolating electron-conducting
pathways composed of Cu particles

Fig. 3 SEM Image showing the particle sizing of copper com-
pared to the background electrode material at 20 k-×
magnification
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Electrochemical Results. To determine the effects of the copper
additive on the anode resistance, the EIS testing shows the compar-
ison of the three samples. The testing is performed prior to any cycle
testing of the cells, and the Nyquist plot of the results is shown in
Fig. 6. From the plot, two dominant sections of each test are appar-
ent: the semicircle-shaped first portion in the high-to-medium fre-
quency range is attributed to the charge transfer resistance of the
anode, and the near linear second portion in the low-frequency
range is attributed to the Warburg diffusion element as previously
modeled in literature [45,46]. The plot illustrates visible differences
in the charge transfer resistances of the samples and confirms that
the addition of copper leads to lowered resistivity as seen from
the resistance values of 94.04 Ω, 55.39 Ω, and 57.28 Ω for the
Si-only, Si–Cu, and Si–Cu (NC) samples, respectively. From the
resistance value results, it can be suggested that the copper additive
has effectively enhanced the electrical conductivity of the anode.
The cycle testing performance results for each sample are com-

pared in Fig. 7 at a current density of 250 mAg−1 for 100 charge/
discharge cycles following two cycles at a lowered current
density to establish the SEI layer and lithiation of the active mate-
rial. The current density is calculated to be 0.075 mA/cm2. As
shown in the plot, the first cycle discharge capacities for the
samples are 309 mAg−1, 957 mAg−1, and 775 mAg−1, for Si
only, Si–Cu, and Si–Cu (NC), respectively. It is well known that
the Si anode undergoes extreme volume expansion in the first few
cycles. This causes the SEI to crack significantly, needing to
re-form every cycle and incorporate more lithium. The low capacity
of the first cycle shows that just silicon alone cannot form a strong,
stable, and low resistive SEI for facile lithium-ion transport. Cou-
lombic efficiencies of the anodes also show the relative stability
of all three samples; though samples with copper additive display
greater variations in efficiency, deviations remain less than 2% of
the Si-only sample. Si–Cu and Si–Cu (NC) sample coulombic

Fig. 4 Raman spectra of the Si-only, Si–Cu, and Si–Cu (NC)
coatings at 10× magnification showing the prominent silicon
peaks at 520 cm−1 and 950 cm−1 and the prevalence of the amor-
phous carbon structure from the two carbon band peaks at
1350 cm−1 and 1580 cm−1 in each of the three samples

Table 1 Measured copper content from ICP analysis for the
Si-only, Si–Cu, and Si–Cu (NC) composites

Si only Si–Cu Si–Cu (NC)

Cu Content (%) 0.00 3.04 2.12

Note: The results confirm the quantity of the copper additive.

Fig. 5 XRD Patterns of the Si-only, Si–Cu, and Si–Cu (NC) com-
posite materials show the presence of copper and the formation
of Cu3Si in both Si–Cu and Si–Cu (NC)

Fig. 6 EIS Curves of the experimental data for the sample
anodes prior to cycle testing. Resistance values are 94.04 Ω,
55.39 Ω, and 57.28 Ω for the Si-only, Si–Cu, and Si–Cu (NC)
samples, respectively. Thus, the addition of copper leads to
increased conductivity in anodes.
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efficiencies are also consistently greater than 96%, reaching over
99% efficiency in the final testing cycles. The discharge capacities
for the one-hundredth cycle are 148 mAg−1, 482 mAg−1, and
391 mAg−1, for Si only, Si–Cu, and Si–Cu (NC), respectively.
After 100 cycles, both anodes with copper additive retain over
twice the capacity of the Si-only anode. From these results, it can
be seen that even small quantities of copper additive dispersed in
the anode structure have a noteworthy effect on the cycling perfor-
mance of the anode.

Discussion
The results of this work provide further support that copper can

serve as an effective conductive additive to silicon anodes, and
the one-step method of adding copper to the silicon structure is
advantageous in comparison to reports detailing cost-intensive,
complex processes. The work joins others with similar goals of sim-
plifying the fabrication process and improving the performance of
silicon-based anodes. One such study by Zhong et al. demonstrates
similar increased specific capacity and material conductivity results
for silicon anodes with tin additive [17]. Though the anodes with tin
additive experience a reduction in measured resistivity of over 50%
in the study, tin is known to have a lower conductivity (resistivity of
1.09 × 10−7 Ωm, 20 °C) than copper. Resistivity of the anodes with
copper, as shown in Fig. 6, is reduced by over 40%, but resistivity
values are overall significantly lower than those documented by
Zhong et al. Both this study and that of Zhong et al. show that
the additives enable improved cycling results for anodes when com-
pared to control samples. Many studies have also been conducted
using a combination of tin and copper in primarily composite or
alloy form but not in a similar capacity to the methodology of
this report with a silicon-based anode, indicating a possible route
for future studies [47–54].
Also in pursuit of a less resource-intensive route to form a

copper-incorporated silicon anode, the work performed by Cheng
et al. describes the addition of copper acetate in a silicon-based
mixture to form silicon/carbon/copper composite materials [26].
Characterization of these materials provides confirmation of
Cu3Si formation following the annealing step, and anodes with
reported 2.2 weight % of copper content from ICP analysis yield
a high average specific capacity of 990 mAh g−1 at 200 mA g−1

current density during cycle testing. Cycle testing results included
in Fig. 7 show comparable specific capacity values, though fewer
precursor materials and fabrication steps were required to obtain
these results. Figure 8 illustrates the discharge behavior of the cell
for all the samples at their first and hundredth cycles. These

discharge curves reflect lithium leaving the metal electrode and
intercalating into the silicon electrode. Figure 9 shows the charging
behavior of the cell again for all samples at their first and hundredth
cycles. The charge curves are reflective of lithium de-intercalating
from the silicon anode to migrate toward the lithium metal. One
can easily see the benefit of having carbon black within the elec-
trode, and the superior performance of both to just silicon. This
work also differs from common previous studies in showing the
characterization of the materials when “battery-ready” or immedi-
ately before use in electrochemical tests. This method ensures that
any participation of the binder, CB, or final fabrication steps is
included in all analyses. Comparable to Zhong et al.’s, this study
also explores the substitution of CB with the conductive additive,
further reducing the number of necessary materials in the anode
mixture and thereby enabling increased silicon content [17].
The work by Fang et al. also demonstrates a one-step process of

directly adding copper nanoparticles to a standard silicon slurry;
however, the anodes suffer from poor capacity retentions of under
45% for all samples with the copper additive during cycle testing
[27]. Despite this, further tests of these samples reinforce the asser-
tion that copper additives increase the conductivity of the anode
material and do provide a performance improvement over a
purely silicon-based control as also confirmed by this report. A pre-
vious study conducted by Kim et al. also explores using specifically
CuCl2 as a precursor material in a silicon-based mixture, but the
CuCl2-to-Si ratio is 2.683:1 [44]. An initial discharge capacity of
680 mAh g−1 is achieved for the material during cycle testing at a
constant current of 50 mAh g−1 [44]. Though cycle testing at five

Fig. 7 Capacity and efficiency of the cells as a function of cycle
number for the Si-only, Si–Cu, and Si–Cu (NC) anodes cycled at
250 mA g−1 current density. Anodes with the incorporated CuCl2
showed increased capacity for the duration of 100 cycles and
reasonable stability in efficiency.

Fig. 8 Discharge curves of the three silicon samples at the first
and hundredth cycles. The Si–Cu electrode curves are shown in
blue, the Si–Cu (NC) curves shown in red, and the silicon-only
control shown in green.

Fig. 9 Charge curves of the three silicon samples at the first and
hundredth cycles. The Si–Cu electrode curves are shown in blue,
the Si–Cu (NC) curves shown in red, and the silicon-only control
shown in green.
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times the current rate of the aforementioned anodes, anodes in this
report achieve a higher initial discharge capacity (957 mAg−1) with
a significantly smaller quantity of the added copper material (3%)
and fewer fabrication steps.
In summary, this study supports the collective works that demon-

strate how the addition of copper can enhance the performance of
silicon anodes. Cycling results for these anodes are comparable
with those of similar studies with copper-integrated silicon parti-
cles, and the reduction of resistivity of the anodes is also exhibited
[23,26,27]. The highlight of this research is the facile fabrication
process employed with its proximity to current industry practices.

Conclusions
This report shows the successful fabrication of silicon-based

anodes with copper additive, and the results of electrochemical
testing show that anodes with the additive have significantly
improved performance characteristics. Using off-the-shelf anhy-
drous CuCl2 powder, copper particles are introduced to the silicon-
based slurry and are homogeneously dispersed within the anode
structure. Characterization of the anode shows the formation of
copper nanoparticles and Cu3Si within the silicon structure. Cycle
testing data show that anodes prepared with the copper additive
have increased discharge capacities of over 200% compared to
anodes without copper, and high efficiencies of over 96% are
achieved. The addition of copper also yields an improvement in
the anode conductivity, contributing to the more effective utilization
of the active layer composition and thus enabling higher cycling
performance. Anodes prepared using the copper additive as a
replacement for the traditionally used conductive carbon also
show superior performance in comparison to control samples.
Thus, it is demonstrable that the copper additive is capable of
improving anode cycling behavior in place of conductive carbon
to decrease the electrical resistivity of the anode. This research
offers a potential economic, straightforward method for improving
silicon anode performance although further research is necessary to
form silicon anodes with cycling lifetimes comparable to commer-
cial Li-ion battery anodes.
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