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Abstract

X-ray photoelectron spectroscopy (XPS) is used to probe the surface layer and element composition of Li-metal
electrodes before and after contact with polymer electrolytes containing LiN(SO,CF,). (LiTESI} or LiBF,. Native
fil: on as-received metallic lithium was composed of Li,CO,/LiOH in the outer layer and LL,O in the inner layer, LiF
was formed during lithium contact with electrolyte due to reaction between the native film and impurities in the
electrolyte. The polymer electrolyte containing LiTFST yielded a very thin film with limited porosity in the inner
layers, which was reflected in the limited amplitude dependence of complex impedance spectra. LiBF, mixed with
polymer resulted in a thicker film with high porosity, as was postulated from the greater influence of the amplitude

of the oscillation level. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Intreduction

In order to improve the cyelability of lithium anode
secondary batteries, the rechargeability of the lithium
electrode needs to be improved. In other words, the
compatibility of electrolyte with lithium metal must be
enhanced, which means that a stable, low impedancs
interfacial layer is formed upon contact. It has been
well known that the rechargeability problem is associ-
ated with the reactivity of the electrode when attached
with electrolytes. It is proposed that the type of elec-
trolyte is the main factor in controlling the nature of
the passivation layer at the contact. Furthermore, in-
vestigations on the lithium anode suggest that the den-
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dritic film formed on the anode during the cycling
process strongly influences its rechargeability.

Due to the presence of organic and inorganic compo-
sitions at the surface of lithium metal after contact with
electrolyte, surface analyses will complement the elec-
trochemical studies. Beside several other technigues
(e.g. FTIR [1}, SEM [2]) X-ray photoelectron spec-
troscopy (XPS) has been widely used for studying the
surface reaction of lithimun electrodes.

In this study, we report the surface analyses of
iithium electrode before and after contact with network
polymer, NP, (prepared from mono-acrylated and tri-
acrylated copolymer of ethylene oxide and propylene
oxide) electrolyte membrane containing lithium bis(tri-
ﬁuoromathylsulfonyl)lmzde (LiTFSTD) or lithium tetra-
fluoroborate (LiBF,). The effect of different kinds of
lithium salt on the electrode | electrolyte interface has
been investigated using electrochemical and surface
analysis methods, Models for the passivation layer are
preposed, depending on the lithivm salt incorporated in
the membrane.
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Fig, 2. Oscillation level dependence of impedance diagram for
the network polymer complexed with {a) LiTFSI and (b)
LiBF, and sandwiched between two symmetrical Li electrodes
at 60°C,

trolytes containing LiTFSI or LiBF, {[Li}/fO} = 0.08) at
60°C. It is obvious here that LiTFSI-NP interface
proved to be constant for a long time, whereas LiBF,-
NP showed increasing interfacial resistance over the
period of time. This is believed to be due to the
instability of the latter salt,

Table I indicates data obtained from a Li/LiX-NP/Li
{where X: TFSI~ or BF;} electrochemical cell after 1
month of storage. The thickness of the passivation
layer, /, was calculated using Eq. (1)

= 27f,, 0 b0 AR, (1)

where £, is the frequency at the maximum of imagi-
aary part of interfacial impedance (-Z”} in the complex
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impedance diagram, &, is the relative dielectric constant
for the passivation layer, which was set at 10 for
lithium compounds on the surface [5), ¢, is the permit-
tivity of vacuum, and A is the electrode area. Although
a value of 5 was used [6] for ¢ for an interfacial film
between a highly lithiated cathode material in contact
with tetraethylene glycol dimethyl ether, in the case of
salted medium a higher permittivity value is more real-
istic, For simplicity, we assumed that ¢ remained con-
stant over the life of the interface while the passivation
thickness varied. The estimation of film thickness in this
work is much smaller than that reported by Sloop and
Lerner [7], who estimated the thickness after | week of
lithfum metal contact with poly{ethylene oxide)/LiClO,.
This may be due to low water content { <20 ppm) in
our polymer electrolytes.

Passivation film thickness values for lithium after
contact with LiTFSI-NP and LiBF,-NP, are lower and
higher, respectively, if compared with that calculated
for the film formed on Li metal in contact with a linear
polyether (tetrasthylene glycol dimethy! ether) [8]. This
wide variation in film thickness associated with lithium
salt type suggests that the polymer host has a less
significant role in controlling the interfacial property,
and the nature of lithium salt has a greater effect in
modifying the structure of the passivation layer.

It can be noticed here that the thicker interface for
LiBF,-NP is associated with higher resistance, lower
capacitance and larger time constant. This greater rise
in R, for LiBF,-NP, compared with the LiTFSI-NP, is
another indication of the contrast in the nature of the
interface between the two cases. Fig. 2 shows the
ampiitude dependence of impedance response for (a)
LiTFSI-NP and (b) LiBF,-NP. It can be seen here that,
in both compaositions, the high frequency semi-circle is
the same for different amplitudes. The high frequency
semi-circle agreed well with that obtained when block-
ing, stainiess steel, electrodes were used {not shown
here). This indicates that the resistance for the high
frequency semi-circle corresponds to the bulk property
of the polymer electrolyte. However, the low frequency
semi-circle depicted different behavior for the two salt
compositions. LiBF,-NP was remarkably dependent on
the amplitude, whereas LiTFSI-NP was not greatly

influenced.

3.2. XPS analysis for the native film on the lithium
surface

Fig. 3 shows the XPS spectra of Li Is, C Is, and O 1s
regions for the native film on the lithium surface. In
these spectra, three Hthium compounds are observed,
i.e. Li,COy, LIOH and Li,O. The peak at 55.2 eV in Li
Is region can be assigned to Li,CO, and/or LiOH,
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Fig. 3. XPS spectra for the native film on as-received Li-foil,

whose intensity decreases with etching time. The peak
at 54.0 eV corresponding to Li,O is observed after 30
min of etching time and is detectable up to 90 min of
etching time with almost the same intensity. It may be
noticed that the thickness of the native film on lithium
foil was estimated by Kanamura et al. [9] to be as much
as 900 A. However, due to instrumental limitation in
this work we were unable to extend the argon ion
sputtering time and thus, no peak for Li metal (at
~52.3 eV in Li 1s) was possible to detect. Nevertheless,
- we do not expect that the native film in our work is that
thick, since during cell assembly for electrochemical
measurements lithium foil was firmly pressed on the
stainless stee] substrate in order to break the native film
on the lithium surface. A similar treatment was applied
prior to XPS measurement for the as-received lithium
surface.

Fig. 3b shows C 1s peaks for the native film on
as-received lithium foil. A sharp peak of hydrocarbon is
depicted at 285.0 eV before etching, as usuval. Hydro-
carbon is believed to exist in the glove box and/or the
XPS chamber as a contaminant, which is mainiy ad-
sorbed on the outer surface of the sample. The peak at
290.1 €V corresponding to Li,CO, is observed in the
outer layer of the native film and up to 10 min of
ctehing time in a greater intensity, though in the follow-
ing scans its intensity decreases remarkably. Fig. 3¢
shows XPS spectra of the O 1s region. A peak at 532.0
eV corresponding to Li,CO,/LiOH is observed, which
also decreases after 10 min of etching time. A small
peak, but with strong intensity later, appears at 528.3
eV corresponding to Li,O at 10 min of etching time.
The above analysis indicates that the carbonate layer is
relatively thinner when compared with the oxide layer.
These observations for Li,CO,/LiOH and Li,O in Li
Is, C 1s, and O ls spectra, are in good agreement with
sach other in terms of etching profile in accordance
with their assigned compositions. The native film on the

as-received lithium can be described schematically as in
Fig. 4.

3.3. XPS analysis for the lithium surface following
contact with polymer electrolytes

Fig. 5a~d show the XPS spectra of Li 1s, C Is, O 15,
and F ls regions for the lithium surface following
contact with LiTFSI-NP. It may be noticed that peak
positions are displaced, compared with those of native
film spectra. This is because different calibrating peaks
are used for the before and after contact sampies (see
Section 2}, In Fig. 5a Li,CO4/LiOH peaks are apparent
from 16 min of etching time onward, whereas the peak
assigned to Li,O starts to appear from 36 min of
etching time. The TFSI anion or polymer electrolyte
peak is observed at 286.8, 533, and 689.2¢V in C Is, O
Is, and F Is regions, respectively, before etching and
decreased thereafter. This organic content at the surface
iIs the undetached part of the electrolyte left while
peeling it off from the electrode and/or it is the product
of reaction between ihe electrolyte and metallic lithium.
At 16 min of etching time onward, a peak at 283.8 eV
in the C 1s spectrum is recorded which corresponds to
the carbide. Fig. 5a and d present the LiF peak at 56.0
eVin Li Is and 685.5 ¢V at F s regions, respectively.

Fig. 4. Schematic illustration for the native film on as-received
Li-foil.
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outer layer. Thus, we believe that the TFSI' peak
observed on the outer layer is its natural form rather
than the polymeric product, and therefore, the only
source for LiF is the acid-base reaction between HF
and the lithiem compounds in the native film.

Fig, 6a—d show the XPS peaks of Li s, C 1s, O Is,
and F Is regions for the lithium surface following
contact with LiBF,-NP. In Li 1s (Fig. 62) and F s
(Fig. &d) spectra it may be seen that LiF is formed on
the surface with increasing intensity in the following
spectra as a function of etching time. Li,CO,/LiOH
peaks are observed in Li 1s (Fig. 6a) and O s (Fig. 6¢)

LiF LizCOa\ILiOH ’ 140

1601

spectra, i.e. almost from 0 to 36 min of etching. The
Li,O composition peak starts to appear at 16 min of
etching time in O 1s (Fig. 6c), which showed an increas-
ing trend thereafter. A polymer peak is observed in the
outer layer at 286.8 and 533 ¢V in C 1s (Fig. 6b) and O
Is (Fig. 6c), respectively. No peak for adsorbed BF, in
the F 1s spectra, no seen in Fig. 5, is apparent.

3.4, Depth profiles of the [ithium surjace

Fig. 7 shows a depth profile for each element in the
surface film of lithium as received (a) and after contact

LiCOs  Polymer glectrolyte  Hydrocarbon

(a} Liis }

I 1
(b} C1s

i
i
|
!
!
i
!

f
|
1
H
| Etching time
|
1 1
| ¢ .
M

1 min

60 56 52 48 292 288 284 280
Binding Energy / eV Binding Energy / eV
Polymer electrolyte LiCO/LI0H Li2O LiF
a =
{d) F s

1
!
l
|
!

Etching time

38 min

26 min

[Etcm'ng time]

. 16 min

1min

/:\_ ¢ min J

538 534 530
Binding Energy / eV

526 692 688 684 680

Binding Energy / eV

Fig. a. XPS for Li-foil after | month of contact with LiBF,-NP at 60°C.
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Fig. 8. Schematic iliustration for the surface film formed on the Li-foil after contact with {a) LiTFSI-NP or (b) LiBF,-NP,
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