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ABSTRACT

Understanding the aprotic solution structures at the immediate vicinity of solid/liquid interface
(SLI) is critically important for next generation lithium ion battery development. Yet, it is still
challenging to investigate the carbonate chemical profiles close to the diffuse layer (about 10
nm) of the electrical double layer at SLI due to the lack of a ultrahigh surface sensitive tool. In
this work, we demonstrate the structures of commonly used carbonate solvents (ethylene
carbonate (EC) and diethyl carbonate (DEC)) and an carbonate additive (fluoroethylene
carbonate (FEC)) in a commercial Li-ion battery electrolyte can be determined at ~17 nm above
the electrode surface. This is only enabled by a nanogap surface-enhanced Raman spectroscopy
(SERS) technique based on a monolayer gold nanoparticle (Au NP) ensemble. The SERS
enhancement factor (EF) of those carbonates was found to depend on the molecular
polarizability, with the maximum EF at ~10° found for EC and FEC. Despite of their alike
chemical structures, this monolayer Au NP SERS substrate is fully capable of discrimiating the
different Raman finger prints of EC and FEC. Compared to EC, several vibration modes in FEC,
such as C-C skeletal deformation, ring breathing band and C=0 stretching band, shift to higher
frequencies because of the displacement of a hydrogen atom by a much heavier fluorine atom in
a methylene bridge. This counterintuitive observation against the commonly used “ball and
spring” model in vibrational spectroscopy is mostly due to the increased bond strength in the
FEC ring versus that of EC. A second order empirical polynomial of a single indeterminate best
describes the correlation between the SERS band integration of EC or DEC molar concentration.
Our findings open up new opportunities for in-depth understanding of the electrolyte molecular
vibrational behaviors at direct solid/liquid interface and developing advanced electrolytes for

next generation lithium-ion batteries.
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Introduction

The lithium-ion battery (LIB) has dominated the consumer electronics market more than two
decades since its commercialization. The increasing demand on LIB applied in the
electric vehicle in recent years casts even higher requirement on its energy and power
density, cyclability, safety, etc. While the significant advancement of both cathode and anode
has been made, less focus has been put on the electrolyte development, resulting in an
incremental LIB electrolyte improvement. (1) The electrolyte plays a crucial role in a LIB,
especially with recently developed advanced anodes and cathodes. The ion exchange and redox
reaction occur in the immediate vicinity of the solid electrode/liquid electrolyte interface (SLI),
which is one of the major rate limiting factor in LIB. (2) In addition, due to the thermodynamic
instability, the electrolyte reduction at the negative anode or oxidation at the positive cathode at
SLI result in the formation of a solid electrolyte interface (SEI), which has direct impact on the
Coulombic efficiency, cycle performance and safety of the LIB. (3) Thus, it is desired to unravel
the molecular structures behind important processes at the SLI. Unfortunately, commonly used
vibrational spectroscopic techniques (e.g. Raman and infrared spectroscopy) only allows for
probing the molecular vibrations from a micron scale through the SLI, which is difficult to be

distinguished from that of the bulk electrolytes far from the solid surface. (4)

The LIB electrolyte is usually composed of a lithium salt (e.g. lithium hexafluorophosphate,
LiPFe) and a binary carbonate solvent (e.g. ethylene carbonate, EC, and diethyl carbonate, DEC,
mixture). The nature and properties of the binary electrolyte determine the lithium salt solvation
into ions and the solvated ion transport in a solvation shell. (5) The cyclic carbonates such as EC
have high dielectric constant, which dissolves lithium salt better, but leads to more viscous

electrolyte, leading to a lower ion mobility. On the other hand, the acyclic linear carbonate
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molecules such as DEC decreases the electrolyte viscosity, assuring a high lithium ion mobility
at room temperature. (6) The competitive coordination of the cyclic carbonate and the linear
aprotic molecules to the Li" cations complicates the interpretation of the related vibrational
bands, especially distinguishing the difference on the same functional group. For example, after
coordination to Li", the C-O stretching mode of EC superimposes with that of DEC at around
905 cm™, preventing the clear determination of the relative intensity of component spectra at this
region. (4, 7) It is thus desired to inspect the vibrational signatures of the pure carbonate solvent

molecules at the SLI region.

The reductive decomposition of the EC molecules on conventional graphite anode during the
first charge/discharge cycle leads to SEI formation, which prevents further electrolyte
decomposition. (8) However, for the high capacity silicon anode, the SEI generated from EC
reduction has been found unstable, leading to poor cycling performance of silicon anodes. (9)
Fluoroethylene carbonate (FEC) has proven particularly effective in protecting the silicon anode
surface by creating a thinner and more homogeneous SEI than that of EC alone. (10) In addition,
FEC has been found a useful additive to extend the electrochemical stability window of the
carbonate electrolytes, rendering them compatible with the 5V class of cathodes such as
LiNysMn; 504 and LiCoPOs. (1, 11) Despite those promising findings, the exact redox chemistry
to form a more protective SEI on the electrode surface from the FEC decomposition is still
unclear and the interpretation is under debate. (12) Notably, EC and FEC have a similar
molecular structure, of which vibrational modes overlap in corresponding frequency regions.
Moreover, the competitive coordination of Li" to EC and FEC molecules creates more

complex Raman spectra, which complicates spectral studies exploring SEI formation from
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electrolytes containing both EC and FEC. Therefore, it is imperative to develop the fundamental

understanding of the molecular signatures of the pure EC and FEC on the SLI.

Using a gold nanoparticle (Au NP) nanogap-mode surface-enhanced Raman spectroscopy
(SERS), we recently demonstrated that the solution structure of a commercial Li-ion battery
electrolyte (1 M LiPF¢ in EC-DEC binary solvent) could be investigated at the SLI. (4) Such a
nanogap mode SERS is enabled by an Au NP monolayer deposited on a solid surface, with the
enhanced electromagnetic field (EM-field) concentrated between adjacent Au NPs (so called
“hot spot”). The hot spot maximum was determined to be ~17 nm from the solid substrate
surface, and the Raman intensity of the aprotic species was enhanced by about 8 orders of
magnitude. (4) In this contribution, we extend the nanogap SERS platform to gain insights from
the vibration signatures of three model electrolyte species — EC, DEC and FEC from the SLI
region. The intense SERS signal of each species provides ease for probing the molecular
fingerprints at the SLI. The distinct blueshift of several vibrational bands of FEC versus that of
EC is thought to stem from stiffer bonds upon the replacement of a proton at the methylene
bridge of the aprotic ring by a heavier fluorine atom. An empirical second order polynomial best
describes the dependence of the integrated SERS bands on EC molar concentration in EC-DEC
binary solvents, which indicates that the nanogap SERS can be used to quantify the components
in the mixture solvents. Our findings here provide a protocol to explore the interfacial ion
solvation, charge transport, and SEI formation and evolution in various electrochemical energy

generation.

Experimental section

Materials
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All materials used to synthesize and self-assemble Au NPs have been reported before. (4, 13)
Transparent high barrier (HB) film (Scotchpak™ HB428E) was kindly donated by 3M. Ethylene
carbonate (EC, anhydrous, > 99%), diethyl carbonate (DEC, anhydrous, > 99%) and
fluoroethylene carbonate (FEC, 99%) were purchased from BASF. Aluminum laminated film

(EQ-alf-400-7.5M) was purchased from MTI. All materials were used as received.
Au NP synthesis, monolayer self-assembly and transparent Raman cell fabrication

Au NP aqueous colloid was fabricated using a “seed-growth” method as previously reported.
(13) And a “three-phase” self-assembly technique was employed to assembly and deposit the Au
NP monolayers onto a thin film Ni-coated quartz substrate. Thin Ni film was deposited by
magnetron sputtering and evaporation from commercially available targets in an in-house
sputtering system. 5 nm Cr (99.99%, Kurt J. Lesker) was deposited as an adhesion layer,
followed by a Ni (99.99%, Kurt J. Lesker, 100 nm) layer. (14) The transparent Raman pouch cell
was fabricated in an argon-filled glovebox (O, < 1ppm, H,O < 0.1 ppm). (4) HB film and Al
pouch with precut sizes were sealed by an impulse heat sealer (AIE200) together with Au

monolayer/Ni substrate and 200 pL liquid sample sandwiched in between.
Characterizations

The micrographs of the Au NP monolayers were obtained by a scanning electron microscope
(SEM, Hitachi S4800, accelerating voltage = 20 kV, probe current = 20 pA) and a transmission
electron microscopy (TEM, JEOL 2011, accelerating voltage = 200 kV, probe current = 117
pA). SERS experiments were performed on a Raman spectroscope (inVia Renishaw, 785 nm,
objective = 20 time magnification with numerical aperture (N.A.) = 0.42, local power <2 mW,

exposure time = 10 s, scanning number = 1). An IR spectrum of each sample was collected from
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a Fourier Transform Infrared (FTIR) spectrometer (Bruker, ALPHA) with a diamond attenuated
total reflection (ATR) accessory (wavenumber ranges from 4000 to 650 cm ™' with 128 scans).
The IR measurements were conducted in an Argon-filled glove box with O, and H,O < 0.1 ppm.
The refractive indices of the EC-DEC binary solvents were measured by a refractometer (Mettler

Toledo, RM40) with the incident light at 589.3 nm.
Computational simulations
Finite-difference time domain (FDTD) simulation

A three-dimensional (3D) FDTD simulation was performed to determine the EM-field
distribution in the Au NP monolayer using commercially available software, Lumerical FDTD
Solutions. The simulation object was arrays of Au spheres with local HCP structure deposited
on a Ni substrate. The geometric dimensions of the Au sphere arrays were based on the results
of TEM measurements of the Au NP average diameter (36.7 nm) and the interparticle distance
(1.6 nm). (13) The numerical mesh size was set to 0.1 nm for all cases, such that there were 16

mesh points between even the narrowest particle gaps.
Density Functional Theory (DFT) calculations

Density functional theory (DFT) calculations implemented in GAMESS software were used to
optimize molecular geometries and to determine Raman scattering frequencies. (15) All DFT
calculations were conducted by Becke, 3-parameter, Lee-Yang-Parr (B3LYP) (16) density
functional algorithm with the 6-31+G(d, p) basis set.(17) The scaling factor was 1 for each
aprotic molecule in the present study. No symmetry restrictions were implemented to FEC, while

a 2-fold rotational axis (C,) symmetry was used for EC and DEC. All molecules and the
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vibrational modes were visualized with the software package “Macmolplt”. (18) To obtain the
predicted Raman spectra, the Lorentzian band shape with full width at half maximum (FWHM)

of 10 cm™ was convoluted with the calculated Raman bands by the software GaussSum 3.0. (19)
Results and discussion

The local ordering of the Au NP monolayer (Au NP diameter = 36.7 nm) is confirmed by TEM
and SEM micrographs. The TEM micrograph in the upper-left panel of Figure 1(a) shows that
the Au NP film has a local hexagonal close packed (HCP) structure. (20) Its corresponding fast
Fourier transform (FFT) features a Bragg pattern in the frequency domain that is characteristic of
an HCP structure. (21) The high-magnification TEM micrograph in the lower-left panel of
Figure 1(a) clearly shows that the gap between adjacent Au NPs is less than 2 nm. The average
nanogap size was estimated at 1.6 nm, (4) based on analysis on at least three TEM micrographs
and 500 Au NPs. Nano-sized gaps between metallic objects cause enormous increases in Raman
scattering intensity. This is ascribed to the constructive interference of the localized surface
plasmon (where a “hot spot” locates) on adjacent nano objects. (22) For EM-field-coupled
nanoparticles, the Raman intensity, Isgrs, increases exponentially with decrease of interparticle
spacing. (23) However, when d is too small, either the available EM field volume decreases for
the analyte molecules, (24) or quantum tunneling between adjacent particles occurs, (25) thus
eventually decreasing the Raman intensity. The average gap size in the current study allows for
probing approximately 200 carbonate molecules on average for each nanogap. SEM image
(Figure 1(a), right panel) shows a 4 urn2 section of the Au NP monolayer, twice that of the
Raman laser spot size. The consistency of the monolayer, particle size, and relative orientation
(HCP structure) create a homogeneous SERS response. (13) FDTD simulation was used to assess

the SERS enhancement factor (EF) distribution across the Au NP monolayer, as shown in Figure
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1(b). The EF is a characteristic value to quantify the SERS performance of the substrate, which is
estimated as the 4™ power of the local enhanced EM-field normalized to that without
enhancement. (13) The maximum EF (~10°) occurs in the nanogap region, 17 nm away from the
Ni surface, demonstrating that nanogap SERS allows the spectral vibrations of the carbonate
molecules used in this study to be probed in the immediate vicinity of the SLI. The well-ordered
Au NP film as the gap-mode SERS substrate also allows for the precise control of the distance of
the hot spot arrays from the solid surface. We do not expect smooth Ni surface contribute much
to the SERS signal, as depicted from EM distribution on Ni surface without the Au NP on top in
Figure 1(b). Ni coating on the surface serves as an electron conducting layer for future in
operando SERS study. (4) Notably, the simulated EM distribution in different nanogaps slightly
varies. This might be due to that we implemented “perfectly matched layer” boundary condition

for the 3D FDTD model (details can be found in the supporting information of Reference (14)).

Remarkable Raman bands are exhibited for FEC, EC, and DEC in the presence of the Au NP
monolayer (Figure 2(a)), whereas no prominent peaks show up without the Au NP monolayer
(i.e. standard Raman spectra with the same spectroscope settings). Readers may resort to Table
S1, S2 and S3 for detailed Raman peak assignment for DEC, EC and FEC, respectively. The
peak of the maximum intensity for DEC is located at 902 cm™ and is attributed to the DEC O-C-
O bending band, 8,.c.o. >’ Vibrations related to DEC methyl groups appear between 1100 cm™
and 1500 cm™ (e.g. CH; rocking band occurs at 1122 cm™). Those bands do not show up in the
SERS spectra of FEC and EC due to their lack of methyl groups. Compared with the SERS
spectra of the linear DEC molecule, those of EC and FEC exhibit several bands related to the
ring structure. For example, the maximum SERS intensity for EC is located at 897 cm™ and

represents the ring skeletal deformation mode, Bc.c. The SERS band of the second highest
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intensity was observed at 717 cm™' and is ascribed to the EC ring breathing mode, EC 0o_c.o.
Interestingly, the FEC ring skeletal deformation mode, FEC Pc.c, and the ring breathing mode,
FEC 00.c.0, are blueshifted with respect to EC and located at 908 cm™ and 729 em’,
respectively. It is worth noting that the EC ring breathing mode occurs at 729 cm™ when
coordinated to Li", (4) which convolutes with the FEC 0p.c.o band. The FEC ring skeletal
stretching mode (FEC vo.c.o) centered at 1000 cm’ whereas the counterpart from EC (EC vo.c.0)
is located at 975 cm™. A doublet of EC is observed at 1781 and 1807 cm™, which is attributed to
EC carbonyl stretching, vc—o, and combination of vc—o with the first overtone of EC ring
breathing, respectively. The corresponding FEC C=O0 stretching doublet also exhibits a blueshift

with respect to EC to 1814 and 1835 cm™, respectively.

To evaluate the SERS response of EC, DEC and FEC on Au NP monolayers, experimental EF
was calculated using EF = (ISERyIO)2 . Isgrs and 1, are the integrated SERS and corresponding
normal Raman bands, respectively. (14) Figure 2(b) exhibits the calculated EF of several Raman
bands of interest for each species. The EF calculated for DEC 6 o.c.o bending band is 4.2 x104,
one order magnitude lower than that of the EC Pc.c ring skeletal deformation band and the FEC
C-F stretching band. This is due to a higher dielectric constant of EC and FEC than that of the
DEC, which leads to a higher molecular polarizability. (4, 26) It is worth noting that the
experimental EF of these three species is 3 to 4 orders lower than the maximum values calculated
by FDTD simulations, but comparable to the average FDTD EF (5.7 x 10°) in the gap region.
The average FDTD EF was estimated by averaging all EF across the center plane (1.6 nm x 23.4

nm) in the nanogap region that is parallel to the Ni surface.

As mentioned above, the FEC carbonyl and ring-related Raman bands blueshift with respect to

those for EC upon a hydrogen atom being replaced by a heavier fluorine atom in a methylene

10
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bridge. This is shown in more detail in Figure 3. This observation contradicts the “ball and
spring” model, which predicts a reduced frequency upon the replacement of a light atom by a
heavier one. (26) However, DFT calculations on the Raman spectra of EC and FEC exhibit the
same trend as experiment (Figure 3, lower panel), which indicates the mechanism cannot be
explained by blindly using the “ball and spring” model. The “ball and spring” model assumes

two atoms (A and B) are bonded by a spring, and the vibrational frequency, v, can thus be

calculated by
1
=L, (M
2me \| 1

with ¢ being the velocity of light, f'the spring constant, and p the reduced mass of atoms A and
B;
MAMB

=—4 B8 2
2 MM, (2)

in which M, and Mg are masses of atoms A and B. From equation 1, the frequency of a specific
vibrational mode is not only determined by the reduced mass, p, but also the force constant, f,
which is a measure of the bond strength. It is of interest to evaluate the influence of the heavier
fluorine atom on the corresponding frequency in the ring molecule. The spring constant, £, can be

related to the equilibrium bond length, », by Badger’s rule, (27)

f=a-(r-d)”. (3)

In Badger’s original model, a is the Badger constant and d is the distance of the nearest approach
of two nuclei in a biatomic molecule. For bonds between C and another element, a and d depend
only on the period of the element in the periodic table. We use d = 0.61 for C-O single bond and

C=0 double bond in the current study. (28) For a polyatomic molecule, the electron cloud

11
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surrounding two atoms under consideration would be overlapped by that of their neighbouring
atoms. The complicated intramolecular coupling renders a varied “a” value for a satisfactory fit
to experimental data.(28, 29) The equilibrium distance (») between two atoms was obtained from
the DFT calculation. The calculated spring constants and frequencies of the vibrational modes
shown in Figure 3 are summarized in Table 1. From Table 1, the length of the C=0O double bond
is decreased by 0.011 A from EC to FEC (see Figure 4 for the schematic of the related
vibrations). The decreased bond length results in an increased spring constant for FEC and hence
a slightly increased C=O0 stretching frequency (Table 1). Therefore, the FEC C=O0 stretching has
a higher Raman shift than that of EC. Similar reasons can be drawn for the vibrations related to
the ring structure. For example, the bond length of EC O3C4 (Figure 4) is 1.476 A, whereas that
of the FEC is 1.427 A. This leads to an increased spring constant by 19.2%, assuming the same
Badger constant value. Again, the ring breathing mode of FEC blueshift by 12 cm™ compared
with that of EC at 717 cm™'. Both the ring breathing mode and the ring deformation mode
involve more than one vibrational mode and are fairly complicated. Thus, the agreement between
calculated and experimental Raman shifts is remarkable. In order to apply the “ball and spring”
model to the ring vibrations, the overall spring constant for the atom vibrations on the ring for
the breathing mode (see supporting information) was evaluated. The overall spring constant of
the ring is slightly larger for FEC than that for EC. Thus, the blueshift of some of the FEC
vibrations versus their counterparts for EC should be attributed to the “stiffer” bonds upon the
replacement of a hydrogen atom by a heavier fluorine atom in the methylene bridge. To
demonstrate that nanogap SERS is a quantitative tool to study molecular fingerprints at the SLI
of the aprotic solvents, we further performed SERS measurements on EC-DEC binary solvent

with changing molar fraction of EC, Xgc. Complementary IR experiments were also carried out.
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To make a clear comparison among spectra, all SERS spectra were normalized to the integrated
DEC pcp3 band centered at 1122 cm’' and the IR spectra were normalized to the DEC vycps peak
centered at 1373 cm™'. Figure 5 shows the SERS (top) and IR spectra (bottom) of EC-DEC
binary solvents with varied Xzc. While the intensity of many bands changes in both SERS and IR
spectra (Figure S1 shows full SERS and IR spectra of EC and DEC), we focused on the
following three frequency regions due to their spectroscopic sensitivity to Li" solvation: (30-32)
(I) EC ring breathing band (0o.c.0) in 650-750 cm™, (IT) EC ring deformation band (Bc.c), Figure
6. Example peak deconvolution of EC and DEC C=0 stretching (in Region III) of (a) SERS and

(b) IR spectra for EC-DEC (0.5:1 vol) solvent.

DEC-CH; rocking band (pcu2), EC skeletal stretching band (vo.c.o0) and O-C-O bending band
(80-c-0) in 800-1000 cm™*, and (III) carbony! stretching band (ve—o) for both EC and DEC in
1500-1900 cm™'. For Region III, because the EC and DEC carbonyl bands are partially
overlapped, a peak deconvolution process is necessary for both SERS and IR spectra. Figure 6
shows the deconvoluted SERS (Figure 6(a)) and IR (Figure 6(b)) carbonyl bands for EC and
DEC (0.5:1: vol). The same process was applied to other EC-DEC mixtures. In Region I (Figure
5(a)), the SERS and IR spectra are much alike. Pure DEC (i.e. EC molar fraction Xgc= 0) shows
a small shoulder at 703 cm™, which could be assigned to OCOO bending band. (33) Even at the
lowest molar fraction of EC (Xgc = 3.5%), the EC 0¢.c.o at 717 cm! (716 cm! for IR) becomes
distinguished from others, and the peak intensity increases rapidly with increasing Xgc in the

EC-DEC binary solvents.

The integrated band absorbance (IR) and intensity (SERS) of the EC-DEC binary mixture is
plotted with respect to the molar concentration (C) of EC or DEC in Figure 7. Table 2 indexes

the EC molar fraction, Xz to its molar concentration, Cg¢ for an ease of comparison between

13
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Figure 5 and Figure 7. Figure 7(a) indicates that EC 0¢.c.o peak integration (Agc 00-c-0)
quadratically depends on Cg¢ for both SERS and IR. The slope of the first order derivative of the
quadratic fit for SERS is almost five times that of IR. This indicates that the SERS of EC 0¢.c.o
is more sensitive to Cgc than IR. For IR spectra in Region II (Figure 5(b)), it is noticeable that
the band intensity of DEC pcrz band (852 cm™) decreases with increasing Xzc, whereas EC ring
stretching band (vo.c.o, 970 cm™) increases in intensity. Only two weak peaks appear in the
SERS spectra at these wavenumbers with no obvious trend with Xzc. At low EC concentration
(Xze < 47.6%), a single band is observed (902 cm™ for SERS and 901 cm™ for IR), which is
assigned to DEC 6¢.c.o. Further increase of Xz¢ results in a blueshift of the SERS band to 897
cm™ and an IR satellite peak at 893 cm™. The blueshift is due to the increasing intensity of the
EC ring skeletal deformation mode, Bc.c. The peak integration of EC Be.c (897 cm’ for SERS
and 893 cm™' for IR) band in Figure 7(b) indicates that a second order polynomial can describe
the correlation between the integration of deconvoluted EC skeletal deformation band, Agc gc-c,
and EC molar concentration, Cgc, for both SERS and IR. Interestingly, in Figure 7(c), at the
highest EC molar concentration (i.e. EC-DEC equivolume solvent), Apgc so-c-o is almost zero. A
similar phenomenon occurs with the DEC carbonyl stretching band, vc—p at 1619 cm™ in Region
III for SERS (Figure 5(c)). This may suggest that a higher dipole moment of the EC molecule in
the nanogap results in surpassing SERS intensity over that of the DEC at high EC concentration.
Thus, some bands of DEC nearly disappear in the SERS spectrum of the binary solvents above a
critical value of Cgc. In Region III (Figure 5(c)), a prominent difference between the SERS and
IR spectra is that the C=O0 stretching band for DEC vc-¢ is represented by a doublet for SERS
(1735 cm™ and 1753 ecm™). This is in sharp contrast to its IR counterpart, which exhibits a single

fundamental mode at 1740 cm™ consistent with other studies. (30) It is worth noting that the

14
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DEC vc-o shows only a single band at 1746 cm’ in conventional (non-SERS) Raman spectra. (6,
34) For SERS, the splitting of the DEC vc-o stems from Fermi resonance (FR), in which an
overtone or a combination vibrational mode appears by gaining spectral weight from a
fundamental mode. (35) More specifically, the vibration of linear DEC molecules entrapped in
the interparticle nanogap is perturbed by the greatly enhanced EM-field and high field-gradient,
leading to a distinct FR at a certain spectral frequency in this region. (35) The intensity of DEC
Ve=o increases with increasing Cpge. The split of the EC carbonyl band (1785 cm™ and 1813 cm™
for SERS and 1773 cm™ and 1800 cm™ for IR) in this region is due to FR of the C=O stretching
with the first overtone of the ring breathing. This doublet is less prominent for both IR and SERS
when Cge < 5.0 x 10” mol/mL. In an early study by Fortunato et al., (36) vc—o of neat EC at
313K exhibited a higher IR frequency (by 13 cm™") compared to that from Raman. The authors
attributed this phenomenon as short-range orientation effects in dipolar aprotic liquids, which
stemmed from a coupling between the transition dipoles of adjacent EC molecules. Interestingly,
the EC vc-o in the EC-DEC equivolume mixture is 13 cm’ higher for SERS than that for IR. It
might be due to a different intermolecular coupling of EC with surrounding DEC molecules in
the nanogap. Clearly, the integrated intensity of the carbonyl modes of EC (Agc vc=0) and DEC
(Apec vc=0) quadratically increase with Cgc and Cpgc, respectively for both IR and SERS
(Figures 7(d) and (e)). Notably, there is an abrupt change of Apgcvc-0 at the low Cgc side (Figure
7(e)) for SERS, but not for IR. The discontinuity at Cgc = 0 might be attributed to the
competitive adsorption of EC to the Au NP surface. A small amount of EC (Cgc =2.9 x 10™
mol/mL), may interrupt the FR of DEC vc-o within the nanogap, resulting in an abrupt decrease

of Apkc vc=0-
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The reason that a quadratic correlation between the integrated Raman bands to the EC or DEC
molar concentration in EC-DEC binary solvent can be explained as follows. The intensity of the

Raman scattering is closely related to the polarizability of an individual molecule, a; by (37)

[ =CKlo’o' 4)

311
1

where Cj is the mole concentration of species “i”, K is composed of constants such as the speed
of light. / is the laser power and ® is the incident radiation frequency. The microscopic

polarizability of a molecule in the binary mixture is related to the macroscopic refractive index,

n, of the dielectric media based on the Lorentz—Lorenz equation, (38)

o= _nz—l
) (5)

where q, is a scalar which accounts for the polarizability of an individual molecule of species i in
vacuum. This value is attenuated by the n-term, (n*-1)/(n*+2), in Equation 5, leading to a
changed polarizability in that dielectric, a;. This relation holds based on the agreement of the
refractive indices of series EC-DEC mixtures calculated from the refractive index mixture rule

and the experimental measurements (Figure 8(a)). The refractive index mixture rule is given by

(39)
n®—1 n’—1 |
=C,— +C, 2
n’+2 1n12+2 2n22+2 (©6)

which relates the refractive index of the binary mixture, n, to the refractive indices of individual
species, n; and n,. Substituting Equation 5 to 4 yields a relation between Raman intensity and the

refractive index of the EC-DEC binary solvent,
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The refractive index of a series EC-DEC solvents with varying EC molar refraction was directly
measured by a refractometer with 589 nm wavelength light, in the visible range like that of the
Raman laser (785 nm) used for SERS study. The molar concentration of a species in an EC-DEC
binary solvent is calculated by C; = Xi-D/M, where the molecular weight (M), density(D) and
refractive index (n) of each EC-DEC mixture are listed in Table 2. The prefactor (denoted as “f”)
of Equation 7 is constant, independent of Cgc. The density of EC was taken from Reference, (40)

whereas the rest EC-DEC mixtures were directly measured (Table 2).

The plot of I/f versus the EC molar concentration, Cgc is shown in Figure 8(b). It can be seen
that the quadratic fit surpasses the linear fit and better describes the relation between the SERS
intensity and the Cgc. It should be noted that Lorentz—Lorenz assumes a constant local EM field
implemented on a single molecule. This assumption needs to be further verified on the SERS of
aprotic binary solvents with tuning the component molar ratio. It is also worth mentioning that a
univariate analysis was often used to empirically fit the Raman scattering intensity (I) - species
mole concentration (C;). However, in some cases, a linear relation fails to depict the I-C; plot in a
binary solvent system due to the absorption and/or resonance Raman effect, (41, 42) which was
also observed in this study (Figure 8(b)). Higher-order empirical equations to describe the I-C;
relation are necessary in this sense. (26) Another contribution to the nonlinear dependence of the
SERS intensity versus the mole concentration of species might stem from the intramolecular
interaction in the Au NP gap region, which may lead to different preferred molecular orientations

with respect to the local EM-field responding to the mole concentration of the components. The
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development of empirical equations between the SERS intensity with the component
concentration in the EC-DEC binary solvent demonstrates that the nanogap SERS can be utilized
as a semiquantitative tool to depict the liquid composition at SLI, which is critically important
for an insightful understanding of the ion solvation/desolvation mechanism of SEI formation in

the future.

While the analysis (Figure 5 to 7) on EC and DEC SERS and IR band integration dependence on
EC mole fraction was based on selected peaks, more quantitative analysis on SERS and IR
spectra with varying EC mole fraction in EC-DEC binary solvent was performed using principal
component analysis (PCA) and multivariate curve resolution (MCR) analysis by a previously
reported method. (4) The minimum number of spectral components needed in linear combination
to obtain the sample spectra variation is determined by PCA. The pure component spectra were
then extracted by MCR using alternating least-squares curve fitting. For both SERS and IR, two
component spectra were found to be sufficient to describe the sample spectra variation with EC
mole fraction, as shown in Figure 9(a). The component spectrum 1 is featured as DEC spectrum
(i.e. Xgc = 0), whereas component spectrum 2 is dominated by EC spectrum. Both SERS and IR
spectra show that the DEC component decreases with increasing Xzc, whereas spectra
component of EC increases versus Xgc. It is interesting to notice that the threshold value was Xz
=0.32, where SERS EC spectra starts dominating, smaller than that of the IR at Xz¢ close to 0.5.
This confirms that at SLI, the EC molecule spectrum dominates even when DEC mole fraction is
larger, in accordance with the analysis in Figure 5. This is intrinsically different than its bulk

counterparts depicted by IR spectra.
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Conclusions

We demonstrate that the nanogap mode SERS based on an Au NP monolayer is capable of
probing and distinguishing the molecular vibrations of aprotic solvents with similar functional
groups in close proximity to the solid/liquid interface. The SERS enhancement of those aprotic
species increases by 3 to 5 orders of magnitude with respect to the standard Raman spectroscopy.
The blueshift of carbonyl and ring-related Raman bands for FEC versus EC stems from the
stiffer bonds between related atoms. The SERS band integration of selected peaks from either
EC or DEC in EC-DEC binary solvent has a quadratic dependence on the EC or DEC molar
concentration. The resultant empirical equations are useful to quantify the solvent concentration
at the SLI region for future studies. This study unveils new avenue for a microscopic technique
in vibrational spectroscopy of adsorbed species on the nanometer length scale from solid surface.
The SERS technique in the current study should be readily applicable to areas where SLI is
essential, such as water desalination, heterogeneous catalysis, electrophoresis, corrosion, mass

transport across biomembranes, and batteries.
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Figure 1. (a) (in red dash box, from top to bottom) TEM micrograph of the Au NP monolayer on copper grid, its
fast Fourier Transform and a magnified TEM micrograph showing the nanogaps (marked by two parallel yellow
dash lines) and SEM micrograph of Au NP monolayer on Ni-coated quartz substrate. (b) FDTD simulated
enhancement factor (EF) distribution of the Au NP monolater on the Ni-coated quartz substrate. The maximum EF
(~8.2 x 10%), in the nanogap region about 17 nm above the Ni surface, is denoted.
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Figure 2. (a) SERS spectra taken from FEC, EC and DEC on Au NP film/Ni substrate, respectively. Standard
Raman spectrum was taken for each corresponding sample on Ni as a reference, which is seemingly featureless in
the same y-scale. The vibrational modes were marked by Greek symbols as follows, v, stretching; 6, bending; ®,
wagging; u, deformation; t, twisting; p, rocking; o, ring breathing and B, ring deformation. (b) The comparison of
enhancement factor of various bands of different species and the FDTD calculated EF values. The error bar
represents the standard deviation based on five measurements on random locations of the same species.
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Figure 3. Comparison of the SERS spectra (top) between EC and FEC for three different Raman frequency regions.

Lower panels show the DFT calculated Raman spectra of EC and FEC accordingly. Note that all spectra show only
the calculated fundamental vibrations, and therefore do not include overtones or combination bands.
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Figure 6. Example peak deconvolution of EC and DEC C=O stretching (in Region III) of (a) SERS and (b) IR
spectra for EC-DEC (0.5:1 vol) solvent.

28



558

559
560
561
562
563
564

p—
L —
o
i

2

—
EC Bo. Peak Integration O Ec 0,00 Peak Integration..?_?,

o Peak Integration

EC v,

24 = ZE::rarc Fit to SERS o
- {¥ il I /
O R - (gc""o
« = Quadratic Fit to IR /ﬁ &'\"‘-’
X
(vI°Y
o
/8
)
10+ /‘\9
&
/&
fe 691°C 48162 Cre
. G . -
o Pe "_29. . @
/ .-
o -@
1.0
O SERs /[:| (c)
50 == Quadratic Fit to SERS g
O R / 408 %
= = Quadratic Fitto IR 5
40 ’go(&/ & ]
N .5 Jos =
1% )Zl . x
30 o . O [
gV, P &
Q¥ 7 ud Jo4 o
20 /’,19 /' . "5‘0 « wg
< Pl AR
10 O LS 102 3
b a
B2, ‘®
04
50-_#*" 0.0 (e)
O SERs P
== Quadratic Fitto SERS - 1=
404 o Rr . fGeO ]
= = Quadratic Fitto IR Ll %bp‘ ©
fl') Lx [=)]
304 o 20 2
. bﬂ»\ £
. E
20 + 'v.%o o
’ {
R B
10 *Uec [&]
4 5’1535‘\3 a7 8
Prec -
of i@ = 7
0.000 0.002 0.004 0.006 0.008

EC Molar Concentration, C__

EC Molar Concentration, C__

0.0078 0.0041 0.0003
T T T T T
O SERS ,,00"’0
304 —  Quadratic Fit to SERS oPQ 8
O R 0V 13
= = Quadratic Fit to IR o é
&
6“00
20 a(\ ®®
L3 -
A 7@ * G ped ?
& 4 - ° 2 5% Vo
o . " A*CDEG
10 - v
L Pgec 11
@ ”~
of & 0
80
109 O sers 0@
== Quadratic Fit to SERS G 170
2 O R <
g ] - QuadraticFitto IR ks V4
.1-00{" / @ -1 80
7 S O
‘J% / ‘ +Gof
P ® 'L‘:’ -4 50
6+ v L TxD
5. S I T {40
. )
rd ® ek
44 . gb‘% {30
3] ro . ° PF
— r T . 20
0.004 0.005 0.006 0.007 0.008 0.009

DEC Molar Concentration, Cpee

Figure 7. The plot and regression curves of the series of EC-DEC binary solvents for normalized SERS and IR band
integration of the binary solvent versus the EC or DEC molar concentration (C). (a) EC 0¢.¢.o band integration at
717 em™ versus Cgc. (b) Peak integration of EC Be.c (896 cm™ for SERS and 893 cm™ for IR) band with respect to
Cgc. (¢) DEC 6¢.o.c (902 cm’ for SERS and 901 cm™ for IR) band integration with respect to Cpgc. (d) The plot of
the band integration of EC vc=o0 versus Cgc and (e) the peak integration of DEC ve=o0 versus Cpgc. All regressions
have passed the one-way F-test with a significance level of 0.01.
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594  TABLES

Table 1. Comparison of the atom bond length, spring constant and calculated Raman shift
based on the ball and spring + Badger model for EC and FEC for related vibrations in Figure 3.

Bond Spring Calculated Experimental
Vibration Contribution Length Constant Raman Shift Raman Shift
Mode atoms* A) (x10% N/m) (em™) (em™)
EC C2-06 1.395 2.07 715 717
Ring 06-co FEC Cf2-016 1.385 2.38 729 729
EC C4-C5 1.542 3.46 1040 1030
Ring Bc.c FEC Cf4-Cf5 1.527 3.63 1070 1077
EC C2-01 1.213 13.23 1810 1807
V=0 FEC Cf2-Of1 1.202 13.98 1860 1835

Table 2. The molecular weight, density and refractive index of all EC-DEC binary solvents.

EC molar EC molar Molar mass, Refractive

fraction, concentration, M Density, D Index, n
Xk Crc (g/mol) (g/mL)
0.04 29x 10" 117.08 0.96 1.386
0.15 1.3 %107 113.51 0.99 1.396
0.31 3.0 x 10™ 108.74 1.03 1.397
0.48 5.0x 107 103.81 1.08 1.403
0.58 6.5 x 10~ 100.78 1.13 1.407
0.65 7.5 %107 98.73 1.15 1.410
1.00 1.1 x 10~ 88.06 1.32* 1.420

*According to reference 40, the volume change of EC right above melting point is less than
1%. Therefore, we do not expect a large deviation of the density of EC at 312 K from this
value, at which SERS spectrum of EC was taken.
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