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Abstract

Surface modi®cation of as-received lithium foils was carried out using acid-base reactions of the native surface ®lms
on lithium metal with HF. Two types of as-received lithium foils covered with di�erent native ®lms were used as
samples for this surface modi®cation. One was a lithium foil having a very thin native surface ®lm and the other one
had a thicker native surface ®lm. The surface condition of the lithium metal was analysed by X-ray photoelectron
spectroscopy before and after the surface modi®cation using HF, and the coulombic e�ciency was measured
electrochemically. The thickness of the surface ®lm on the modi®ed lithium foils was related to the Li2O layer
thickness in the native ®lm on the as-received lithium foils. The modi®ed lithium foil which had the thinner
native surface ®lm provided more uniform deposition of lithium and a higher coulombic e�ciency during charge
and discharge cycles when propylene carbonate electrolyte with 1.0 M LiPF6 was used as the electrolyte. These
results show that the initial condition of the native surface ®lm plays an important role in surface modi®cation
with HF.

1. Introduction

Electrodeposition of lithium metal is very important in
the charging of rechargeable lithium metal batteries.
This process has been investigated by many researchers
in terms of the morphology of lithium which is a
dominant factor in the rechargeability of lithium metal
anodes [1±5]. Usually, the morphology of the lithium
deposited in nonaqueous electrolytes has been found to
be dendritic. The dendritic deposits are related to
battery failure occurring during discharge and charge
cycles [3, 4]. For example, dendritic lithium deposits can
be easily detached from the current collector, so that
they are electrically insulated from the current collec-
tors. Such lithium metal becomes inactive and has been
called `dead lithium'.
The mechanism of electrodeposition of lithium has

been discussed based on surface condition of lithium
metal in nonaqueous electrolytes. The most popular
model for the interface between lithium metal and

nonaqueous electrolytes, proposed by Peled, is the solid
electrolyte interface (SEI) model [6]. In this model,
surface ®lms formed on lithium metal can function as an
ionically conductive interface, as well as a passivation
®lm against undesirable reactions of lithium with the
electrolyte. This means that the physical and chemical
conditions of the SEI strongly a�ect the electrochemical
behavior of lithium metal anodes. Therefore, many
studies have been extensively performed to analyse
surface ®lms on lithium metal in nonaqueous electro-
lytes using various spectroscopic methods [7±29]. These
studies have suggested that the morphology of lithium
metal deposits depends on both chemical compositions
and the three-dimensional structure of the surface ®lms
on lithium. The low physical and chemical uniformity of
the surface ®lm is related to the formation of the
dendritic lithium. In order to obtain a high reversibility
during dissolution and deposition cycles of lithium
metal electrodes, the surface condition of lithium metal
must be controlled. Recently, some researchers have
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suggested various additives to the nonaqueous electro-
lytes for the surface modi®cation of lithium metal, for
example, CO2 [30, 31], 2-Me furan [22, 32, 33], AlI3 [22,
33], benzene [33], pyridine [34], and surfactants [35, 36].
We also found that a small amount of HF e�ectively
reacts with various surface ®lms on lithium metal to
produce more suitable surface ®lms which suppress the
formation of the dendritic lithium. [37±39].
However, lithium metal foils are usually used as the

anode of the rechargeable lithium battery. Especially,
as-received lithium foil is important as a practical
lithium anode. It is originally covered with surface ®lms
formed by chemical reactions of lithium metal with
active gases (O2, H2O, CO2 etc.) in the atmosphere
during preparation or storage of lithium foils. Such
surface ®lms are called native ®lm, consisting of various
basic lithium compounds (Li2CO3, LiOH, and Li2O). It
is well known that such native ®lms are undesirable
SEI's in the sense of dendritic lithium formation [39, 40].
Therefore, the surface modi®cation of as-received lith-
ium foils is necessary to realize a highly reversible
lithium metal anode for practical use.
On the one hand, the surface modi®cation of as-

received lithium foils can be carried out using additives.
On the other hand, it can be easily predicted that the
®nal surface condition of the lithium foils after the
modi®cation is strongly dependent on the original native
surface ®lm. However, there are no papers on the
relationship between the condition of the native surface
®lm and the e�ect of the surface modi®cation with
additives. In the case of the surface modi®cation with
HF, the in¯uence of the initial condition of the native
®lm on the ®nal surface condition has not been
discussed yet. Moreover, the modi®ed surface ®lm may
show various morphologies of lithium deposits and
di�erent charge±discharge performance, depending on
the initial native ®lm. In this study, we used two types of
as-received lithium foils having di�erent surface condi-
tions to clarify the dependence of the ®nal condition of
the surface ®lm on the initial condition of the native
surface ®lms. Here, we ®rst demonstrate that the
chemical condition of the native ®lm is extremely
important in the subsequent surface modi®cation pro-
cess and the resulting electrochemical behavior.

2. Experimental details

2.1. Lithium metal foil

Two kinds of as-received lithium foils were used as
samples for the surface modi®cation. One (type A) was
obtained from Honjo Metal Company (Japan) and had

been kept under highly pure argon (dew point< ÿ80 �C)
in a dry box for one month. Another (type B) was made
from a lithium ingot under dry air and also had been
kept under highly pure argon in a dry box for more than
one year. These lithium foils were analysed with XPS
before the surface modi®cation to determine the chem-
ical compositions the native surface ®lms and to
estimate their thickness. Both surface ®lms on these
lithium foils involved the same chemical species. How-
ever, the surface ®lm on the type A lithium foil was
thinner than that on the type B lithium foil.

2.2. Surface modi®cation with HF and electrochemical
experiments

The surface modi®cation of the as-received lithium foils
was performed through immersion of the lithium foils
in propylene carbonate (PC) solution containing
1� 10ÿ3 mol dmÿ3 hydrogen ¯uoride (HF) for three
days at room temperature. The preliminary experiments
already con®rmed that the modi®cation reaction is
su�ciently completed after the immersion for three days.
The solution for the modi®cation was prepared by
addition of hydro¯uoric acid (46 wt% aqueous solution,
WakoPureChemical Industries, Ltd, Japan) into purePC
(Mitsubishi Chemical, Japan). After the surface modi®-
cation, the lithium foils were washed with pure PC to
quench the reactions between HF and the lithium foils.
Lithium metal was deposited on the modi®ed lithium

foils under galvanostatic conditions in PC containing
1.0 mol dmÿ3 LiPF6 (LiPF6/PC, Mitsubishi Chemical).
The counter electrode was lithium foil (8 cm2) and the
reference electrode was Li/Li�. The current density was
set at 0.2 mA cmÿ2, and the amount of electric charge
was 1.0 C cmÿ2.
Charge and discharge (deposition and dissolution)

cycles under galvanostatic conditions were also per-
formed to examine the surface condition changes of the
modi®ed lithium foils during such cycles. In this test, the
charge process was carried out ®rst following galvano-
static conditions. The current density was 2.0 mA cmÿ2,
and the amount of electric charge was 2.0 mA h cmÿ2

(7.2 C cmÿ2). The discharge process was conducted
under the same conditions as those for the ®rst charge
process.
After these electrochemical treatments, the lithium

foils were washed with pure PC to remove electrolyte
salts. All procedures were conducted in an argon dry
box at room temperature (dew point < ÿ80 �C). The
water contents of pure PC and electrolytes were esti-
mated to be less than 20 ppm by analysis with a Karl
Fischer Moisture Titrator (MKC-210, Kyoto Denshi
Kogyo Co., Japan).
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2.3. XPS analysis and scanning electron microscopic
(SEM) observations

The samples were dried for 1 h under vacuum to remove
residual PC on their surfaces. A transfer procedure for
the samples from a dry box to the introduction
chambers of the XPS and SEM instruments has been
described in our previous paper [18]. The XPS analysis
was performed by ESCA 850s (Shimadzu, Japan) under
high vacuum conditions (less than 5� 10ÿ7 Pa). The
Mg Ka line was used as an X-ray source (8 kV, 30 mA).
The binding energy of each peak appearing in the XPS
spectra was calibrated using that of elemental C in
hydrocarbons, which was determined from the XPS
spectra of C 1s for a hydrocarbon adsorbed on a
standard silver sample. Argon ion etching (acceleration
voltage, 2 keV; ion beam current, 8 lA) was applied to
obtain depth pro®les for elements involved in the surface
®lms on lithium. The times in each ®gure indicate the
argon etching duration. The etching rate is roughly
estimated to be 5 AÊ minÿ1 from the sputtering coe�-
cient and the actual ion beam current. An SEM
observation of the morphology of lithium deposits on
the lithium metal foils was performed using a JEM-25D
(JEOL, Japan).

2.4. XPS spectra of various lithium compounds as
standard samples

In general, decomposition of chemical compounds by
X-ray radiation or Ar ion beam radiation is one of the
serious problems in XPS depth analysis. Therefore, the
damage to some lithium compounds, such as Li2CO3,
LiOH, LiF, by X-ray radiation and Ar ion beam
radiation was evaluated before the XPS analysis. Pow-
ders of these pure compounds were pelletized in a 6 mm
diameter disc shape and then were exposed to X-ray
radiation (8 kV, 30 mA) for 1 h or Ar ion beam
(acceleration voltage, 2 kV; ion beam current, 8 lA)
for 40 min in the XPS analysis chamber. LiF and
Li2CO3 powders were purchased from Wako Chemical
Industries, Ltd, and LiOH was synthesized by a vacuum
drying treatment of LiOH±H2O powder (Wako Pure
Chemical Industries, Ltd, Japan) for 24 h at room
temperature. Anhydrous LiOH was identi®ed by an
X-ray di�raction pattern in a dry atmosphere.

2.5. Cycling test

The reversibility of dissolution and deposition of lithium
metal deposited on two types of lithium foils was tested
under the following galvanostatic condition. The aver-
age percentage coulombic e�ciency for many dissolu-

tion and deposition cycles was calculated according to
Equation 4 [41]:

En � nQc

nQc � Qex
� 100 �4�

where E is the average e�ciency, Qc is the amount of
charge (deposition)/discharge (dissolution) electricity for
each cycle, Qex the amount of electricity available from
the lithium foil electrode (corresponding to excess
lithium), and n are cycling numbers indicating an
apparent 100% e�ciency.
The percentage e�ciency calculated by this equation

corresponds to the ratio between the total amount of
electricity for dissolution (nQc) and that for deposition
(nQc) containing excess lithium (Qex). Therefore, the
e�ciency means the average coulombic utilization of
deposited lithium on each cycle. The discharge was
terminated at 1.0 V vs Li/Li�. The type A and B lithium
foils (80 lm thickness, 1 cm2 area) were used as the
lithium foil electrode. They were adhered onto a nickel
plate which is the current collector. Because the
volumetric energy density of lithium metal is
2061 mA h cmÿ3 [42], the amount of electricity of the
lithium foil, Qex, is 16.5 mA h.

3. Results and discussion

3.1. In¯uence of X-ray radiation and Ar ion beam
radiation on lithium compounds

Figure 1 shows the XPS spectra of Li 1s, O 1s, F 1s, and
C 1s for LiF, LiOH, and Li2CO3 standard samples
before and after X-ray radiation and Ar ion beam
radiation (Ar ion etching). Two peaks were observed at
56.0 and 685.5 eV in the XPS spectra of Li 1s and F 1s
for LiF (Figure 1 (a) and (b)), respectively, before either
X-ray radiation or Ar ion beam radiation. These spectra
were not changed by the X-ray radiation and the Ar ion
beam radiation. Two peaks were observed (54.7 and
531.6 eV) in the XPS spectra of Li 1s and O1s for LiOH
(Figure 1(c) and (d)), respectively. These peaks were not
signi®cantly changed by the X-ray radiation, although a
slight decomposition of LiOH to Li2O (at 53.7 eV in Li
1s and 528.8 eV in O 1s) was observed after Ar ion beam
radiation for 20 min. However, no serious decomposi-
tion was observed after the consecutive Ar ion beam
radiation. These spectra indicate that the in¯uence of
the Ar ion beam radiation on LiOH is not signi®cant.
Peaks were observed at 55.0, 532.0, and 290.2 eV in the
XPS spectra of Li 1s and O 1s, and C 1s for Li2CO3

(Figure 1(e), (f) and (g)), respectively. A peak at
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285.0 eV in the C 1s spectra is due to a hydrocarbon gas
adsorbed on the sample in the XPS analysis chamber. A
slight decomposition of Li2CO3 to Li2O was observed in
the spectra after the Ar ion etching. This decomposition
of Li2CO3 by the Ar ion beam radiation is negligible.
From these results, it can be concluded that all
compounds are su�ciently stable for the study of the
surface chemical conditions of lithium foils from XPS
depth pro®les.

3.2. Surface conditions of lithium metal foils

Figures 2(a), (b), (c) and (d) show the XPS spectra of Li
1s, C 1s, O 1s, and their depth pro®les for the type A

lithium foil before the surface modi®cation. These
spectra were obtained after Ar ion etching for various
durations. A peak at 55.0 eV in the Li 1s spectra before
the Ar ion etching was attributed to Li2CO3, and
another strong peak at 53.7 eV after the Ar ion etching
for 5 min was attributed to Li2O. The peak intensity
changes of Li2O and Li2CO3 in Figure 2(a) show the
presence of Li2O under a Li2CO3 layer. The peak
corresponding to lithium metal was clearly observed
after the Ar ion etching for 20 min, and the pattern of
the Li 1s spectra was not changed by the subsequent Ar
ion etching for 35±40 min. The peak of Li2O was still
observed after the Ar ion etching for 40 min. This may
be due to reactions of lithium metal with residual H2O

Fig. 1. XPS spectra of Li 1s, F 1s, O 1s, or C 1s for (a, b) LiF, (c, d) LiOH and (e, f) Li2CO3 standard samples before and after the X-ray

radiation (8 kV, 30 mA) for 1 h and the Ar ion beam radiation (acceleration voltage; 2 kV, ion beam current; 8 lA) for 20 and 40 min.
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or O2 in the XPS analysis chamber or to variation in the
Ar ion beam radiation of lithium metal due to the
surface roughness (distribution of the argon ion beam
etching). In our previous study [43], we showed that the
oxidation of lithium metal did not signi®cantly occur in
our XPS equipment within 1 h. Therefore, the observa-
tion of the Li2O peak after Ar ion etching for 40 min
may be mainly due to the surface roughness of this
lithium foil. A peak of 290.2 eV, attributed to Li2CO3,
however, disappeared on Ar ion etching. Therefore, it
can be seen that Li2CO3 is present only at the outer part
of the surface ®lm on this lithium metal foil. A peak at
285.0 eV was attributed to hydrocarbon adsorbed on
the lithium metal surface. Two peaks in the O 1s spectra
before the Ar ion etching were observed at 532.0 and
528.8 eV, corresponding to Li2CO3 and Li2O, respec-
tively. After the Ar ion etching for 5 min, the peak of
Li2CO3 disappeared, while a new peak at 531.7 eV
attributed to LiOH was weakly observed. The peak of

Li2O was strongly observed after the Ar ion etching for
5 min, and its intensity gradually decreased during the
Ar ion etching after 10 min duration. From these XPS
spectra, it is concluded that the native ®lm on the type A
lithium foil consists of an outer layer involving Li2CO3/
LiOH and an inner layer including Li2O. From the peak
corresponding to lithium metal, the surface ®lm seems to
be substantially removed by Ar ion etching for 40 min,
indicating that the thickness of the surface ®lm can be
roughly estimated to be 200 AÊ (the thickness of the
outer Li2CO3/LiOH layer is about 30 AÊ ). From the XPS
depth pro®les, it is also con®rmed that the amount of
compounds involving oxygen such as Li2CO3 is greater
at the outer layer of the surface ®lm.
Figures 2(e), (f), (g) and (h) show the XPS spectra of

Li 1s, C 1s, O 1s, and the XPS depth pro®le for the type
B lithium foil before the surface modi®cation. These
spectra indicate that the surface ®lm on the type B
lithium foil consists of a Li2CO3/LiOH outer layer and a

Fig. 2. XPS spectra of Li 1s, C 1s or O 1s and depth pro®les of elements for (a±d) type A and (e±h) type B lithium foils before the surface

modi®cation. Time indicates the duration of the argon ion etching.
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Li2O inner layer, which is similar to the type A lithium
foil. The peak of lithium metal in the Li 1s spectra was
®rst observed after Ar ion etching for 85 min, and the
pattern of the Li 1s spectrum was not changed after Ar
ion etching for 145 min. The peaks corresponding to
Li2CO3 in the C 1 s and O 1s spectra diminished during
Ar ion etching after 25 min duration. These results show
that the surface ®lm on the type B lithium foil is thicker
than that on the type A lithium foil. Therefore, it can be
said that the native ®lm on the type B lithium foil is
roughly 700 AÊ in thickness. The thickness of the outer
Li2CO3/LiOH layer in the surface ®lm may be 100 AÊ

thickness.

3.3. Surface condition of lithium metal modi®ed by HF

The surface modi®cation of as-received lithium foils is
essentially explained by acid-base reactions of HF with
various basic lithium compounds in native surface ®lms,
as shown in Equations 1±3 [16, 17, 19, 39]:

Li2CO3 � 2 HF! 2 LiF (porous, weak)�H2CO3

�1�

LiOH �HF! LiF (porous, weak)�H2O �2�

Li2O� 2 HF! 2 LiF (dense, rigid)�H2O �3�

These acid±base reactions indicate that a part of a native
surface ®lm, at least, is changed to a new surface ®lm
consisting of LiF. In previous papers [16, 17], we
reported that the condition change of the surface ®lm
after the modi®cation with HF is related to volume
changes in the surface ®lms induced by acid-base
reactions with HF. The volume of lithium compounds
per 1 mole of atomic lithium is shown in Table 1. The
volume of Li2CO3 or LiOH is much larger that of LiF,
and that of Li2O is slightly smaller than that of LiF.
Therefore, the volume of the surface ®lm, involving a
Li2CO3/LiOH layer, decreases through the acid-base
reactions with HF and the volume of the Li2O layer does
not change signi®cantly. This means that a porous LiF
surface ®lm is formed from the Li2CO3/LiOH layer and
a dense and rigid LiF surface ®lm is produced from the
Li2O layer.
Figures 3(a), (b), (c), (d) and (e) show the XPS spectra

of Li 1s, C 1s, O 1s, F 1s and the XPS depth pro®le for
the type A lithium foil after the surface modi®cation
with HF. A new peak observed at 56.0 eV in the Li 1s
spectra before the Ar ion etching was attributed to LiF.
This LiF peak intensity markedly decreased, and the
peak at 53.7 eV attributed to Li2O was strongly ob-
served after Ar ion etching for 10 min. Finally, the peak

corresponding to lithium metal became the main peak in
the Li 1s spectra after Ar ion etching for 20 min. The Li
1s spectra did not signi®cantly change during the Ar ion
etching for 30�40 min. Therefore, the thickness of the
surface ®lm after the modi®cation may be estimated to
be 150 AÊ . The peak attributed to Li2CO3 in the C 1s
spectra was observed at 290.0 eV as observed before the
modi®cation. However, the intensity of the Li2CO3 peak
was much weaker, compared with that before the
modi®cation, as shown in Figure 2(b). These spectra
indicate that the amount of Li2CO3 in the surface ®lm is
decreased by the immersion in PC containing HF for
three days. In the O 1s spectra, the peaks attributed to
Li2CO3, LiOH and Li2O were also observed at 532.0,
531.7, or 528.8 eV, respectively. The peak of LiF was
observed at 685.5 eV in the XPS spectra of F 1s. The
peak intensity became weak after the Ar ion etching,
indicating that LiF was present at the outer part of the
surface ®lm. This result is in good agreement with the
results obtained from the Li 1s spectra. Moreover, the
amount of elemental F in the outer layer of the surface
®lm was larger than those of elemental O and C, as
shown in the XPS depth pro®le. From these results, it
can be concluded that the native ®lm on the type A
lithium foil changes to the bilayer surface ®lm consisting
of LiF and Li2O. This change is due to the acid±base
reactions of basic lithium compounds with HF, as
shown in Equations 1±3. LiF is a ®nal product on the
type A lithium foil immersed in PC containing a small
amount of HF.
Figures 3(f), (g), (h), (i) and (j) show the XPS spectra

of Li 1s, C 1s, O 1s, F 1s, and the XPS depth pro®le for
the type B lithium foil after the surface modi®cation
with HF. These spectra also indicate that the native
surface ®lm on the type B lithium foil changed to the
bilayer consisting of LiF and Li2O through the surface
modi®cation with HF. However, the thickness of the
modi®ed surface ®lm on the type B lithium foil was
greater than that of the type A lithium foil. The spectra
of Li 1s was not changed by the Ar ion etching for
125 �145 min, indicating that the surface ®lm was

Table 1. Volume of lithium and lithium compounds per 1 mole

lithium atom

Compounds Molar volume

/cm3
Volume per 1 mole

lithium atom/cm3

Li2CO3 35.2 17.6

LiOH 16.4 16.4

LiOH.H2O 27.8 27.8

LiF 9.84 9.84

Li2O 14.8 7.42

Lithium metal 13.0 13.0
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substantially removed by Ar ion etching for 125 min.
Therefore, the thickness can be roughly estimated to be
600 AÊ . These results indicate that the structure of the
modi®ed surface ®lm is strongly a�ected by the condi-
tion of the original surface ®lm before the modi®cation.
As shown in the Li 1s spectra in Figure 2(a,e) and
Figure 3(a,f), the decrease in the thickness of the
surface ®lm on the type B lithium foil was about
100 AÊ , while the decrease on the type A lithium foil was
about 50 AÊ .
The surface conditions of the two type of lithium foils

before and after the modi®cation with HF are schemat-
ically illustrated in Figure 4. The decrease in the
thickness of the surface ®lm caused by the modi®cation
was larger for type B than that for type A. The decrease
in the ®lm thickness seems to be related to the amount
(thickness) of Li2CO3 or LiOH in the native ®lm before
the modi®cation. Therefore, considering the above
results by XPS and the modi®cation reaction as shown
in Equations 1±3, the decrease in the surface ®lm,
namely, the etching of the surface ®lm is explained by

removal of the porous and weak LiF layer produced
from the Li2CO3/LiOH layer (in our previous paper,
such a removal of a part of the native ®lm has already
been identi®ed by the in situ FTIR spectroscopy [44]).
The etching is terminated by the formation of the LiF
layer, produced from the Li2O layer, because of the high
rigidity and stability of the LiF layer. Therefore, it can
be said that the thickness of the surface ®lm modi®ed
with HF is determined by the thickness of Li2O layer in
the initial native ®lm.

3.4. Electrodeposition of lithium on lithium metal foil

The electrodeposition on the modi®ed or untreated
lithium foils (the type A or B lithium foils) was
performed under galvanostatic condition (0.2 mA cmÿ2,
1.0 C cmÿ2) in 1.0 mol dmÿ3 LiPF6/PC, and then the
morphology of lithium deposited on the lithium foils
was observed. Figure 5 shows the scanning electron
micrographs of these lithium deposits. From (a), (b), (e)
and (f), it is found that dendritic lithium is formed on

Fig. 3. XPS spectra of Li 1s, C 1s, O 1s or F 1s and depth pro®les of elements for (a±e) type A or (f±j) type B lithium foils after the surface

modi®cation. The surface modi®cation is conducted by the immersion of the lithium foils in PC containing 1� 10ÿ3 mol dmÿ3 HF for three days.

Time indicates the duration of the argon ion etching.
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both of the unmodi®ed lithium metal foils. This result
indicates that the surface ®lms on the as-received lithium
foils promote the lithium dendrite formation in 1.0 M

LiPF6/PC. On the other hand, spherical particles were
obtained by the electrodeposition in 1.0 mol dmÿ3

LiPF6/PC when the deposition of lithium was carried
out on the lithium modi®ed with HF, as shown in (c),
(d), (g) and (h). The SEM observation indicates that the
surface modi®cation with HF is effective in suppressing
the lithium dendrite formation on the lithium foils.
The morphology of electrochemically deposited par-

ticles is strongly a�ected by the current distribution on
the substrate. When a lithium foil is used as a substrate,
the current distribution is in¯uenced by not only
standard electrochemical factors but also the physical
and chemical conditions of the surface ®lm on the
lithium foil. If an electrodeposition current is concen-
trated at speci®c points on the surface ®lm at which the
resistivity is low (a high ionic conductivity), dendrite
deposition is promoted. The modi®ed surface ®lm on the
lithium foils used in this study did not produced

dendrites. This fact can be explained by the formation of
uniform surface ®lms on the lithium foils through the
HF treatment [39]. However, the morphologies of
lithium deposits on modi®ed lithium foils of type A
and type B were di�erent as shown in Figures 5(c), (d),
(g) and (h). Lithium particles were more locally depos-
ited on the modi®ed type B lithium foil compared with
the electrodeposition on the type A lithium foil. This
result indicates that the nonuniformity of the surface
®lm on the modi®ed type B lithium foil is still present
resulting in patches of deposits. Consequently, the
surface condition of lithium foils before the HF surface
modi®cation is also very important.

3.5. Surface condition of modi®ed lithium metal
foil after charge and discharge cycles

Figure 6 shows the scanning electron micrographs of
the modi®ed type A lithium foil after charge and
discharge cycles. The charge and discharge current
densities were set at 2.0 mA cmÿ2, and the capacity

Fig. 4. Schematic illustration of the surface ®lms formed on the lithium foils before and after the surface modi®cation with HF. The surface

modi®cation of lithium metal was performed by the immersion of the lithium foils in PC containing 1� 10ÿ3 mol dmÿ3 HF for three days. Key:

(a) type A before modi®cation, (b) type A after modi®cation, (c) type B before modi®cation and (d) type B after modi®cation.
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was set at 2.0 mA h cmÿ2. Spherical particles were
observed after the charge and discharge cycle. Fig-
ures 7(a), (b), (c), (d) and (e) show the XPS spectra of Li
1s, C 1s, O 1s, F 1s, and the XPS depth pro®le for the
modi®ed type A lithium foil after the ®rst charge.
Because the lithium foil was mostly covered with the
lithium particles shown in Figure 6, the XPS spectra in
Figures 7(a), (b), (c), (d) and (e) mainly re¯ect the
surface ®lm on the lithium deposits. All XPS spectra of
Li 1s, C 1s, O 1s, and F 1s resembled those of the
modi®ed lithium foil before the ®rst charge, as shown in
Figures 3(a), (b), (c) and (d). No peaks were observed in
the XPS spectra of P 2p. This indicates that no
compounds involving elemental phosphorus are present
in the surface ®lm on the lithium deposits. From these
results, it can be said that the surface ®lm on the lithium
deposits also consists of the bilayer structure consisting
of LiF and Li2O. The formation of this surface ®lm is

partly due to the presence of a small amount of HF in
LiPF6/PC. It is known that 1.0 M LiPF6/PC electrolyte
contains a small amount of HF because of the hydro-
lysis of LiPF6 [45]. In previous work [39], when using
electrolyte not containing HF such as 1.0 mol dmÿ3

LiClO4/PC, even though the surface ®lm on the lithium
metal foil was modi®ed by HF, lithium dendrites formed
during electrodeposition, indicating that the presence of
HF in an electrolyte is necessary for a smooth elec-
trodeposition on lithium metal. Therefore, both the
surface ®lms on the lithium foils and the surface ®lms of
the lithium deposits must consist of the LiF/Li2O bilayer
surface ®lm for the smooth lithium deposition.
Figures 7(f), (g), (h), (i) and (j) show the XPS spectra

of Li 1s, C 1s, O 1s, and F 1s and the XPS depth pro®le
for the modi®ed type A lithium foil after the ®fth charge.
These XPS spectra were slightly di�erent from those
after the ®rst charge. In the Li 1s spectra, the peak from

Fig. 6. Scanning electron micrographs for the type A lithium foil modi®ed with HF after several discharge (dissolution) and charge (deposition)

cycles under galvanostatic condition in 1.0 mol dmÿ3 LiPF6/PC. Current density was set at 2.0 mA cmÿ2, amount of electricity for cycles were set

at 2.0 mA h cmÿ2. Key: (a, b) after the ®rst charge, and (c, d) after the ®fth charge.
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lithium metal was weak, even after Ar ion etching for
11 min. The peak of Li2CO3 was not observed in the C
1s spectra before or after Ar ion etching. The peak of
LiF was not changed by Ar ion etching. These XPS
spectral features show that the surface ®lm on the
lithium deposits after the ®fth charge was thicker than
that after the ®rst charge. The amount of elemental F
was large even after Ar ion etching as shown in the
depth pro®le. From these results, it is concluded that
this thick surface ®lm is the LiF layer. Possibly, the
formation of such a thick LiF layer is due to accumu-
lation of thin LiF surface ®lms left on the substrate
electrode by the discharge (dissolution) process of
lithium deposits on lithium metal.

3.6. Cycling test

Table 2 shows the average cycle e�ciency of the lithium
foil anodes in 1.0 mol dmÿ3 LiPF6/PC. The e�ciency of
the type A lithium foil modi®ed with HF was higher
than that of the type B lithium foil modi®ed with HF or
the unmodi®ed lithium foils. The improvement in cycle
e�ciency is due to the suppression of dendrite formation
by the surface modi®cation. The e�ciency under the
discharge and charge cycle conditions of low current
density and small electric charge was higher than that
for high current density and large electric charge.
Because the shapes of the lithium deposits at low
current density and small charge were more uniform
than those at high current density and large charge, as
shown in Figure 5 (c,d) and Figure 6 (a,b), the di�er-
ences in the cycle e�ciency may be related to the
di�erences in the shape of the deposits. The uniform
shape of the deposits may be advantageous for e�cient
discharge and charge cycles. However, even when such
spherical particles are deposited, the e�ciency is not

100%. This suggests that even the spherical particles
may cause some dead lithium or consumption of lithium
metal by reactions with the electrolytes.

4. Conclusions

Two kinds of as-received lithium foils having di�erent
native ®lms were used as samples for the surface
modi®cation with propylene carbonate solution con-
taining a small amount of HF. These native ®lms
consisting of a Li2CO3/LiOH layer and a Li2O layer
were changed to a LiF/Li2O bilayer, and the thickness in
the ®lm was decreased by the surface modi®cation.
However, the ®nal conditions were di�erent in these two
lithium foils. The following remarks are based on our
surface analyses:
(i) The decrease in the thickness of the surface ®lm by

the HF treatment is related to the thickness of the
Li2CO3/LiOH layer in the native ®lm.

(ii) The thickness of the ®nal surface ®lm after the
modi®cation with HF is determined by the thick-
ness of the Li2O layer in the native ®lm.

These ®nal surface conditions of the lithium foils
in¯uence the morphology and the distribution of lithium
deposits. Moreover, the discharge and charge charac-
teristics as anodes in rechargeable lithium batteries also
depended on the ®nal conditions of the lithium foils.
When the lithium foil having a thinner native surface
®lm was modi®ed with HF, the dendrite formation was
more e�ectively suppressed during several discharge and
charge cycles, and the average cycle e�ciency was more
improved. This result indicates that the condition of the
initial native ®lm a�ects the uniformity of the surface
®lm after the surface modi®cation with HF.
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