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ABSTRACT: Ion—solvent interactions in nonaqueous electrolytes In situ Liquid SIMS MD Simulation

are of fundamental interest and practical importance, yet debates . o, Y" Gy e
regarding ion preferential solvation and coordination numbers X i< R ¥
persist. In this work, in situ liquid SIMS was used to examine ion— ¢ 4 ““‘ ’;"3}% KA
solvent interactions in three representative electrolytes, i.e., lithium Bi,* S o e ,3:: 'Y vt r : .
hexafluorophosphate (LiPFy) at 1.0 M in ethylene carbonate (EC)— ‘& B2 a v{;f' }“' '-*w’.ﬁg:;
dimethyl carbonate (DMC) and lithium bis(fluorosulfonyl)imide B A ¢ GRS
(LiFSI) at both low (1.0 M) and high (4.0 M) concentrations in 1,2- FETTm— A e X TR K
dimethoxyethane (DME). In the positive ion mode, solid molecular ~ Electrolyte 9 e 76 B

evidence strongly supports the preferential solvation of Li* by EC.
Besides, from the negative spectra, we also found that PF,~ forms
association with EC, which has been neglected by previous studies
due to the relatively weak interaction. In both LiFSI in DME electrolytes, however, no evidence shows that FSI” is associated
with DME. Furthermore, strong salt ion cluster signals were observed in the 1.0 M LiPF4 in EC—=DMC electrolyte, suggesting
that a significant amount of Li" ions stay in the vicinity of anions. In sharp comparison, weak ion cluster signals were detected in
dilute LiFSI in DME electrolyte, suggesting most ions are well separated, in agreement with our molecular dynamics simulation
results. These findings indicate that with virtues of little bias on detecting positive and negative ions and the capability of directly
analyzing concentrated electrolytes, in situ liquid SIMS is a powerful tool that can provide key evidence for improved
understanding on the ion—solvent interactions in nonaqueous electrolytes. Therefore, we anticipate wide applications of in situ
liquid SIMS on investigations of various ion—solvent interactions in the near future.

o Lit ¥%L< DME 22 FSK

Lithium (Li) ion batteries are the most popular power chemistry of solid—electrolyte interphase (SEI) formation and

source for mobile electronic devices. More importantly, the kinetics of Li* desolvation at the formed SEL'™
their applications in electric vehicles and energy storage have Extensive efforts, with both experimental techniques such as
been gaining momentum in the past decade. However, since resonance infrared (IR) spectroscopy,” ® nuclear magnetic
their initial development, the mechanisms behind their resonance (NMR),””'® Raman,"'™"® and near ambient
chemistry remain little understood. For example, Li* solvation pressure photoemission (NAPP)14 and computational ap-
sheath structure has been a topic of debate for more than 10
years. This topic is of great importance not only due to the fact Received: November 27, 2017
that the Li" solvation sheath affects Li" transport in the bulk Accepted: February 6, 2018
electrolyte but also because it exerts a significant effect on the Published: February 6, 2018
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proaches including density functional theory (DFT)”"*~*" and
force field-based molecular dynamics (MD),”* have been made
to investigate the interaction of Li* with electrolyte solvents.
However, many key questions remain debatable, especially
among computational efforts. For example, although it has been
widely accepted that Li* is well solvated in electrolytes, its
coordination number, ie., how many solvent molecules a Li*
can accommodate in its primary solvation sheath, is still being
debated. Taking the electrolyte of lithium bis(fluorosulfonyl)-
imide (LiFSI) in 1,2-dimethoxyethane (DME) as an example,
one DFT study showed that the coordination number of DME
to a Li" is two as the binding energy of Li* with three or more
DME molecules is greater than zero,”> but other MD
simulations indicated that at low salt concentrations most Li*
were coordinated by three DME in accord with the crystal
structure, with the Li" solvation number decreasing with
increasing salt concentration.”**® In addition, whether Li*
prefers any solvent molecules in mixed carbonate solvents
also remains controversial. In most widely used electrolyte
formulations, lithium hexafluorophosphate (LiPFy) in ethylene
carbonate (EC)—dimethyl carbonate (DMC) mixture, NMR
results” and a recent DFT-based Born—Oppenheimer
molecular dynamics (BOMD) simulation'® suggested that Li*
prefers to be solvated by EC; however, another MD simulation
showed a slight preference of Li* for DMC.”” Another
interesting question is whether Li" ions prefer to be fully
solvated by solvent molecules or can they form ion clusters with
anions in the commonly used dilute electrolytes.

Computational investigation of Li" solvation generally starts
from quantum calculation of simple structures, e.g,, a Li" with
one or more solvent molecules/anions.”"*™>° For example,
force-field-based MD simulations generally required the
quantum calculations to determine the parameters of the
force field.”* However, the quantum calculation results are hard
to be verified by experimental methods, which may further
influence the reliability of MD simulations.

The above-mentioned experimental techniques, such as IR,
NMR, Raman, and NAPP, share a common limitation in that
they only provide “chemical shift” information, i.e., the change
of chemical environment of the solvent molecules, and no
direct molecular information is available. Besides, they are
analytical techniques for bulk solutions and cannot be used to
test the structure and stability of small molecular clusters.
Recently, electrospray ionization mass spectrometry (ESI-MS)
was carried out to help clarify the conflicts over this critically
important topic.”®”” The major advantage of the mass
spectrometric techniques is that the detection of molecular
ions provides direct molecular information on Li*—solvent
complexes, which provides a more straightforward method of
testing the structure and stability of the initial quantum
calculation results. Using ESI-MS, Xu et al. successfully
identified the composition of Li" solvation species as well as
the coordination numbers in the solvation shell, providing very
solid evidence for the preference of cyclic over acyclic
carbonate molecules by Li*,”” which is in agreement with the
stabilities of Li* solvates found in recent quantum chemistry
calculations.'® Thereafter, ESI-MS has become increasingly
used in electrolyte research.”*

Although ESI-MS has provided new and important insights,
there are several intrinsic challenges still remaining. First, as
most electrolytes used in Li ion batteries are sensitive to
moisture,” instrumental modifications are required.27 Second,
ESI-MS can only work with dilute solutions, and severe
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challenges arise from the high viscosity of concentrated
electrolytes, which prevents the successful formation of
electrolyte microbeads through the spraying nozzle. This
disadvantage restricts its application in the study of a class of
electrolytes that are gaining increasing interest due to their
unusual properties and potential in the next-generation high-
capacity rechargeable Li batteries.”>***

Recently, in situ liquid secondary ion mass spectrometry
(SIMS) was developed, allowing us to directly analyze liquid
and liquid interfaces to obtain molecular information.” ™" The
principle is schematically shown in Figure la. The in situ liquid
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Figure 1. (a) Schematic illustration of in situ liquid SIMS
measurement. The cell was presealed, and a thin silicon nitride
(SiN) membrane was used to separate the liquid electrolyte in the cell
from the outside vacuum. During in situ SIMS analysis, a fine-focused
primary ion beam is used to drill a small aperture (~2 pm in diameter)
through the SiN membrane, and then mass spectra of the sealed liquid
was collected. (b) Photograph of the assembly of the vacuum
compatible liquid cell. (c) SIMS depth profiles of 4.0 M LiFSI in DME
electrolyte in the positive ion mode. Arrow (1) points to the time
when the SiN membrane was punched through exposing the liquid
electrolyte within the cell. Arrow (2) refers to the time when the Bi;*
pulse width was reduced from 150 to S0 ns for a better mass
resolution.

SIMS approach adds new and important versatility to the
investigation of ion—solvent interactions. First, no instrumental
modification is needed, as the novelty of the technique resides
in the microfluidic cell design (Figure 1b), which can be used in
any commercial SIMS instrument. Second, analysis of
concentrated electrolytes is feasible using in situ liquid SIMS,
as no spraying is required. Most importantly, in situ liquid
SIMS can be used to examine formation and dynamic change of
electric double layer at electrode—electrolyte interfaces.*
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Figure 2. Positive ion spectra of (a) 1.0 M LiFSI in DME electrolyte, (b) 4.0 M LiFSI in DME electrolyte, and (c) 1.0 M LiPF4 in EC—DMC
electrolyte. Inset: enlarged [Li + EC]" and [Li + DMC]" regions of the spectra for the LiPF, in EC—DMC electrolyte. Data collection time for each

spectrum is ~200 s.

In this work, we used three model electrolyte systems to
demonstrate the unique advantages of in situ liquid SIMS in
investigating ion—solvent molecular interactions, including
LiPF4 at 1.0 M in EC—DMC (1:2 v/v) and LiFSI at both
low (1.0 M) and high (4.0 M) concentrations in DME. LiPFy in
EC—DMC has been the most typical formulation in current Li
ion batteries, but the preferential solvation of Li* ion in mixed
solvents of EC and DMC is still in debate. The 4.0 M LiFSI in
DME electrolyte became a very promising candidate for the
next generation Li—metal batteries.”> All these three electro-
Iytes are successfully analyzed in this work with in situ liquid
SIMS. The obtained results provide very solid molecular
evidence of the preferential solvation of Li* by EC and, more
interestingly, the formed association of PF4~ with EC which has
been neglected by previous studies. Moreover, we combined
the in situ liquid SIMS technique with MD simulation to
examine the coordination number of a Li" ion in its solvation
sheath and ion clusters in the electrolytes, which aid in better
understanding ion—solvent interactions in these nonaqueous
electrolytes.

B EXPERIMENTAL SECTION

Preparation of Electrolytes. LiPF,; (molecular weight
(MW) = 152), DME (C,H,,0,, MW = 90), EC (C,;H,03;, MW
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= 88), and DMC (C;H¢O;, MW = 90) of battery grade were
purchased from BASF Battery Materials, and LiFSI
(LiF,NS,0,, molecular weight (MW) = 187) of battery grade
was supplied by Nippon Shokubai Co., Ltd. All chemicals were
used as received. Electrolyte solutions comprised of 1.0 or 4.0
M LiFSI in DME and 1.0 M LiPF, in EC—=DMC (1:2 v/v) were
prepared in an argon-filled MBraun glovebox.

Fabrication of the Vacuum Compatible Liquid Cell.
The liquid cell was fabricated on a polyether ether ketone
(PEEK) block using the method reported in our previous
publication with some adaptations.*® In brief, a liquid chamber
with a size of 3.0 mm (L) X 3.0 mm (W) X 0.3 mm (H) was
machined on the PEEK block with two liquid channels for the
introduction of electrolytes. The silicon frame (5.0 mm (L) X
5.0 mm (W) X 0.2 mm (H)) with a 100 nm thick silicon nitride
(SiN) membrane immobilized beneath it was placed on top of
the liquid chamber and sealed by epoxy glue. Following the
assembly of the cell, the investigated electrolyte could be
introduced into the liquid chamber in an argon-filled glovebox.
After the ends of two liquid channels were sealed, the liquid cell
was loaded on a ToF-SIMS sample holder and then introduced
into the main chamber of the ToF-SIMS instrument for in situ
liquid SIMS analysis. A photograph of the liquid cell is shown
in Figure 1b.
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Figure 3. Negative ion spectra of (a) 1.0 M LiFSI in DME electrolyte, (b) 4.0 M LiFSI in DME electrolyte, and (c) 1.0 M LiPF¢ in EC—-DMC

electrolyte. Data collection time for each spectrum is ~200 s.

In Situ Liquid SIMS Measurement. The ToF-SIMS
measurements were conducted using a ToF-SIMS $ instrument
(ION-TOF GmbH, Miinster, Germany). The primary ion
beam consists of pulsed 25 keV Bi;" with a 10 kHz repeating
rate, which was focused to ~500 nm in diameter. The pulse
width was about 150 ns, and the corresponding beam current
was ~0.36 pA. For each measurement, the beam was scanned
on a round area of ~2 ym in diameter around the center of the
SiN window, and an aperture was drilled. The penetration of
the SiN membrane was indicated by a sharp increase in signal
intensity of the species in electrolytes within the liquid chamber
of the cell (e.g, at ~270 s in Figure 1c). When signals became
relatively stable (e.g., at ~450 s in Figure lc), the Biy* pulse
width was changed from 150 to 50 ns for a better mass
resolution. After a spectrum with reasonable signal intensities
was collected (e.g, ~ 200 s), the measurement could be
stopped. Mass spectra reflecting liquid information were
reconstructed from the time when the pulse width was changed
to SO ns as pointed by the arrow (2) on the obtained depth
profiles in Figure 1c. The vacuum pressure in the main chamber
was 1—2 X 107% mbar during measurement. More details of the
instrumental settings of in situ liquid SIMS measurement can
be found in our recent publication.”” On each SiN membrane,
2—3 apertures could be drilled safely during SIMS analysis. If

more apertures were drilled, a SIN membrane might break, and
such a failure might lead to some damage to the instrument.

MD Simulation. MD simulations of 1.0 M LiFSI in DME
electrolytes were performed at the temperature T = 333 K. The
simulation box is 4.9 X 49 X 4.9 nm® with 576 DME
molecules, 64 Li*, and 64 FSI” ions inside. The simulations
were run for 15 ns in the NVT ensemble to collect data. A
many-body polarizable force field APPLE&P was used.*" A Li*
is considered coordinated if the distance between the Li* and
oxygen atoms in DME or FSI” is shorter than 0.35 nm, which
corresponds to the first valley of the Li—O radial distribution
function.

B RESULTS AND DISCUSSION

Data Repeatability. Reasonable data repeatability of in situ
liquid SIMS measurement has been described in our previous
publications.””*®** Figure S-1 shows negative ion spectra of
LiPF; in EC—DMC collected with five individual microfluidic
cells on four different days over a period of eight months.
Essentially identical data sets further confirm good repeatability
of in situ liquid SIMS measurement.

Analysis of Dilute and Concentrated LiFSI in DME
Electrolytes. Unlike with ESI-MS, analysis of concentrated
electrolyte is feasible using liquid SIMS. Figures 2a and 2b show
the positive ion spectra of the dilute (1.0 M) and concentrated

DOI: 10.1021/acs.analchem.7b04921
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(40 M) LiFSI in DME electrolytes. The two spectra look
similar to a series of [Li,,;F,]* peaks, which may come from
damaged LiFSI species at the sputtering interface. Besides, the
solvated Li ion peaks, e.g, [Li + DME]" (m/z = 97) and [Li +
(DME),]* (m/z = 187) were observed. The relative intensities
of the solvated Li ion peaks (versus [Li,,F,]") in the spectrum
of the dilute electrolyte are higher than those in the
concentrated electrolyte. This is easy to understand because
the ratio of solvent molecules versus Li* ions is much higher in
the dilute electrolyte and most Li* ions can be fully solvated
and well-separated from FSI” ions. Such a situation benefits
formation of more [Li + DME]" but less [Li,,,F,]" during
SIMS analysis.

Figures 3a and 3b depict the negative ion spectra of the dilute
(1.0 M) and the concentrated (4.0 M) LiFSI in DME
electrolytes. The two negative spectra also resemble each
other with F~ and FSI” dominating both spectra. The relative
intensity of C*, CH™, and O~ versus F~ in the spectrum of the
dilute electrolyte is higher than that in the concentrated
electrolyte, which is in agreement with higher populations of
solvent molecules in the dilute electrolyte. In addition, no
solvated negative ions were observed, indicating the weak
solvation of anions.

The most significant difference between the spectra of the
dilute and concentrated electrolyte in the positive or negative
ion mode is signal intensity. We found that the signal intensity
from the dilute electrolyte in the negative spectra (Figure 3a) is
almost 1 order of magnitude higher than that from the
concentrated electrolyte (Figure 3b), which is also observed in
the positive ion mode (Figures 2a and 2b). A possible
explanation is that the fluidity of the concentrated electrolyte is
much lower than that of the dilute electrolyte, leading to the
accumulation of more damaged materials at the sputtering
interface.

Preferential Solvation of Li* lon in Mixed Solvents.
LiPF4 (1.0 M) in EC—DMC electrolyte represents the most
typical formulation in Li ion batteries. NMR,>® ESI-MS,* and
DFT calculations'® show that Li* ions prefer to be solvated by
EC. While previous MD simulation™” suggested that DMC is
slightly more favored over EC for Li* solvation, BOMD
simulations'® and our MD simulations using revised APPLE&P
force field* indicate a preference for the Li* to be solvated by
EC. The in situ liquid SIMS data strongly support the “EC-
preference” school. From the positive spectrum of the 1.0 M
LiPF, in EC—DMC electrolyte (Figures 2c and S-2), signal
intensities of EC-containing species, such as [Li + EC]* (m/z =
95), [Li + (EC),]* (m/z = 183), and [Li + (EC),]" (m/z =
271), are almost 2 orders of magnitude stronger than those of
respective DMC-containing species, i.e., [Li + DMC]* (m/z =
97), [Li + EC + DMC]* (m/z = 185), and [Li + (EC), +
DMC]* (m/z = 273), indicating an absolute dominance of Li*
solvation by EC. Taking into account a slightly higher reduction
potential of the [Li + EC]* vs [Li + DMC(cis—cis)]* complexes
as predicted from DFT calculations,* the preference of the Li*
cation to be coordinated by EC explains why SEI is expected to
be originated from reductive decomposition products from EC
rather than DMC.

As multicomponent electrolytes could lead to significant
improvements in battery performances, where preferential
solvation was hypothesized to play a critical role,””*** we
expect a promising application of in situ liquid SIMS in offering
direct molecular insights in this increasingly interesting field.
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Examination of Coordination Number. The debate over
coordination number of Li* in nonaqueous electrolytes has
been continuing for more than a decade. Herein, our MD
simulation suggests that most Li* ions in 1.0 M LiFSI in DME
are fully solvated with three DME molecules (see Figures 4 and

(a)

MPBL s

L S T s
L1 B v

Figure 4. Molecular dynamics (MD) simulation of 1.0 M LiFSI in
DME. (a) Snapshot of the bulk electrolyte. The ions are presented as
colored balls (Li, purple; O, red; N, blue; S, yellow; F, green), and
solvent molecules are shown as gray rods for better clarity. (b)
Structure of fully solvated Li* ions with three DME molecules. (c)
Typical ion cluster observed in 1.0 M LiFSI in DME. In (b) and (c),
the DME solvent molecules are also shown as colored balls (C, cyan;
H, gray; O, red).

S-3). However, DFT calculation based on the Polarizable
Continuum Model (PCM) shows that [Li + (DME),_,]* ions
instead of [Li + (DME),]" are stable, and [Li + DME]" is more
stable than [Li + (DME),]".”’ Interpretation of such
calculations is difficult, however, because they inherently
depend on ability of the PCM model to reproduce Li*
solvation rather than predicting the Li* coordination number.

In this work, data obtained by in situ liquid SIMS (Figures 2a
and 2b) have the [Li + DME]" signal clearly observed, with the
[Li + (DME),]" signal observable but relatively weak, and the
[Li + (DME);]" signal too weak to be detected. These results
indicate that binding of the third DME to Li* in gas phase is
much weaker than that for the first two DME.

Quantum chemistry calculations and MD simulation suggest
that [Li + (EC),_,]" are all stable in vacuum, and [Li + (EC),]*
is the most stable one.'®*” This is only in partial agreement
with our SIMS data. Figure 2c shows that all [Li + (EC),_;]*
signals are strong, but [Li + (EC),]" is very weak. A
comparison of signal intensity (after correction of signal
saturation) of [Li + (EC),]" ions is shown in Figure S-4. The
intensity of the [Li + (EC),]" is slightly weaker than that of the
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[Li + EC]*, and about eight times that of the [Li + (EC);]".
However, the signal intensity of [Li + (EC),]" is much weaker
(almost 2 orders of magnitude) than that of [Li+ (EC),]",
indicating a much worse stability of [Li + (EC),]* than [Li +
(EC),_;]". Similar with the previous ESI-MS data,”” this work
also designates [Li + (EC),]" as the least likely species. This
trend is consistent with the progressively smaller reaction
energy for [Li + (EC),]* + EC — [Li + (EC),,,]* with
increasing n observed in DFT calculations.”**®

It should be mentioned that each DME molecule has two
oxygen atoms that can coordinate with a Li*, while each EC
molecule has only one oxygen atom to coordinate with a Li".
Our above data suggest that the first two coordination
interactions are very strong, the third one becomes much
weaker, the fourth one may be only marginally energetically
favorable, and further coordination interactions may become
energetically more unfavorable. Some of the previous modeling
results showed that the coordination number of EC to Li* can
be as high as six,*” which does not agree with our results or the
results of IR” or Raman'"'? experiments, BOMD simula-
tions,">'” or X-ray absorption spectroscopy.48

Solvation of Anions. Limited understanding has been
reported toward anion—solvent interactions in nonaqueous
electrolytes. One of the reasons is that solvation of salt anions
in Li ion battery electrolytes is generally believed to be weak, at
least much weaker than solvation of Li* ions,' because anions
are significantly larger than naked Li" ions. A more important
reason may be that the traditional bulk analysis methods cannot
distinguish weak solvation of anions from strong solvation of
Li* ions.

The negative ion spectrum of 1.0 M LiPF4 in EC—DMC
electrolyte depicted in Figure 3c shows a clear solvated anion
peak [PF, + EC]™ (m/z = 233), strongly suggesting that PF4~
can also be solvated by EC molecules in EC-DMC solvent
mixture, although its low intensity indicates that such
association may be weak and nonpervasive throughout the
solution. Similar to solvated Li* ions, [PFs + DMC]~ (m/z =
235) was weaker (as shown in Figure S-S), suggesting that
preferential solvation also occurs for anions. The above
observation further supports that easier polarization of EC
than DMC plays a key role for preferential solvation. Moreover,
it also serves as a strong statement that in situ liquid SIMS is a
much more sensitive tool than ESI-MS in detecting minor but
important species, particularly negative ions. On the other
hand, [FSI + DME]~ ion was not observed in either dilute or
concentrated electrolytes (Figures 3a and 3b), implying that
FSI™ is a much more liberated anion without solvation sheath
drag. This observation may be attributed to relatively large size
of FSI" and low polarization of DME molecules, as well as to
the fact that HFSI is a stronger superacid than HPF, We
believe that solvation of anions may necessarily be considered
in certain cases, despite the fact that it is indeed much weaker
than the solvation of Li" ions.

lon Clusters in Dilute Electrolyte. Computer simulation
results suggest that small salt ion clusters, e.g., Li'+FSI”, exist in
the electrolyte even in dilute (1.0 M) situation. Examples of the
distribution/population of the ion clusters extracted from a
snapshot are shown in Figure S-3. In negative ion spectra, ion
clusters can be observed (Figure 3). An interesting observation
is that the signals for [Li, + (FSI),,,]” cluster ions are weak,
even in the 4.0 M concentrated electrolyte (Figures 3a and 3b),
while the signals for [Li, + (PFq),.;]” (and [Li, + (PFq),.; +
(LiF);_3]7) cluster ions in the LiPF4; in EC—DMC electrolyte
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are much stronger (Figure 3c). A previous MD simulation
suggested that most ions form clusters in the concentrated
LiFSI in DME electrolyte.”” This study suggests that the [Li, +
(FSI),,1]” ions may not be stable under vacuum condition. As
a comparison, [Li, + (PFq),,;]” cluster ion signals are strong,
suggesting [Li, + (PFg),,1]” ion clusters are relatively stable in
vacuum. Therefore, it is reasonable to expect that most ions
prefer to be isolated from each other in the 1.0 M LiFSI in
DME electrolyte, while more ion clusters exist in 1.0 M LiPF,
in EC-DMC electrolyte. Our MD simulation results reveal
most Li* ions (~76% on average) are fully solvated in 1.0 M
LiFSI in DME electrolyte (Figure S-3), consistent with SIMS
data.

What's interesting is that the solvated positive cluster ions,
such as [Li, + DME + FSI]* (m/z = 284), [Li, + (DME), +
ESI]* (m/z = 374), [Li, + (EC), + PF]" (m/z = 335), and [Li,
+ (EC); + PFg]* (m/z = 423), are obvious, while solvated
negative cluster ions are too weak to be detected. A comparison
of signal intensities of [Li, + PF4 + (EC),]" ions normalized to
[Li, + PF¢]* ion intensity and those of [Li+(PF¢), + (EC),]”
ions normalized to [Li + (PF¢),]” ion intensity detected in the
1.0 M LiPF4 in EC-DMC electrolyte system was shown in
Figure S-6. This phenomenon further supports that Li" ions are
much easier to be solvated than anions.

Recombination Effect. Damage-recombination is a
common issue in SIMS analysis. Because ion bombardment
introduces significant perturbation at the sample surface, some
chemical bonds break, and the debris can recombine at sample
surface to form some new species that do not exist in the
original sample.*”~* Tt should be noted that most recombina-
tion occurs at the sputter interface, and very little occurs in the
plume (i.e., gas phase) due to the low collisional probability in
the plume.’’~>* In our research, [Li,,,F,]* and [Li,F,,;]” ions
come from such a damage-recombination process. However, we
believe damage-recombination effect does not affect our
conclusions. First, liquid samples, but not solid samples, were
used in this research. Ion and solvent diffusion and
recombination always quickly occur without any ion bombard-
ment. Jon bombardment only provides some extra energy to
make this process quicker with very limited effect on the final
results. More importantly, we have some solid evidence to show
the fragmentation effect in SIMS analysis is weaker for liquid
samples than that for traditional solid samples.”* In addition, it
has been well-accepted that although quite a few ions may
come from recombination, there are a significant amount of
molecular ions that reflect the real chemical components and
structures of the samples, allowing molecular analysis (e.g.,
molecular imaging) using ToF-SIMS. Therefore, it is very
important to distinguish which ion signals may come from
damage-recombination processes. The interesting ions in this
research are solvated Li* ions, solvated anions, and Li*—anion
clusters. Li*, salt anions, and solvent molecules exist in the
electrolytes before SIMS measurement, not arising from
damage induced by ion bombardment. Therefore, it is
reasonable to say the interesting ions in this research are
most probably not (or to a very limited degree) interfered by
damage-recombination processes.

lonization Yields. In SIMS analysis, it is well-known that
quantification analysis is normally challenging because different
species may have different ionization yields. In this research,
this issue may not affect our conclusions because most
interesting ions are either Li*-attached positive ions or anion-
attached negative ions. It has been reported that Cs*-attached
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positive ions can be used for quantification of different chemical
species in depth profiling using Cs* sputtering, indicating Cs*-
attached positive ions may have similar ionization yields.”> " If
s, it is reasonable to expect that Li*-attached positive ions have
similar ionization yields, too, because both Cs and Li are alkali
metals, and they share similar chemical properties. Moreover,
we have examined K*- and H'-attached water cluster ions using
a KOH aqueous solution. The data (Figures S-7, S-8, and S-9)
show a slow change of [K + (H,0),]* and [H + (H,0),]*
signal intensities with increasing of solvated water molecule
numbers, supporting that not only [K + (H,0),]* or [H +
(H,0),]" ions may have similar ionization yields, but also all [K
+ (H,0),]* and [H + (H,0),]" ions are reasonably stable in
vacuum. Besides, it is intriguing that there existed intensity
anomaly at [H + (H,0),;]" and a distinct intensity drop
between [H + (H,0),;]* and [H + (H,0),,]* in the spectrum
(Figure S-9), suggesting the special stability of the magic
number ion [H + (H,0),;]*, which is similar to the results
obtained by other different types of experiments.**~®' Based on
this, we are reasonably sure that the sharp ion intensity
difference discussed in this work, such as that between [Li +
(EC);]* and [Li + (EC),]* (Figure S-4), can be mainly
attributed to difference in the stability of those ions.

B CONCLUSIONS

In this work, in situ liquid SIMS was used to examine ion—
solvent molecular interactions in three electrolyte composi-
tions. Very solid molecular evidence supports that Li* is
preferentially solvated with EC in LiPFs in EC—DMC, in
excellent agreement with previous ESI-MS and NMR results.
The preference for EC is, however, larger than observed in IR,
Raman, and condensed phase BOMD simulations due to
condensed phase effects arising from the second Li" solvation
shell and beyond."

More interestingly, solvation of PF¢~ was detected, indicating
that anions solvation, though weak, is still not negligible. At the
same time, preferential solvation of anions also exists. In
addition, our data suggest that although the coordination
number of a Li* ion can be as high as six, the first three
combinations may be more stable than the others. Besides, in
situ liquid SIMS can be used to examine formation of ion
clusters in the electrolytes. Combined with computational
techniques, in situ liquid SIMS serves as a powerful and
sensitive experimental tool to elucidate the ion—solvent
interactions in nonaqueous electrolytes for Li ion batteries.
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