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ABSTRACT Understanding the fundamental factors that drive ion solvation structure and 

transport is key to design high performance, stable battery electrolytes. Reversible ion solvation 

and desolvation are critical to the interfacial charge transfer process across the solid-liquid 

interface as well as the resulting stability of the solid electrolyte interphase (SEI). Herein, we 

report the study of Li+ salt solvation structure in aprotic solution in the immediate vicinity (~ 20
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nm) of the solid electrode-liquid interface using surface-enhanced Raman spectroscopy (SERS) 

from a gold nanoparticle (Au NP) monolayer. The plasmonic coupling between Au NPs 

produces strong electromagnetic field enhancement in the gap region, leading to 5 orders of 

magnitude increase in Raman intensity for electrolyte components and their mixtures namely, 

lithium hexafluorophosphate (Li PR), fluoroethylene carbonate (EEC), ethylene carbonate (EC) 

and diethyl carbonate (DEC). Further, we estimate and compare the lithium-ion solvation 

number derived from SERS, standard Raman spectroscopy and Fourier transform infra-red 

(FTIR) spectroscopy experiments to monitor and ascertain the changes in the solvation shell 

diameter in the confined nanogap region where there is maximum enhancement of the electric 

field. Our findings provide a multi-modal spectroscopic approach to gain fundamental insights 

into the molecular structure of the electrolyte at the solid-liquid interface.

The growing need for energy storage systems requires batteries with high power and energy 

density as well as longer life and improved safety.1 This calls for innovations in high energy 

density electrode materials as well as in design of robust and efficient charge transfer interfaces 

without electrolyte degradation or chemical side reactions. Charge transport across the solid 

electrode-liquid electrolyte interface (SLI) is believed to be one of the battery charge/discharge 

rate limiting steps.2 In commercial lithium-ion batteries, the thermodynamic instability of the 

electrolyte at the SLI leads to formation of a passivation layer, commonly referred to as the 

solid-electrolyte interphase (SEI).3' 4 The SEI thickness is usually in the range of tens of 

nanometers and it is mostly conducive to lithium-ions transport to and from the solid electrode.5" 

6 The composition, morphology, and structure of SEI of lithium-ion batteries have been 

extensively studied in the past and are not discussed in this work.6'7
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The exact nature of solvation structure and ion-transport depends on multiple factors including 

concentration and composition of the solvent and solute as well as fundamental physical 

properties such as dielectric constant, polarity and nature of the chemical bonding. Probing the 

ion-solvation structure especially at the SLI is challenging, due to the diffraction limited spatial 

resolution and low sensitivity of spectroscopic techniques such as confocal micro-Raman and 

Fourier Transform Infrared spectroscopy (FT-IR).7 In the case of confocal micro-Raman, the 

through-plane (depth from the sample surface) spatial resolution is generally determined by (i) 

the skin depth, which depends on the local electrical conductivity of the electrode and the 

incident laser wavelength, and (ii) the confocal plane depth of the microscope objective.8 

Usually it is on the order of a micron or more.9 For transparent liquids such as electrolyte, as in 

our case, it is only limited by the confocal depth which for a given laser wavelength primarily 

depends on the numerical aperture (NA) of the microscope objective.

Surface-enhanced Raman spectroscopy (SERS) overcomes these restrictions including the 

light diffraction limitation by exciting surface plasmons in metallic nanostructures, that leads to 

the formation of intense local electromagnetic (EM) fields (hot spots) within a few nanometers 

from the SERS surface, allowing the investigation of chemical structures of the SLI.10 SERS is 

capable of detecting ultra-low concentrations of analyte, even at a single molecule level under 

optimized conditions.11 A major impediment towards wide use of this approach was the 

availability of high efficiency, stable SERS substrates.12 Roughened metal surfaces were first 

used as SERS substrates.13'14 However, these surfaces have abroad size distribution of hot spots, 

restricting experimental reproducibility and thus practical use of SERS.12 This problem was 

partially solved by shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS).15'16 

The major contribution to enhanced Raman intensity in SHINERS is from individual
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nanoparticles (NPs), and SERS enhancement factors (EEs) are reported to be on the order of 

103.17 By contrast, the EM field enhancement in the gap between NPs is greatly increased when 

two or more NPs are placed in close proximity to each other. The SERS EF of random silver NP 

aggregates is reported to be larger than 107, approaching single-molecule sensitivity.11 However, 

the random NP aggregates lack long-range order and spatial homogeneity, leading to 

irreproducible SERS EF.18'19

We previously reported a strategy to self-assemble Au NPs into monolayers and deposit those 

monolayers onto arbitrary solid substrates.18'20 The Au NPs in such monolayers had a hexagonal 

close packed (HCP) structure with controlled particle and gap dimensions. The resultant 

nanogap-SERS had an experimental EF up to 107 with mm2-scale spatial homogeneity.20 The 

current study applies similar SERS substrate to probe spectroscopic signatures of solvent-salt 

interactions in lithium-ion battery electrolytes at the SET A new Fermi resonance (FR) Raman 

band was observed for the DEC carbonyl symmetric stretching band, which was not detected 

from standard Raman and FTIR spectroscopy measurements. Further, we estimate the solvation 

number, TV, for LiPFe in EC-DEC solvent mixture to be close to 2 from gap-mode SERS for high 

salt concentration, while similar measurement for the same salt concentration from IR yields N >

3. At low salt (LiPFe) concentration, both SERS and IR understandably show higher N with IR 

consistently showing higher coordination values. This discrepancy is likely due to the fact the 

solvation structures probed by SERS are confined by the SERS-active nano-gap regions and 

electrode surface whereas IR probes solvation structure in the bulk. Molecular dynamics (MD) 

simulations of the LiPFe/EC-DEC solvation structures indicate that the SERS nanogap 

dimensions) are comparable to the primary solvation shell which in principle could give a lower 

N compared to standard Raman and IR that can also detect secondary solvation shells. This work
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demonstrates an approach for probing the ion solvation structures at varying length scales close 

to the interface (See SI last session) by manipulating the nanogap distance from the SERS 

substrate.

Results and Discussion

I. SERS Analysis of Binary Solvent Mixtures and Salt

A semi-transparent pouch cell was used for the SERS study (Figure 1). The top high barrier 

(HB) film is transparent to the Raman laser (transmission is 92% at 785 nm, Figure SI), enabling 

vibrational spectroscopy of the electrolyte components on the SERS substrate. Details pertaining 

to the SERS cell fabrication and geometry are discussed in the supporting information.

Atomic force microscopy (AFM) of the Au NP monolayer film in Figure 2(a) gives a film

thickness of 40.1 nm. This agrees with the average diameter of the NPs at 36.7 nm obtained from

Figure 1. (a) Photograph of the semi-transparent pouch cell (top view), (b) Schematic illustration of the semi-transparent 

pouch cell (side view).

the TEM micrograph in Figure 2(b). The left inset of Figure 2(b) is a fast Fourier transform 

(FFT) of the TEM micrograph. It clearly indicates that the Au NPs are arranged in an HCP 

structure. The detailed structure of the interparticle gap is shown in the inset (right) of Figure 

2(b), with average gap size 1.6 ± 0.5 nm based on statistical analysis of over 700 Au NPs.21

5
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Figure 2. Characterization of the Au NP monolayers, (a) 3D AFM image taken at the film edge showing the NP film 

forms a monolayer on the Ni substrate. The height profile (bottom) corresponds to the line cut on the AFM image. The 

height of the film at the line cut is 40.1 mil, comparable with the average diameter of the NP at 36.7 mil. (b) TEM 

micrograph of the Au NP monolayers. Inset shows the FFT (left) and a magnified view of Au NP monolayers (right). The 

nanometer-gap between adjacent NPs is indicated by red arrows.

Commercial Li-ion batteries have a binary solvent electrolyte containing cyclic and linear 

carbonates. Here we use EC, DEC, and LiPF6 as a model system to demonstrate the performance 

of the nanogap-SERS substrate. Both neat solvents and the electrolyte mixture show prominent 

SERS bands (Figure 3(a)). In sharp contrast, the signal from a standard Raman measurement 

under similar experimental condition (laser power, accumulation time and objective lens, etc.) 

appears as just background below the prominent SERS peaks as illustrated in Figure 3(a) and (c). 

It is worth mentioning that Raman spectroscopy has been used to study organic electrolyte 

components in the past, with typical laser power exceeding 10 mW22 or even 50 mW23 and signal 

integration times on the order of 100 seconds.23' 24 The relatively high laser power and the 

extended laser exposure could potentially damage the analytes due to laser-induced heating. In
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this study, the laser power was intentionally kept at low energy of less than 2 mW, with a total 

integration time of 10 s to reduce the heating effects. An attempt was also made to obtain a better 

signal-to-noise (S/N) ratio for the standard Raman spectra (Figure S2) by increasing the laser 

power up to 10 mW and extending the accumulation time to 300s. In contrast to conventional 

bulk Raman, the major fraction of Raman signal of the nanogap-SERS is from the analytes 

located within the nanogaps, where there is maximum field intensity.21 The distance over which 

collective surface

LiPF6 (1M) in EC+DEC
'Ia-

Raman Shift (cm'1)

oc o ng
Raman Shift icm 'i

500 1000 1500 2000
Raman Shift (cm'1)

Figure 3. (a) SERS spectra of DEC, EC-DEC equivolume solution, and LiPF6 (1M) in EC-DEC equivolume solution at 

room temperature and (b) Model molecular structures with vibrational modes indicated by red arrows, (top) Linear DEC 

molecule and S0-c-o at 902 cm'1; (middle) LiPF6 and symmetric vP.F at 740 cm'1; (bottom left) EC molecule with ring 

breathing, o0-c-o at 717 cm'1 and (bottom right) FEC molecule with C-F symmetric stretching vc.f at 868 cm'1, (c) SERS 

spectra EC and FEC at 39 °C on Au NP monolayer/Ni substrates. For both (a) and (c), standard Raman spectra were also 

collected from the same solvents and electrolytes for reference. These spectra, which are plotted below each SERS 

spectrum, are almost featureless for each sample. The Greek symbols denote corresponding vibrational modes for v, 

stretching; 8, bending; co, wagging; x, twisting; p, rocking; o, ring breathing and |3, ring deformation.

7
ACS Paragon Plus Environment



1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACS Nano Page 8 of 33

plasmon resonance (SPR) extends into media is reported to be less than 1 nm,25 suggesting that 

nanogap-SERS is probing vibrational fingerprint of the analytes at a molecular scale.

As shown in Figure 3(a), the DEC SERS spectrum exhibits a prominent band at 902 cm'1, 

which was previously assigned to O-C-O bending (5o-c-o) 26 The chemical structure of DEC and 

the DEC 8o-c-o mode are schematically shown in Figure 3(b) top panel. The bands between 1050 

cm'1 and 1550 cm'1 shown in Figure 3(a) are related to vibrations of DEC methyl groups. The 

intensity of 1122 cm'1 band in this frequency range is insensitive to the chemical surroundings 

and can thus be used for spectral normalization (Figure S3).27 The bands between 1650 and 

1900 cm'1 are assigned to the carbonyl group. These bands are known to be sensitive to the 

coordination of Li+ cations. Seen in Figure 3(a) (also resort to Figure S5), the splitting of the 

DEC Vc=o band (around 1740 cm'1) stems from Fermi resonance (FR), in which an overtone or a 

combination vibrational mode appears by gaining spectral weight from a fundamental mode.28 

The FR resonance in this study may stem from the combination of the -OCO scissoring mode at 

613 cm'1 and the -CFE rocking mode at 1122 cm'1 (Figure S6). An investigation on the physical 

origin of FR is beyond the scope of this work, but it may stem from local perturbation of DEC 

molecule at the local hotspot with an associated field gradient.2 To our knowledge, this is the first 

observation of FR for DEC Vc=o band from a spectroscopic measurement.

Upon addition of EC to DEC (1:1 by volume), we observe a new band at 717 cm'1 (Figure 

3(a)), consistent with the combination of the EC ring breathing mode (EC oo-c-o) with an O-C-O 

symmetric stretching mode reported by Henderson et a! 29 Also, the DEC 5c-o-c band at 902 cm'1 

is overwhelmed by an EC band at 896 cm'1, assigned to EC skeletal deformation (Pc-c) mode. 

The DEC carbonyl vibrational mode (vc=o, doublet at 1735 and 1753 cm'1) decreases in intensity 

upon EC addition. A new doublet with maxima at 1785 and 1813 cm'1 is assigned to EC Vc=o-3°

8
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Upon solvation of LiPFe in the EC-DEC binary solvent, a new peak assigned to PFf," symmetric 

stretching (vp_f) is observed at 740 cm'1 (Figure 3(a)).31 This Raman peak partially overlaps with 

the EC oo-c-o band. (See Figure 3 caption for definition of symbols representing vibrational 

modes). Using the EC-DEC binary solvent as a model, the differences between the SERS and 

standard Raman spectra in terms of the frequency shift and line broadening are detailed in 

supporting information.

FEC is a common additive to form a stable SEI on high capacity anodes like silicon.32 FEC has 

a similar chemical structure to EC, except that one hydrogen atom of a methylene bridge in the 

EC ring is replaced by a fluorine atom. To compare the SERS spectra of FEC and EC, the 

samples were heated to 39 °C, above the melting point of EC (Tm= 34 °C). High intensity SERS 

bands from both species are observed, while the confocal Raman spectra are almost featureless 

(Figure 3(c)). In comparison to a single SERS peak at 896 cm'1 for EC (Pc-c), FEC shows two 

bands at this position. The 868 cm'1 band is due to C-F stretching vibrations (vc-f), and the 908 

cm'1 band is due to FEC ring deformation (FEC Pc-c shown in Figure 3(c)). The lower 

vibrational frequency in the case of FEC is due to the heavy atom effect when F atom substitutes 

the H atom. Interestingly, some SERS bands are slightly shifted towards higher frequency for 

FEC compared with the counterparts in EC. The FEC oo-c-o band is observed at 729 cm'1, which 

is 12 cm'1 higher in frequency than the same band in EC. Additionally, the FEC skeletal 

stretching (FEC vc-c) at 1000 cm'1 and 1088 cm'1 are 25 cm'1 and 12 cm'1 higher in frequency 

than their EC counterparts, respectively. The carbonyl group stretching mode doublet (vc=o) 

shifts to 1814 cm'1 and 1835 cm'1 for FEC, compared tol781 cm'1 and 1807 cm'1 for that of EC. 

EC shows two C-H stretching modes at 2952 cm'1 and 3019 cm'1, whereas FEC exhibits four C-

9
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H stretching bands at 2865 cm'1, 2898 cm'1, 3017 cm'1 and 3066 cm'1 (Figure 3(c) inset). This is 

due to the -CFH and -CFE asymmetric stretching in the FEC ring respectively.

To evaluate the performance of the gap-mode SERS quantitatively, the enhancement factor 

(EF) of various bands was calculated.19 As shown in Figure 4, the EFs collected from different 

bands range from 103 to 105, with a maximum EF found for pC-c at 897 cm'1 in pure EC and Vc~f 

at 868 cm'1 in FEC. The high EFs for neat EC and FEC could be due to their large dielectric 

constants, which promotes a larger SERS sensitivity. For example, at 25 °C, the permittivity of 

EC is 89.78, while the permittivity of DEC is only 2.8. The large EF for EC may stem from a 

stronger mutual interaction between the EC dipole moment and the EM-field in the nanogap 

compared to that for DEC.33

Finite-difference time-domain (FDTD) simulations were used to evaluate the near-field EF

, / / // //

Raman Band

Figure 4. The calculated EF based on the integration of various bands of different species. The error bar represents the 

standard deviation based on at least five measurements at random locations of the same sample.

distribution on the nanogap SERS substrate. The model setup is shown in Figure S7. As the 

plane wave with the polarization direction, E, illuminates the Au NP monolayer surface (in the

10
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xy-plane), the localized surface plasmons are excited. Due to the mutual constructive 

interference of the induced dipole moment of the surface plasmon, the most intense EM-field is 

localized in the nanogap between two adjacent Au NPs, with interparticle center-to-center axis 

parallel to E (Figure 5(a)).

Figure 5. 3D FDTD simulation of HCP Au NP monolayer on Ni substrate, (a) The calculated enhancement factor 

distribution in an HCP unit cell in the xy-plane shown in logarithmic scale. The z axis (red dot) is normal to the xy-plane. 

The red arrow represents the polarization vector, E. The color bar represents the log(EF). (b) 2D log(EF) map in the xz- 

plane taken from the middle of the interparticle gap (black dashed line in (a)). The color bar is the same as that in (a). The 

maximum EF has a minimum distance of 17.4 mil to the Ni substrate (white dashed line). The center of the hot spot is 

12.1 mil to the where log(EF) = 0. (c) Plot of the detailed EF distribution in an interparticle gap indicated by the red 

dashed line in (a). Each plot records the log(EF) across a horizontal line cut in the gap.

The EF distribution in a nanogap in the xz-plane is shown in Figure 5(b). The maximum EF 

value was found to be on the order of 108, which is distributed close to the middle of the nanogap 

at x = ± 0.9 nm (where x = 0 for interparticle axis parallel to E). Out of this range, the EF rapidly 

decays to one at x = ± 12.1 nm, before reaching the nanoparticle in the adjacent superlattice 

direction. The total horizontal length (24.2 nm) of this region is smaller than the average NP 

diameter (36.7 nm) due to the hexagonal packing. The hot spot corresponding to the maximum

11
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EF is located 17.4 nm from the solid substrate (Figure 5(b)), confirming that the vibrational 

information of the molecules was extracted from the immediate vicinity of the solid surface. The 

EF distribution across the y-axis (Figure 5(a)) over two nanogaps is detailed in Figure 5(c).

II. LiPFe Salt Solvation in EC-DEC binary solvent mixture

The solution structure formed by addition of a lithium salt to binary carbonate solvent mixtures 

affects the electrolyte properties, such as ionic conductivity,34 thermal and electrochemical 

stability,35 and the formation of a stable SEI.36 LiPFe at different molar concentrations in EC- 

DEC was used as a model electrolyte to understand the solvation structure (see Figure S8 for full 

SERS, Raman and IR spectra). It is worth mentioning that, standard Raman spectrum of each 

sample was collected at elevated laser power and extended collection time to increase the signal- 

to-noise (S/N) ratio (Figure S2). The intensity of the EC oo-c-o band in SERS (717 cm'1), Raman 

(720 cm'1) and IR (716 cm'1) spectra decreases with increasing salt concentration, whereas a new 

band at 729 cm'1 (SERS and IR) and 733 cm'1 (Raman) attributed to oo-c-o for EC coordinated 

with Li+ cations gradually increases in intensity, (Figure 6(a)).29

12
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Raman Shift (cm1)
660 680 700 720 740 760 780 1700 1800 1900

SERSSERS

LIPF, (0M)

-o- LiPF,(0.1M)

LiPF, (0.5M)

LiPF,(1M)

Wavenumber (cm'1)
Raman

Raman Shift (cm

Figure 6. Comparison of SERS (top panel), IR spectra (middle panel) and standard Raman spectra (bottom) collected 

from solutions of various LiPF„ molar concentrations, (a) Frequency region from 660 - 780 cm"1 corresponds to EC ring 

breathing mode and PF6" P-F stretching mode, (b) Frequency region from 1650 - 1900 cm"1 corresponds to the C=0 

stretching mode of EC and DEC. The scale bar represents 0.2 for all plots.

With increasing lithium molar fraction, XLi, the band at -740 cm'1 (assigned to 

PF6" symmetric stretching (vp.p)) increases in intensity (Figure S9).31 The Vp.p band is prominent 

in SERS and Raman. However, in IR spectra the band appears as a small shoulder at the same 

frequency (Figure 6(a) middle) for all concentrations. The intense Vp.p mode in SERS allows for 

the determination of the band position (Figure S10). Trsic and co-workers31 reported that for 

LiPF6ZEC-DMC solution, the symmetric PF6" stretch, vp.p, was observed at 739 cm'1, ascribed to 

solvent-separated ion pairs. They also showed that the band is blue-shifted to 745 cm'1 in pure 

LiPF6 salt. We observed a similar trend, where the PF6" vp.p band centers at 740 cm'1 for XLi <

13
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2.2%, and gradually blue-shifts to 742 cm'1 with increasing XL;. This also suggests that contact 

ion pairs are formed at high salt concentration.37

Peak deconvolution in this frequency region allows for quantitative analysis of the EC-Li+ 

coordination based on the oo-c-o band (supporting information “SERS and IR band 

deconvolution”). The ratio of the solvated EC band to the unsolvated band (Rec s) was calculated 

as:

R
A

4+4,
(i)

where As and Au are the integrated bands of coordinated EC oo-c-o and uncoordinated EC oq-c- 

o, respectively. An empirical 2nd order polynomial best describes the dependence of Rec s on XLi 

(Figure 7(a)).

□ SERS
Polynomial Fit to SERS

□ SERS
Polynomial Fit to SERS0.8 - —

Polynomial Fit to IR Polynomial Fit to IR
o 0.6 - UJ 0.6-

O Raman
Polynomial Fit to Raman

LiPFg Molar Fraction, Xu LiPFfi Molar Fraction, Xu

Figure 7. Regression curves correlating the lithium salt solvation-related peak ratio to LiPF„ molar percentage for 

SERS, Raman and IR. (a) Variation in the ratio of solvated EC ring deformation (Oo-c-o, 729 cm'1) over the sum of 

unsolvated EC Oo-c-o (717 cm'1) and solvated EC Oo-c-o with the LiPF6 mole fraction, XLi. (b) The plot of the ratio of the 

solvated DEC vc=0peak integration to the sum of solvated and unsolvated peak integration of DEC vc=0 versus XLi. R2> 

0.99 for all fittings.
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Obtaining meaningful solvation number for EC and DEC with Li+ cations from EC ring 

breathing (Pc-c, 896 cm'1) and DEC O-C-O bending (5o-c-o, 902 cm'1) peaks is difficult due to 

the overlap of coordinated and uncoordinated EC and DEC carbonyl bands (Figure SI 1). We use 

IR spectra in this frequency region to gain complementary information for the solvation structure 

of DEC-Li+ and EC-Li+. As Xu increases above 8.7%, a band at 836 cm'1 becomes prominent, 

consistent with the formation of the contact ion pairs or aggregates in solution of LiPFe in EC- 

DMC 37

The EC and DEC carbonyl band position and intensity (Figure 6(b)) are sensitive to the local 

chemical environment, which change upon coordination with Li+.37 The intensity of EC Vc=o 

(1785 cm'1 and 1813 cm'1 for SERS and 1773 cm'1 and 1800 cm'1 for IR) decreases with 

increasing Xu due to the decrease of uncoordinated EC upon Li+ coordination to the EC carbonyl 

group.37 Interestingly, for Xu > 13.2%, the SERS EC Vc=o doublet turns into a shoulder, while 

the doublet structure remains in the IR spectra (Figure 7(b)). The reason might be that the 

coordinated EC Vc=o of the contact ion pair formed at high salt concentration has low Raman 

polarizability in the nanogap. Unfortunately, the DEC carbonyl stretching mode at this frequency 

region has an unsatisfying S/N ratio. Thus, it was difficult to perform a meaningful quantitative 

analysis (Figure S2(c) and (d)) in this frequency region. For both SERS and IR, the Vc=o doublet 

of coordinated EC overlaps with that of uncoordinated EC, preventing meaningful band 

deconvolution.30'37'38 With increasing LiPFe concentration, the SERS DEC Vc=o band at 1753 

cm'1 and the FR band at 1735 cm'1 decrease in intensity, whereas two new bands at 1744 cm'1 

and 1725 cm'1 gain in intensity accordingly (see Figure S 12(c) for peak deconvolution). The 

latter two bands are a result of the DEC carbonyl coordination to Li+, and are not reported before 

to our knowledge. In IR, the uncoordinated DEC Vc=o band at 1740 cm'1 decreases in intensity
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with increasing Xu, while the coordinated DEC Vc=o band intensity at 1715 cm'1 gradually 

increases (see Figure S 12(d) for peak deconvolution). Quantitative analysis of the ratio of 

coordinated to uncoordinated DEC Vc=o band, Rdec s is shown in Figure 7(b). While this ratio 

can be fit to a 2nd order polynomial (based on SERS and IR experiments), clearly there is a 

maximum Rdecs value for 8.7% < Xu < 13.2% for SERS. The existence of the maximum point 

in SERS Rdec s - Xu plot might stem from the competition between the increasing number of 

coordinated DEC carbonyl groups and the decreasing Raman cross section of the DEC carbonyl 

stretch.34

The average solvation number, N, of EC or DEC coordinated to Li+ cation can be estimated 

from the following set of equations:37'39'40

O =#0Li
 AJa

A / a (7

(2)

N =
4 /# + 4 Qy

where Cs, C0, and (7, are the molar concentrations of the Li-coordinated solvent, total solvent, 

and LiPF6, respectively. The constant a is a scaling factor. Several similar studies assumed the 

coordinated solvent molecule had the same Raman scattering/IR absorption coefficients as the 

uncoordinated solvent molecule (a=l). 37" 39 By taking into account the implicit and explicit 

interactions of the solvent molecules in DFT analysis, Henderson et al. found that the vibrational 

modes (e.g. EC C=0 vibration) tended to have underestimated Raman activity upon Li+ 

coordination, and strong disagreement occurred among solvation numbers calculated from 

different vibrational modes. 29 On the other hand, the coordinated C=0 vibration of the 

propylene carbonate (PC) was found to gain intensity by 7-16%, and up to 60% for coordinated 

dimethyl carbonate (DMC) C=0 band intensity, as indicated by cluster-continuum DFT
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calculations for IR. 40 For the case of the ion solvation in a binary electrolyte (LiPFe in EC- 

DMC), Borodin et al. found that the discrepancies among the solvation numbers obtained from 

Raman and IR experiments could be reconciled by scaling the intensity of coordinated bands. 41 

In the current study, the solvation information for DEC from the standard Raman spectra was 

missing due to the low S/N ratio in the carbonyl frequency region (Figure S2). To directly 

compare the solvation numbers obtained by SERS, IR, and those in other studies, a proper 

evaluation of the scaling factor for related vibrational bands for each solvent is needed.

It was reported that the ECg/Li^ complex (3 EC molecules surrounding a Li ) reasonably 

represents the influence of Li+ coordination to EC on the Raman spectra, with an estimated 

scaling factor of 0.88 for the ca. 738 cm'1 Raman band (corresponding to coordinated EC) to 

accurately determine the Li+-solvent solvation interactions.29 Here we assume the same value for 

coordinated EC spectra in both Raman and SERS (a = 0.88). Note that for a LiPFe-EC-DMC 

system, the DMC Raman activity remained almost the same upon Li+ coordination. We thus 

assume a = 1 for DEC in the LiPFe-EC-DEC system, since lithium salts have similar solvation 

and dissociation properties in DEC and DMC solutions. 42 In a related solution structure study 

for the LiPFe-PC-DMC system, the maximum scaling factor for the C=0 IR band for 

coordinated PC was reported to be 1.16, depending on the DFT calculations. 40 The same scaling 

factor was between 1.3 and 1.64 for DMC. Therefore, to account for the maximum influence of 

the Li+ coordination to EC and DEC on the related IR bands, we use a = 1.16 for EC, and 1.3 and 

1.64 (maximum scaling factor) for DEC. The calculated salvation numbers in conjunction with 

those reported by other closely related studies were summarized in Figure 8(a) and (b).

An immediate observation from Figure 8(a) is the good agreement between the scaled EC 

solvation number from IR and Raman (difference < 0.3 for all LiPFe molar fractions), two bulk
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spectroscopy techniques. This indicates that the scaling factor estimated here is accurate to the 

first decimal place, comparable with a similar study on a LiPFe-EC-DMC electrolyte. 41 Nec 

calculated by SERS is smaller than its counter parts measured with Raman and IR, which is 

indicative of a different coordination behavior of EC to Li+ at the direct SLI than in bulk 

electrolyte. Interestingly, Ndec measured by SERS is slightly higher than that by IR when Xu < 

10.9%. while the latter outperforms the former Xu > 10.9%, This indicates that at lower Li+ 

concentration, more DEC molecules surround the Li+ at the SLI than in bulk electrolyte. 

However, when Xu > 10.9% Ndec from IR is greater than Ndec from SERS. For both IR and 

SERS measurements, Nec is higher than Ndec at each LiPFe molar fraction, although the molar 

ratio of DEC to EC is 1:0.55 for an EC-DEC equivolume solvent. This is in accordance with 

similar investigations on the EC-Li+ solvation at the graphite anode surface by mass 

spectrometry 43 and in EC-DMC by 170 NMR.44 Another major factor could be due to the much 

higher permittivity of EC (32 times that of DEC) making it much more polarizable.

The comparison between the total solvation number, N(Total) obtained from SERS and IR is 

shown in Figure 8(b). It is clear that the total solvation number obtained from SERS is smaller 

than that from the IR, even if the maximum scaling factor (a = 1.64) was used to account for the 

intensity increase of the coordinated DEC carbonyl group for IR. The difference between NSErS 

and N,r is about 1, suggesting that on average the solvation shell probed by SERS at the SEE has 

1 less solvent molecule than that probed by IR from the bulk electrolyte. It is generally accepted 

that tetra-coordination (N = 4) best describes the complex of aprotic solvents and Li+ in the 

primary solvation shell at low lithium salt concentration.37'39 From SERS, the total solvation 

number of EC and DEC is larger than 4 for less concentrated electrolyte (Xu < 8.7%), most 

likely resulting from the secondary solvation shell in the nanogap region.45 N(Total) decreases
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with increasing Xu, due to the decreasing total number of solvent molecules per Li+ at larger salt 

concentration. For Xu = 8.7%, Ntot drops below 4.2 to 3.4. However, as N(Total) is quite close to 

4, the dominating solution structure is still solvent separated ion pairs (SSIP). Further increasing 

Xu to 13.2% and 17.7% results in N(Total) decreasing to 2.8 and 2.3, respectively. This suggests 

at least one carbonate molecule has been replaced by a PF anion in the solvation shell in which 

the contact ion pairs (CIP) or aggregates predominate. This is in good agreement with the above 

solvation structure analysis based on SERS EC Vc=o and IR Vp_f (Figure SI 1). We compared our 

solvation number results with similar studies (Figure 8(b)). Noticeably, the solvation number 

reported for LiPFe in PC using corrected IR carbonyl band intensities, 40 and for LiPFe in EC 

using corrected Raman C=0 band activities 29 were all slightly higher than that acquired from 

SERS in the current study. The solvation number of the LiPFe in PC-DEC, DEC and PC systems 

calculated by uncorrected IR absorbance 37 are higher than those obtained by using scaling 

factors, emphasizing the necessity of using the scaling factors in the solvation number analysis. 

Overall, the solvation trend obtained by SERS result agrees reasonably well with that by IR and 

other studies, but SERS reflects a smaller solvation number at SLI at each LiPFe concentration 

compared to the results from the bulk spectroscopy techniques.

The competitive solvation of Li+ by DEC EC molecules is reflected by the solvation number 

of each carbonate solvent (Ndec and Nec). To get further insight into the discrepancies between 

the solvation number obtained from the SLI by SERS and that from the bulk by IR, we 

performed gas phase MD simulations. From the MD simulations we obtained the relative binding 

energy of the carbonate to Li+ and the solvation shell dimensions for different numbers of 

solvent molecules surrounding a Li+. For more accurate quantum chemistry simulations that
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depict the competitive Li+ solvation between linear and cyclic carbonate electrolytes in a 

condensed phase, readers may refer to work from Chapman et al. and Borodin et al. 40"41 

Figure 8(c) shows the MD simulation of different bonding environments from a total EC 

coordination to total DEC coordination to a Li+ cation. The binding energies and relative 

stabilities are discussed in the supporting information. In summary, the magnitude of the 

absolute binding

2
E
3

C0
1
o
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Figure 8. Calculated solvation number from (a) SERS and (b) IR spectra with changing mole fraction of LiPF6 in EC-DEC 

binary solvent. N was calculated for EC based on EC ring deformation (00-c-o), and for DEC based on DEC C=0 

stretching (vc=0). (c) Optimized structures of the primary solvation shell formed by the carbonyl group of EC and/or DEC 

coordinating to Li+. The spheres in blue, grey, white, and red represents “O”, “C”, “El” and “Li+” atoms, respectively. The 

values of a,b,c, and d represents the Li+... O bond length for the corresponding Li+-solvent complex.

energy of Li (EC)/ is highest, indicating its formation is the most favorable among the five 

Li(solvents)/ complexes. The replacement of an EC by a DEC molecule comes with an energy 

penalty of 1.4 kcal mol'1. For comparison, the enthalpy penalty for replacing an EC molecule in 

the Li (EC)/ complex by a DMC molecule is about 2.3 kcal mol'1 based on DFT calculations ,37 

The observation that Li(EC)/ is the most favorable structure agrees fairly well with similar DFT 

studies on aprotic liquid electrolytes. 46 The formation of Li(EC)/ is ~10 kcal mol'1 more 

favorable than that of Li(EC)2(DEC)2+ and Li(EC)i(DEC)3 , in accordance with the previously 

reported value of 17 kcal mol'1.47 The least favorable tetrahedral solvation structure, Li (DEC)/, 

has 27.8 kcal mol'1 lower binding energy than that of Li (EC)/.

For SERS, at lower salt concentrations (XLi < 8.7%), the difference between Ndec and Nec is 

small (< 0.27). This difference increases to 0.3 at XLi = 8.7%, to 0.97 at XLi = 13.2%, and to 1.26 

at XLi = 17.7%. Nec value slightly decreases to around 1.8 at X = 17.7% from 2.1 at XLi = 4.3%. 

This clearly indicates that the PF6" anion would preferably replace DEC rather than EC with 

increasing salt concentration. Our results are in agreement with modeling by Sankaranarayanan 

and co-workers, in which the absolute binding energy of the Li (EC)/ complex was 37 kcal mol'1 

greater than Li (DEC)/.47

The solvation number calculated from IR is noticeably larger than that derived from SERS, 

especially at low LiPF6 concentrations (XLi < 4.3%), N(Total)-IR>5>N(Total)-SERS. Clearly, 

the IR signal is not restricted by the spatial confinement of nanogap SERS (Figure S13) and is
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therefore sensitive to the carbonate solvents bound to the second solvation shell, assuming the 

tetrahedral solvation structure in the primary solvation shell persists. However, at low salt 

concentration (Xu < 10.9%), IR Ndec is smaller than SERS Ndec, with the maximum difference 

(~1) at the lowest salt concentration. Nec measured by IR or Raman is larger than that of SERS 

by almost 2, suggesting that the major contribution to the second solvation sphere in bulk 

electrolyte is from EC. Lucht et al?1 studied the solvation structure of LiPFe in PC and DMC 

using FTIR-ATR. The average solvation numbers were ~5 for PC and DMC in 0.8 M LiPFe. In 

this study, the IR Ntot is 5.6 at Xu = 4.3% (0.5 M LiPFe), which agrees well with the results of 

Lucht et al, given that the dielectric constants of PC and DMC are close to those of EC and 

DEC, respectively.48 However, the lowest Li+ concentration was 0.8 M in their report, so that 

results at lower salt concentrations cannot be compared. According to a recent study by Xu and 

co-workers,44 the maximum solvation number of EC surrounding a Li+ ion was 6 in both primary 

and secondary solvation shells for LiPFe (1M) in EC-DMC equivolume solution. Therefore, it is 

reasonable that Ntot = 5.68 and 5.42 at the two lowest LiPFe concentrations (0.1M and 0.25M) in 

this study. It is important to consider if the solvation structure could be altered by the high local 

EM-fields necessary for SERS. We estimate that the maximum electric fields generated in our 

SERS experiment are at least two orders of magnitude too low to alter the solvation structure 

formed by Li+ and carbonate solvents. Details of this calculation can be found in the supporting 

information. However, the Raman scattering tensor for a given vibrational mode of a probed 

molecule is dictated by the orientation of the molecule with respect to the local EM vector field. 

49 Since molecular orientation determines the Raman scattering intensity, reorientation of the 

solvation shells within the nanogap may influence the SERS intensity.

III. PCA and MCR Analysis of SERS and IR
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The previous section discusses the variation of solvation number (N) with salt concentration 

based on the SERS and IR spectral. More quantitative analysis on different solvation regimes 

with differing salt concentration can be obtained from principal component analysis (PCA) and 

multivariate curve resolution (MCR) analysis of the Raman and IR spectra.50 In this context, we 

carried out PCA and MCR analysis of SERS, standard Raman spectra, and IR spectra with 

varying LiPFe concentrations in EC-DEC binary solvent. PCA determines the minimum number 

of spectral components needed in linear combination to obtain the sample spectra variation. The 

pure component spectra were then extracted by MCR using alternating least-squares curve fitting 

(see SI for details). Two spectral components were found in LiPFe/EC-DEC system, with the 

first one attributed to the solvent separated ion pair (SSIP) in EC-DEC binary solvent, and the 

second one related to the contact ion pair (CIP) or aggregates (Figure S14). SERS, standard 

Raman spectra and IR spectra indicate that the SSIP spectra component decreases with 

increasing Xu, whereas the CIP or ion aggregates increases versus Xu (Figure 9). This is in 

agreement with the solution structure change observed in Figure 6. Interestingly, the SERS 

component molar fraction of SSIP drops sharply when Xu > 8.7%, until CIP starts dominating at 

Xu = 13.2% (Figure 9), in agreement with the coordination number analysis for SERS (Figure 

8(a)). However, the PCA-MCR analysis for bulk electrolyte as reflected by Raman and IR 

indicates that CIP already prevails over SSIP at Xu = 8.7%. Note that the total solvation number, 

Ntot is larger than 4 for IR at Xu = 8.7%
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Component-2(CIP)
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Figure 9. Mole fraction of two principal component spectra based on PCA-MCR analysis from SERS, standard Raman 

spectra and IR spectra with changing molar fraction of LiPFg in EC-DEC binary solvent.

(Figure 8(b)). This suggests that in about 60% of the primary solvation shells, at least one 

carbonate solvent molecule is substituted by a PFe" anion with CIP formation, and more than one 

carbonate molecule is present in the second solvation shell. Such a secondary solvation shell 

structure is not detected by nanogap SERS at Xu = 8.7%, possibly due to the larger dimension of 

the secondary solvation shell compared to the average nanogap size of 1.6 nm. It is worth noting 

that, when using the monolayer Au NP SERS substrate to probe the solvation structure directly at 

the SLI in a Li-ion battery, the case could be more complicated (Figure SI6). In addition, it has 

been shown that the solvation structure of Li-carbonates differs with respect to the electrode
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potential at the SLI. 51 It should be interesting to evaluate the solvation structure evolution at the 

SLI with different bias potentials applied to the electrode. The related study is currently ongoing 

in our lab.

Conclusions

Understanding of the ion solvation (and desolvation) of electrolytes at the solid 

electrode/liquid electrolyte interface is critical to stabilize interfaces for better Li-ion battery 

performance. The Au nanogap SERS substrates developed here enables the acquisition of the 

spectroscopic signatures of electrolyte solvation immediately adjacent to the solid surface 

containing hotspots. The gap-mode SERS is capable of probing new vibrational modes (e.g. 

Fermi resonance) of electrolyte species with much higher degree of sensitivity compared to 

micro-Raman. Detailed analysis on the solvation-related SERS bands indicates that competitive 

solvation exists between EC/Li+ and DEC/Li+ at the SLI. The relative dimensions of various 

Li (solvent),/ complexes within the nanogaps reflects that SERS favors the characterization of the 

tetra-coordination of the primary solvation shell, which is in agreement with modeling studies 

reported earlier. Solvation number obtained from standard Raman and IR analysis reports larger 

values as they could be sensitive to Li coordination beyond the primary solvating shell.

The concept of nanogap-SERS built upon Au NPs monolayers is potentially capable of 

providing a fast, noninvasive, and highly-sensitive characterization tool for probing fundamental 

properties of the SLI, which constitute an essential step towards a better understanding of the SLI 

solution structures in broad applications such as water desalination, catalysis, corrosion, energy 

storage and ion distribution/transport through biological membranes, etc.
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Methods

Ti and Ni sputtering targets (both 99.995% pure) were purchased from Kurt J. Lesker. 

Transparent high barrier (HB) film (ScotchpakTM HB428) coated with a heat sealable ethylene 

vinyl acetate copolymer and a ceramic oxide particle layer was generously supplied by 3M. 

Ethylene carbonate (EC, anhydrous, > 99%), diethyl carbonate (DEC, anhydrous, > 99%), 

fluoroethylene carbonate (EEC), and lithium hexafluorophosphate (LiPF6, battery grade) were 

purchased from BASF. Aluminum laminated film (EQ-alf-400-7.5M) was purchased from MTI 

All materials were used as received.

Ni substrate fabrication

A Ni current collector with a Ti adhesion layer was coated on a quartz substrate via DC 

magnetron sputtering in Ar plasma. Sputtering of both metals was conducted at 10 W power, 20 

mTorr pressure with a 5 cm throw distance, resulting in a deposition rate of about 0.5 and 1.9 nm 

s'1 and total thicknesses of 2 and 100 nm for Ti and Ni, respectively.

Au NP synthesis and self-assembly

Aqueous colloidal gold nanoparticles of average diameter 36.7 ± 2.8 nm were synthesized 

using a “seed-growth” method detailed in a previous study.21 A three-phase self-assembly 

technique was used to fabricate Au NP monolayers on the nickel substrates.19

Transparent Raman cell fabrication

HB film and laminated aluminum pouch material were precut into 3.5 cm x 4.5 cm rectangular 

sheets. The Au monolayer on Ni substrate and 200 pL of each solvent or electrolyte sample were 

sandwiched between the HB film and A1 pouch and sealed by an impulse heat sealer (AIE200) in 

an Ar-filled glovebox (both CE and H?0 <0.1 ppm). A series of LiPFe in EC-DEC equivolume 

solutions were made in an Ar-filled glove box. The molar concentrations of LiPFe in EC-DEC
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solution were 0 M, 0.1 M, 0.25 M, 0.5 M, 1 M, 1.5 M, and 2 M (LiPFe molar fraction, X,j = 0, 

0.9%, 2.2%, 4.3%, 8.7%, 13.2% and 17.7%, respectively).

Characterization

The Au NP monolayers were deposited on glass slides for ultraviolet-visible-near infrared 

(UV-vis-NIR, Cary 5000) spectroscopy, on Ni wafers for atomic force microscopy (AFM, 

Bruker, MultiMode 8) and for Raman spectroscopy (inVia Renishaw, 785 nm local power < 

2mW, exposure time = 10 s, number of scans = 1 and grating = 1200 grooves/mm, 5Ox objective, 

N.A. = 0.75 and depth resolution ~ 2 pm) and on carbon-coated copper grids for transmission 

electron microscopy (TEM, JEOL 2011). IR spectra of each sample were collected from a 

Fourier Transform Infrared (FTIR) spectrometer (Bruker, ALPHA) with a diamond attenuated 

total reflection (ATR) accessory. Spectra were collected in the region from 4000 to 650 cm-1 

with 128 scans and 2 cm'1 resolution. The IR measurements were performed in an Ar-filled glove 

box with CL and H?0 <0.1 ppm.

Simulations

Three-dimensional (3D) finite-difference time-domain (FDTD) simulations were used to study 

the EM field distribution in the Au NP monolayer, similar to what has been reported 

previously.21 The spatial mesh size was 0.25 nm. Molecular dynamics (MD) simulations were 

run using MMFF94 force field52 through the ChemBio 3D Ultra 12.0 software package. Details 

can be found in supporting information.
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