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Abstract: A novel anode consisting of a mixture of Cu powder and LiCl/Li13In3-coated Li powder
was developed and tested for use in Li metal secondary batteries (LMSBs). The aim was to improve
the electrochemical performance as suppress dendrite formation and volume change on the Li metal
electrode. A LiCl/Li13In3 composite film was deposited on the surface of Li powder particles using a
facile liquid treatment method. The coated Li powder was mixed with Cu powder to produce a Li–Cu
composite electrode (LCE) for LMSBs. It has been proven through scanning electron microscopy (SEM)
and analysis of the coating layer using X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and depth profile analysis that LiCl/Li13In3 has formed well on the surface of the Li powder.
The coated LCE exhibited improved electrochemical properties in both the symmetric cell and full cell
tests. Through electrochemical impedance spectroscopy (EIS) measurement, it has been determined
that after 50 cycles, the impedance of the coated LCE is 98 Ω. In particular, even when a large amount
of Li was used (40%, 1544 mAh g−1), it exhibited improved electrochemical behavior over 50 cycles in
a symmetric cell test. In addition, in a full cell test with LiV3O8 as a cathode at a 2 C rate, the capacity
retention was 96% after 50 cycles. SEM images showed that dendrite growth and volume change
were suppressed by the novel electrode architecture.

Keywords: Li powder; Li metal batteries; composite layer coating; LiV3O8 cathode; dendrite suppression

1. Introduction

As the uptakes of electrical storage systems (ESS) and electrical vehicles (EV) in-
crease, the demand for high-capacity energy storage technology increases. Commonly used
lithium-ion batteries (LiCoO2/Graphite), however, have a theoretical energy density limit.
As a result, high-capacity Li metal secondary batteries (LMSBs) such as Li sulfur batteries
and Li-air batteries using Li anodes have attracted attention [1–4]. Lithium is considered to
be the best anode material because it has a low reduction potential (−3.045 V vs. the stan-
dard hydrogen electrode (SHE)), low density (0.534 g cm−3), and a correspondingly high
theoretical capacity (3860 mAh g−1) [5–7]. However, Li metal anodes have the disadvantage
of rapid capacity reduction over repeated charge/discharge cycles, owing to problems such
as dendrite growth, dead Li generation, and continuous electrolyte consumption. Addi-
tionally, dendrites may grow very large, and short-circuit may occur, potentially causing
ignition or explosion. This safety issue also hampers the commercialization of Li metal
anodes [8–11]. It is known that Li dendrites result from uneven nuclear growth due to
uneven charge distribution in the Li metal anode [12–14]. In addition, it is known that the
volume change in Li during charge/discharge can worsen this detrimental effect [8,9,15].

To solve this problem, various methods of producing a stable solid electrolyte interface
(SEI) film on the Li surface are being pursued. One such method is to use an electrolyte
additive such as LiNO3, fluoroethylene carbonate, halogenated salts, and CsPF6 [16–20]. It
has been reported that the SEI film produced with these additives prevents side reactions
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with the electrolyte and is effective in suppressing dendrite formation. Another method of
forming an artificial SEI layer without additives is to coat the Li surface before assembling
the cell. Studies using hollow carbon spheres, Boron nitride (BN), graphene, LiF, Li3N,
Li3PO4, CYTOP, HIO3 and Al2O3 as inorganic artificial SEI films [15,21–27], as well as
Nafion, LiPAA, polyacetylene and poly(dimethylsiloxane) [28–32] as organic artificial
SEI films have been reported. Such coated SEI films suppress dendrite formation more
effectively than films produced from electrolyte additives because of their superior chemical
and mechanical properties [33]. Among the methods of manufacturing an artificial SEI layer,
Nazar et al. coated a LiCl/Li13In3 composite material on the surface of Li foil, which was
particularly noteworthy in this regard [34]. However, these methods have the disadvantage
that eventually the SEI film is broken and the electrolyte is continuously consumed because
Li metal cannot control the volume expansion during repeated charge/discharge [33]. In
addition, because these methods use Li foil approximately 200 µm thick as an anode, the
amount of Li available for the electrochemical reaction is highly limited.

Studies have been undertaken regarding the design of a Li metal host to control
volume expansion as well as dendrite growth inhibition [33]. Cui et al. introduced a
method of infusion of molten Li dissolved in three-dimensional (3D) reduced graphene
oxide (rGO) [35]. Other high-surface host 3D structures based on copper fiber, graphene,
carbon fiber, graphite, and carbon nanotubes have also been reported [36–40]. Such 3D
collector structures not only inhibit dendrite growth by preventing the localization of
current because of their high conductivity and specific surface area but also suppress
volume expansion because Li is deposited in the pores of the structure [33,35–40]. However,
these approaches are complicated and make anodes expensive to manufacture. In addition,
these studies are the results of using limited amounts of Li in electrochemical tests. Another
way to design a Li host is to apply Li powder to the electrode [41–45]. In these studies,
even large amounts of Li used such as more than 30% (1158 mAh g–1) of the total capacity,
effectively suppressed dendrite growth during charge/discharge by preventing localization
of the current due to the high specific surface area of lithium powder. Li powder electrodes
can also be manufactured by a simple casting method [41], which provides easy control
of the thickness of the coating. Therefore, Li powder has the great advantage that energy
density can be increased by controlling the amount of Li usage. In addition, a composite
electrode formed from Li and Cu powder (LCE) was reported to suppress not only dendrite
growth but also volume change during repeated charge/discharge [41]. The presence of
copper powder can suppress volume change during repeated charge/discharge and can
suppress dendrite growth by preventing the localization of current due to its high specific
surface area.

The purpose of the present study was to test a hybrid method to suppress dendrite
growth and volume change on Li anodes, combining a Li host design with an SEI film
treatment. The design consisted of an LCE made from a mixture of Li and copper powders,
with a stable LiCl/Li13In3 composite SEI film being added to the surface of the Li powder.

2. Experimental
2.1. Synthesis of Coating and Cell Fabrication

Spherical Li powder particles were made using a droplet emulsion technique [42].
The Li powder particles were then chemically polished by etching with a naphthalene
solution in tetrahydrofuran (THF) for 1 h, which removed the surface Li oxide layer [43].
The polished Li powder was washed with THF and vacuum dried at 60 ◦C for 3 h. A
LiCl/Li13In3 composite coating was applied to the Li powder by stirring the polished
powder in a THF solution of InCl3 for 1 min. The coated lithium powder underwent a
total of 5 washing cycles to remove residual InCl3. Each washing cycle involved vacuum
filtration using 1 mL of THF with an approximate contact time of 10 s, followed by vacuum
drying for 60 ◦C overnight. The product was a light brown powder. A schematic illustration
of the process is presented in Figure 1. The bare and coated Li powders were labeled non-
coated Li powder (IC0) and 1 min coated Li powder (IC1), respectively.
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Figure 1. Schematic illustration of the process of polishing and coating the surface of powdered Li
powder particles.

The LCE was prepared using the coated Li powder (particle size: approximately
20 µm) mixed with an equal volume of copper powder (Sigma-Aldrich, St. Louis, MO,
USA, particle size approximately 10–25 µm, 98% purity). The Li-Cu mixture powder
and polyvinylidene fluoride (PVDF, Alfa Aesar, Heysham, MA, USA, 99% purity) were
suspended in dimethyl sulfoxide (DMSO, Sigma-Aldrich, Tewksbury, MA, USA, 99%
purity) at a 10:1 ratio (by weight) to make a Li-Cu slurry. The slurry was uniformly
deposited onto the copper foil and dried at 70 ◦C for 12 h in a vacuum. The reference
electrode was prepared in the same manner as the LCE but instead using bare Li powder.
To fabricate the cathode, a slurry was created using Li trivanadate (LiV3O8) as the active
material, conductive carbon (Ketjenblack, EC600-JD, AkzoNobel Corp., Amsterdam, The
Netherlands) as the conductive agent, and carboxymethylcellulose binder (CMC, Sigma-
Aldrich, St. Louis, MO, USA) at a weight ratio of 80:15:5, respectively. The slurry was then
applied uniformly onto an aluminum foil, resulting in a thickness of 50 µm, and dried for
12 h at 80 ◦C. The cathode had an approximate mass of 6.5 mg cm−2 of LiV3O8. All the
experiments and fabrication steps were conducted in a glovebox with an argon atmosphere
in a dry room.

2.2. Characterization of Coating Materials and Electrodes

The morphology and structure of the bare Li powder and coated Li powder were
determined via scanning electron microscopy (SEM, SU-70, Hitachi Co., Tokyo, Japan),
energy dispersive X-ray spectroscopy (EDS, SU-70, Hitachi Co., Tokyo, Japan) and X-ray
diffraction (XRD) analysis (Rigaku Model D with Cu Kα, Rigaku Co., Tokyo, Japan). After
placing the Li powder on the XRD sample holder, it was sealed with polyimide tape
to prevent exposure to air. The coating layer was analyzed using X-ray photoelectron
spectroscopy (XPS, X-Tool, Ulvac Inc., Chigasaki, Japan) and depth profiles. Sample
preparation involved the use of carbon tape for sampling.

An LCE electrolyte was prepared by mixing 1 M LiPF6 in a 1:1 volume ratio of
ethylene carbonate and dimethyl carbonate (DEC), along with 3% fluoroethylene carbonate.
A polypropylene separator (Celgard 2300, Charlotte, NC, USA) was used to assemble a
CR2032 coin cell in a dry room. The cell was then tested using a WBCS 3000 instrument
(WonATech Inc., Cheonan-si, Republic of Korea) at 0.2 and 2 C rates in the 2.4–4.0 V range,
with all tests performed at 25 ◦C. Electrochemical impedance spectroscopy (EIS) was carried
out using a Solartron SI1280B instrument (TekNet Electronics, Chandler, AZ, USA) over a
frequency range of 100 kHz–10 MHz.
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3. Results and Discussion

Figure 1 presents a schematic illustration of the coating process. The color of the Li
powder surface became lighter when chemically polished with naphthalene owing to the
removal of oxides from the surface. The color of the Li powder changed from light gray to
dark brown through the InCl3 treatment process, as shown in Figure 1. The color change is
consistent with the report of the Nazar group [34] and can be observed with the naked eye,
as shown in Figure S1.

Figure 2a shows the XRD patterns of the Li powder before and after coating. It can be
seen that the crystallinity of the Li powder is retained after coating. The XRD patterns of
Li are evident for both IC0 and IC1 at 36◦, 51.9◦, and 64.9◦. The amorphous peak below
30◦ is due to the polyimide tape used to prevent exposure to air [46]. In Figure S2, the EDS
mapping image of IC1 and the peaks of In and Cl can be seen. The atomic percentages
of In and Cl were 1.25% and 1.44%, respectively. In addition, as shown in Figure S3, we
confirmed the presence of In and Cl elements on the surface of a single particle through
EDS mapping. The XRD spectrum did not change significantly after coating, likely because
the amount of coated material forms only a small part of the electrode (approximately
1%). Figure 2b,c show that the morphology of the Li powder was maintained after coating
for 1 min., indicating that the coating layer was very thin compared to the particle size.
However, the Li powder coated for 5 and 10 min (IC5 and IC10, respectively, Figure S6) did
not maintain its morphology, and the surface of the Li powder became rough. Figure S6
shows that Li13In3 was detected in the XRD profiles (JCPDS card file: 00-033-0615) of IC5
and IC10. It can be seen that IC1 was coated with a thin layer, whereas IC5 and IC10 were
coated with thicker layers. Figure S4 shows XRD results analyzed at a higher resolution
(1◦/min) without covering the syringe tape. In the analysis, LiCl peaks were observed at
26◦ and 70◦, and as the analysis time increased, Li oxidized and formed Li peroxide, which
was detected at 41◦ and 47◦.
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XPS analysis was performed to determine the composition of the coating layer on the
surface of the Li powder. A survey scan of IC1 is shown in Figure 3a. It displays the spectra
of In and Cl, which are evidence that the Li surface is coated with these elements. Figure 3b
shows the Li 1s peak of IC0 (top) and IC1 (bottom). The spectrum of IC0 exhibits a single
peak at 53.8 eV, assigned to Li, whereas the spectrum of IC1 exhibits two overlapping peaks
at 56.0 eV and 54.6 eV, attributable to LiCl and Li13In3, respectively [34]. Through XPS
analysis, the coating material on the Li powder surface was identified as a composite of
LiCl and Li13In3. It has been reported that the Li13In3 layer exhibits very good Li diffusion,
and LiCl acts as an electrical insulator that prevents Li deposition on the surface of the
coating layer [34]. It was expected that this LiCl/Li13In3 composite coating layer would
suppress dendrite growth and volume expansion.
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To measure the thickness of the LiCl/Li13In3 composite coating layer, an XPS depth
profile analysis was conducted. The test was performed at 30 s intervals with an etching
speed of approximately 0.66 nm/s (~20 nm per 30 s cycle) for up to five cycles in a vacuum.
Figure 4 shows the depth profiles of IC0 and IC1. The Li 1s spectrum (66–48 eV) of IC0 is
shown in Figure 4a, and the spectrum of Li appears in all the cycles (1–5 cycles). In the first
cycle of Li, a slight peak shift was observed due to the presence of a fine residual lithium
oxide layer on the surface. Figure 4b,c show the Cl 2p and In 3d spectral regions (212–192
and 459–339 eV, respectively) of IC0. As expected, no peaks were observed. Figure 4d
shows the Li 1s spectrum of IC1. The Li peak was observed for all cycles. The Cl 2p and In
3d spectra of IC1 are shown in Figure 4e,f, where peaks of LiCl and Li13In3 were observed
in the first cycle but not in the second cycle or afterward. This shows that the thickness of
the LiCl/Li13In3 composite layer is at most 20 nm. The thickness of the coating layer of IC5
and IC10 was shown to be greater than 100 nm (Figure S7).
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Figure 5a presents the result of the symmetric cell test using the prepared electrode
(LCE); 40% of the Li capacity (approximately 1544 mAh g−1) was used, and the test was
performed at a 2 C rate after 1 cycle at a 0.1 C rate. The initial overpotential of IC1 is
approximately 0.14 V, which is significantly higher than the initial overpotential of IC0
(approximately 0.017 V). However, the overpotential of IC1 exhibited much better stability
during charge/discharge cycling: the overpotential of IC0 rises to 0.23 V in 21 cycles and to
2.17 V in 23 cycles. Figure S9 shows an extended Y axis of Figure 5a, showing the dramatic
increase in IC0′s overpotential compared to IC1. The good stability of IC1 is likely because
of the dendrite suppression effect of the LiCl/In13In3 composite coating layer. In Figure S10,
the traces for IC5 and IC10 initially show an overpotential of 0.1 V, which rises rapidly
after 25 and 20 cycles, respectively. All the coated Li powder electrodes showed a more
stable overpotential compared to IC0, and among them, IC1 performed the best. Through
the symmetric test, it was shown that the LiCl/Li13In3 composite coating layer affects the
electrochemical stability of the electrode, and the most effective thickness of the coating
layer (IC1) is at most 20 nm. Figure 5b shows the overpotential of IC0 and IC1 according
to Li usage. After testing for five cycles at a 0.2 C rate using 10, 20, 30, 40, and 50% Li,
the test was continued with 10% Li usage at a 0.2 C rate. At 10% Li usage of IC1, the
initial overpotential was approximately 0.024 V, which was approximately 0.005 V higher
than that of IC0 (approximately 0.019 V). Next, the overpotential remains steady up to
40% Li usage, but at 50% usage, it rises rapidly. After returning to 10% Li usage, both IC0
and IC1 showed a stable overpotential of approximately 0.02 V. This remained stable for
IC1 until 25 cycles, while IC0 showed a rapid overpotential increase after 18 cycles. The
overpotential according to Li usage also confirmed that the LiCl/Li13In3 composite coating
layer contributed to the electrochemical stability. Figure 5c,d present the results of a full
cell test using the LiV3O8 (LVO) cathode at 0.2 and 2 C rates, respectively. At 0.2 C, the
initial specific capacities of IC1 and IC0 were 249.3 and 259.3 mAh g−1, respectively. After
50 cycles, the specific capacities were 199.1 and 105.6 mAh g−1, respectively. This means
that the capacity retention rates of IC1 and IC0 after 50 cycles were approximately 80.0%
and 40.6%, respectively. In addition, at the 2 C rate, the initial specific capacities of IC1
and IC0 were 168.2 and 188.3 mAh g−1, respectively. After 50 cycles, the specific capacities
were 162.0 and 64.6 mAh g−1, and the capacity retention rates were approximately 96.3%
and 34.3%, respectively. LVO is a non-lithiated cathode material and should be used as
the cathode in Li metal secondary battery systems [47]. Full cell tests have been compared
up to 50 cycles. The results show that the improved electrochemical properties of IC1 are
retained in a fully working cell than IC0. The reason for this is expected to be that the
LiCl/Li13In3 composite coating layer effectively suppressed dendrite growth.

The cross-sectional SEM images of Figure 6a,b show the thickness of IC1, approx-
imately 40 µm, as well as homogeneously mixed copper powder and Li powder. In
Figure 6d, the relatively dark spherical particles are Li (particle size: approximately 20 µm),
and the lighter particles with a mixture of spherical and dimorphic forms (10–25 µm particle
size) are copper. From the EDS mapping image in Figure S8, it is possible to confirm the
well-dispersed state of the copper and Li powders macroscopically. In addition, it was
confirmed that the spherical shape of the Li particles was well maintained, and the contact
with the copper powder was good. Figure 6b,e show SEM images of the cross-section and
top view of an IC1 anode after 50 charge/discharge cycles at a 0.2 C rate. These images
confirm that the spherical shape of the Li powder was maintained, and dendrite formation
was minimal. Figure 6c,f show SEM images of the cross-section and top view of an IC0
anode after 50 cycles at 0.2 C rate. The cross-section (Figure 6c) shows that the spherical
shape of the Li powder was partially maintained, but substantial dendrite growth was
observed. The top view SEM image (Figure 6f) shows that dendrite growth occurred over
the whole electrode surface. Figure S11 is an enlarged image of the red box in Figure 6f,
which more clearly shows the dendrite growth. In addition, in Figure 6b, it can be seen that
the thickness of the IC1 electrode was practically unchanged at approximately 40 µm after
50 cycles. In contrast, the thickness of the IC0 electrode was approximately 50 µm after
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50 cycles; the volume increased owing to dendrite growth (Figure 6c). This suppression of
volume change is an additional advantage offered by the LCE electrode architecture that
may produce a synergetic increase in electrochemical stability.
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For a more comprehensive understanding of the enhanced electrochemical behavior
of the LiCl/Li13In3 composite coating layer, EIS analysis of IC1 and IC0 was conducted.
Figure 7a shows the impedance results of IC1 and IC0 before cycling. The charge transfer
resistance (Rct) values calculated from these data are approximately 450 Ω and 350 Ω
for the two anode types, respectively. This means that the impedance value increased by
approximately 100 Ω after the LiCl/Li13In3 composite coating. This may explain why the
initial capacity of IC0 was higher than that of IC1 in the full cell test. This is also likely the
reason that the initial overpotential of IC0 is higher than that of IC1 in the symmetric test.
After 50 cycles of the full cell test under a 0.2 C rate condition (Figure 7b), the impedance of
IC1 decreased to 98 Ω, whereas the impedance of IC0 remained unchanged at 350 Ω. The
impedance of IC1 is likely lower than that of IC0 after cycling because the LiCl/Li13In3
composite coating suppressed dendrite growth.
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4. Conclusions

In this study, Li dendrite growth and volume expansion of a Li anode were effectively
suppressed with a hybrid Li host design incorporating an SEI film. A Li–Cu composite elec-
trode (LCE) was used to prevent the localization of current, and a LiCl/Li13In3 composite
artificial SEI layer was formed on the Li powder surface via a facile mixing method. The
LCE showed improved electrochemical properties in the symmetric cell and full cell tests.
In particular, even when 40% Li was used (1544 mAh g−1), it showed safe electrochemical
behavior for 50 cycles in the symmetric test. In addition, in a full cell test using LiV3O8
as a cathode at a 2 C rate, the capacity retention rate was approximately 96% after 50
cycles. This is because the growth of dendrites was suppressed owing to the synergy of the
LiCl/Li13In3 composite artificial SEI and the designed Li host with LCE. Furthermore, the
LCE prevented volume changes at the Li anode during repeated charge/discharge cycles.
The results obtained suggest that the hybrid method combining a Li host design and an SEI
film are effective ways to inhibit Li dendrite growth in LMSBs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9060299/s1, Figure S1. Color change of Li powder (from
left to right: stock Li powder, after polishing with naphthalene, after LiCl/Li13In3 composite coating).
Figure S2. SEM and EDX images for Cl and In (above) and the ratio of atomic and weight percentages
(below) of O, Cl, and In of IC1 (below). Figure S3. SEM and EDX images of Cl and In distribution in a
single particle of IC1. Figure S4. High resolution (1◦/min) XRD data of IC1 without syringe tape.
Figure S5. SEM images of IC5 (left) and IC10 (right). Figure S6. XRD patterns of the IC0, IC1, IC5 and
IC10. Figure S7. Depth profile of high-resolution XPS spectra profiles of (a) IC5 and (b) IC10 (In 3D).
Figure S8. SEM image of LCE made with IC1. Figure S9. Symmetric test of IC0 and IC1 at 0.1 C rate
(Y-axis zoomed). Figure S10. Symmetric test of IC5 and IC10 at 0.1 C rate. Figure S11. SEM image of
the IC0 electrode after 50 cycles.
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