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The solid electrolyte interphase (SEl) layer on a silicon anode is
investigated by SERS. Gold electrodeposition on a silicon electrode
is confirmed by SEM, and Raman enhancement is proved, allowing
determination of the partial composition of its SEl. For the first
time, organophosphate-derivatives seem to be detected by Raman.

Silicon anodes are being partially implemented in electric
vehicles to increase the energy density of current Li-ion
batteries (LIB), which are dominated by graphitic anodes.
Although the capacity of silicon (3579 mAhg1)?! is almost ten
times higher than that of graphite (372 mAhg)?, silicon suffers
from rapid capacity fading because of the large volume
expansion of ca. 300% it undergoes during lithiation3 and the
subsequent shrinkage experienced during delithiation, which
leads to particle cracking and pulverization,
electrical isolation of the active material.*>

Also, as a result of this expansion/contraction, the SEl layer
formed on the surface of silicon is repeatedly formed/fractured
during the lithiation/delithiation processes.®’ Since the
formation of a robust SEIl layer is key for the stability and
durability of battery operation,®® the investigation of its
composition is crucial for understanding how this technology

resulting in

works, i.e., which components are beneficial and which are
detrimental in the passivation of the anode. Unfortunately, the
nature of the silicon SEl is yet not well-defined, as its
morphology, thickness, and composition depend on the
electrolyte, additives and the electrode binder used.1°

SERS is a powerful technique that involves the presence of
noble metal, such as gold or silver, nanoparticles (NPs) in the
proximity of part of a sample to be studied.’ When these NPs
are excited by visible light, they absorb energy that enables
collective electron oscillations inside the NPs that generate a
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wave or localized surface plasmon resonance (LSPR). In turn,
this creates a local field around the NPs that polarizes the
molecules located near them and Raman scattering occurs.1?
The interaction of the Raman field with the metallic NPs
generates a new field, the intensity of which depends on the 4th
power to the initial field, leading to the SERS or Raman
enhancement.1! The local field can be further enhanced by the
so-called lightning rod effect, if rough metallic NPs surfaces are
used.3 In summary, the intensity of the Raman scattering by a
species of interest, silicon in our case, can be enhanced by the
presence of certain nanostructured metals.

The first SERS phenomenon was reported by Fleischman et
al. in 1974, who detected the Raman spectrum of a pyridine
monolayer using rough silver electrodes.* Although SERS has
been widely used ever since in several applications such as
surface, biological and analytical sciences,’> the examples
published involving SERS in the battery field are but a handful.
Some of the studies were performed in Li-air batteries by Peter
Bruce et al. in 2011 and 2012, using roughened Au electrodes,
with the objective of proving/refuting the formation of Li,O
when using organic carbonate,’® acetonitrile!” or dimethyl
sulfoxide® electrolytes. Liu et al. also explored the reaction
process occurring on conductive substrates, such as a gold film
or graphene Li-air cathodes.?® In fact, most research has been
dedicated to investigating the cathode side of Li-air or LIB. For
instance, Hy and co-workers demonstrated the formation of
Lizo on Li-rich cathodes, LiNio‘sMno,soz and Lil‘zNio,zMno,GOZ.zo
Tornheim et al. enhanced the Raman signal of pristine Ni-rich
LiNip.sC00.2Mng 303 resulting in a 70-fold signal increase of the
normally weak signal associated with Ni-rich compounds.?! Li et
al. evaluated changes in the cathode electrolyte interphase
(CEl) of LiNiMn,Co1-,-,0, (NCM811 and NCM111).22 Only few
articles from groups led by Passerini, Winter and Mao, and
Hardwick proposed to examine the products formed on Li metal
anode surfaces with the aim of identifying the SEI products.2223,
24,25,26 |n this context, Hy et al. reported the study of graphite?®
and SiO; anodes,?’ the latter in ethylene carbonate:diethyl
carbonate (EC:DEC) electrolyte with and without vinylene
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carbonate (VC). One of the latest works, conducted by Nanda
and collaborators, focused on determining electrolyte solvation
at the solid/liquid interface.28

In this communication, we deposit Au NPs on a silicon
electrode and employ SERS to examine the SEI layer formed
when this material is electrochemically cycled in a Li-ion
battery. The noble metal commonly used for SERS is gold (Au)
due to its higher stability and ease of synthesis as compared to
other metal substrates. For the purpose of this study, Au NPs
were deposited on top of the silicon electrodes by
electrodeposition, as illustrated in Figure S1, following the
procedure detailed in the Supplementary Information (SI) (see
Au-NPs@silicon electrodes section). The presence of Au was
confirmed by Scanning Electron Microscopy (SEM) (Figure 1 and
Figure S2) and Energy Dispersive X-Ray Spectroscopy (EDS)
(Figure S3). The homogeneity of the pristine silicon electrode
observed in Figure 1a evolves to a more heterogeneous and
rough topography (Figure 1c) after coating its surface with gold,
where domains of non-coated (darker) and coated (lighter)
areas are distinguished. This is even more obvious when a BSED
(back-scattered electron detector) is used, as Figure S2
illustrates. A closer look at the electrodes not only reveals that
the porosity of the initial electrode (Figure 1b) is reduced after
the electrodeposition (Figure 1d and Figure S2b) but also
provides an estimation of the shape and particle size of the Au
NPs covering the silicon, which are either spheroidal or irregular
as they aggregate, and are approximately in the range of tens
to hundreds of nanometers.
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Figure 1. SEM micrographs of the pristine silicon electrode (a, b) and the Au-
coated silicon electrode (c, d) at two different magnifications (x500, scale bar
50 um; and x5000, scale bar 5 pm).

Raman analysis indicated an average Raman enhancement
factor of at least 5 and a maximum enhancement factor of 8
when comparing the pristine Au-coated silicon electrodes to the
pristine  non-Au-coated electrodes (Figure 2a). The
enhancement factor was calculated by normalizing the spectra
to an internal NasFe(CN)g-10H,0 standard (added to the silicon
samples) and averaged, while the maximum enhancement
factor was obtained without averaging. Even though an
enhancement factor of ca. 10 may not be appealing in principle,
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it is enough to allow detection and identification of several
species. Although only the typical band corresponding to
crystalline silicon at 520 cm is detected in the pristine non-Au-
coated silicon electrode (Figure 2a, black line), its transverse
acoustic mode and its second and third overtones, respectively,
at ca. 300, 943 and 1491 cm!, as well as the characteristic D-
and G-bands of the conductive carbon at ~1342 and 1577 cm,
can be clearly observed in the Raman spectra of the Au-coated
silicon electrodes (Figure 2a, red and gold lines). A slight shift of
the Raman peak from Si is observed, from 520 to 517 cm, in
the Au-coated electrodes. The weak cyanide stretching
vibrations, Vc=n, from the NasFe(CN)g-10H,0 standard are also
present in all the spectra at 2074 and 2104 cm! (see Figure S4
for reference). The assignment of these Raman bands is based
on previous studies.29 30,31, 32
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Figure 2. (a) Raman spectra of pristine silicon electrodes in black and Au-
coated pristine silicon electrodes in red (average enhancement) and gold
(maximum enhancement), and (b) electrochemical voltage profile of the first
two cycles of silicon vs. Li*/Li, cycled with Gen 2 electrolyte.

In order to form the SEI layer, the Au-coated and non-Au-
coated silicon electrodes were galvanostatically cycled twice in
the voltage range of 10 mV to 2 V vs. Li*/Li, using the Gen 2 (1.2
M LiPFs EC/EMC (3/7)) electrolyte. The SI provides further
details. Its voltage profile is plotted in Figure 2b and shows the
typical charge voltage plateau below 100 mV and the discharge*
plateau at ca. 0.3-0.4 V vs. Li*/Li. These values agree with those
previously reported in the literature for silicon,>® suggesting
that the presence of Au does not significantly affect the
electrochemistry of silicon. The loss in reversible capacity
experienced by silicon from the first cycle to the second is also
noted. The cells were then disassembled in an argon-filled glove
box with water and oxygen levels below 1 ppm. The silicon
electrodes were extracted; carefully rinsed with anhydrous
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dimethyl carbonate, allowed to dry and analyzed by SEM and
Raman. Figure 3 contrasts the differences between the cross-
section images of the non-Au-coated and Au-coated pristine
electrodes (a-d) with cycled electrodes (e, f). It is interesting to
note that the thickness of the pristine electrode remains almost
constant after the Au electrodeposition. Conversely, the cycled
electrodes (Figure 3e, f) experience a huge volume expansion,
as expected.? The coating layer, initially ca. 10-15 um thick,
expands to almost 50 pum. Besides, the gold appears to be
homogeneously distributed (Figure 3f).
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Figure 3. SEM cross-sections of the silicon pristine (a, b), Au-coated
silicon pristine (c, d) and Au-coated silicon cycled electrodes (e, f).
Images on the left were taken with the secondary electron detector,
while those on the right were obtained with the BSED.

In contrast to the non-Au-coated cycled electrode
(Figure 4a) where Raman bands are almost non-existent, except
for one at 511 cm! indicative of nanosized silicon, the Raman
enhancement in the Au-coated cycled sample is evident, as
several bands can be seen (Figure 4b). A tentative assighment
of these bands is given in Table S1 of the Sl file, and a brief
discussion of these results follows. The signal at ca. 467 cm is
associated with amorphous silicon (a-Si), which is known to be
formed after the first electrochemical cycle of the silicon
electrode.33 The transverse acoustic mode of silicon,2° observed
in the pristine electrode (Figure 2a), is still present at 298 cm?!
after cycling. Regarding other silicon-based species that can be
identified, we also observe vibrations at 980 and 1084 cm?, that
we attribute, respectively, to Si-OH3* or the symmetric
stretching of Si-O3>3¢ and to 0-Si-O,37:38 typical of SiO, or
silicates (LixSiOy). The reactivity of lithium with silicon and its
SiO; surface layer is known to lead to the formation of Li,O and
lithium silicate in the silicon SEI after the first lithiation of the
material.3° Nevertheless, it is important to note that the band
at 980 cm can also overlap with the second transverse optic
(TO) mode of silicon.3! Likewise, the band at 1084 cm™ also
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could be due to LiCO3,2427 one of the predominant components
of the inorganic layer that forms the SEl of anodes in LIB and
which has been reported as necessary to form an effective
passivation?0
migration. In fact, this double-assignment to Li,COs; and a

layer that blocks electrons but allows ion
mixture of lithium silicates has been previously proposed32 for
a band centered at 1080 cm1. Another signal ascribed to Si-O
vibrations37 or Si-CH33% appears at 1280 cm 1.
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Figure 4. Raman spectra of cycled silicon electrodes, (a) non-Au-coated
and (b) Au-coated.

On the other hand, as far as carbon-related species are
concerned, the D- (1336 cm) and G-bands (1580 cm-1)30 of the
conductive C45 carbon additive remain unaltered in the cycled
material. A peak at 1217 cm-!, that could correspond to C-C
stretching vibrations of lithium alkyl carboxylates,*! is
distinguished as well. In addition, there are three more signals
at 1244, 1396 and 1450 cml, which may be associated with
different C-H vibrational modes,?®#2 some of them suggesting
the possible generation of olefinic fragments (another common
component of the SEI8). Alternatively, the vibrations observed
at approx. 1217, 1244 and 1395 cm! are also compatible with
the stretching vp-0 modes of organophosphorus compounds,
such as (CHs)2P(=0)CHs, P(=0)F3 and PO3%.42 Organophosphate
and derivative compounds are typical decomposition products
of LiPFe salt, since LiPF¢ (in equilibrium with LiF/PFs) reacts in the
presence of trace water to form POFs3;, which subsequently
evolves to organophosphate and organic fluorophosphate-
based products.* To the best of our knowledge, this is the first
time that organophosphorus derivatives have been detected in
an electrode SEI by Raman, as they generally have been found
by High-Performance Liquid Chromatography-Mass
Spectrometry (HPLC-MS), Gas Chromatography-Mass
Spectrometry (GC-MS) or X-Ray Photoelectron Spectroscopy
(XPS). Only a recent study investigating the aging of LiPFe salt by
Kerr gated Raman identified POF; at ca. 900 cm™ on the LiPFe
surface, although this was due to its hydrolysis after adding
water.*> However, we did not find spectral evidence for POFs.

Curiously, although not very intense, another signal is seen
at 1848 cm. According to the literature, it could be due to the
formation of lithium acetylide, Li,C;,2> which has been recently
proposed as a lithium plating/deposition marker.4>
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Even though an average Raman enhancement factor of 5
was initially calculated from the pristine electrodes (Figure 2),
the intensity of the Au-coated spectra for the cycled sample
(Figure 4) makes us think that the enhancement may be several-
fold higher. A plausible explanation is that, as a result of the
electrode and coating heterogeneity, as well as the porous
nature thereof, the enhancement will probably vary from one
region to another. Additionally, the electrochemical cycling may
have an effect on the observed enhancement. Li and Au are
known to alloy and could maximize the SERS effect.?®¢ On the
other hand, besides the LSPR, contributions from the lightning
rod effect of rough surfaces may also be present.13

In summary, a silicon electrode was gold-coated by
electrodeposition to study its SEI. SEM images have confirmed
a non-uniform gold layer on top of silicon, and later Raman
analysis showed that the average enhancement factor was ~5.
After electrochemically cycling the Au-coated silicon electrode,
several more bands were detected by Raman as compared to
the non-Au-coated sample. SERS allowed the partial
determination of SElI components, such as LiSiOy, Li>2COs,
alkylcarbonates and olefins or organophosphate-based (P=0)
compounds. Since this tool has been used with different
materials and technologies within the Li-ion battery family, we
firmly believe that SERS could serve as a complementary
technique in other battery systems, such as Na-, K-, Mg- or Al-
ion batteries, and could help in understanding the nature of the
SEl, which is key for long and safe battery operation.
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