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ABSTRACT: The electrolyte plays a critical role in lithium-ion
batteries, as it impacts almost every facet of a battery’s
performance. However, our understanding of the electrolyte,
especially solvation of Li+, lags behind its signiﬁcance. In this work,
we introduce a potentiometric technique to probe the relative
solvation energy of Li+ in battery electrolytes. By measuring open
circuit potential in a cell with symmetric electrodes and
asymmetric electrolytes, we quantitatively characterize the eﬀects
of concentration, anions, and solvents on solvation energy across
varied electrolytes. Using the technique, we establish a correlation
between cell potential (Ecell) and cyclability of high-performance
electrolytes for lithium metal anodes, where we ﬁnd that solvents with more negative cell potentials and positive solvation energies
those weakly binding to Li+lead to improved cycling stability. Cryogenic electron microscopy reveals that weaker solvation leads
to an anion-derived solid-electrolyte interphase that stabilizes cycling. Using the potentiometric measurement for characterizing
electrolytes, we establish a correlation that can guide the engineering of eﬀective electrolytes for the lithium metal anode.

■

INTRODUCTION
In today’s lithium-ion batteries, the electrolyte’s role extends
beyond simply solvating and transporting Li+. The electrolyte
impacts many aspects of a battery’s performance including fast
charging capabilities, cycle and calendar life, low-temperature
performance, and safety.1,2 This signiﬁcance makes the precise
formulation of solvents, salts, and additives a highly valuable
proprietary information among battery manufacturers.3 However, our understanding of the electrolyte falls far behind its
signiﬁcance. In particular, the solvation of Li+, which has
profound imprints on many aspects of battery operation such
as charge-transfer kinetics, electrolyte bulk transport properties, and solid-electrolyte interphase (SEI),1,2,4,5 remains
elusive. Various spectroscopic techniques have been deployed
to study the solvation of Li+.6−9 Although these methods
provide rich spectroscopic information on local binding
structures, it still remains a challenge to quantitatively compare
across a large number of electrolytes. To pick out a single
metric that is relevant across a wide spectrum of electrolytes is
a complex problem. In addition, the analysis often involves
complicated deconvolution and interpretation of the spectra,
which is not standardized across methodologies, and the
presence of the same functional group in diﬀerent solvents in a
mixed-solvent system also adds to the challenge.10 A single,
quantiﬁable metric is desirable to facilitate the direct
comparison of the solvation properties across varied electrolyte
formulations.
© 2021 American Chemical Society

In this article, we introduce a potentiometric method to
probe the Li+ solvation energy in lithium battery electrolytes.
In a galvanic cell with symmetric electrodes but asymmetric
electrolytes, we measure the open circuit potential that is
correlated to the Li+ solvation energy relative to a reference
electrolyte. The measurement is fast and circumvents the need
for costly instruments and complex data analyses, oﬀering an
eﬃcient and accessible characterization method. The technique is quantitative and applicable across a wide spectrum of
formulations, which enables cell potential (Ecell) of the
asymmetric electrolyte cell to serve as a metric for characterizing electrolytes. We demonstrate this potential through a
correlation between Ecell and Coulombic eﬃciencya measure
of discharge capacity over charge capacity that is representative
of the cycling performance of batteriesof high-performance
electrolytes for lithium metal anodes. We ﬁnd that those with a
more negative cell potential and weaker Li+ solvation is desired
for superior cycling performance.
Determination of the solvation free energy of ionsthe free
energy change upon solvating an ion in solutionis a classic
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Figure 1. (a) Experimental setup has two half-cells, each with lithium metal as electrode material and two diﬀerent electrolytes, ELref and ELtest. The
diﬀerence in the solvation energies of Li+ (ΔGsolv) manifests as the cell voltage (Ecell). (b) Model experiment illustrating the relationship between
solvation energy and structure. The solvent that binds stronger to Li+one with more negative solvation energywill have higher coordination
with Li+.

aﬀect the potential of a conventional battery, where the eﬀect
of electrolyte on the potential is canceled out in the net
reaction. Therefore, the cell potential (Ecell) at open circuit is a
manifestation of the diﬀerences in Li+ solvation free energies in
the two electrolytes. Drawing comparisons with our recent
work on measuring temperature coeﬃcients in thermocells,17
EMF in that work was created by establishing a free energy
gradient through temperature diﬀerence. In the present
measurement, free energy gradient arises from entropic and
enthalpic diﬀerences in the electrolyte at the same temperature. It is worth noting that in this discussion, the term
“solvation free energy” refers to the change in free energy in
transferring Li+ in isolated state in vacuum into the electrolyte
solution.11 It essentially captures the chemical potential of Li+,
which is not limited to dilute solutions and captures all factors
that contribute to the dissolution of Li+, including Born
solvation, ideal mixing and excess chemical potential, the latter
two depending on concentration. The derivation of the cell
potential is detailed in Discussion S1.
To accurately and reliably capture the eﬀects of solvation
energy on Ecell, there are two key experimental design
considerations. First, mixing of electrolytes should not aﬀect
our results. A porous junction is used to minimize mixing, and
we see no appreciable voltage drift within the short
measurement time frame of less than 3 minutes (Discussion
S2, Figure S1). Second, the liquid junction potential (LJP)
must be minimized. LJP is the electrostatic potential diﬀerence
at the interface between two solutions that arise from the
discrepancies in transference numbers of the ions.13 The
problem of LJP and its treatment are well established:13 it can
be minimized through the implementation of a salt bridge,
using a high concentration electrolyte that has equal
transference numbers of cations and anions.18,19 The salt
bridge electrolytebecause of its high activitydominates the
LJP and creates equal and opposite potentials at the two
junctions, resulting in net zero liquid junction potential
(Discussion S3).13
Formation of a solid-electrolyte interphase (SEI) layer on
the electrode is another factor that needs to be considered. SEI
forms spontaneously on Li metal electrodes in a liquid
electrolyte environment, and the eﬀects of diﬀerent SEIs

problem. It has attracted attention from a fundamental
perspective as well as for applications ranging from physiology
to textiles.11 In fact, a methodology to measure relative
solvation energy, or the free energy of transfer, was developed
decades ago,11,12 but it has received little attention from the
battery community. Potentiometry, an electrochemical method
that measures electrical potential at open circuit to probe
chemical systems, is at the core of this technique; the
technique is used widely in systems such as the galvanic
cell,13 pH meter,14 and concentration cells.15,16 Here we
present an experimental setup to probe the relative solvation
energies of Li+ in battery electrolytes.

■

RESULTS
Principles of the Potentiometric Measurement. In an
electrochemical system for a reversible process, free energy
change of a chemical reaction (ΔG) can be translated into an
electrical potential (E) and vice versa, through the relationship
ΔG = −zFE,13 where z is the number of electrons transferred
and F is the Faraday constant. In a conventional lithium-ion
battery, the electromotive force (EMF) originates from the
diﬀerences in free energy between two distinct electrodes. On
the contrary, in our measurement, EMF is created by free
energy diﬀerences of Li+ solvated in two diﬀerent electrolytes,
with the same electrode on both sides. Our cell is composed of
two half-cells, each containing a Li metal electrode (Figure 1a).
The half cells are ﬁlled with two diﬀerent electrolytes, labeled
ELref (reference electrolyte) and ELtest (test electrolyte),
connected by a salt bridge. The following half reactions
occur at the electrodes, resulting in the following net reaction:
Li +ELref + e− ↔ Li

(1)

Li +ELtest + e− ↔ Li

(2)

net reaction: Li +ELref ↔ Li +ELtest

(3)

The potential E of the net reaction depends on the free energy
diﬀerences of Li+ in the two diﬀerent electrolytes, because that
of metallic Li phase is canceled out. This argument is
equivalent to the reason why the electrolyte phase does not
10302

https://doi.org/10.1021/jacs.1c03868
J. Am. Chem. Soc. 2021, 143, 10301−10308

Journal of the American Chemical Society

pubs.acs.org/JACS

Article

Figure 2. (a) Measured cell potentials at diﬀerent concentrations of LiFSI in DMC. Cell potential decreases with concentration, signifying more
positive solvation energy and weaker solvation at high concentrations. (b) MD simulation results on the coordination number showing that
coordination with solvent is weakened and coordination with anion is more pronounced as concentration increases. (c) Simulated solvation
structures at concentrations of 1.0 and 5.0 M LiFSI in DMC. More anions and fewer solvents are coordinated with Li+ at 5.0 M than 1.0 M. (d)
Measured cell potentials of various salts of 1.0 M concentration in DEC. Compared with TFSI, OTF−, BF4−, and ClO4− show stronger binding with
Li+, whereas FSI− and PF6− show weaker binding. (e) MD simulation results of Li-anion binding energy and coordination numbers. Binding energy
shows the same trend as the solvation energy measurements, and the Li-anion coordination number shows a decreasing trend with weaker binding.
(f) Simulated solvation structures of 1.0 M LiBF4 in DEC and 1.0 M LiPF6 in DEC. PF6− has weaker binding with Li+ than BF4−, and consequently
less ion-pairing.

in later parts of this discussion, an electrolyte that has a more
negative Ecell infers a more positive solvation energy and a
weaker binding between the components of the solvation shell
and Li+, which subsequently aﬀects the solvation structure.
Anion and Concentration Eﬀect on Solvation. We
proceeded to apply our methodology to quantify the eﬀect of
salt concentration on solvation energy. Salt concentration,
especially with the introduction of high concentration
electrolytes (HCE), has emerged as an eﬀective tuning
parameter for engineering high-performance electrolytes.4,20
At high concentrations, electrolytes possess strikingly diﬀerent
properties, including superior cycling stability for lithium metal
anodes,20 oxidative stability, and improved safety,4 eﬀects of
which are closely tied with Li+ solvation. Figure 2a and Table
S1 show the measured solvation energy with diﬀerent salt
concentrations, using lithium bis(ﬂuorosulfonyl)imide (LiFSI)
salt in dimethyl carbonate (DMC), measured versus a
reference electrolyte of 0.1 M LiFSI in DMC. We ﬁnd that
increasing the concentration leads to more negative cell
potentials, inferring more positive solvation energies; the value
for 5.5 M solution is more negative than the 0.1 M reference
solution by about 220 mV. This trend is in accordance with the
Nernst equation, which predicts a more negative potential and
a more positive free energy at higher concentrations. It is worth
reiterating that in this discussion, the term “solvation free

formed from diﬀerent electrolytes on the potential measurement must be veriﬁed (Discussion S4, Figures S2 and S3). We
preformed diﬀerent SEIs on the Li electrodes by immersing
them into diﬀerent electrolytes for 48 h, and constructed a
symmetric cell with a single electrolyte, but the diﬀerent
preformed SEIs. In the case of SEI aﬀecting cell potential, we
expect the diﬀerent SEIs to create asymmetric eﬀects and thus
observe an EMF. However, we observe no EMF (Figure S2)
and negligible eﬀects of SEI on our measurements. Further
explanation of this eﬀect from a fundamental perspective is
detailed in Discussion S4.
Solvation energy is intricately interconnected with solvation
structure, as the electrolyte components will reconﬁgure to
assume the lowest energy solvation structure. Figure 1b depicts
a model experiment that illustrates the relationship between
solvation energy and structure. Let us assume that two
diﬀerent solvents are used in the two electrolytes, ELref and
ELtest, and the open circuit potential measurement yields a
negative electrical potential. More negative electric potential
signiﬁes more positive free energy of solvation, and weaker
binding of solvent to Li+. Under the condition that the total
coordination numberthe combined number of anions and
solvents in the solvation structurestays relatively constant,
weaker solvent binding implies a lower Li+-solvent coordination, as illustrated in Figure 1b. In general, as will be conﬁrmed
10303
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Figure 3. Solvation energy and CE of high-performance electrolytes for lithium metal anode. (a) Solvation energy and Coulombic eﬃciencies (CE)
of eight diﬀerent high-performance electrolytes. (b) Chemical structures of DME and FDMB solvents. (c) CE vs solvation energy of the
electrolytes in Figure 3a. It shows a positive correlation, signifying more positive solvation energy and weaker binding solvent leads to superior CE.
(d) Schematic illustrating the relationship between solvent binding and structure, and SEI formed in electrolytes. Weak binding solvents increase
Li+-anion coordination, which consequently leads to anion-derived SEI, which is believed to have superior cycling performance for the lithium
metal anode.

ties.1 Ion dissociation is expected to be intricately related to Li+
solvation; anions that have strong binding energies to Li+ and
more negative solvation energies will have increased ionpairing and lower ion dissociation. Figure 2d and Table S3
show the free energy of solvation for a series of salts dissolved
in a common solvent of diethyl carbonate (DEC). Salt
concentration is ﬁxed at 1.0 M and all electrolytes were
measured against a reference electrolyte of 1.0 M LiTFSI in
DEC. The data show that diﬀerences in cell potentials for
diﬀerent anions are signiﬁcant; compared with bistriﬂimide
(TFSI−) anion, triﬂate (OTF−), tetraﬂuoroborate (BF4−), and
perchlorate (ClO4−) have signiﬁcantly more positive cell
potentials and more negative solvation energies, whereas
bis(ﬂuorosulfonyl)imide (FSI−) and hexaﬂuorophosphate
(PF6−) show slightly more positive solvation energies. It can
be inferred that strongly binding anions such as OTF− and BF4
will be bound to Li+ to a larger degree than weakly binding
ones like FSI− and PF6−. The results are corroborated by MD
simulation: simulated Li-anion binding free energies match
with our experimental results (Figure 2e). Simulation results
also elucidate the relationship between solvation energy and
structure; strongly binding anion species occupy a larger share

energy” is not limited to dilute solutions and includes the
eﬀects from concentration.
Molecular dynamics (MD) simulations illustrate the eﬀect of
concentration on the solvation structures (Figure 2b and Table
S2). We ﬁnd that at elevated concentrations, solvent species in
the solvation shell of Li+ are replaced with anions. For instance,
as illustrated in Figure 2c, an average Li-solvent coordination
number is reduced to 2 at 5.0 M from 3 at 1.0 M (Figure S4).
Similar trends were found by Wan et al.9 and Flores et al.21 It
can be inferred that at low concentrations, Li+-solvent binding
is favored over Li+-anion binding, particularly as FSI− is a
highly dissociated anion that interacts weakly with Li+, a
ﬁnding presented in the following discussions. However, at
higher concentrations, the ratio between the solvent and salt
decreases, and the system does not have suﬃcient solvent
molecules to solvate Li+. More anions participate in the Li+
solvation shell, which is less favorable than a more solventdominated counterpart, leading to a more positive solvation
energy as well as the Li+ activity coeﬃcients (Figure S5).
The type of anions is another key parameter in electrolyte
engineering. Diﬀerent anions have diﬀering degrees of ion
dissociation, which signiﬁcantly impacts the transport proper10304
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Figure 4. Cryo-EM studies of SEI in various electrolytes. (a, b) HR-TEM images with FFT of SEIs formed in 1.0 M LiFSI in DME and 1.0 M LiFSI
in FDMB, respectively. Two show similar SEI structures. (c, d) EDS spectra and quantiﬁcation of the relative counts of each element for three
diﬀerent electrolytes. Diﬀerent SEIs show signiﬁcantly diﬀerent chemical compositions, and electrolytes with superior CE exhibit higher sulfur
content in the SEI.

of the ﬁrst solvation shell (Figure 2e and Table S4). This trend
is illustrated in Figure 2f, where the Li-anion coordination
number of BF4− is larger than that of FSI− (Figure S6). These
experimental and simulation ﬁndings are well-correlated with
ion dissociation trends;5,22,23 anions known to have lower ion
dissociation have more negative solvation energies in the same
solvent and higher degrees of ion pairing.
Solvent Eﬀect on Solvation and Correlation to
Coulombic Eﬃciency. The development of new solvents
has been a major driver for the recent improvements in lithium
metal anode cyclability, and solvation of Li+ is believed to play
a crucial role.4,24−26 We selected representative high-performance electrolyte solvents24,25,27−31 to systematically study the
relationship between solvation energy and Li metal cyclability.
Figure 3a and Table S5 show the measured open circuit cell
potentials and Coulombic eﬃciencies (CE) of these
representative electrolyte solvents. To isolate the eﬀect of the
solvent, LiFSI salt at 1.0 M concentration is used in all
electrolytes.
Plotting CE versus Ecell, we ﬁnd a clear negative correlation:
solvents with more negative potentials and more positive
solvation energies exhibit superior cycling performance (Figure
3c). This trend is consistent with previous reports;32−34 weakly
solvating solvents promote increased participation of FSI− in
the solvation structure (Figure S7). Solvation structure is

hypothesized to signiﬁcantly impact the SEI composition.32
Increased Li+-FSI− coordination may lead to heightened
decomposition of the anion at the anode interface, leading to
an anion-derived SEI rather than a solvent-derived one (Figure
3d).32 A similar trend is observed for high-concentration
electrolytes (HCE). HCEs, which are known to have excellent
cycling stability for Li metal anodes,20 were shown earlier in
this discussion to also exhibit highly positive solvation energies
and increased Li+-anion coordination. Our ﬁndings suggest,
therefore, that electrolytes with highly positive solvation
energies, enabled through weakly solvating solvents or high
salt concentrations, can lead to improved cyclability of Li metal
anodes. A caveat may be that weaker solvation can lead to a
decrease in salt solubility and inferior ionic conductivity.
Therefore, it is important to strike a balance between
Coulombic eﬃciency and ion transport. It is also worth noting
that in the case of poor electrolytes that form solvent-derived
SEI, solvent properties such as reductive stability and the
ability to form a passivating SEI may become more dominant
factors of the cycling stability.
The large diﬀerences in solvation energy among the diﬀerent
electrolytes can be related to the molecular structures
particularly the eﬀect of ﬂuorinationof the solvents. DME
and FDMB have comparable molecular structures; both
contain two ethereal oxygens, but FDMB is ﬂuorinated with
10305
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solvation structure may also lead to an upward shifting of the
reduction potential of anions,4 which renders them more prone
to reduction and contributes to an anion-derived SEI.

a slightly longer carbon backbone (Figure 3b). However, the
two solvents exhibit a strikingly large diﬀerence in cell
potentials of more than 400 mV, and such a diﬀerence is
expected to have a major impact on the battery performance. A
large portion of this energy diﬀerence is conjectured to arise
from the inductive eﬀect of ﬂuorine, where the highly
electronegative ﬂuorine atom pulls in the electron cloud and
decreases the polarity of oxygen species that interacts with
Li+.35 Therefore, ﬂuorine decoration on solvent molecules can
be a promising strategy to weaken Li+ solvation and promote
superior cycling stability. The comparison of DME and DMETTE also shows that the use of ﬂuorinated cosolvents, such as
1,1,2,2-tetraﬂuoroethyl-2,2,3,3-tetraﬂuoropropyl ether (TTE),
is another strategy to weaken Li+ solvation and lead to
heightened cyclability. This is in accord with the concept of
local high concentration electrolytes proposed by Zhang, Xu
and co-workers.25,29 Because ﬂuorinated cosolvents do not
directly participate in the solvation of Li+, they eﬀectively
increase the concentration of salt in the main solvent, and this
leads to weaker solvation as was seen in our prior discussion on
high concentration electrolytes (Figure 2a).
Cryo-EM Characterization of SEI. To investigate the
possible causes of the relationship between CE and solvation
energy, we characterized the SEI using cryogenic electron
microscopy (cryo-EM). Cryo-EM is a unique tool for
characterizing beam-sensitive battery materials, including Li
metal and its SEI, because it enables us to directly visualize and
analyze the structural and chemical characteristics of the SEI
with nanoscale resolution.36,37 SEI is highly heterogeneous at
the nanoscale, with the presence of compact SEI as well as
extended SEI.38,39 Huang et al. also recently discovered that
lithium ﬂuoride (LiF)an integral constituent of the SEI
exists as local particulates rather than as a conformal ﬁlm.40 It
is therefore important to analyze and make comparisons
between each component of the SEI at the nanoscale.
Here we have characterized the compact SEIa thin
passivating ﬁlm that conformally forms on the interfaceof
diﬀerent electrolytes using cryo-EM. In Figure 4a, b, we
compare the SEIs formed in 1.0 M LiFSI in DME, a commonly
used electrolyte, and 1.0 M LiFSI in FDMB, representative of a
high-performing electrolyte. The HR-TEM images of the two
SEIs are surprisingly similar, both having a thin, homogeneous
SEI of about 7−8 nm. Furthermore, both SEIs are fully
amorphous without any crystalline domains, characteristic of
the monolithic SEI structure observed previously.31,41 This is
validated by the fast-Fourier transforms (FFT): Li{110} is the
only signal present in the FFT pattern. Structurally, we see no
discernible diﬀerences between the two interphases.
On the contrary, the chemical information revealed by
energy-dispersive X-ray spectroscopy (EDS) shows clear
diﬀerences, where anion-derived species dominate the SEI
formed in high-performing electrolytes. Figure 4c, d show the
elemental analyses of three diﬀerent SEIs revealed by EDS
using cryo-EM (Table S6). Among the four elements, we focus
on sulfur, because it can serve as a proxy for anion-derived SEI:
FSI− being the sole species containing sulfur, higher sulfur
content translates to more anion-derived SEI. The results show
marked diﬀerences in sulfur content, increasing in the order of
increasing CE. These ﬁndings provide evidence in support of
the mechanism illustrated in Figure 3c; weakly binding
solvents lead to higher anion coordination with Li+, which
then leads to a more anion-derived SEI that promotes the
cycling performance of lithium metal anodes. The anion-rich

■

CONCLUSION
This report presents a potentiometric method to probe the
relative solvation energy in lithium battery electrolytes and
demonstrates its applicability to electrolytes of a wide spectrum
of salt concentrations, anions, and solvent chemistries. To
illustrate its potential as a metric for characterizing the
electrolyte, we correlated cell potentials of the asymmetric
electrolyte cell with Li metal cyclability, where a clear negative
correlation was found. Our ﬁndings suggest that further
discovery of electrolyte architectures with weak Li+ solvation,
for example, through the use of ﬂuorinated solvents, can lead
to advancements in Li metal cyclability. Our methodology can
be utilized to eﬃciently screen electrolyte formulations to
expedite the search for novel high-performance electrolytes. In
addition, we anticipate solvation energy to be closely tied with
other performance metrics such as charge-transfer impedance
and for further studies to lead to new insights and design
principles for engineering electrolytes in the future.
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