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ABSTRACT: A novel methodology is reported on the use of internally referenced
diffusion-ordered spectroscopy (IR-DOSY) in divulging the solution structure of lithium-
ion battery electrolytes. Toluene was utilized as the internal reference for 'H-DOSY
analysis due to its exceptionally low donor number and reasonable solubility in various
electrolytes. With the introduction of the internal reference, the solvent coordination ratio
of different species in the electrolytes can be easily determined by 'H-DOSY or ’Li-
DOSY. This new technique was applied to different carbonate electrolytes, and the results
were consistent with a Fourier transform infrared (FTIR) analysis. Compared to
conventional vibrational spectroscopy, this IR-DOSY technique avoids the complicated
deconvolution of the spectrum and allows the determination of the solvent coordination

ratio of different species in electrolyte systems with two or more organic solvents.
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In the past three decades, lithium-ion batteries have been widely applied in portable
electronics due to their high energy density. [1-3] With the ambition to propel electric
vehicles, state-of-the-art lithium-ion batteries need to be improved to closer to their
theoretical energy density. [4] While the majority of battery research is focusing on the
improvement of electrodes, the development and understanding of the electrolyte
solution, which is also a critical component in lithium-ion batteries, should not be
overlooked. [5] Researchers have shown that the physicochemical properties, such as
conductivity, electrochemical window, and ability to form a solid-electrolyte interphase
(SEI), depend on the solution structure of the electrolyte. [6-8] Thus, the design of
advanced electrolyte systems has benefited from the determination of solution structures
of the electrolyte and the relative solvating ability of various solvents in the salt. Solvation
study of electrolyte solution has been actively carried out by lithium-ion battery
researchers all over the world, employing various analytical and computational methods,
including FTIR [7-10] and Raman [6,10-20] spectroscopy, electrospray ionization mass
spectrometry (ESI-MS) [21-22], nuclear magnetic resonance (NMR) spectroscopy [7-
10,23-25], differential scanning calorimetry (DSC) [11], conductivity measurement

[5,16,20,26], and molecular dynamics [27-32] and density functional theory [8,9,18,33-



34] calculation. Vibrational spectroscopies such as FTIR and Raman have been widely
used to probe the solvation state of electrolyte solvents. Lucht and workers carried out a
combination of FTIR and 1D-NMR to reveal the solvation state of carbonate solvents
with various salts. [7-9] However, in binary solvent electrolytes, the severe overlapping
of peaks with the same functional group from different compounds and the existence of
Fermi resonance in the vibrational spectra usually complicate interpretation of the
spectral results. Moreover, it is not possible to deconvolute spectra for ethylene carbonate
(EC)-containing samples or the ternary electrolyte system. [7-9] In an attempt to
determine the relative solvating power of EC and propylene carbonate (PC), Xu and
coworkers employed ESI-MS, which can differentiate the mass of different solvent-
solvated ions, and concluded that PC preferentially solvated lithium ions in EC/PC
electrolytes. [21-22] However, ESI-MS can measure the mass of solvated ions in gaseous
phase, in which some solvating solvent molecules can possibly be stripped off. Thus, the
result obtained may not be directly related to the solvation shells in the electrolyte
solution. [17] For the above reasons, the development of a new and improved analytical
technique is highly desirable to determine the solvation state of different solvents in
electrolyte solution.

Despite the fact that simple 1D-NMR can easily estimate the solvation state in an
electrolyte, the results can be unreliable or even contradictory. Figure 1 depicts the 13C
NMR spectra for ethyl methyl carbonate (EMC), PC, and their binary solvent mixtures
with changing molar ratio of lithium hexafluorophosphate (LiPF¢). It is clear that the
carbonyl carbon peak labeled “2” for EMC shifts upward slightly with the addition of PC,

before the addition of LiPFs. To assess the solvation state of EMC in a 1:4:4



LiPFs:EMC:PC solution (all ratios are molar), the chemical shift of carbonyl peak 2 was
compared with that of peak 2 in different concentrations of LiPFs-EMC solution. This
comparison indicates that the solvation state of EMC in 1:4:4 LiPFs:EMC:PC solution
should be between that of 1:8 LiPFs:EMC and 1:12 LiPFs:EMC solution. However, if the
methylene carbon peak 3 of EMC is chosen to evaluate the solvation state of EMC, the
comparison then indicates that the solvation state of EMC in 1:4:4 LiPFs:EMC:PC
solution is between that of 1:8 LiPFs:EMC and 1:4 LiPFs:EMC solution. Obviously, the
results are not consistent. The reason is that there are several different aggregates in the
1:4:4 LiPFs:EMC:PC solution, as well as the LiPFs:EMC solutions and the solvent
molecules exchange between aggregates on a fast timescale. As a result, the *C chemical
shifts only represent the average environment. Therefore, comparing the chemical shift
directly is an unreliable analytical method that is extremely simplistic and potentially
misleading, unless the chemical shift of each aggregate is identified and taken into
account. Therefore, a more reliable NMR technique is needed to evaluate the solvation

state of electrolyte solvents.
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Figure 1. *C NMR spectra for EMC, PC, and their binary solvent mixtures with changing
molar ratio of LiPFs. Attributions of individual *C signals and the displacements in *C

chemical shifts are labeled.

Herein, we report a novel method employing an internally referenced DOSY NMR
(IR-DOSY) technique to determine the solvation state of various organic solvents in
electrolyte. Internally referenced DOSY-NMR has been widely used in estimating the
molecular weights of various organometallic compounds in solution. [35,36] The
correlation between diffusion coefficient and formula weight (D-FW) is highly affected
by the shape and density of the molecules concerned. [37,38] Apparently, the D-FW
correlation is not valid when it is applied to electrolyte solvent since the shape and density
of the salt-solvent complex will be very different from the internal references added.
However, by adding an internal reference that has negligible coordinating ability to the

complexes in the electrolyte solution, the viscosity change can be easily determined.
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Moreover, the solvation state and average solvation number of electrolyte solvent can be
easily measured. This new method overcomes the difficulty of vibrational spectroscopy
in revealing the solvation state of binary electrolyte and can even be applied in ternary
electrolyte. This is very important because most lithium-ion battery electrolytes are binary
or ternary electrolytes.

To begin with, the simple LiPFs/EMC electrolyte will serve as an example in
illustrating this new technique. It is apparent that the diffusion coefficient of a molecule
is related to its size. According to the Stokes-Einstein equation as shown in eq. 1, where
k is the Boltzmann constant, T is the temperature, 1) is the viscosity, and r represents the
hydrodynamic radius, the diffusion coefficient is inversely related to the hydrodynamic
radius of a molecule.

D = kT /6mnr eq. 1

When lithium salt (LiPFs) is dissolved in a polar solvent (EMC), the lithium cations
will be solvated by the EMC solvent molecules. It is obvious that the hydrodynamic
radius of the EMC-Li" complex will be much larger than that of the free EMC molecule.
Moreover, the viscosity of the electrolyte solution will also increase upon the addition of
lithium salt, rendering the direct comparison of diffusion coefficients meaningless.
However, the effect of viscosity and temperature changes can be easily measured with
the introduction of toluene as an internal reference. Being a hydrocarbon compound,
toluene possesses exceptional low polarity and donor number. [39] As a result, lithium
ions can scarcely be solvated by toluene, especially in the presence of polar electrolyte
solvents, which are much more polar molecules. Thus, the hydrodynamic radius (r) for

toluene should remain the same after the addition of salt. As illustrated in eq. 2, the ratio



of the diffusion coefficients of toluene before and after the addition of LiPF¢ (D11 and
Dor, respectively) equals Tina/Tomi (T1 and T2 are respectively the temperature of the
EMC solution before and after the addition of salt, 11 and 1 are respectively the viscosity
of the EMC solution before and after the addition of salt) because toluene does not
complex with lithium ion. Regarding the polar solvent EMC, because of the formation of
Li"-EMC complexes, its diffusion coefficient D2 is significantly lower after the addition
of LiPFs due to the increases in both viscosity and hydrodynamic radius. Since the
hydrodynamic radius (rig) of the non-coordinating EMC molecule should be the same
after the addition of the salt, the diffusion coefficient of non-coordinating free EMC (Dfree
emc) in the salted solution can be calculated from eq. 3. Moreover, the measured diffusion
coefficient of EMC in salted solution D2k is the average of the diffusion coefficients of
coordinated EMC (Dco-Emc) and free EMC (Dree Emc) as described in eq. 4, wherein a is
the ratio of coordinated EMC. Besides solvated separated ions, ion pairs or aggregates
may also exist if the lithium salt is not fully dissociated when LiPFs is dissolved in EMC.
It is clear that the lithium in solvated separated ions, ion pairs, or aggregates will also be
solvated by the polar electrolyte solvent due to the high Lewis acidity of lithium cation,
as illustrated in Figure S2. On the contrary, anion in lithium salt such as
hexafluorophosphate is barely solvated by electrolyte solvent, though it is common for
anions to form ion pairs with lithium cations. [23,40] Therefore, it is reasonable to assume
that the electrolyte solvent solvating the lithium ion should have a similar diffusion
coefficient as the lithium ion, as represented in eq. 5. Using egs. 2 to 5, one can calculate
the ratio of coordinated EMC from 'H-DOSY and "Li-DOSY measurements of Dit, Do,

Dig, D2k, and Dy
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We used this newly developed internally referenced DOSY technique to determine the
solvation state of EMC in 1:12, 1:8, and 1:4 (molar ratios) LiPFs:EMC electrolytes, and
the results are summarized in Table 1. The coordination ratio of EMC increases from 45%
to 74% when the molar ratio of LiPFs:EMC changes from 1:12 to 1:4, while the
coordination number of lithium decreases from 5.4 to 3.0. This trend agrees with previous
studies reporting that the increase in salt concentration will lead to a higher solvent
coordination ratio and lower coordination number of lithium. [7-9]

To validate the credibility of this new technique, we performed a series of FTIR
experiments, and the spectra are depicted in Figure 2. FTIR has been widely used by
researchers in probing the coordination ratio of linear carbonate solvent in a single solvent
system. [7-9] The carbonyl group of carbonate solvent is very distinctive in FTIR, and
the Fermi resonance is relatively small for linear carbonate. [8,9] Moreover, while linear
carbonates such as EMC, dimethyl carbonate (DMC), and diethyl carbonate (DEC) only
have one C=0 group, other carbonates have two or three different C-O single bonds,
which may be hard to deconvolute. As depicted in Figure 2, the intensity of the carbonyl
peak of free EMC at 1748 cm™! keeps decreasing upon the addition of LiPFe, while the
peak at 1715 cm’!, which corresponds to the carbonyl group of the coordinated EMC,
increases in intensity upon the addition of LiPFs. By deconvoluting the two peaks in the
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FTIR spectra of 1:12, 1:8, and 1:4 LiPFs:EMC electrolytes (Figure S3), we were able to

estimate the coordination ratio of EMC [8]. The coordination ratio results in Table 1 for

both our IR-DOSY method and FRIR closely agree, providing strong support for the

credibility of this new (D-a analysis) method.

Table 1. Coordination ratio a and coordination number of 1:12, 1:8, and 1:4 LiPFs:EMC electrolytes.

Electrolyte Dar? Dor? Die? D2e? Dii? Coordination  Coordination  Coordination
ratio a® number of ratio o by

Libe FTIR

LiPFs:EMC 171 111 16.6 8.22 5.13 0.45+0.01 5.4+40.1 0.46
1:12

LiPFs:EMC 17.1 8.60 16.6 5.62 3.51 0.56+0.01 4.540.1 0.57
1:8

LiPFs:EMC 17.1 3.43 16.6 1.48 0.835 0.7440.02 3.0+0.1 0.72
1:4

aDijffusion coefficients in units of 1010 m?/s.

b The errors were calculated by the 2% typical error limits of diffusion NMR technique. [41]

¢ The coordination number of Li was calculated by multiplying the coordination ratio of EMC with the EMC molar ratio.
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Figure 2. FTIR spectra of carbonyl group in EMC and 1:12, 1:8, and 1:4 LiPF¢:EMC

electrolytes.



To demonstrate the superiority of this new method over conventional vibrational
spectroscopy, we used a ternary solvent electrolyte (1:3:3:3 LiPFs:EC:EMC:DMC) as an
example. As shown in Figure S4, the carbonyl peak of EC has very strong Fermi
resonance, and it is well-known that FTIR is not a suitable technique for investigating the
solvation state due to this strong Fermi resonance. [7-9] While the carbonyl peaks of EMC
and DMC are not interfered by strong Fermi resonance, the wavenumber of the carbonyl
peaks for EC, EMC, and DMC severely overlap in 1:1:1 EC:EMC:DMC solution.
Deconvolution is very difficult even without the addition of LiPFs. Determining the
solvation state in Raman spectroscopy is even more complicated since strong absorption
is only shown in the C-O single-bond stretching region. However, EC, EMC, and DMC
possess two or more different kinds of C-O single bonds. The Raman spectrum of EMC
shows several absorption peaks in the C-O single-bond stretching region due to the
asymmetry of the molecule, as illustrated in Figure S5. Again, severe overlapping of
peaks is observed even in the 1:1:1 EC:EMC:DMC solution without the LiPF¢ addition,
rendering Raman spectroscopy not suitable for the solvation study of this ternary solvent
system. Unlike vibrational spectroscopy, the different proton resonances of EC, EMC,
and DMC can be clearly identified in the 1-D '"H-NMR, and the peak assignment is
depicted in Figure S6.

When the D-a analysis is applied to this ternary solvent system, the coordination ratio
of each solvent and the coordination number of lithium can be easily measured. The IR-
DOSY spectra are shown in Figure 3, and the results of the D-a analysis are summarized
in Table 2. Noted that the actual diffusion coefficients used for the D-a analysis were

obtained with commercial software using the T1/T2 analysis module. Before LiPFs was
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added, toluene, EC, EMC, and DMC were diffusing at similar rates because the difference
in their molecular weights is not very large (88 gmol™ to 104 gmol!). However, when
LiPF¢ was added, the difference in diffusion coefficients in those four compounds became
much more pronounced. The data in Table S1 indicate that the change of diffusion
coefficient between unsalted and salted solution (Dunsalted/Dsalted) 18 the lowest for the
internal reference toluene, which has the highest diffusion coefficient in the salted
solution due to its non-coordinating nature, as discussed above. After the addition of
LiPFs, EC diffuses the slowest and has the largest Dunsatted/Dsalted Tatio, indicating that EC
possesses the strongest binding affinity towards lithium among all three carbonates.
While the diffusion coefficients in the salted solution and the Dunsaited/Dsalted ratios of EMC
and DMC are lower than that of EC, they are significantly higher than that of toluene.
This suggests that both EMC and DMC form complexes with lithium cations, but the
coordination ratios are not as high as that of EC. The coordination ratios of EC, EMC,
and DMC are, respectively, 0.61, 0.37, and 0.42, and the coordination number of lithium
in this electrolyte is 4.2. The high coordination ratio of EC can be easily explained by the
cyclic nature of the compound, rendering a significantly higher polarity and dielectric
constant than those of EMC and DMC. The DMC has a slightly higher binding affinity
towards lithium since it has a shorter alkyl chain and, thus, slightly higher dielectric

constant. [42]
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Figure 3. 'H DOSY spectra of 1:1:1 EC:EMC:DMC and 1:3:3:3 LiPFs:EC:EMC:DMC

electrolyte with toluene added as internal reference.

Table 2. Coordination ratio o and coordination number of 1:3:3:3 LiPFs:EC:EMC:DMC electrolyte.

Solution Droi? Dec? Demc? Domc? DLi#  agc OEMC opMC Coordination
number of
LiP
EC:EMC:DMC 11.7 11.1 11.0 12.2 N/A N/A N/A N/A N/A
1:1:1
LiPF¢:EC:EMC 5.28 2.93 3.71 3.88 1.60 0.61+ 0.37+0.0 0.42+0.0 4.240.1
:DMC 1:3:3:3 0.01 1 1

aDijffusion coefficients in units of 10-1° m?/s.

b Coordination number of Li was calculated by multiplying the coordination ratios of carbonate solvents with their molar ratios.

In summary, a new diffusion coefficient—coordination ratio (D-a)) analysis technique
utilizing internally referenced DOSY-NMR has been developed. Toluene was identified
as a desirable internal reference due to its exceptionally low donor number and reasonable
solubility in electrolyte solvents. The coordination ratio of the electrolyte solvent and the

coordination number of lithium can be easily determined by using this new method.

12



Unlike conventional vibrational spectroscopy (FTIR and Raman), this technique can be
applied to complicated electrolyte systems involving two or more electrolyte solvents.
The application of D-a analysis on other electrolyte systems is currently undergoing study,
and the IR-DOSY technique will also be employed in revealing the aggregation state of

lithium salts.
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