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Introduction

Mechanistic study of Al,O3 coating effects on
lithium deposition and dissolution reaction

Tomohiro Kakimi,? Shuntaro Miyakawa,” Sou Taminato, © * Takaya Saito,”
Daisuke Mori @2 and Nobuyuki Imanishi®

Lithium metal anodes show great promise for use in next-generation secondary batteries, but they suffer
from lithium dendrite growth, as well as other issues, which cause safety problems and result in a loss of
capacity with time. The use of artificial inorganic solid electrolyte interphase (SEI) layers, such as those
comprising Al,Os, is a promising way to mitigate these disadvantages, but the mechanism behind these
observed improvements remains poorly understood. Therefore, in this study, using pulsed laser
deposition (PLD), the surface of a Cu electrode was coated with a physicochemically stable and
mechanically strong AlLOs thin film, and the effects of the film coating on the lithium deposition and
dissolution behaviour were investigated. When the morphology of the deposits was evaluated by
scanning electron microscopy, small lithium nuclei (approximately 0.2 um in diameter) were observed to
be deposited uniformly over the entire surface of the uncoated Cu electrode in the initial
electrodeposition, and these grew into needle-like crystals from the nuclei. After 60 min of
electrodeposition, the needle-like precipitates had aggregated and grown into three-dimensional
structures with dendritic form. In contrast, on the surface of the Cu electrode modified with AlLOz by
PLD for 1 h, lithium clusters of about 50 um in diameter were found to be aggregated and precipitated in
the initial stages of electrodeposition. Notably, this is the first report of lithium deposition on AlLOs3 thin
films. With further cycling, the precipitates grew into two-dimensional flat plates. Analysis of the SEI film
formed during the first deposition reaction revealed that the Al,O3z coating reduced the thickness of the
SEl compared to that of the uncoated electrode. Therefore, the AlL,Osz coating suppressed the
decomposition of the electrolyte with the Cu electrode. The use of Al,Os coatings results in (i) the
growth of two-dimensional lithium clusters with an island shape on the Al,Os3 thin film, and these could
ensure a uniform electron conduction path to the electrode; in addition, (ii) the inhibited electrolyte
decomposition caused by the low-surface-area lithium clusters and the low electronic conductivity of
the AlLOs thin film. These improve the coulombic efficiency and cycling behaviour.

Despite their promise, lithium metal batteries have several
problems related to safety and cycling stability. These problems

Metallic lithium is attracting attention as an ideal negative
electrode for next-generation high-energy-density secondary
batteries." Metallic lithium has a very high theoretical capacity
of 3860 mA h g~ ' by weight and 2062 mA h cm™* by volume,
which is about 10-times the capacity per weight of graphite (the
negative electrode used in existing lithium secondary batteries),
and its electrode potential is —3.045 V, which is less than that of
the standard hydrogen electrode. Therefore, metallic lithium is
a highly promising negative electrode material for next-
generation high-energy-density secondary batteries such as Li-
S batteries and Li-air batteries.>®
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arise because the lithium metal negative electrode has a very
high chemical and electrochemical reactivity and, thus, spon-
taneously reacts with organic electrolytes and undergoes side
reactions, such as solid electrolyte interphase (SEI) formation
on the surface and Li dendrite formation;” further, the interfa-
cial stability decreases because of the volume expansion asso-
ciated with the deposition/dissolution reactions.® The SEI,
which is produced as a side reaction, forms a mosaic-like multi-
layered structure comprising a mixture of organic and inorganic
compounds.”® In such a heterogeneous chemical structure,
each component has different ionic and electronic conductivi-
ties, which results in heterogeneous reactivity on the lithium
electrode surface and is one of the causes of dendrite growth.™
In particular, the coulombic efficiency is reduced as a result of
dendrite growth because it causes the formation of electro-
chemically inactive “dead lithium”, and the continuous

© 2023 The Author(s). Published by the Royal Society of Chemistry
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consumption of the electrolyte on cycling. Furthermore, if the
dendrites penetrate the separator and come into contact with
the positive electrode, internal short-circuits occur, which can
result in fire or explosion."*

Consequently, there has been extensive research into
methods to suppress dendrite formation effectively and, thus,
improve the safety and cyclic stability of lithium metal batteries.
Examples of these methods include (i) the introduction of a 3D
current collector*** and a 3D host matrix (scaffold)'”*® having
a large specific surface area for lithium deposition, which
suppresses volume expansion and reduces the local current
density; (ii) the in situ formation of ideal SEIs by optimising the
electrolyte®®* and the inclusion of additives;>*>* (iii) the
formation of uniform Li*-ion flow by modifying the inorganic/
organic particles on the separator;*>** and (iv) the physical
suppression of dendrite growth by enhancing the mechanical
strength of the thin film by coating with an inorganic/organic
solid electrolyte**® or a ceramic thin film.***"** In particular,
the introduction of an ex situ protective film on metallic
lithium, that is, the introduction of an artificial SEI, is a partic-
ularly useful method* because undesirable side reactions
between metallic lithium and the electrolyte, as well as dendrite
growth, can be suppressed.

As a potential artificial SEI, Al,O; is inexpensive, mechan-
ically strong, electrically insulating, and chemically stable and
can be coated on metallic lithium to extend the lithium depo-
sition-dissolution cycle life significantly and maintain a high
coulombic efficiency during long-term use.***®* However, the
reason for the improvement in the deposition and dissolution
characteristics of lithium metal anode after coating remains
unclear. In particular, the specific deposition mechanism
remains unknown; that is, does the deposition and dissolution
of lithium occur through the Al,O; thin film or on the Al,O; thin
film. To date, studies of Al,O; coating on lithium metal elec-
trodes have focused on optimising the deposition and dissolu-
tion reaction characteristics by adjusting the thickness of the
Al,O; thin film, demonstrating the effects in full cells, and
inferring improvement factors from surface analysis after
several hundred charge-discharge cycles. However, it is neces-
sary to track the reaction from its initial stages to elucidate the
mechanism fully. Therefore, in this study, we fabricated Al,O;
thin films by pulsed laser deposition (PLD), which is often used
to synthesise model thin films, and we performed detailed
analysis to determine the origin of the improvement in the
lithium deposition-dissolution characteristics after coating
with Al,O; with the goal of elucidating the reaction mechanism.

Experimental

Al,O; thin films were deposited on Cu foil electrodes by PLD.
The PLD apparatus consisted of a 266 nm yttrium-aluminium-
garnet (YAG) laser (SL-III-10, Continuum Electro-Optics, Inc.)
and a vacuum chamber (OZAWA SCIENCE Co., Ltd). The Al,O3
target was irradiated with the YAG laser for 1-3 h in an Ar
atmosphere chamber, thus yielding thin Al,O; films on Cu foil
electrodes. The ablation conditions were the temperature (7) =
23 °C, substrate-target distance (d) = 45 mm, laser frequency (f)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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= 10 Hz, laser energy (E) = 22 m]J, and gas pressure (Pa,) = 0.33
Pa.

Using a field-emission scanning electron microscope (S-
4800, Hitachi Technologies, Ltd), the morphologies of the
fabricated Al,O; thin films and the deposited lithium were
analysed. Before observation, the samples were fixed to the
sample stage using carbon tape. In addition, an energy disper-
sive X-ray spectrometer (EMAX ENERGY EX-350, Horiba, Ltd)
was used to analyse the composition of the samples
qualitatively.

The local crystal structure and film thickness of the Al,O3
thin films were observed by bright-field transmission electron
microscopy (BF-TEM) and nanobeam electron diffraction using
an analytical electron microscope (ARM200F, JEOL Ltd) oper-
ated at an accelerating voltage of 200 kV. The sample was
thinned to electron beam transparency using a focused ion
beam.

The composition and thickness of the Al,O; thin films were
evaluated using depth-resolved measurements by X-ray photo-
electron spectroscopy (XPS). Sample etching was performed
with an Ar'-ion gun, and the film thickness and composition
were calculated by analysing the element concentration ratios of
O, Cu, and Al in the depth direction. The XPS instrument (ESCA-
3400, Shimadzu Corporation) was equipped with a Mg-K,, (1150
eV) X-ray anode (acceleration voltage: 10 kV; emission current:
20 mA) and an Ar sputtering gun. Etching was performed with
an acceleration voltage of 1 keV, emission current of 20 mA, and
etching time of 1 min per cycle at a rate of 4 nm min™".

Charge-discharge measurement was performed using 2032-
type coin cells. The coin cells were made in a glove box under an
Ar atmosphere. Two 16 mm diameter polypropylene (PP) sepa-
rators were used, and LiPFs in ethylene carbonate: diethyl
carbonate (EC : DEC) (75 pL, 1 mol dm >, 1: 1 v/v%) was used as
the electrolyte. A metallic lithium foil was used as the counter
electrode, and a Cu foil or an Al,O5-coated Cu foil was used as
the working electrode. After the coin cell had been prepared, it
was allowed to stand still for 1 h to allow the permeation of the
electrolyte in the separator, and constant current charge-
discharge tests were performed at 25 °C using a charge-
discharge test system (TOSCAT-3100, Toyo System Co., Ltd). The
measurement conditions were a current density of 0.5 mA cm 2,
cut-off voltage of £1.5 V, deposition-dissolution time of 1 h,
and rest time of 10 min.

In addition, the composition and thickness of the SEI film
before lithium deposition were analysed by XPS measurements
(ESCA-3400). The cell voltage was scanned in potential steps
from the open-circuit voltage (OCV) to +20 mV (vs. Li/Li") and
maintained at +20 mV for 3 h to form a SEI on the Cu electrode
or an Al,Oj3 thin film on the Cu electrode prepared by 1 h of PLD.
After the formation of the SEI film, the cell was disassembled,
and the copper foil was washed with anhydrous dimethoxy-
ethane (DME) to remove the electrolyte salts. The washed
copper foil was dried overnight at 25 °C under vacuum. A
transport container was used to allow the copper foil sample to
be inserted into the apparatus without air exposure. The etching
conditions were an acceleration voltage of 500 eV, emission
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current of 20 mA, and etching time of 1 min per cycle at rate of

0.3 nm min .

Results and discussion

Fig. 1 shows optical, SEM, and energy-dispersive X-ray spec-
troscopy (EDX) images of the surface of the Cu foil onto which
Al,O0; had been deposited for 2 h using PLD. The upper figure in
Fig. 1a shows the Cu electrode treated for 2 h by PLD, whereas
the lower figure shows an uncoated Cu foil. In the upper figure,
the Al,O; thin film can be seen deposited inside the area
demarcated by the blue line, and its surface is darker and
glossier than the uncoated area. These results suggest that the
Al,05-deposited surface has a very smooth surface morphology.
SEM observation of the boundary between the Al,O;-deposited
surface and the uncoated Cu surface, which is circled in red in
the photograph shows there is no contrast arising from rough
surface confirming that the morphology of the Al,O; coating is
very smooth (Fig. 1b). Furthermore, EDX mapping for Al, O, and
Cu (Fig. 1c-e, respectively) show strong and even Al and O
signals in the areas treated by Al,O; film. In contrast, the Cu
EDX maps show less intense signals in the areas coated by
Al,O3, and the intensity of the Cu signals decreased with
increase in Al,O; ablation time, suggesting that the thickness of
the Al,O; layer increased with increase in ablation time.
Therefore, these results confirm the formation of Al,O; thin
films on the Cu electrode. Fig. 2 shows SEM images of the
sample surface after the Al,O; coating on the Cu foil for 1, 2 and
3 h of PLD. No changes in contrast were observed as observed
for the uncoated Cu foil, indicating that the smooth surface
morphology of the Cu electrode is maintained even on the
formation of thicker films after longer periods of PLD.

View Article Online

Paper

Fig. 3 shows the cross-sectional bright-field TEM image and
nanobeam electron diffraction pattern of the Al,O; thin film
deposited for 3 h. In Fig. 3a, the dark grey layer indicated by the
blue arrow is the Al,Oj; thin film, the black layer on the left is the
Cu foil, and the part shown by the red circle is the position of
nanobeam irradiation. The thickness of the Al,O; thin film
deposited for 3 h was found to be 82 nm. No contrast was
observed in the Al,O; thin-film layer, indicating that the Al,O;
deposit was dense and uniform. In addition, a very smooth
surface was observed, which is consistent with the results in
Fig. 2. This also supports the smooth surface morphology of the
Al,O; film. In the electron diffraction image in Fig. 3b, there are
no clear diffraction spots or rings, and only a halo pattern can
be seen, suggesting that the Al,O; thin film has an amorphous
structure.

Fig. 4a-c shows the Al 2s, O 1s, and Cu 2pj3/, XPS spectra of
the Al,O; thin film deposited on the Cu foil for 1 h, and the
element concentration ratios in the depth direction of the Al,O;
thin films deposited for 1 and 3 h are shown in Fig. 4d and e,
respectively; these were calculated from the peak areas and
ionisation cross-sections of the Al 2s, O 1s, and Cu 2p;/, spectra.
For these measurements, sample etching was performed with
an Ar' gun and the depth direction was examined. Clear peaks
corresponding to the Al 2s, O 1s, and Cu 2p;/, orbitals were
observed, and the Al,O; thin film thicknesses were determined
from the etching rate and the etching cycle number at which the
Cu 2p;, peak derived from the Cu foil appeared. The films
prepared using 1, 2, and 3 h of ablation showed an approximate
Al:O ratio of 2:3, indicating the successful synthesis of
alumina (Al,O3), that is, the target material. For the sample
deposited for 1 h, only O and Al derived from Al,O; film were
observed in the initial stages of etching. And then, the Cu

Fig. 1
experiment.

9144 | RSC Adv, 2023, 13, 9142-9153

(a) Optical image, (b) SEM image, and (c) element distribution of AL, (c) O, and (d) Cu of the AlLOs thin film surface after 2 h of PLD

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface SEM images of the Al,Os thin films after 1, 2, and 3 h of ablation. (a) 1, (b) 2, and (c) 3 h, as well as that of the (d) Cu substrate.

concentration for the Cu substrate increased after 4 min, and
the concentration of O decreased. This is because the peak
positions of Al 2s and Cu 3s are close to one another and are,
thus, overlapped. For the sample prepared by 3 h of ablation,
the Cu concentration increased from 21 min. Therefore,
considering an etching rate of 4 nm min~', the film thickness

was approximately 15 nm thick after 1 h of ablation and
approximately 80 nm thick after 3 h of ablation.

Subsequently, the coulombic efficiency was evaluated by
charge-discharge tests using the Al,O;-deposited samples and
uncoated Cu foils as electrodes. Fig. 5 shows the charge-
discharge curves of the Al,0;-deposited electrode and uncoated

Fig. 3

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a) Cross-sectional bright-field TEM image and (b) hanobeam electron diffraction pattern of the Al,Osz thin film after 3 h of ablation.

RSC Adv, 2023, 13, 9142-9153 | 9145


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra08027c

Open Access Article. Published on 20 March 2023. Downloaded on 7/17/2025 10:01:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

-1 —1
2 Cu?2 2

3 P32 3

4

—5

Binding energy / eV

540

(c)

Intensity (a.u.)

1 1

925 935 945 955
Binding energy / eV

View Article Online

Paper

(a) . (b)
__|A2s 2 O1s
3 S
N ©
z >
S \ c
”"WWWV)I g /
1 1 ""’//.
130 120 110 520 530
Binding energy / eV
80
—O01s Cu2ps> Al2s
X
~ 60 F
C
]
© 40 L \
c
8
c 20 f
o
o (d)
O ) o L . 1
0 5 10

Etch Time / min

Fig. 4

80
—01s —Cu2ps); Al2s

2
c
o
© 40
4‘_:1 -
c 20 ¢
(@)

0 dossdesnsdoesncdoacadenad® | |0 |

0 4 8 12 16 20 24 28 32
Etch Time / min

(a) Al 2s, (b) O 1s, and (c) Cu 2ps,» photoelectron spectra of Al,O3 thin film deposited on Cu foil for 1 h. Element concentration ratios in the

depth direction of Al,Os3 thin films deposited for (d) 1 and 3 h. Numbers in the graph indicate the number of scan cycles.

Cu electrode. The Al,05-deposited electrodes were prepared for
1 and 3 h. The inset shows an enlarged view of the initial
deposition reaction curve for each electrode. During cycling, for
each electrode, a spike corresponding to nucleation was
observed during the initial lithium deposition reaction, fol-
lowed by a plateau region corresponding to continuous depo-
sition. The uncoated Cu electrode showed a nucleation
overpotential of —0.12 V, whereas those prepared by ablation for
1 and 3 h had nucleation overpotentials of —0.21 and —0.24 V,
respectively. Thus, the Al,O;-coating increases the nucleation
overpotential, which should be attributed to an increase in the
electron supply resistance with a larger thickness of the Al,O;
layer with insulating nature. In addition, the charge-discharge
tests of the uncoated Cu electrode contain a sloped region until
the peak corresponding to the initial deposition reaction,
whereas this sloped region almost disappeared in the tests of
the Al,0;-coated Cu electrode. This suggests that side reactions
(such as the decomposition of the electrolyte components)
other than the deposition of lithium (that is, the forward reac-
tion) were suppressed. In addition, after the initial deposition
reaction, a plateau corresponding to the dissolution reaction
was observed, and a sharp increase in the overpotential was
seen at around 0.5 mA h. Subsequently, a reversible deposition—-
dissolution reaction was observed, and no significant change in

9146 | RSC Adv, 2023, 13, 9142-9153

the reaction overpotential and the shape of charge-discharge
curves were observed with respect to the presence, absence, or
thickness of the Al,O; thin film until 60th cycle. Fig. 5d shows
the change in the coulombic efficiency on cycling obtained from
the charge-discharge tests of the uncoated and coated elec-
trodes. Three data sets were presented for the uncoated and 1 h
Al,O5-coated Cu electrodes, and two sets were shown for the 3 h
Al,O5-coated Cu electrodes, respectively. A clear superiority of
Al,O; coating is observed. For the uncoated Cu electrode (black
line), the maximum coulombic efficiency was approximately
87% and maintained above 80% for 100 cycles, subsequently
showing a sharp drop. On the other hand, the sample prepared
by ablation for 1 h (green line) exhibited a maximum was
approximately 93% and maintained above 80% for up to 150
cycles. The sample prepared by ablation for 3 h also showed
better cycling behaviour than the uncoated Cu electrode, con-
firming that the Al,O; coating is effective in improving the
coulombic efficiency and cycling characteristics.

The morphology of the deposited lithium and the SEI formed
via side reactions with the electrolyte affect the deposition-
dissolution of lithium. Therefore, to clarify how the Al,O;
coating improves the coulombic efficiency and cycling behav-
iour, the morphologies of the lithium deposits were tracked
from the initial stages of the lithium-deposition reaction by

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra08027c

Open Access Article. Published on 20 March 2023. Downloaded on 7/17/2025 10:01:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
3 3
(a) o3 (b) o3
> 2 F 1st- 60th >2 F 1st- 60th
0
3 ] 3 ——
o 1 o1
8 S
L0 S0
_1 1 1 _1 1 1
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Capacity / mAh Capacity / mAh
3
(c) o3
> 2 + 1st- 60th
0
= t B
>1 | 03 '
3 0 0.1 0.2
20
_1 1 1
0 0.2 0.4 0.6
Capacity / mAh
= 100
~
Al,O; (1 h
L>; 80 2 3( )
C
(9] . ®
‘0 60
% .
o 40
3 S
g 20 ; 4
ER , . Tt oo
© 0 50 100 150 200 250

Cycle number / times

Fig.5 Charge—discharge curves of the (a) uncoated Cu electrode, (b) 1 h Al,O3-coated Cu electrode, and (c) 3 h Al,Os-coated Cu electrode. (d)
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respectively.

SEM observation. For these measurements, the uncoated Cu
electrode and that prepared by ablation of Al,O; for 1 h were
used. The cell configuration and the electrolyte were the same
as those used to evaluate the coulombic efficiency and cycling
characteristics. Briefly, after the deposition of metallic lithium
on each electrode for 1, 6, and 60 min, the cell was dis-
assembled in a glove box, the electrodes were washed with
dimethyl carbonate (DMC), and SEM observation was carried
out. Fig. 6a and b show the surface SEM images of the uncoated
Cu electrode after 1 min of electrodeposition. In the 5000 x
magnified image shown in Fig. 6a, tiny, white dot-like lithium
nuclei can be seen on the electrode surface. In the 20 000x
image shown in Fig. 6b, lithium nuclei of about 0.2 pm in size
can be seen uniformly distributed over the entire electrode
surface. Fig. 6¢c and d show SEM images of the surface of the
uncoated Cu electrode after 6 min of electrodeposition; as
shown, lithium having a thickness of about 0.2 pm had grown

© 2023 The Author(s). Published by the Royal Society of Chemistry

from the tiny lithium nuclei, forming three-dimensional
needle-like shapes in the direction perpendicular to the elec-
trode surface. Further, these structures were entangled and
covered the electrode surface. For the uncoated Cu electrode,
tiny lithium nuclei were deposited uniformly over the entire
surface and then grew in three-dimensions. Fig. 6e and f show
the surface SEM images of the uncoated Cu electrode after
60 min of electrodeposition; as shown, entangled needle-like
deposits were accumulated in layers. In other words, on the
uncoated Cu electrode, we found that, following the formation
of uniform and tiny lithium nuclei over the entire electrode, the
lithium grew three-dimensionally in needle-like shapes. In
contrast, on the Al,05-coated Cu electrode treated by 1 h of PLD,
a unique morphology was formed. Fig. 7a—c show surface SEM
images at different magnifications of this electrode after 1 min
of electrodeposition. As shown, deposited lithium was observed
on the Al,O; film, and this is the first report of this observation.

RSC Adv, 2023, 13, 9142-9153 | 9147
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Fig. 6 Surface SEM images of uncoated Cu electrode after electrodeposition: (a and b) after 1 min, (c and d) 6 min, and (e and f) 60 min of

electrodeposition.

In addition, the deposited lithium was in clusters of 10-20 um
size, forming island-like shapes. Further, there was a region of
the electrode surface with no deposits. Thus, in the initial stages
of the lithium-deposition reaction, larger lithium formed partly
with island shapes on the surface of the Al,O3-coated Cu elec-
trode. Generally, although a larger nucleation overpotential
results in the formation of smaller and uniform lithium nuclei
on the electrode surface,***° the opposite lithium deposition
manner with dense and island shapes was observed on the
Al,0;-coated Cu electrodes as shown in Fig. 5. One possibility is
that the charge transfer process on the Al,0;-coated Cu elec-
trode is suppressed and surface diffusion of Li" is promoted by
the increase in the electron supply resistance with a larger
thickness of the Al,O; layer with insulating nature. This should
result in the large lithium with an island shape for the Al,O;-
coated Cu electrode, although the nucleation overpotential
increase. Notably, this metallic lithium is deposited on the

9148 | RSC Adv, 2023, 13, 9142-9153

AL, O; film. Fig. 7d-f show the SEM images at different magni-
fications of the 1 h PLD sample after 6 min of electrodeposition.
As shown, the island-shape lithium was scattered, but the gaps
between island-shape lithium are narrower, and the number of
island-shape lithium is greater than that observed after 1 min of
electrodeposition. The high-magnification SEM image (Fig. 7f)
also shows that the islets grow in two-dimensions across the
surface of the Al,Oj3-coated Cu electrode. Fig. 7g-i show the
surface SEM images at different magnifications of the same
sample after 60 min of electrodeposition. As shown, the lithium
grew further across the electrode surface, and had a dense and
smooth morphology having a small surface area and formed of
large clusters. The large/plate-like lithium ensures sufficient
contact with the underlying Al,O;-coated electrode, unlike
needle lithium with partial contact. This leads to a uniform path
for electronic conduction between the Al,O;-coated Cu elec-
trode and the deposited lithium.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Surface SEM images of Al,Os-coated Cu electrode (1 h PLD) after electrodeposition: (a—c) after 1 min, (d—f) 6 min, and (g—i) 60 min of

electrodeposition.

The lithium deposited on the uncoated Cu and Al,O;-coated
Cu electrodes were needle-like and dense/smooth clusters,
respectively. Next, we observed the samples after the corre-
sponding dissolution reaction using SEM. Fig. 8 shows the
photographs and SEM images of an uncoated Cu electrode and
the 1 h PLD Al,O;-coated Cu electrode after 60 min of lithium
electrodeposition, followed by 60 min of dissolution reaction.
On the uncoated Cu electrode, black needle-like porous lithium
can be seen on the electrode surface even after the dissolution
reaction, suggesting that the needle-shaped lithium deposits
remained undissolved and accumulated during each

deposition-dissolution cycle. In contrast, the SEM images of the
Al,0;-coated Cu electrode showed no black deposits, indicating
that most of the deposited clustered lithium was dissolved.
However, the SEM images do reveal the presence of a small
number of lithium clusters. These results suggest that the
lithium deposition-dissolution reaction is more efficient on the
Al,O;-coated Cu electrode than on the uncoated Cu electrode.
Fig. 9 shows the surface SEM and EDX images for the 1 h PLD
Al,O;-coated Cu electrode after the fifth dissolution reaction. A
small amount of lithium clusters was observed, indicating that
most of the deposited lithium was dissolved even at the fifth

Fig. 8 Surface photographs and SEM images of (a) uncoated Cu electrode and (b) Al,Os-coated Cu electrode (1 h PLD) after deposition/

dissolution reactions for 60 min each.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cycle. Notably, there are no significant changes in the surface
morphology of the Al,O; layer compared to before the reaction
and after the first cycle. Furthermore, the signals derived from
Cu and Al (including SEI components of C, O, and F) elements
were homogeneously distributed on the surface. If the Al,O;
layer reacts with the deposited lithium, morphological changes
and inhomogeneous distribution of chemical composition
should occur. Therefore, it is considered that Al,0; has not
reacted in the analysis for the present study. This result also
emphasises that the deposited lithium form dense and smooth
two-dimensional lithium clusters on the Al,O; thin film surface
not under the Al,O; layer. If the lithium was deposited under
the Al,O; layer; between the Al,O; layer and Cu electrode, the
Al,O; layer should be broken by the stress generated at the
deposition reaction of lithium. This is not supported by our
experimental data. Thus, it is believed that lithium is deposited
on Al,O; thin films during the deposition/dissolution reaction.

Next, depth-resolved XPS measurements were performed to
clarify the composition and thickness of the SEI formed on the
uncoated Cu and Al,O;-coated (1 h) electrodes. Fig. 10a and
b show the C 1s and F 1s spectra, respectively, of the SEI film
formed on the uncoated Cu electrode, and Fig. 10c and d show

View Article Online
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the corresponding spectra for the coated electrode. The etching
was performed with an Ar' gun, and the spectral changes in the
depth direction were investigated. Concerning the C 1s photo-
electron spectra in Fig. 10a and c, peaks corresponding to
Li,CO; and organic components were observed near 290 and
284 eV in the spectrum of the uncoated Cu electrode. In the
spectrum of the Al,03;-coated Cu electrode, the peak corre-
sponding to Li,CO; at approximately 290 eV was not observed,
although the peak corresponding to organic components near
284 eV was observed. These results suggest that the Al,O;
coating suppresses the formation of Li,CO; arising from the
decomposition of the electrolyte. In addition, we found that the
C 1s peak disappeared from the spectrum of the uncoated
electrode after 41 etching cycles, whereas the same peak dis-
appeared after only 6 etching cycles from the spectrum of the
Al,O3-coated Cu electrode, indicating that the SEI layer was
thinner than that formed on the uncoated electrode. In the F 1s
spectra of the uncoated and coated Cu electrodes in Fig. 10b
and d, respectively, there are peaks at 684 and 686 eV, respec-
tively, for the Al,O;z-coated Cu electrode. Thus, this character-
istic peak is affected by the presence of Al,O; and suggests that
different F-containing compounds are produced during SEI

60 pum

Fig.9 Surface (a—c) SEM images and (d) element distribution of C, (e) O, (f) F, (g) Cu, and (h) for the Al,O3z-coated Cu electrode (1 h PLD) after the

fifth deposition/dissolution reactions for 60 min each.
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(@) C 1s and (b) F 1s photoelectron spectra of SEI film formed on Cu electrode. (c) C 1s and (d) F 1s photoelectron spectra of the SEI film

formed on Al,O3-coated Cu electrode. Numbers in the graph indicate the number of cycles of the measurement scan, which means how many
times it has been measured. We conducted the XPS measurement, followed by Ar' etching applied to the sample to get the information in the
depth direction. This combination means one cycle in the XPS experiment.

formation; that is, the presence of the Al,O; coating altered the
composition of the SEI. In addition, the depth-dependent F 1s
XPS results obtained after Ar" etching revealed that the spec-
trum of the uncoated electrode contained F 1s peaks until 31
etching cycles, whereas the peaks disappeared from the spec-
trum of the Al,O;-coated Cu electrode after 11 cycles, which
again suggests that the Al,O; coating suppresses SEI formation.
Fig. 11 shows the element concentration ratios of the SEI film in
the depth direction. The element ratios were calculated from
the peak areas and ionisation cross-sections of the Li 1s, C 1s, O
1s, Cu 2p3p, F 1s, and Al 2s photoelectron spectra. In the
spectrum of the uncoated Cu electrode shown in Fig. 11a, peaks
consistent with Li, C, O, and F, which are considered to be SEI
components, were observed up to the 30th cycle. Thereafter, the
Cu concentration increased, and, by the 40th cycle, the peaks
corresponding to the SEI components (Li, C, O, and F) dis-
appeared, leaving Cu as the only observable element. In
contrast, in the spectrum of the Al,O;-coated Cu electrode
shown in Fig. 11b, the presence of Al in the underlying Al,O;

© 2023 The Author(s). Published by the Royal Society of Chemistry

film was confirmed before Ar' etching, and the peaks corre-
sponding to the SEI components (C, O, and F) almost dis-
appeared after the 5th etching cycle. Therefore, these results
indicate that thinner SEI was formed on the Al,O5-coated Cu
electrode than on the uncoated Cu electrode.

The main aim of this study was to understand the
improvement in lithium deposition-dissolution behaviour, as
well as its mechanism, that is observed by the coating of an
artificial Al,O; SEI using electron microscopy observation and
XPS measurements of the initial stages of the lithium deposi-
tion-dissolution reaction. Previous studies have focused on
optimising the deposition-dissolution behaviour by adjusting
the thickness of the coating Al,O; thin film. The morphological
analysis of the electrode surface before and after hundreds of
cycles with consideration of the known bulk properties of Al,O;
has provided little clear experimental evidence to support the
improvement of the characteristics of the deposition-dissolu-
tion reaction. There have been no attempts to elucidate the
mechanism by following the reaction from the initial

RSC Adv, 2023, 13, 9142-9153 | 9151
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Fig. 11 Element concentration ratio in the depth direction of SEI films
formed on (a) uncoated and (b) Al,Oz-coated Cu electrodes. SEI film
was formed at +20 mV (vs. Li/Li*) in the first electroreduction process.

nucleation of lithium and its subsequent accumulation, as re-
ported in this study. Our investigation of the morphology of the
lithium deposited in conventional LiPFs EC/DEC electrolyte by
electron microscopy revealed that uniform lithium nucleation
occurred on the uncoated Cu electrode, followed by the depo-
sition of needle-like lithium through three-dimensional growth,
as well as the formation of a large amount of undissolved
porous metallic lithium after dissolution cycles. In contrast, on
the Al,Oz-coated Cu electrode, we found that lithium was
deposited on the Al,O; thin film rather than underneath it. In
addition, after the deposition of dense and smooth clusters of
lithium on the Al,O; thin film, the lithium grew two-
dimensionally across the electrode surface. The large/plate-
like lithium ensures sufficient contact with the underlying
Al,O;3-coated electrode, unlike needle lithium with partial
contact. This leads to a uniform electron conduction pathway to
the Cu electrode via amorphous Al,O; film. Thus, a more
uniform dissolution reaction, an increase in the amount of
solute were achieved for the Al,O;-coated electrode. Further-
more, the suppression of electrolyte decomposition between the
lithium and organic electrolyte as a result of the small surface
area of deposited lithium. As a result, the coulombic efficiency
and cycling behaviour of the coated electrode was enhanced
compared to that of the uncoated Cu electrode. Furthermore,
the presence of Al,O3, which has low electron conductivity with
respect to Cu, suppresses the supply of electrons to the elec-
trode surface, reducing the amount of electrolyte decomposi-
tion and suppressing SEI formation, and this has a positive
effect on the deposition-dissolution characteristics. However,
lithium is deposited on the Al,O; thin film, and, thus, Li grows
on Li in subsequent cycles in the same way as that on the
uncoated electrode. Consequently, reactions with the electrolyte
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cannot be completely suppressed. Therefore, there was no
dramatic improvement in the cycling characteristics.

In summary, we have clarified the manner in which lithium
is deposited on Al,O; thin films, as well as why the lithium
deposits form dense and smooth clusters. Hypothetically, if
Al,O; develops weak electronic conductivity by amorphisation,
the Li" + e~ — Li reduction process occurs. Low conductive
nature should suppress the charge transfer process and
promote surface diffusion of Li" on the Al,0Os-coated Cu elec-
trode. In addition, the high affinity of Al,O; with Li" could guide
the Li" ion flux and reduce localized current on the elec-
trode.*>** These lead to lithium deposition on the thin films as
well as the formation of two-dimensional plate-like deposits.
Going forward, the mechanism should be investigated further,
and the optimal form of the inorganic artificial SEI including
chemical composition, thickness, and so on should be clarified,
and we are currently working on a detailed analysis towards
this.

Conclusion

In this study, we aimed to elucidate the factors responsible for
the enhancement in characteristics of lithium metal anode after
coating with an Al,O; thin film as an artificial SEI, specifically,
the suppression of undesirable reactions such as lithium
dendrite formation and electrolyte decomposition. SEM obser-
vation revealed that the Al,Oj3 thin films prepared by PLD were
smooth and glossy after ablation for 1, 2, and 3 h. Further, EDX
analysis confirmed the formation of Al,Os;. In addition, TEM
observations revealed that the Al,O; thin film was amorphous,
and the film thickness after 3 h of ablation was approximately
82 nm. The XPS measurements of the Al,O; thin films showed
that the composition ratio of Al,O;, the target material, was
maintained for all durations (1, 2 and 3 h) of Al,O; ablation.
Using coin cells, we performed charge-discharge measure-
ments to evaluate the coulombic efficiency and cycling behav-
iour of the coated (1 and 3 h) and uncoated electrodes, and the
results showed that both Al,0;-coated electrodes had higher
coulombic efficiencies and enhanced cycling characteristics
than the uncoated Cu electrode. In particular, the Cu electrode
treated by 1 h of PLD exhibited the best characteristics. To
clarify the differences in electrochemical performance, we
observed the lithium morphology at the initial stage of the
lithium deposition reaction, as well as the subsequent disso-
lution morphology. Although needle-like lithium grew three-
dimensionally on the uncoated Cu electrode, lithium was first
deposited on the Al,O; thin film surface on the 1 h PLD Al,O3-
coated electrode, then formed dense and smooth two-
dimensional lithium clusters. The analysis of the coating
composition and thickness by XPS revealed that SEI formation
arising from electrolyte decomposition was suppressed by the
Al,O; coating. On the basis of these results, the coulombic
efficiency and cycling behaviour are enhanced by the addition
of an Al,O; coating because of the formation of less “dead Li,”
which separates the lithium from the electrode and, removing
lithium from the reaction system. In addition, the Al,O; coating
suppressed side reactions with the electrolyte to a greater extent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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than for the uncoated Cu electrode. As a result, flat clusters of
lithium were deposited on the Al,O; thin film.
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