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Abstract

The effect of temperature on surface film formation on nickel electrode was studied in 1 mol dm ™ bis(perfluoroethylsulfonyl)imide
dissolved in propylene carbonate by atomic force microscopy (AFM) and ac impedance spectroscopy. Cyclic voltammetry measurements
revealed that electrolyte decomposition reactions are accelerated at elevated temperatures, especially at 60 and 80 °C. In situ AFM
measurements showed that the film formation is fast and the resulting surface film is thicker at 80 °C than at room temperature. Furthermore, it
was confirmed by ac impedance measurements that the resistance of surface film was very low at elevated temperatures. These results were
discussed in relation to superior cycling characteristics of lithium deposition and dissolution at the elevated temperatures. © 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Lithium metal is the most attractive material as a negative
electrode in rechargeable batteries [1]. However, dendritic
deposition of lithium, which lowers the cycling efficiency
and causes safety issues, has prevented lithium metal from
wide use in commercial available rechargeable batteries [ 1-3].
It is generally known that protective surface film, which is
often called solid electrolyte interface (SEI), is formed on
metallic lithium electrode and its physical and chemical
properties greatly affect the morphology of deposited
lithium [4,5]. In order to suppress the dendritic deposition,
many researchers have extensively studied the correlation
between the physicochemical properties of surface film
and the morphology of deposited lithium using a variety
of analytical tools. These include ac impedance spectro-
scopy [5-12], scanning vibrating electrode microscopy
[13,14], surface potential microscopy (SPoM) [15], X-ray
photoelectron spectroscopy (XPS) [10-12,16-19], Fourier
transform infrared spectroscopy (FT-IR) [17-20], electro-
chemical quartz crystal microbalance (EQCM) [21-25],
atomic force microscopy (AFM) [26-29], and temperature
programmed decomposition—gas chromatography—mass
spectroscopy (TPD-GC-MS) [20]. These studies have
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revealed that surface film on lithium consists of reductively
decomposed products of solvent molecules, lithium salts and
contaminants such as H,O, CO,, and O,.

We have previously reported that the efficiency and cycle
life for lithium deposition and dissolution are improved at
elevated temperatures of 60 and 80 °C in 1 M LiBETI/PC
[30,31]. In situ AFM observation revealed that a densely
packed layer of particle-like precipitates is uniformly
formed on lithium metal at the elevated temperatures.
The surface morphology did not change at all during further
deposition and dissolution processes, which meant that the
layer effectively worked as a protective surface film and
underneath it, a uniform layer of lithium was deposited. The
rate for electrolyte decomposition is enhanced at elevated
temperatures, which results in a rapid formation of the
surface layer and improves self-reparability when being
damaged. We, therefore, concluded that the dense and uni-
form structure of the surface film, its fast self-reparability
and possibly enhanced surface diffusion of deposited lithium
atoms, suppressed dendritic deposition of lithium and
improved the cycling characteristics at the elevated tem-
peratures. However, the detailed mechanism for film for-
mation at the elevated temperatures has not been clarified
yet. This is partly because the potential of metallic lithium
electrode cannot be controlled and thus surface film forma-
tion is very fast. Decomposition processes of non-aqueous
solutions containing lithium salts have been extensively
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studied not only on lithium metal, but also on other non-
active metallic electrodes such as Au [21-24,26,32-36], Ni
[25,34,37-39], Ag [32-35,39], Cu [27-29,35,39,40], Pt
[32], Ti [39] at potentials higher than lithium deposition.
Because the rates for the decomposition processes can be
controlled by changing the potentials, these non-active
metallic electrodes are very useful to study the decomposi-
tion processes of electrolyte solution and the resulting sur-
face film formation. In the present study, we used nickel
plate as a model metallic electrode and investigated surface
film formation processes on the nickel metal at elevated
temperatures by in situ AFM and ac impedance spectro-

scopy.

2. Experimental

The electrolyte solution used in the present study was a
1 mol dm > (M) solution of lithium bis(perfluoroethylsul-
fonyl)imide (LiN(C,F5S0O,),, LiBETI, 3 M) dissolved in
propylene carbonate (PC, Kishida Reagents Chemicals).
The water content of the solution was less than 30 ppm,
which was measured with a Karl-Fischer moisture titrator.
The working electrode was nickel plate polished to a mirror
finish and the counter, and reference electrodes were lithium
foil.

In situ AFM images were obtained with a PicoSPM™
system (molecular imaging) equipped with a PicoStat™
potentiostat (molecular imaging). A laboratory-made poly-
tetrafluoroethylene (PTFE) cell was set on a heating sample
stage and used for in situ electrochemical AFM measure-
ments. The surface area of the working electrode was fixed at
1.2 cm? using an O-ring. The temperature of the cell was
controlled with a temperature controller (Model 330, Lake
Shore). Cyclic voltammetry (CV) was performed at 5 mV s~
at room temperature (RT), 40, 60, and 80 °C. AFM observa-
tion was carried out at 2.5 V versus Li*/Li after each cycle.
The temperature of the cell was cooled down to 33 °C prior to
AFM observation to avoid the lens for laser beam from being
fogged up. AFM images were obtained in the contact mode
with a microcantilever made of silicon nitride (spring con-
stant, 0.68 N m™"). During each potential cycle, the canti-
lever was moved out of the solution because current
distributiion beneath the tip would have been disturbed by
its presence. AFM observation was also performed holding
the potential of the nickel electrode at constant potentials. In
these measurements, the cell was kept at an elevated tem-
perature for 15 min and then cooled down to 33 °C for AFM
observation. All AFM measurements were carried out in an
argon-filled glove box (Miwa, MDB-1B + MM3-P60S) with
a dew point lower than —60 °C.

A sealed cell made of PTFE was used for ac impedance
measurements. The surface area of the working electrode
was 0.8 cm®. The cell was assembled in an argon-filled
glove box and impedance measurements were performed
in an electric oven kept at elevated temperatures. The nickel

electrode was polarized at a constant potential for a suffi-
cient time until the current became negligible (typically <
1 pA). The impedance was measured with a frequency
analyzer (SI 1255, Solartron ) and a potentiostat (Model
273A, EG&G PAR) over the frequency range of 1-10 kHz.
The alternating amplitude was 5 mV, unless otherwise noted.
The potential was successively lowered by 0.5 V from 3.0 V,
except that the final potential was set at 0.05 V instead of
0.0 V to avoid lithium deposition.

3. Results and discussion
3.1. Cyclic voltammetry

Fig. 1 shows cyclic voltammograms obtained on nickel
electrode in 1 M LiBETI/PC at RT, 40, 60, and 80 °C. Three
major cathodic peaks were observed at 0.9, 0.5, and 0.2 V
in the first cycle at RT. The peak currents increased with
temperature and were almost doubled at 40 °C. The peak at
0.9 Vat RT was shifted to 1.1 Vat 40 °C, while the potentials
of the other two peaks remained almost unchanged. At
60 °C, the peak currents further increased. A broad shoulder
appeared at 0.7 V, and the peak at 0.5 V became sharp. It is
clear that these peaks overlapped at around 0.5 V at 40 °C
and lower. The voltammogram at the first cycle obtained
at 80 °C was very similar to that at 60 °C, except that the
peak at 0.7 V was not a shoulder but an obvious separate
peak.
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Fig. 1. Cyclic voltammograms on Ni electrode in 1 M LiBETI/PC at (a)
RT, (b) 40 °C, (c) 60 °C, (d) 80 °C. The sweep rate was 5 mV s~! Bold
solid, solid and dashed lines shows CVs in the first, second and fifth
cycles, respectively.
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Many researchers have studied electrochemical reactions
on metallic electrodes, such as Ni, Au, Cu, Ag, Pt, Ti in non-
aqueous electrolyte solutions of lithium salts [21-29,32,40].
Most of them reported that dissolved oxygen is reduced
at around 2.0 V, and reduction of H,O occurs in the range
1.0-1.5 V. Aurbach et al. [33] proposed that O, is reduced to
O, to form mainly LiO,, whereas H,O is reduced to LiOH.
In PC-based solutions, reductive decomposition of PC
occurs at potentials below 1.5V on Au electrode [33].
Several groups estimated the molecular weights of decom-
posed products that precipitated on metallic electrodes in
PC-based solutions using EQCM [21-25]. Aurbach et al.
[26,33,34] have suggested that PC decomposes to form
lithium alkyl carbonates (RCO;3Li), and confirmed the pre-
sence of these compounds by FT-IR. The couple of the
cathodic peak at 0.5 V and the anodic peak at 1.0 V have
been generally assigned to underpotential deposition and
stripping (UPD and UPS), respectively, of lithium on Au
[21-24,33,35], Ni [37,39], Cu [39], Ag [39], and Ti [39].
Some evidences for lithium UPD have been provided by
EQCM [21-24]. However, Fujieda et al. [40] reported that a
peak was seen at 0.5 Von Cu electrode even when a Li*-free
electrolyte solution was used and they assigned the peak to
decomposition of contaminants.

At RT in Fig. 1(a), noticeable cathodic peaks correspond-
ing to the reduction of O, and H,O above 1.0 V were not
observed, which confirmed that contamination of the elec-
trolyte solution with O, and H,O was negligible in the
present study. It is not easy to specify each peak below
1.0 V; however, all the cathodic peaks are attributable to
reductive decomposition of the electrolyte solution except
that the peak at 0.5 V may be assigned to lithium UPD.
These cathodic peaks were enhanced and some of them
shifted to more positive potentials at elevated temperatures,
which shows that the electrolyte decomposition reactions
were accelerated by a rise of temperature. It is, therefore,
reasonable to think that thicker surface film was formed on
Ni electrode in the first cycle at elevated temperatures.

The peak currents decreased in subsequent cycles at each
temperature. This was caused by the formation of protective
surface film during the first cycle. The peak currents gra-
dually decreased every cycle up to the fifth cycle at RT,
whereas the decrease after the first cycle was more dramatic
at elevated temperatures. In particular, the voltammogram of
the fifth cycle was almost superimposable on that of the
second cycle at 80 °C, which indicated that the surface film
was formed rapidly and had superior stability and passivat-
ing ability.

3.2. In situ AFM observations

Images (a) to (d) in Fig. 2, show AFM images of the
surface morphologies of Ni observed after the five cycles of
CVatRT, 40, 60, and 80 °C, respectively in Fig. 1. There was
no deposit at each temperature before CV and many grooves
made from polishing were observed on nickel substrate (see,

e.g. Fig. 3(a)). The grooves became indistinct after five
cycles of CV, but they were still visible at RT and 40 °C.
This indicates that surface film formation was not enough to
cover the whole surface of the electrode at the lower
temperatures and hence the electrode was less passivated
as shown in Fig. 1. Particle-like deposits of 50—150 nm in
diameter appeared sparsely after the fifth cycle although
they were not observed after the first cycle at RT (not
shown). The particle became larger in their size and
increased in their number with a rise of temperature. Par-
ticles of about 200 nm in diameter were observed at 60 and
80 °C, and the grooves on the substrates were no longer
visible. At 80 °C, many particles were observed even after
the first cycle (not shown) and the whole surface was covered
with a layer of particle-like deposits after the fifth cycle. We
observed several different areas and confirmed that there was
a uniform covering of the deposits on the surface. These
results of AFM observation are consistent with those
obtained from the CV measurements in the preceding sec-
tion, i.e. electrolyte decomposition is accelerated at elevated
temperatures and the resulting surface film passivated the
nickel electrode strongly at 80 °C.

In order to correlate the morphological changes of the
electrode surface with the cathodic peaks of CVin Fig. 1, we
observed the surface at constant potentials. The surface
morphologies obtained at open circuit voltage (OCV)
(~3V), 1.5, 1.3, 0.6, 0.5, and 0.1 V at RT are shown in
Fig. 3. At 1.5 V (Fig. 3(b)), the image of the surface became
unclear because many noisy lines ran across the image.
These noisy lines are evidence for scratching of the surface
with the microcantilever under the contact mode operation.
Because these lines were not observed at OCV in Fig. 3(a),
this is the first change of surface morphology. As mentioned
earlier, the cathodic peak at around 1.5V is generally
assigned to the reduction of H,O, whereas Aurbach et al.
[33,34] assigned it to the decomposition of electrolyte
solution by in situ FT-IR analysis. They further confirmed
the formation of surface film at 1.5 Von Au in 0.5 M LiPFg
dissolved in a 1:1 mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) by in situ AFM [26]. In Fig. 2(a)
in the present study, only minor current was observed at
around 1.5 V. This current is attributable to the reduction of
H,O and/or the electrolyte solution and the observed surface
morphological change at 1.5 V indicates the earliest step of
surface film formation on Ni electrode. The film formed at
1.5 V did not seem to be complete and it may be so thin and
soft that it is easily scraped off during probe scanning.

The noisy lines disappeared at 1.3 V and lower as shown
in Fig. 3(c) and this indicates that the surface film changed to
be more solid. Although the grooves on the nickel electrode
were seen at 1.5 V, they became indistinct with lowering the
potential. When the potential was lowered further, almost no
change was observed down to 0.6 V (Fig. 3(d)). Remarkable
morphological changes that can be directly correlated with
the cathodic peak at 0.9 V in Fig. 1(a) were not observed in
the range 1.3-0.6 V. This fact indicates that the peak gave
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Fig. 2. AFM images (7 um X 7 pm) of the surface morphology on nickel substrate obtained after five cycles of CV in 1 M LiBETI/PC at (a) RT, (b) 40 °C,

(c) 60 °C, (d) 80 °C.

only soluble reduction products. At 0.5V (Fig. 3(e)), par-
ticle-like deposits of 100-200 nm in diameter appeared on
the surface. This morphological change obviously can be
correlated with the cathodic peak at 0.5 V, and it is clear that
the reactions occurred at 0.5 V were different from those
above 0.6 V. The particle size increased with lowering the
potential and became 200-300 nm in diameter at 0.1 V as
shown in Fig. 3(f). Morigaki et al. [29] observed surface
morphological changes of Cu electrode in 1 M LiPFs/EC +

DMC and /EC + diethyl carbonate (DEC) by in situ AFM.
They also observed particle-like deposits of 300 (EC + DMC)
and 300-600 nm (EC + DEC) in diameter at potentials
between 1.0 and 0.05 V.

AFM observation was carried out at 80 °C in a similar
manner and the results are shown in Fig. 4. The grooves made
from polishing became barely visible evenat 1.5 V (Fig. 4(a)),
which shows that the amount of deposits was much larger
at 80 °C. Noisy lines caused by surface scratching were not
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seen at 1.5V; hence, the surface film formed at 80 °C
seemed to be more solid than that formed at RT. The
cathodic current at around 1.5 V was about five times larger
at 80 °C than that at RT as shown by the voltammograms in
Fig. 1. It is thus clear that reductive decomposition of the
electrolyte solution occurred very rapidly at 80 °C. In addi-
tion, the deposition occurred favorably along the grooves
that were made from polishing. At 1.1 V in Fig. 4(b), the
surface became rough and particle-like deposits appeared.

(@)
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1000 2000 3000 4000 5000 6000 nm

0 50 100 150A

This change corresponds to the peak at 1.2 V in CV. The
image is very noisy, which shows that the tip trailed pro-
trusive part of the deposits. This scratching effects are shown
in more detail in Fig. 4(c)—(e). First, a 3 um x 3 pum area was
observed several times at 0.7 V (Fig. 4(c)), and then an
expanded area of 7 pm x 7 pm including the 3 pm x 3 pm
area was observed. Fig. 4(d) shows the image obtained in the
first scan of the 7 um x 7 um area, in which a dark square,
caused by scratching with the microcantilever during the

(b)

1000 2000 3000 4000 5000 6000 nm
0 25 50 75 100 125 A

(d)

150 A
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Fig. 3. AFM images (7 pm x 7 um) of the surface morphology on nickel substrate in 1 M LiBETI/PC at RT. Observations were carried out at (a) OCV,

(b) 1.5V, (c) 1.3V,(d) 0.6V, (e) 05V, ) 0.1V.
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Fig. 3. (Continued).

initial scanning in the 3 um x 3 pum area, is seen at the center
of the image. The image obtained in the second scan is
shown Fig. 4(e). The square at the center became indistinct,
which means that the outer area was also scratched in the
first scan. However, we were not able to scrape off the
surface film completely and to reach the nickel surface
during the following several scans. It is, therefore, consid-
ered that the inmost thin layer was strongly adhered to the
nickel surface.

Almost no change was observed in the potential range
1.1-0.6 V, as shown in Fig. 4(b)—(f). This fact suggests again
that part of the products formed in this potential range are
soluble in the electrolyte solution. The morphology changed
at 0.5 Vas shown in Fig. 4(g), in which many particles larger
than 200 nm appeared. The appearance of large particles can
be correlated with the sharp cathodic peak at 0.5 V. It should
be noted that this peak did not shift even at 80 °C, indicating
that the reaction taking place at 0.5 V was fast and clearly
different from the reactions at more positive potentials. The
particle size grew up with lowering the potential down to
0.1 V as shown in Fig. 4(h). Because the cantilever dragged
the large particles upon scanning, the shapes of the particles
in these images do not exhibit their actual shapes. The real
particle size may have been smaller. The images in Figs. 3
and 4 obtained at constant potentials were somewhat dif-
ferent from those obtained after five cycles of CV in Fig. 2.
For example, the sizes of the particles formed at a constant
potential of 0.5 V were larger than those formed by CV. This
may be due to the difference in the experimental conditions;
e.g. the rate for nucleation and growth of nuclei must be
different between the two methods, which will greatly affect
the particle size.

3.3. The Ac impedance measurements

Ac impedance spectra of the nickel electrode were mea-
sured at different potentials to clarify the electrochemical
properties of the surface film. Fig. 5 shows the variation of
the impedance spectra with potential at RT. At 3.0 V, only a
line perpendicular to the Z'-axis appeared, which is typical
of a blocking electrode. This impedance behavior shows that
no reactions occurred at this potential. Such blocking beha-
vior was observed down to 2.0 V. The spectrum changed
slightly at 1.5 V. It was not a straight line, but had a curvature
in the high frequency region. This change corresponds to the
observed small current in Fig. 1(a), which was assigned to
reductive decomposition of H,O and/or electrolyte in pre-
vious sections. At 0.5 V, a depressed arc appeared in the high
frequency region, being coupled with a perpendicular line in
the low frequency region. At this potential, the largest
cathodic peak was observed in the first cycle of CV at
RT, and the particle-like deposits appeared on the surface.
This arc is, therefore, attributable to the impedance of
lithium ion migration through the layer of the deposits.
Aurbach et al. have reported very similar impedance spectra
of Ni [34,38], Au [26,34] and Ag [34] electrodes in some
carbonate-based electrolyte solutions containing Li salts and
assigned the arc in the high frequency region to the impe-
dance of the surface film.

As mentioned earlier, the peak at 0.5 V may be due to the
UPD of lithium. When UPD takes place, it usually gives an
impedance spectrum similar to that at 0.5 V in Fig. 5, i.e. a
depressed arc in the high frequency region and a linear line
in the low frequency region [41,42]. Fig. 6 shows the varia-
tion of the impedance spectra with perturbation amplitude
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obtained at 0.5 V. The impedance response did not change
with an increase in ac amplitude in the range 540 mV and
hence can be attributed to a process with an ohmic resis-
tance. Consequently, the arc cannot be assigned to the
charge-transfer reaction of UPD, although this does not
deny the possibility that UPD occurs at 0.5 V.

The variation of the film impedance with the concentra-
tion of LiBETI was next examined at 0.5 V. After surface
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film was formed at 0.5 Vin 1 M LiBETI/PC, the impedance
was measured. The solution was successively diluted to
lower concentrations by adding pure PC, and the impedance
responses were obtained. The results are shown in Fig. 7, in
which the resistance of the electrolyte was subtracted for
clarity. The resistance of the surface film gradually increased
with lowering the concentration of LiBETI. As shown in
Fig. 7, ca. 20-fold dilution resulted in only a two-fold
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Fig. 4. AFM images of the surface morphology on nickel substrate in 1 M LiBETI/PC at 80 °C. Observations were carried out at (a) 1.5V, (b) 1.1V, (c—e)

0.7V, () 0.6V, (g) 0.5V, (h) 0.1 V. (a, b, d-h) 7um x 7 um; (c) 3 pum X 3 um.
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Fig. 4.

increase in resistance. This is another evidence that the arc is
not assigned to UPD that is a charge-transfer reaction.
Because the concentration of LIBETT affected the resistance
of the surface film, the lithium salt was incorporated within
the surface film and participated in ion conduction in the
surface film.

Fig. 8(a) shows impedance spectra at 80 °C obtained in a
similar manner to Fig. 5. The resistance of the solution was
130 Q, which was lower than the value of 330 Q at RT. At

1000 2000 3000 4000 5000 8000 nm

100 150 A

1000 2000 3000 4000 5000 6000 nm

0 50 100 150 200 250 300 A

(Continued).

all potentials tested, the spectra showed the behavior of a
blocking electrode and no arc was seen even at 0.05 V. This
means that the impedance of the surface film was negligibly
low. After the measurements, the cell was cooled down to
25 °C while the potential was kept at OCV. The impedance
spectrum measured at 25 °C is shown in Fig. 8(b). The
resistance of the solution increased to 330 Q and a distinct
arc appeared in the high frequency region. The resistance of
this arc (307 Q) was higher than that obtained at RT (47 Q),
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Fig. 5. Impedance spectra at Ni electrode obtained at various potentials in
1 M LiBETI/PC at RT.

indicating that the surface film formed at 80 °C was thicker.
This conclusion is in agreement with the results of CV and
AFM measurements in the preceding sections. It should be
noted that the resistance of the surface film was much lower
at 80 °C than that formed at RT although surface film
formation was faster and the resulting film was thicker. A
high resistance of surface film tends to cause non-uniform
current distribution, which accelerates the formation of
dendritic lithium. Consequently, it is concluded that the
low resistance of the surface film formed at 80 °C is one
of the important properties to suppress the formation of
dendritic lithium.
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Fig. 6. Variation of the impedance of the surface film formed at 0.5 V with
ac amplitude in 1 M LiBETI/PC at RT.
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Fig. 7. Variation of the impedance of the surface film formed at 0.5 V with
the concentration of LiBETI in 1 M LiBETI/PC at RT.
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Fig. 8. (a) Impedance spectra at Ni electrode obtained various potentials in
1 M LiBETI/PC at 80 °C, (b) impedance spectrum obtained after cooled
down to 25 °C.
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Fig. 9. Temperature dependence of the impedance spectra of the surface film formed at 0.5 V on Ni at 80 °C in 1 M LiBETI/PC.

Temperature dependence of the impedance is shown in
Fig. 9. The cell was heated at 80 °C for 2h and the
impedance measurements were performed at different tem-
peratures holding the electrode potential at 0.5 V. At 80 and
60 °C, the spectra exhibited no distinct arc because the
impedance of the surface film was negligibly low. At
temperatures of 45 °C and lower, the arc appeared. The
resistance of the surface film increased with a drop in
temperature. Fig. 10 shows the Arrhenius plot of the con-
ductance of the surface film. The plot gave a linear line,
with an activation energy (E,) for lithium ion conduction,
calculated from the slope was found to be 85.3 kJ mol .
The E, values for lithium—electrolyte interfaces reported
in the literature are rather scattered and greatly depend
on the concentration and the kind of electrolyte salts, e.g.
58.8 kI mol ! in 0.5 M LiCIO,/PC [43], 49.8 [44], 57 [45]
and 50-80 [46] kImol™' in 1M LiClO4/PC etc. and
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Fig. 10. Arrhenius plot of the conductance of the surface film formed at
0.5 Von Ni at 80 °C in 1 M LiBETI/PC.

21.4-38.1 kI mol~! in LiAICI4/PC [47]. The value obtained
in the present study seems to be somewhat higher than these
reported values. It should be noted that most of the above E,
values were estimated from temperature dependence of
exchange current density, iy, at lithium metal or nickel
microdisk electrodes that were covered with surface films.
Therefore, some of the E, values are not free from charge-
transfer resistance, whereas others ignore the presence of the
surface film as pointed out by Munichandraiah et al. [48]. In
addition, most of the studies have ignored film growth at
elevated temperatures during measurements. In the present
work, there is no doubt that the E, value correctly represents
the activation energy for lithium ion conductance in the
surface film formed at 80 °C.

4. Conclusion

The effect of temperature on surface film formation on
nickel electrode was studied by AFM and ac impedance
spectroscopy to clarify the mechanism that gives the
improved cycling characteristics of lithium negative elec-
trode at elevated temperatures. CV measurements revealed
that electrolyte decomposition reactions are accelerated at
elevated temperatures, especially at 60 and 80 °C. In situ
AFM measurements showed that the film formation is fast
and the resulting surface film is thicker at 80 °C. Further-
more, it was confirmed by ac impedance measurements that
the resistance of surface film is very low at elevated tem-
peratures. These results revealed the properties requisite for
suppressing dendritic lithium deposition as follows: (1)
surface film should be dense and uniform, (2) the film
formation should be fast so that the surface is rapidly
passivated and the resulting surface film is easily self-
reparable when being damaged during deposition and dis-
solution cycles and (3) the film resistance should be as low as
possible to avoid the concentration of the current. These
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properties are satisfied at elevated temperatures and thus the
cycling characteristics of metallic lithium electrode were
greatly improved as we reported previously.
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