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ABSTRACT: The key factor in long-term use of batteries
is the formation of an electrically insulating solid layer that
allows lithium ion transport but stops further electrolyte
redox reactions on the electrode surface, hence solid
electrolyte interphase (SEI). We have studied a common
electrolyte, 1.0 M LiPF/ethylene carbonate (EC)/diethyl
carbonate (DEC), reduction products on crystalline silicon
(Si) electrodes in a lithium (Li) half-cell system under
reaction conditions. We employed in situ sum frequency
generation vibrational spectroscopy (SFG-VS) with inter-
face sensitivity in order to probe the molecular
composition of the SEI surface species under various
applied potentials where electrolyte reduction is expected.
We found that, with a Si(100)-hydrogen terminated wafer,
a Si-ethoxy (Si-OC,Hj) surface intermediate forms due to
DEC decomposition. Our results suggest that the SEI
surface composition varies depending on the termination
of Si surface, i.e., the acidity of the Si surface. We provide
the evidence of specific chemical composition of the SEI
on the anode surface under reaction conditions. This
supports an electrochemical electrolyte reduction mecha-
nism in which the reduction of the DEC molecule to an
ethoxy moiety plays a key role. These findings shed new
light on the formation mechanism of SEI on Si anodes in
particular and on SEI formation in general.

Lithium ion batteries are one of the most common forms of
energy storage devices.”” For electric vehicles where
higher capacity is needed, the silicon based anodes are attractive
candidates to replace graphite based anodes due to its
theoretical capacity® of 4008 mAh/g. However, the Si lattice
expands up to four times its volume,* which results in
irreversible capacity loss and short cycling lifetime due to
continued cracking and electrolyte consumption on the
exposed Si surface.” The key factor in long-term use (cyclability
and stability) of such devices is the formation of an electrically
insulating layer that allows lithium ion transport at a reasonable
rate while hindering electrolyte consumption on the Si anode
surface, and is termed the solid electrolyte interphase (SEI).>~”

Previous studies from this laboratory have indicated that the
nature of the electrolyte consuming reactions in lithium
batteries is electrode material dependent.*’

v ACS Publications © XXXX American Chemical Society

Specifically, a study using ex situ infrared vibrational
spectroscopy observed two different SEI compositions on Sn
and Ni electrodes'® even though the same electrolyte solution
was used. Therefore, we may expect the electrolyte consuming
reactions on Si may be unique to this surface and that the
nature of the reactions may be a critical factor in determining
the functioning of the surface layer formed, ie. whether it
functions as an SEI The successful replacement of graphite by
Si may require a detailed understanding of these surface''
reactions and the ability to manipulate them by surface'>™"* or
electrolyte modification'® in particular by adding fluorinated
EC to the electrolyte solution.'>'”

A major obstacle in determining the SEI formation and
composition is the practice of ex situ, post-cycling examination
of lithiated samples that inevitably leads to loss of information.
The need for a surface-sensitive technique that enables
nondestructive and in situ analysis of the SEI chemistry such
as SFG-VS' is crucial. SFG-VS was used successfully in
previous electrochemical systems'® on metallic electrodes
(copper, %old)m'21 as well as on cathode oxide materials
(LiCo0,).*** We present the SFG-VS spectra of surface-
electrochemical reactions in situ on a silicon anode and the
differences between an oxide termination (SiO,) and hydrogen
one (Si—H).** We took the SFG-VS spectra under working
conditions at three potential ranges. The voltagram shown in
Figure 1 was taken with a Si(100)-hydrogen terminated surface
and has three reduction peaks at ~1.5, ~0.5, and ~0.10 V that
are consistent with values reported in the literature.”

Therefore, we divide the potential range into three narrower
ones. The first potential range (referred as ~1 V) is at 1.1 to 0.8
V versus Li/Li" since no major reduction of EC molecules is
expected. The second potential ranges between 0.65 V and 0.35
V (referred as ~0.5 V) since EC molecules undergo several
reduction reactions at this potential range. The third potential
range was chosen between —0.05 to 0.10 V where lithiation is
expected (referred as ~0.1 V).

In Figure 2a, for the Si(100)-H electrode, we show the
divided SFG spectrum after applying a 30 cycle cyclic-
voltammetry (CV) potential near 1 V by the SFG in open
circuit potential (OCP). Dividing the SFG spectra emphasizes
the appearance of ethoxy group vibrational peaks (black line).
The SFG from the Si/SEI is interferred with by the SFG
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Figure 1. Three reduction peaks at a Si(100)-H anode of the
electrolyte (1.0 M LiPF, in EC: DEC, 1:2 v/v) are presented in this
CV plot. The reduction of DEC is around 1.5 V. The reduction of EC
is about 0.5 V, and Li intercalation (lithiation) occurs around 0.10 V.
Scan rate was 1 mV/s.
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Figure 2. (a) We show the evolution of SFG signal under reaction
conditions of crystalline silicon Si(100)-hydrogen terminated anode.
The SFG spectra were taken at open circuit potential and after cyclic
voltammetry at 1.1 V <> 0.8 V, 0.65 V <> 0.35 V, and 0.1 V & —0.05
V. In order to emphasize the evolution of the Si-ethoxy peaks we
divided the SFG spectra by their former potentials, as follows:
SFGy ;v 05 v/OCP (black), SFGyss v < 035 v/SFGy1 v < 05 v (blue),
and SFG_g5 v o 0.1 v/SFGogs v o 035 v (red). (b) The SFG profiles of
crystalline silicon oxide Si(100) anode after cycling between 0.5 V «
2.0 V (blue) and —0.05 V < 3.0 V (red). All CVs were repeated for 30
cycles at a scan rate of 1 mV/s.

generated from the Si substrate.”® We assume that if an
intermediate species ethoxy radical®”** *OCH,CHj (or anion,
~“OCH,CH,)” is formed near the Si anode surface, it will react
with Si—H to produce a Si—OCH,CHj; bond. This reaction
cannot take place if a thick passivating oxide layer is present. In
Figure 2a, we assigned the SFG peaks corresponding to Si-
ethoxy bonds according to the work by Bateman et al,** and
SFG peaks relating to the various SEI components are as

follows:*"** 2875 cm™ (s-CH,), 2895 cm™ (s-OCH,), and 9

2975 and 3025 cm™! (both as-OCH,).

After a 30 cycle CV at ~0.5 V (blue line), we observed peaks
appearing at 2845 cm™' (s-CH,), 2895 cm™ (s-OCH,), 2920
cm™! (as-CH,), and 2975 and 3025 cm™ (as-OCH,). Most
hydrocarbon molecules cannot be identified conclusively
without using the whole IR spectrum. For example, poly-EC
cannot be identified as such without using the asymmetric C—
O—C band around 1100 cm™ that is unique to poly-EC vs
either DEC or EC. Therefore, we can only suggest our
interpretation to the assigned products. Nevertheless, we
attribute these observations to the EC molecules undergoing
a reduction reaction into poly-EC and other ethyl carbonate
species, as well as interact with DEC moieties. These reduction
reactions are attributed to the beginning of the SEI
formation.**~**

The SFG spectra taken after 30 CV between 0.1 V and —0.05
V (red line) show increasing peaks at 2850 cm™, and 2960
cm™!, presumably due to the formation of lithium ethylene
dicarbonate (LiEDC) and poly-EC. The peaks broaden due to
surface deterioration after lithiation.

In the case of Si(100) oxide we did not observe any change
at ~1 V; therefore, we extended the CV potential range. In
Figure 2b, we compare the SFG spectra of the crystalline
Si(100) oxide surface before and after lithiation. We performed
a potential sweep in the range of 0.5 V to 2.0 V (blue profile)
and between —0.05 V and 3.0 V. Each CV had 30 cycles, and
the rate was 1 mV/s. The SFG profile of the first potential
range (blue) has some SEI features but none that are related to
a Si—O to Si—OC,H; substitution reaction. After lithiation
(red) prominent peaks appear and we assign them accordingly:
2817 cm™* (s-CH,), 2848 cm™ (s-CHj), 2895 and 2908 cm ™!
(both s-OCH,), 2960 cm™ (as-CH;), 2980 and 3022 cm™
(both as-OCH,).

We suggest that at ~1.0 V the ethoxy radical (or anion,
CH,CH,0") reacts with acidic surface Si sites (Si—H) and
substitutes the proton with an ethoxy group to produce a Si-
ethoxy bond (Si—OCH,CHj). It has been proposed that all
linear carbonates decompose via a linear alkyl anion (in our
case the ethoxy anion CH;CH,O~ featured in Scheme 1).%¢

We assume that the ethoxy radical/anion is the most likely
species to chemically react with the oxide layer of the Si anode
surface. The other electrolyte component, usually cyclic ether
(ethylene carbonate in this study), cannot form an ethoxy
radical. Therefore, even if EC is reduced before DEC it is the
reduction of DEC to ethoxy that is significant in the anode
surface substitution reaction.

In order to acquire a spectrum of a Si-ethoxy, we produced a
Si-ethoxy wafer and the obtained SFG-VS spectrum of this
sample is presented in Figure 3. The g)rocedure is similar to the
one reported by Michalak et al.”’*® and is discussed in the
Supporting Information (SI). The major peaks that we
observed were at the following frequencies, and we have
assigned them accordingly:39 2875 cm™' (s-CHj;), 2895 cm™
(s-OCH,), 2912 cm™" (Fermi), 2952 cm™ (as-CHj), and 2975
and 3040 cm™ (both as-OCH,). Obviously, the presence (or
absence) of these peaks tells us if indeed Si-ethoxy sites are
present.

According to previous calculations by Wang et al*® we
assume that EC does not react with the Si—H surface as its
intermediate anions swiftly reduce to LIEDC. Furthermore, we
postulate that even if there is such bond formation, the surface
concentration will be below our detection limit (less than a 0.1
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Scheme 1. Proposed Formation Pathways of Electrolyte
Reduction Products”
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“(a) Common to all DEC decomposition chemical pathways is the
CH;CH,O™ anion formation. In accordance with our findings this
anion replaces the hydrogen terminated Si with an ethoxy group. (b) A
proposed mechanism to the reduction of EC to poly-EC by a Lewis
acid (PF;).” (c) A suggested ring opening mechanism to form LiEDC.
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Figure 3. SFG profile of Si(100)-OC,H;. The peaks frequencies and
their bond assignments are noted in the figure. Experimental data is
presented in dots, and fitting with a Lorentzian peak function is shown
as a solid line.

162 monolayer) due to steric effects blocking neighboring sites.>”**

163 To further exclude the reduction of EC near the Si anode
164 surface in the presence of LiPF4 to form a Si compound, we
165 have taken SFG spectra of 1.0 M LiPF4:EC (diluted in d-THF
166 to 3%, v/v) in contact with the Si(100)-H terminated wafer at
167 two potential ranges (~1.0 V and ~0.5 V).

168 In Figure 4, we present the SFG intensity (i.e, the SFG of
169 CV divided by the OCP spectrum) of EC on Si(100)-hydrogen
170 terminated after cyclic voltammetry at 1.1 V < 0.8 V (black)
171 and 0.65 V < 0.35 V (red). The SFG intensity profile at ~1 V
172 has no detectible features as expected since EC reduction onset
173 potential is at ~0.5 V. Once we lowered the applied potential to
174 about 0.5 V (red curve), new peaks appeared that we assigned
175 to poly-EC and LiEDC. Nevertheless, at ~1 V the absence of a
176 peak at 2895 cm™ corresponding to the s-OCH, group stretch
177 associated with the Si-ethoxy formation reveals that only the
178 reduction of DEC leads to Si-ethoxy formation. For poly-EC
179 we assign the peaks at 2948 and 3000 cm™’, and the peaks
180 related to LiEDC are assigned at 2890, 2965, and 2980 em™1?

CV(0.65-0.35 V)/ OCP

s-OCH2 as-OCH2

SFG intensity (a. u.)

CV(1.1-0.8 V)/ OCP

e~ T T N~
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Figure 4. SFG intensity (ie., divided by the OCP spectrum) of

ethylene carbonate (EC) on Si(100)-hydrogen terminated after cyclic
voltammetry at 1.1 V < 0.8 V (cyan) and 0.65 V < 0.35 V (blue).

In conclusion, by preforming SFG-VS together with CV we 181
have observed that the Si-hydrogen terminated layer has been 182
changed to Si-ethoxy (Si-OCH,CH;) at a potential close to 1.0 183
V only when DEC is present. The role of each electrolyte 1s4
component (EC and DEC) was investigated separately. This 18s
substitution reaction at ~1.0 V did not take place when we 186
changed the electrolyte to 1.0 M LiPF4 in EC or when the 187
Si(100)—0, was used as the anode material. When we further 1ss
reduced the potential to ~0.5 V only poly-EC and LiEDC 1s9
formation was observed. Further in situ spectroelectrochemical 190
(SFG-VS and CV) experiments of EC at reduction potentials of 191
~1.0 Vand ~0.5 V suggest that it has been possibly reduced to 192
poly-EC, but no Si-ethoxy termination was detected. Future 193
SFG-VS in the C=O carbonyl stretch range and CV 194

experiments are planned. 195
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