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Abstract: Although Lithium metal battery (LMB) has a very large theoretical capacity, it has a critical problem such as
formation of dendrite which causes short circuit and short cycle life of the LMB. In this study, PDMS/GO composite with
evenly dispersed graphene oxide (GO) nanosheets in poly (dimethylsiloxane) (PDMS) was synthesized and coated into a thin
film, resulting in the effect that can physically suppress the formation of dendrite. However, PDMS has low ion conductivity,
so that we attained improved ion conductivity of PDMS/GO thin film by etching technic using 5wt% hydrofluoric acid
(HF), to facilitate the movement of lithium (Li) ions by forming the channel of Li ions. The morphology of the PDMS/GO
thin film was observed to confirm using SEM. When the PDMS/GO thin film was utilized to lithium metal battery system,
the columbic efficiency was maintained at 87.4% on average until the 100™ cycles. In addition, voltage profiles indicated
reduced overpotential in comparison to the electrode without thin film.
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1. Introduction with higher energy density. Currently, commercialized
lithium ion battery (LIB) uses graphite which is chemi-

Electronic devices such as electronic vehicles (EVs), cally stable with good electrical conductivity as an
mobile phones, and wearable devices, require batteries anode material. However, graphite has a very low the-
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oretical capacity of 372 mAh/g, which limits its appli-
cation to electronic devices. Among the anode materi-
als of secondary batteries, Li metal is one of the prom-
ising alternative candidates of graphite because of its
large theoretical capacity of 3,860 mAh/g and lowest
reduction potential. However, there is a problem that
Li dendrite is formed during charging and discharging
reactions. Dendrite means that crystal nuclei are gen-
erated in the process of plating and stripping of Li
ions. Afterwards, Li is accumulated in the form of
branches around the nuclei. The growth of dendrite
leads to infinite volume expansion of Li metal, reduced
battery life, and producing dead Li. In addition, in se-
vere cases, dendrite can penetrate the separator and
cause the battery to explode[1-10].

In order to solve this problem, many studies are be-
ing conducted to physically suppress dendrite by coat-
ing a thin film on the anode. However, using the thin
film to suppress dendrite has to be fulfilled the follow-
ing conditions. That is, the thin film must be chemi-
cally stable to not react with the electrolyte and have
sufficient mechanical strength to suppress dendrite. It
must also be flexible enough to accommodate the vol-
ume expansion of Li and have sufficient Li ion con-
ductivity[11-19].

In this study, we designed the PDMS/GO composite
thin film that meets all of the above conditions. PDMS
is chemically stable, flexible and has high mechanical
strength. GO nanosheet has excellent mechanical
strength, thermal/chemical stability, and has affinity
with Li ions due to functional groups containing oxygen
atoms such as epoxy, carboxyl and hydroxyl groups.
Thus, the PDMS/GO thin film with evenly distributed
GO nanosheets in PDMS could suppress the formation
of dendrite in an electrolytic atmosphere. However,
since PDMS is not an ion conductive material, Li ions
cannot pass through thin films and move onto the
anode. Accordingly, the PDMS/GO thin film was etch-
ed for 10 min with 5 wt% HF to form the channel of
Li ions[19-22].

In conclusion, HF-etched PDMS/GO thin film sup-
presses the formation of dendrite through high mechan-

ical strength and chemical resistance, and prevents di-
rect contact between highly reactive Li metal and elec-
trolyte, resulting in improved performance of lithium
metal battery through solving the low columbic -effi-
ciency and short lifespan and increse of overpotential.

2. Experimental Section

2.1. Materials

Sulfuric acid (H,SO4, 98 wt%), potassium permanga-
nate (KMnQO,) and hydrogen peroxide (H,O,, 30 wt%)
were purchased from Ducsan. Phosphoric acid (H3;POs,
85 wt%) and Graphite powder were purchased from
Daejung. These were used to synthesize GO nanosheets.
PDMS elastomer (Sylgard 184A) and crosslinker
(Sylgard 184B) were purchased from Dow corning and
used to synthesize poly (dimethylsiloxane). Then, tetra-
hydrofuran (THF) was purchased from Samchun and
used as a solvent for PDMS/GO composite. hydrofluoric
acid (HF, 5 wt%) was used to etch the PDMS/GO

composite thin film.

2.2. Fabrication of electrodes coated with
PDMS/GO composite thin film
2.2.1. Synthesis of Graphene oxide nanosheets
Graphene oxide (GO) nanosheets were synthesized
by modified Hummer’s method. First, the mixture of
H,SO4 and H3;PO,; was stirred in an ice bath to lower
the temperature, and graphite was added into the solu-
tion. KMnO, was slowly added while maintaining it
not to exceed 20°C. The graphite was oxidized by stir-
ring for 12 h while maintaining the temperature of the
solution at 50°C to form graphite oxide. After the sol-
ution was cooled to room temperature, it was slowly
added to the beaker containing ice so that the temper-
ature did not rise sharply. H,O, was added to the sol-
ution until the color became bright and stirred at room
temperature. By centrifugation, the graphite oxide par-
ticles were collected and re-dispersed in distilled water.
The re-dispersed solution was exfoliated by sonication
to obtain a GO solution having good dispersibility in
distilled water[23-28].

Membr. J. Vol. 30, No. 1, 2020



40 Sanghyun Lee + Dohyeong Seok * Yohan Jeong - Hiesang Sohn

Dispersion of PDMS
precursor and GO NS in THF

Coating &

PDMS/GO composite

Formation of Li+ channel

crosslmklng HF etchlng
Cu foil /

Fig. 1. Schematic illustration of the formation of PDMS/GO thin film on the Cu foil.

2.2.2. Synthesis of PDMS/GO composite and
preparation of electrodes

For the synthesis of PDMS/GO composite, PDMS
elastomer was added to THF and stirred. Then, the GO
solution was sonicated and dispersed in THF for 2 h,
and then poured in the PDMS elastomer dispersion and
sonicated again to disperse the PDMS elastomer and
GO nanosheets in THF. Then, crosslinker was added
and stirred to synthesize the PDMS/GO composite in
which GO nanosheet particles were evenly dispersed
on PDMS[29-31]. Cu foil was pretreated with HCI to
remove foreign matters, and the previously prepared
composite was blade coated. Then, the composite was
then vacuum dried at 70°C for 5 h to cure and remove
the solvent and etched with HF for optimum time.

2.3. Material characterization

Scanning electron microscope (FE-SEM, HITCH
S4800) was used to confirm the uniform formation of
PDMS/GO film and ion channels with HF etching time.

2.4. Electrochemical characterization

In order to confirm electrochemical performance,
CR-2032-Type Coin Half-Cells were fabricated using
Li foil as a counter electrode and PDMS/GO thin
film-coated electrode as a working electrode. As elec-
trolyte, LiTFSI dissolved in 1,3-dioxolane (DOL)/
1,2-dimethoxyethane (DME) was used. Coin cell was
manufactured in an argon filled glove box. Confirmation
of the electrochemical performance was performed by
using a battery tester (Wonatech Co, Ltd, WBCS3000).
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Electrochemical performance was measured by plating
up to 1 mAh/cm® and stripping up to 1 V, at current
densities of 0.5 mA/cm® upto 10™ cycle for stable for-
mation of initial Li nuclei. After that, the measurement

was performed at a current density of 1 mA/cm’.

3. Results and Discussion

Fig. 1 shows the formation of PDMS/GO thin film
on Cu foil. As described above, the PDMS/GO compo-
site was synthesized and blade-coated on the Cu foil to
form a thin film. It was vacuum-dried to cure the film
and remove the solvent, then etched with 5% HF to
form Li ion channels[19,29-31].

SEM analysis was performed to confirm the mor-
phology of synthesized PDMS/GO composite thin film
(Fig. 2). Fig. 2 (a) shows a cross-section SEM image
of the thin film formed by blade-coating. The PDMS/
GO composite cured through vacuum-drying. During
curing the thickness of the PDMS/GO composite thin
film was uniformly formed to 20 um. Fig. 2 (b) is a
top-view SEM image of the PDMS/GO composite thin
film before etching treatment. Fig. 2 (c), (d) and (e)
indicate top-view SEM images of the PDMS/GO com-
posite thin film by etching with HF to form the Li ion
channels. Fig. 2 (c) and (d) show the SEM images of
PDMS/GO composite thin film etched for 10 min with
5% HF. Fig. 2 (d) exhibits the high-resolution SEM
image of the PDMS/GO composite with etching for 10
min. Fig. 2 (e) is a high-resolution SEM image of the
thin film etched for 15 min. Compared to the PDMS/
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PDMS/GO film
Cu foil

Fig. 2. (a) Cross-section SEM image of PDMS/GO thin
film, (b) top-view SEM image of PDMS/GO thin film
(before etching), (c) top-view SEM image of PDMS/GO
thin film (etching for 10 min), (d) top-view high-resolu-
tion SEM image of PDMS/GO thin film (etching for 10
min), (e) top-view high-resolution SEM image of PDMS/
GO thin film (etching for 15 min).

GO composite thin film etched for 10 min, the PDMS/
GO composite thin film etched for 15 min was found
to have excessively large ion channel size formed by
HF etching, and the thin film was damaged.

The synthesized PDMS/GO composite was used as a
thin film and applied to lithium metal battery system
by conducting electrochemical performance test. Fig. 3
(A) shows columbic efficiency with cycles of bare Cu
(untreated one) electrode, PDMS etched for 10 min,
and the PDMS/GO composite thin film electrode etch-
ed for 10 min and 15 min, respectively. Columbic effi-
ciency can be defined as the ratio of the amount of
charge during stripping and plating at each electrode,
which is considered an important parameter of lifespan
of a battery. In the bare Cu electrode, the columbic ef-
ficiency was drastically lowered due to the formation
of dendrite before the 30™ cycle. This low efficiency is
due to less stripping and the less Li resulting from
non-uniform Li deposition on the electrodes, which

generates of inert Li[18-19]. In contrast, the columbic

efficiency of PDMS thin film electrode etched for 10
min was maintained about 85.4% on average up to 50"
cycles, and the columbic efficiency of PDMS/GO thin
film electrode etched for 10 min was maintained at
87.4% on average up to 100™ cycles, which is benefi-
cial to the function of GO nanosheets. The PDMS/GO
thin film electrode etched for 15 min was measured to
confirm the effect of the HF etching time. The PDMS/
GO thin film electrode etched for 15 min showed a
sharp decrease in columbic efficiency at the 50" cycle
due to the damaged thin film, as shown in Fig. 2 (c).
Therefore, it was confirmed that the optimum HF etch-
ing time was 10 min.

Fig. 3 (B) (a) and (b) show the voltage profile of
the bare Cu electrode and the PDMS/GO thin film
electrode. Voltage profiles of the 5, 10, 30, and 70"
cycles were analyzed. In the case of bare Cu electrode,
its overpotential increases due to resistance according
to non-uniform solid-electrolyte interface (SEI) layer
and dendrite formation. On the other hand, the PDMS/
GO composite thin film electrode shows the voltage
reached to 1 V at constant capacity as compared to the
bare Cu electrode in the 5, 10, 30™ cycles. In the 70™
cycle, a slight overpotential caused the voltage to rise
at a slightly lower capacity than the previous cycles,
resulting in a more stable voltage profile. The voltage
of both electrodes reached to 1 V at a lower capacity
at the 5™ cycle than the 10™ cycle, which can be seen
as a result of the formation of the SEI due to the side
reaction between the electrolyte and Li in the initial
cycle[16,19].

Fig. 4 shows the effect of between HF etching time
and Li deposition behavior in the PDMS/GO compo-
site, by comparing the Li ion transport behavior in
electrodes with different etching time (5~15 min). As
shown in Fig. 4 (a), if the etching time is shorter than
10 min, the channels where Li ions cannot pass suffi-
ciently are formed. Therefore, Li ions may not be trans-
ferred enough to the Cu foil because they couldn’t pass
through the PDMS polymer. As shown in Fig. 4 (b),
10 min is found to be the optimum time to prepare
PDMS/GO composite thin film since the ion channels
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Fig. 3. Electrochemical characteristics; (A) Columbic efficiency of bare Cu (untreated one), PDMS coating, PDMS/GO coat-
ing electrode, (B) (a) voltage profiles of Bare Cu electrode, (b) voltage profiles of PDMS/GO film electrode.
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Fig. 4. Schematic illustration of PDMS/GO based Li metal electrodes prepared with various etching time (a) PDMS/GO/Li
metal electrode with insufficient ion channel (etching time < 10 min), (b) PDMS/GO/Li metal electrode with optimized ion
channel (etching time ~10 min), (¢) PDMS/GO/Li metal electrode with cracks (etching time > 10 min).

which Li ions can be sufficiently passed while the den-
drite can be suppressed. In addition, Li is stably de-
posited due to the uniform Li ion flux. In contrast,

when the etching time is longer than 10 min, the etch-
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ing is excessive as shown in Fig. 4 (¢), the PDMS/GO
composite thin film is damaged and Li ion flux is con-
centrated into an excessively large ion channel, and
thus dendrite is formed easily[16,18,19].
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4. Conclusions

In this study, the PDMS/GO composite based on Li
metal electrode was designed to improve the perform-
ance of Li metal battery by effectively suppressing the
growth of Li dendrite. The composite of PDMS/GO
film was prepared by mixing exfoliated GO nanosheets
and PDMS. In succesion, the PDMS/GO based Li met-
al electrodes were prepared by blade-coating on Cu
foil with the solution of PDMS/GO composite. Since
Li ions are hard to penetrate across the PDMS/GO thin
film, the ion channels for allowing Li ions were formed
by HF etching to facilitate the smooth movement of Li
ions. Electrochemical test results show that columbic
efficiency of PDMS/GO composite thin film electrode
etched for 10 min was maintained at 87.4% on average
up to 100" cycles compared to bare Cu electrode and
PDMS thin film electrode. Furthermore, the voltage pro-
files of the 5, 10, 30, and 70" cycles exhibits the re-
duction of overpotential of electrodes.
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