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Abstract This article critically evaluates the character-
istics of a new in situ spectroelectrochemical cell with an
optimized path of the IR beam, designed in our labora-
tory for study of the solid electrolyte interphase (SEI)
layer formed between a porous graphite anode and alkyl
carbonate solution for lithium-ion batteries. The cell was
designed in view of the optical principles underlying the
way the in situ cell works, to give depth of penetration of
the evanescent IR beam through the attenuated total
internal reflectance crystal into the electrolyte at such a
small value, ranging from 0.277 to 2.77 pm, that it was
possible to minimize the “masking effect” of the ethylene
carbonate/diethyl carbonate solvent. Moreover, the
“local compositional change” which may arise signifi-
cantly from the “thin layer electrolyte configuration” cell
also could be fairly avoided, since only the electrolyte in
the vicinity of the electrode composed of graphite parti-
cles is reduced to form the SEI layer to a thickness of at
most 0.1 um during the application of potentials. Thus, it
was possible to measure the in situ FT-IR spectra in the
cell, which represents the real chemical composition and
structure of the SEI layer. Taking the application of the
designed in situ cell as an example, this article reports
the effect of salt type and electrolyte temperature on the
chemical composition and structure of the SEI layer
between graphite particles and alkyl carbonate solution
with the help of various measured in situ FT-IR spectra.
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Introduction

In situ Fourier transform infrared (FT-IR) spectro-
electrochemistry has proven useful for elucidating
the structure of chemical intermediates and studying the
redox chemistry of a wide range of molecules. In the
past, many spectroelectrochemical cells for in situ FT-IR
spectroscopy have been proposed and developed [1, 2, 3,
4, 5, 6]. These designs range from transmission electro-
chemical cells to designs utilizing reflectance methods.
With transmission electrochemical cells, using minigrid
electrodes, one measures the FT-IR spectra of the elec-
trochemical species in the bulk solution [7, 8]. In con-
trast, with most reflectance methods, one measures the
FT-IR spectra of the electrochemical species near or on
the electrode surface, with either a totally reflective
electrode [9, 10] or a transparent electrode [11].

When measuring IR reflectance spectra from a liquid/
solid interface, using the attenuated total internal re-
flectance (ATR) method or the single internal reflectance
(SIR) method, the main difficulty is the “masking effect”
of most solvents, which means the absorption of the IR
radiation significantly arises by itself [12]. To circumvent
this problem, “thin layer electrolyte configuration™ cells,
which are characteristic of the arrangement for a very
thin layer of electrolytic solution between the electrode
and the IR window, were first proposed by Bewick et al.
[13, 14]. However, when the electrochemical reaction
between the electrode and the “‘electrolyte with a thin
layer” runs very fast in the “‘thin electrolyte layer con-
figuration™ cell, the composition of the reactant within
the thin layer of the electrolyte may be depleted as
compared to the composition in the bulk electrolyte. For
the sake of avoiding the “local compositional change”
between the thin layer electrolyte and the bulk electro-
lyte, many types of in situ spectroelectrochemical cell
have been developed [15, 16, 17].

In particular, the use of in situ FT-IR spectroelectro-
chemistry made it possible to clearly specify the chemi-
cal composition and structure of the solid electrolyte
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interphase (SEI) layer formed between a porous graphite
anode and alkyl carbonate solution for lithium-ion sec-
ondary batteries. Measurement of the ex situ FT-IR
spectra leads to the interference of secondary reactions of
the SEI layer with such atmospheric contaminants as
H,O or CO,, unavoidably present in the spectrometer
environment. In addition, several salt reduction products
may have quite similar FT-IR peaks to the parent salts.
Therefore, the appearance of certain noise peaks in the
FT-IR spectra measured ex situ may always be attributed
to the residual salt that is not completely washed out
during the specimen preparation for ex situ FT-IR
spectroscopy. The occurrence of the noise peak is effec-
tively avoided when the electrodes are subjected to in situ
FT-IR spectroscopic measurement [18, 19, 20].

The purpose of this article is to introduce a new in situ
FT-IR spectroelectrochemical cell with an optimized
path of the IR beam, designed in our laboratory for the
study of the chemical composition and structure of
the SEI layer between a porous graphite electrode and the
alkyl carbonate solution. For this purpose, we first de-
tailed how we minimized the “masking effect” of the
solvent as well as how we circumvented the “local com-
positional change” in the new in situ cell. Finally, we
measured in situ FT-IR spectra with the newly designed in
situ cell and analysed them in order to illustrate the effect
of salt type and electrolyte temperature on the chemical
composition and structure of the SEI layer as examples.

Experimental

Design of a new spectroelectrochemical cell for in situ FT-IR
spectroscopy

The new in situ spectroelectrochemical cell with an optimized path
of the IR beam is schematically illustrated in Fig. 1. The in situ cell
was constructed by attaching the baseline horizontal ATR crystal
attachment to the electrochemical cell. Two kinds of porous
graphite electrodes prepared from poly(vinylidene fluoride)
(PVDF)-bonded Lonza KS-44 and SLX6 graphite powders were in
mechanical contact with the ATR crystal, and they were used as
working electrodes. The porous graphite electrode, of which the
thickness was measured to be ca. 100 um, was completely wetted by
the penetrated electrolyte. Pure lithium metal foil was employed as
the reference and counter electrodes. The two kinds of electrolytes
were 1 M LiPF¢ in ethylene carbonate (EC)/diethyl carbonate
(DEC) (50:50 vol%) solution and 1 M LiAsFs in EC/DEC solu-
tion. The cell configuration and electrode preparation method were
detailed in our previous paper [20].

Figure la gives a magnified view showing the trace of the IR
beam within the 60° cut ATR crystal during its total internal re-
flections. The IR beam passes from the IR source via a reflecting
mirror through the ATR crystal to the deuterated triglycine sulfate
(DTGS) detector. In order for the IR beam to totally internally
reflect within the ATR crystal, the angle of the incident radiation 6
must exceed the critical angle, 0.. 0. is a function of the refractive
indices of the specimen and the ATR crystal and is defined as [21]:

.1
0. =sin ! = 1
= sin! 2 0
where n; is the refractive index of the ATR crystal and n, is the
refractive index of the specimen. In the case of the newly designed
in situ cell, the refractive indices of the ATR crystal (ZnSe prism)

>

Fig. 1 Schematic illustration of the new in situ spectroelectro-
chemical cell used for in situ FT-IR spectroscopy, and magnified
view showing (@) the trace of the IR beam within the 60° cut ATR
crystal during its total internal reflections, (b) the interfaces among
the electrolyte, the porous graphite electrode and the ATR crystal,
and (c¢) the penetration of the evanescent IR beam through the
ATR crystal into the electrolyte and the detection of the SEI layer
by the evanescent IR beam within the detectable region

and most alkyl carbonate solutions are given by 2.4 and ca. 1.5,
respectively. Therefore, 0. was determined to be 38.7° from Eq. 1.

Another useful relationship in ATR spectroscopy, which can be
used as a measure of the depth of the penetration of the evanescent
wave through the ATR crystal into the specimen, is defined as the
penetration depth dj,. The penetration depth is defined as the dis-
tance from the ATR crystal/specimen interface to a location where
the intensity of the evanescent wave decays to 1/e of its original
value. It is derived by [22]:

dy = 4 @)

27ny 4 /sin’ 6 — (ﬂ)z

n

where / is the wavelength of the IR beam, and 6 is the angle of
incidence.

From Eq. 2 it is realized that the penetration depth of the IR
beam is decreased, and hence the “‘masking effect” of the solvent is
reduced with an increasing incident angle of the IR beam during
total internal reflection, which enables us to measure more accu-
rately the chemical composition and structure of even a very thin
SEI layer of 0.1 um thickness. In contrast, the number of total
internal reflections within the crystal is decreased with increasing
incident angle of the IR beam, which makes the resolution of the
measured IR spectra much lower and simultaneously improves the
sensitivity of the measured IR spectra. Compromising the decrease
in the penetration depth with the decrease in the number of total
internal reflections, from the two viewpoints mentioned above, the
incident angle was calculated to be 60°. Therefore, we employed the
60° cut ATR crystal as the optimum cut geometry for the study of
the very thin SEI layer formed between the porous graphite elec-
trode and the alkyl carbonate solution.

Since the incident angle of 60° of the IR beam is higher than the
critical angle for total internal reflectance (38.7°), the incident IR
beam is first totally internally reflected within the 60° cut ATR
crystal on one beveled plane of the ATR crystal, followed by seven
times of total internal reflections on the basal plane of the ATR
crystal, and finally the beam is totally internally reflected on the
other beveled plane. This internal reflection creates an evanescent
wave which extends beyond the surface of the ATR crystal into the
specimen. In the regions of the IR spectrum where the surface
species absorbs energy, the evanescent wave is attenuated.

Figure 1b schematically presents a magnified view representing
the interfaces among the electrolyte, the porous graphite electrode
and the ATR crystal. At the same time, Fig. 1c schematically il-
lustrates the penetration of the evanescent IR beam through the
ATR crystal into the electrolyte and the detection of the SEI layer
by the evanescent IR beam within the detectable region. Consid-
ering the cut geometry of the ATR crystal and the reflective indices
of the ATR crystal and electrolyte, the penetration depth of the IR
beam was determined to 0.277-2.77 um from Eq. 2, taking the
value of the wavelength as 2.5-25 pum, respectively. This means that
the penetration depth is much shallower as compared with the
thickness of the porous graphite electrode of ca. 100 um, and at
the same time it is comparable with the thickness of the SEI layer of
ca. 0.1 pum. Owing to the short penetration depth of the IR beam,
the designed in situ cell can be regarded as one variant of the “‘thin
layer electrolyte configuration” cells, and hence the ‘“masking
effect” of the solvent can be minimized.

At the same time, it should be noted that only the reactant
contained in the electrolyte penetrated into the porous graphite
electrode, which is directly in contact with graphite particles and is
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reduced to develop a reduction product layer, i.e. the SEI layer.
This layer extends to ca. 0.1 um in thickness (see Fig. 1c). Since the
SEI layer is widely distributed over the porous graphite electrode,
the composition of the reactant contained in the penetrated elec-
trolyte and the bulk electrolyte is scarcely locally changed as a
whole. Thus the “local compositional change” which may arise
significantly from the “thin layer electrolyte configuration” cell
could be fairly avoided in the newly designed in situ cell with an
optimized path of the IR beam.

In this respect, in the case of the use of the porous graphite
electrode as a working electrode, we can effectively minimize the
“masking effect” of the solvent as well as avoid the “local com-
positional change” by controlling the penetration depth of the IR
beam. Thus, it was possible to measure the in situ FT-IR spectra
which represent the real chemical composition and structure of the
SEI layer within the detectable region using the spectroelectro-
chemical cell.

Results and discussion

Application of the in situ spectroelectrochemical cell
to the study of the SEI layer

In this section, we elucidate the application of the in situ
spectroelectrochemical cell with examples of the effect of
salt type and electrolyte temperature on the chemical
composition and structure of the SEI layer.

Application to the study of the effect
of salt type on the SEI layer

Figures 2 and 3 show the in situ FT-IR spectra obtained
from the porous graphite electrode of PVDF-bonded
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Fig. 2 The in situ FT-IR spectra obtained from the Lonza KS-44
porous graphite electrode in 1 M LiAsF¢-EC/DEC solution just
after holding the respective potential E for 1 h, preceded by 1 h at
OCP: ([l) OCP to 1.8 VLi/Li+; (b) 1.8-1.2 VLi/Li+; (C) 1.2-0.8 VLi’,f
Li+s (d) 0.8-0.6 Viji+; (e) 0.6-0.4 ViiLi+s () 0.4-3.0 Viiwi+

Lonza KS-44 using the new spectroelectrochemical cell
at the applied potential £ in 1 M LiAsF¢-EC/DEC so-
lution and 1 M LiPF.-EC/DEC solution, respectively.
The in situ FT-IR spectrum obtained from the porous
graphite electrode at open circuit potential (OCP) was
used as a background spectrum to eliminate the solvent
peaks from the in situ FT-IR spectra measured at FE.

The ROCO,Li peaks were observed around 1645,
1300 and 1080 cm™!. The pronounced peaks around 700
and 830 cm! are indicative of an As-F bond and a P-F
bond, respectively. It was reported [19, 23] that the IR
peak of Li,CO5 around 890 cm ! can hardly be observed
due to the “masking effect” of the solvent. However, in
this work, it is possible to observe Li,CO; peaks around
890 as well as 1479 cm ™! using the new designed in situ
cell with an optimized path of the IR beam. From the
FT-IR spectra obtained from the new in situ cell, it is
borne out that the “masking effect” of the EC/DEC
solvent is considerably reduced.

The absorbance of the ROCO,Li and Li,AsF, peaks
increased monotonically with decreasing E in LiAsF¢-
EC/DEC solution. However, in LiPF4EC/DEC
solution the absorbance of the peaks increased with
decreasing £ down to 0.8 Vy;;i+ and then decreased. It
should be noted that the potential dependence of the
absorbance intensity of Li,COs is fairly consistent with
that of ROCO,Li, irrespective of the electrolytic solu-
tion. The relative amount of ROCO,Li, Li,AsF, and
Li,PF, formed between the porous graphite electrode
and 1 M LiAsF4 and 1 M LiPF4EC/DEC solutions
was estimated as a function of E by integrating the
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Fig. 3 The in situ FT-IR spectra obtained from the Lonza KS-44
porous graphite electrode in 1 M LiPFs-EC/DEC solution just
after holding the respective potential E for 1 h, preceded by 1 h at
OCP: (a) OCP to 1.8 Viji+; (b) 1.8-1.2 Vijni+; (¢) 1.2-0.8 Vi
Li+s (d) 0.8-0.6 Vji+; (e) 0.6-0.4 Viii+s () 0.4-3.0 Viiwi+
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Table 1 In situ FT-IR qualitative analysis of the surface film formed on the porous graphite electrode in LiAsF¢-EC/DEC solution and

LiPF4-EC/DEC solution as a function of potential E and OCP

E/VyiLi+ Absorbance intensity (arbitrary units)
ROCO,Li in LiAsF4-EC/ Li AsF, in LiAsF¢-EC/ ROCO,Li in LiPF¢EC/ Li,PF, in LiPFs-EC/
DEC solution DEC solution DEC solution DEC solution

1.8 4.89 4.92 0.48 0.45

1.2 5.20 5.31 1.15 1.06

0.8 5.13 495 1.77 1.74

0.6 9.21 8.79 1.69 1.86

0.4 11.35 11.15 1.68 1.45

ocCP 18.94 18.46 0.63 0.62

measured in situ FT-IR spectra shown in Figs. 2 and 3
with respect to wave number. The results of the in situ
FT-IR analysis are summarized in Table 1.

In 1 M LiAsF4EC/DEC solution, as E decreased
down to 0.8 Vi i+, the relative amount of ROCO,Li
remained nearly constant, and then increased abruptly.
It is noted that the amount of Li,AsF, showed the same
potential dependence as that of ROCO,Li. The abrupt
increase in the amounts of ROCO,Li and Li,AsF, in
1 M LiAsF¢-EC/DEC solution is indicative of the onset
of the electrochemical reduction of EC and LiAsFg salt
at 0.8 Viji+. The relative amount of ROCO,Li in-
creases clearly after suspending at 3.0 Vi i+ for 1h,
preceded by a potential step from 0.4 to 3.0 V.
During the suspending at 3.0 Vi, the decomposition
of ROCO,Li formed on the porous graphite electrode at
0.4 VijLi+ is preceded by its sedimentation, which
means the formation of the compact ROCO,Li layer in
1 M LiAsF4-EC/DEC solution.

However, the relative amounts of ROCO,Li and
Li,PF, on the porous graphite electrode in 1 M LiPFg-
EC/DEC solution increased monotonically with de-
creasing £down to 0.8 and 0.6 V1, respectively, and
then decreased further. It should be noted that the
amounts of ROCO,Li and Li,PF, markedly decreased
during the holding at 3.0 Vi, ;+. The reduction in the
amount of ROCO,Li with falling E below 0.8 Vi is
due to the interference of LiPFg reduction with the
compact sedimentation of ROCO,Li [19, 24]. The re-
duced amount of ROCO;Li during the holding at 3.0
ViiLi+ for 1 h showed that the sedimentation of RO-
CO,Li formed at 0.4 Vi;yi+ just follows its decompo-
sition in 1 M LiPF¢EC/DEC solution.

From the comparison of the potential dependence of
the relative amount of ROCO,Li and salt reduction
products formed in 1 M LiAsF¢EC/DEC solution with
that in 1 M LiPF4EC/DEC solution, it is strongly
suggested that the electrochemical reduction reactivity
of LiPFg salt is lower than that of LiAsFg salt.

Application to the study of the effect
of electrolyte temperature on the SEI layer

Figure 4 presents the in situ FT-IR spectra measured on
the porous graphite electrode of PVDF-bonded SLX6

using the new in situ spectroelectrochemical cell under
the application of a potential of 0.7 Vijyi+ in 1 M
LiPF4-EC/DEC solution at 0 °C for various times.
Under the application of the SEI formation potential of
0.7 VijLi+ to the porous graphite electrode, all the FT-
IR spectra peaks concerning ROCO,Li and Li,COj3; and
the P-F bond in the FT-IR spectra increased with time
without any marked changes in peak positions. These
FT-IR spectra show that the SEI formation reaction still
proceeds after 1 h at 0.7 Vi i+ and 0 °C due to the
reduction of the 1 M LiPF4EC/DEC electrolyte, indi-
cating that the reactions run kinetically rather sluggishly
at the electrolyte temperature of 0 °C.

Figure 5 shows the in situ FT-IR spectra measured on
the porous graphite electrodes of PVDF-bonded SLX6
under the application of the SEI formation potential of
0.5 VyjLi+ for 2hin 1 M LiPFe-EC/DEC solution at
different SEI formation temperatures of 0, 20 and 35 °C,
respectively. The peak positions of ROCO,Li, Li,CO;
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Fig. 4 The in situ FT-IR spectra measured on the SFG 6 porous

graphite electrode subjected to an applied potential of 0.7 Vi
in 1 M LiPF¢-EC/DEC solution at 0 °C for various times
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Fig. 5 The in situ FT-IR
spectra measured on the SFG 6 o
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and the P-F bond remained nearly unchanged, regardless 2ROCO,Li + H,O — Li,CO3; + 2ROH + CO, 1 (3)

of the SEI formation temperature. The relative amount
of Li,CO3; to ROCO,Li was obtained by integrating the
corresponding peak of the FT-IR spectra in Fig. 5. The
result is summarized in Table 2.

In general, EC is a highly reactive solvent and,
therefore, when it is a major component in an electrolyte
solution, its reduction dominates the lithiated graphite
surface chemistry and suppresses other reactions, such
as those of CO, or CO on the active electrode surface
[25, 26, 27]. This means that, during the SEI formation,
Li,COs is not formed by the direct reduction of CO, or
CO gas on the graphite surface, but it is formed by
further reduction of ROCO,Li which is a direct reduc-
tion product of EC.

Thus, the increased relative amount of Li,COs to
ROCO,Li accounts for the enhanced transformation of
ROCO,Li to Li,CO5; with rising SEI formation tem-
perature. Moreover, it is noted that the transformation
of ROCO;Li into Li,CO; is accompanied by the fol-
lowing additional gas evolution reactions [26, 27]:

2ROC02L1 + 2e” + 2]_41+ — 2L12CO3 + CHZZ CH2 T
(4)

In an EC-based electrolyte, R corresponds to CH,.

As a result, additional gas evolution reactions are
enhanced with rising SEI formation temperature, and
hence the number of defect sites in the SEI layer is

Table 2 The relative amount of Li,CO; to ROCO,Li formed on
the porous graphite electrode exposed to 1 M LiPF¢-EC/DEC so-
lution at 0.5 Vyj1;+ for 2 h with respect to SEI formation tem-
perature

Relative amount
of Li,CO;z to ROCO,Li

SEI formation temperature (°C)

0 0.063
20 0.219
35 0.602




increased with rising SEI formation temperature. It is
reasonable to say that as a result of enhanced gas evo-
lution during the SEI formation reaction, the number of
defect sites in the SEI layer increased with rising SEI
formation temperature.

Judging from the experimental results obtained from
this work, the new in situ FT-IR spectroelectrochemical
cell allows us to detect qualitatively the chemical com-
position and structure of the SEI layer formed between
the porous graphite electrode and the alkyl carbonate
solution, without any contribution of atmospheric
contaminants.

Conclusions

This article critically evaluates the characteristics of a
new in situ spectroelectrochemical cell with an opti-
mized path of the IR beam, designed in our laboratory
for the study of the chemical composition and structure
of the SEI layer between the porous graphite anode
and alkyl carbonate solution, which is conceptually
similar to the “thin layer electrolyte configuration” cell.
The in situ cell is designed in view of the incident IR
beam angle that it gives such a short depth of 0.277-
2.77 um of penetration of the evanescent IR beam
through the ATR crystal into the electrolytic solution.
This enables us to minimize the “masking effect” of the
EC/DEC solvent.

Moreover, the “local compositional change” which
may arise significantly from the “thin layer electrolyte
configuration” cell also can be quite circumvented, since
only the electrolyte in the vicinity of the electrode
composed of the graphite particles is reduced to form the
SEI layer to a thickness of at most 0.1 um during the
application of potentials.

In these respects, the designed in situ cell proved to be
a reliable and powerful tool for investigation of the
chemical composition and structure of the SEI layer. As
examples for the application of the designed in situ cell,
we elucidated the effect of salt type and electrolyte
temperature on the chemical composition and structure
of the SEI layer between the graphite particles and EC/
DEC solution with the help of various measured in situ
FT-IR spectra.
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