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ABSTRACT: Lithium batteries rely crucially on fast charge and mass
transport of Li* in the electrolyte. For liquid and polymer electrolytes
with added lithium salts, Li* couples to the counter-anion to form ionic
clusters that produce inefficient Li* transport and lead to Li dendrite
formation. Quantification of Li* transport in glycerol—salt electrolytes via
NMR experiments and MD simulations reveals a surprising Li*-hopping
mechanism. The Li* transference number, measured by ion-specific
electrophoretic NMR, can reach 0.7, and Li* diffusion does not correlate
with nearby ion motions, even at high salt concentration. Glycerol’s high
density of hydroxyl groups increases ion dissociation and slows anion
diffusion, while the close proximity of hydroxyls and anions lowers local
energy barriers, facilitating Li* hopping. This system represents a bridge
between liquid and inorganic solid electrolytes, thus motivating new
molecular designs for liquid and polymer electrolytes to enable the uncorrelated Li*-hopping transport needed for fast-
charging and all-solid-state batteries.

n inorganic solid electrolytes, lithium ions (Li*) hop along In traditional liquid electrolytes, solvation shell molecules
I favorable energetic pathways in a coordinating framework, are in rapid dynamic exchange with free solvent molecules.”””

and ionic conductivity is governed by properties such as This rapid ligand exchange implies that a Li* can diffuse
defect formation energy, hoppin§ energy barrier, hopping between different locations simply by exchanging its solvating
distance, and attempt frequency.”” The ionic conductivity is molecules. Such a ligand exchange/hopping mechanism exists
determined primarily by Li*, leading to the Li* transference in a range of highly concentrated liquid '31'3th01}"£€5'10_21
number (t;) approaching 1. In contrast, in a typical liquid However, a high salt concentration in these electrolytes
electrolyte composed of a lithium salt and solvent, lithium ions introduces intense ion—ion interactions, which generally
exist in solvation shells that move collectively in the so-called reduce conductivity. Moreover, the conductivity of “polymer-
vehicular transport mechanism. In this paradigm, Li* in-salt” electrolytes, the polymerized version of highly

concentrated liquid electrolytes, is still not suitable for
commercial applications, even after several decades of
research.””**

Under these circumstances, we seek electrolyte molecular
structures in flexible and scalable soft materials (liquids,
polymers, etc.) that allow facile Li*-hopping transport. Here,
we report a Li'-hopping transport mechanism in a matrix of
solvent—anion molecules enabled by the highly hydrogen-
bonding molecule glycerol. Electrophoretic NMR and dynamic

conductivity originates from the translational motion of the
solvated Li*. Because the hydrodynamic radius of solvated Li"
is larger than that of individual solvent molecules and (nearly
always) counter-anions, Li* diffuses slower than both solvent
molecules and anions.” The obtained t; is thus typically less
than 0.4." Furthermore, the formation of ion pairs and larger
clusters due to strong electrostatic interactions causes the
motions of Li* and the anions to strongly couple to each other.
This not only results in a measured conductivity much lower
than the conductivity calculated from diffusion coefficients but
also can lead to negative t;->° The Li* transport mechanism is Received: March 1, 2023
similar in polymer electrolytes, and the slow dynamics of Accepted: March 9, 2023
polymer chain motions further reduce conductivity. Therefore, Published: March 28, 2023
developing liquid and polymer electrolytes in which Li*

exhibits a dominant uncorrelated hopping mechanism is highly

desirable for fast-charging and all-solid-state batteries.
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Figure 1. Diffusion coefficients and Haven ratios of binary electrolytes. (a) Chemical structures of the lithium salts and solvents. (b)
Diffusion coefficients of the cation (D,), anion (D_), and glycerol (Dg,,) in glycerol—LiTfO binary solutions, where the molar ratios of
glycerol and LiTfO are 20 and 2. (c) Temperature dependence of D, /Dy, ratios in glycerol—LiTfO electrolytes with various molar ratios
compared to those of a mixture of 1,4-butanediol and LiTfO at molar ratio of 3. D,/D_ ratios follow quite similar trends to D, /D, ratios

(see Figure S1) (d) Haven ratios (H =

6""MR/GEIS) of all LiTfO-containing electrolytes as a function of temperature. These measurements

show that Li" diffuses fastest in glycerol, and H of glycerol electrolytes falls below those of other non-dilute liquid electrolytes.

ion correlation analysis reveal that the Li* hopping is
independent from the anion motions. The demonstration of
such an uncorrelated hopping mechanism over a wide
concentration range in these electrolytes opens the door to
new molecular structures that can facilitate efficient Li*
transport in both liquid and polymer electrolytes.

lon and Solvent Diffusion and Conductivity. In order
to comprehensively understand the transport of solvent and
ions, we directly measure Li*, counter-ion, and solvent self-
diffusion (D), ionic conductivity (6), and Li* and counter-ion
electrophoretic mobility (x). We then combine these
quantities to draw critical conclusions about associations
among ions and solvent molecules. We begin by discussing
species-specific diffusion coeflicients and ionic conductivity.

Figure 1b shows the temperature-dependent diffusion
coefficients of all mobile species in glycerol solutions with
lithium trifluoromethanesulfonate (LiTfO) salt, measured
using pulsed-field-gradient (PFG) NMR diffusometry. At a
molar ratio of glycerol/LiTfO = 20, the diffusion coefficients of
glycerol (Dg,,) and TfO™ (D_) are nearly identical and are
lower than that of Li* (D,), indicating that the vehicular
mechanism alone cannot describe the Li* transport behavior in
this system, even in dilute conditions. The ratios between the
diffusion coefficient of Li* and the solvent glycerol (D, /Dg,)
are 1.3 and 1.1 at 25 °C and 50 °C, respectively (Figure 1c). In
such a dilute solution, Dg, is dominated by molecules that
have little or no interactions with the ions. At higher salt
contents, both D,/Dg,, and D,/D_ increase substantially.
When the molar ratio of glycerol/LiTfO = 2, D,/Dg,
increases to 2.4 at 25 °C and D,/D_ reaches 3.0 (Figure

Sla). For all electrolyte solutions, D,/Dg,, and D,/D_
decrease with temperature, demonstrating that Li" has a
lower activation energy of diffusion than the anion and the
solvent, regardless of concentration. We obtain similar results
with other lithium salts, such as lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI). Figure S2 compares the diffusion
coeflicients of glycerol-LiTFSI and glycerol—LiTfO solutions
at the same molar ratio of 10. TESI™ shows slightly slower
diftusion than TfO™ due to its larger hydrodynamic radius, but
glycerol and Li* show no significant variation in their diffusion
coefficients, strongly implying that this hydrogen-bond-dense
solvent drives this behavior. In contrast, in a binary solution
composed of 1,4-butanediol (which has a molar mass similar to
that of glycerol but with one fewer —OH group per molecule)
and LiTfO at molar ratio of 3, Li* diffuses slower than both the
anion and the solvent, and with a typical D, /Dy, of 0.73 at 25
°C (Figure 1c and Figure S3b). The fact that Li* is the fastest
species in glycerol solutions negates a vehicular mechanism as
the sole Li* transport mechanism and supports the presence of
significant ion-hopping, even in dilute solutions.

Figure S1b shows ionic conductivities of the glycerol
electrolytes measured using electrochemical impedance spec-
troscopy (EIS). We performed EIS consecutively with PFG
NMR diffusometry by inserting two Pd electrodes into the
sample tube used for NMR measurements (Figure S4a). We
thus minimize the experimental error when comparing
diffusion data with conductivity. The Nernst—Einstein
equation (eq 1) establishes the relationship between the
ionic diffusion coefficients and conductivity in an infinitely
dilute solution:
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Figure 2. Electrophoretic NMR characterizes the mobility of ionic species as well as the solvent. (a) Schematic illustration of the ENMR ion
migration (mobility) mechanism. Migration of species in an electric (E) field causes a phase shift of the corresponding spectral peaks in an
ENMR experiment. Analyzing this phase shift for each species yields their velocities. (b, c) Velocities of cation ("Li), anion ('°F), and solvent
("H) plotted against the applied E-field strength in glycerol/LiTfO = 2 and 1,4-butanediol/LiTfO = 3. The solid lines are fits to the
experimental data points, and the slope of each solid line yields the mobility () of that species. Although the Li* mobility (u,) values in
these two samples are very similar, the anion and solvent mobilities in glycerol are significantly lower relative to those of the butanediol

sample, supporting a Li*-hopping transport mechanism in glycerol electrolytes.

Table 1. Summary of the Main Transport Results from Consecutive Pulsed-Field-Gradient (PFG) NMR Diffusometry,
Electrophoretic NMR (ENMR), and Electrochemical Impedance Spectroscopy (EIS) Measurements”

Diffusion coeff.

Mobility

Li" transference

(X107 m?/s) (%107 m?/(sV)) Conductivity (mS/cm) number Haven ratio

Sample T(C) D, D.  Dsyy H  Ho fsay 0 ONVR L GENMRDNMR MR g H_
Butanediol /LiTfO = 3 NY 4.3 4.9 6.0 11 10 3.7 0.59 0.94 0.61 0.47 0.35 1.40 1.73
Glycerol/LiTfO = 2 N 2.5 1.1 1.3 8.7 2.3 0.85 0.49 0.55 0.47 0.69 0.72 1.02 1.76
Glycerol/LiTfO = 20 30 2.7 2.1 2.1 11 59 0.51 0.10 0.12 0.11 0.57 0.61 0.98 1.35
NY 11 9.6 9.6 31 24 2.2 0.38 0.46 0.35 0.53 0.52 1.24 1.44

“The subscripts + , —

, and Solv denote cation, anion, and solvent, respectively. Solvent mobility (y,) is defined as the slope of the v vs E plot of

the solvent molecules from ENMR The experimental errors of the diffusion coeflicient and impedance measurements are <+5%. The errors of the
mobility measurements are estimated to be +15%, except for glycerol, for which the error can be 30%—50% due to the small phase shift in its

measurement.

DNMR CFZ
o = —(D_+ D_
(D + D)

(1)
where 6”MR js the ionic conductivity derived from diffusion
coeflicients, ¢ is the salt concentration, F is the Faraday
constant, and R is the gas constant. In liquid and polymer
electrolytes, o”"M® is typically larger than the ionic
conductivity measured by EIS (6") due to the presence of
dynamic ion—ion interactions.”*~** Thus, the so-called Haven
ratio, H = 6""™*/6"5, is larger than 1. For instance, H for ionic
liquids is typically 1.3—2,””~>" and for a highly concentrated 3
mol/L LiTFSI in sulfolane electrolyte H is 1.4.> H for LiTFSI
in a variety of organic solvents for battery applications ranges
from 1.5 to 10.” The 1,4-butanediol electrolyte solution in this
work exhibits H similar to those of ionic liquids (1.46 at 25 °C,
Figure 1d). However, H values for the glycerol—salt electro-
lytes are near unity (from 1.12 to 1.04), with the additional
surprise that they decrease with increasing salt concentration.

We hypothesize that the presence of Li* hopping and low
Haven ratios in these electrolytes arises from the high density
of hydroxyl groups on glycerol, which establish strong multi-
contact H-bonds with the anion. This strongly contrasts with
the behaviors of essentially all commonly studied electrolyte
solvents, such as organic carbonates, esters, and ethers. Figure
SS shows the '"H NMR spectrum of glycerol as a function of
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salt concentration. With increasing salt concentration,
glycerol’s methine and methylene groups (—CH-— and
—CH,—) shift to lower field on account of the deshielding
effect when the oxygens on the —OH groups of glycerol solvate
Li*. Meanwhile, the —OH nuclei shift to higher field by the
shielding eftect of hydrogen-bonded TfO™ ions. In short, the
high density of hydroxyl groups in glycerol provides strong
interactions with both ions, which effectively screens cation—
anion interactions.

The ability of glycerol to establish multi-contact hydrogen
bonds with both the anions and other glycerol molecules gives
rise to the slow diffusion of glycerol and TfO™ and furthermore
enables glycerol and TfO™ to form a dynamic, slow-diffusing,
and percolating network through which Li* can transport via a
ligand-exchange/hopping mechanism. We note that individual
—OH:--Li* interactions should be very strong due to the high
polarity of the —OH group, and yet Li" can demonstrate such a
hopping mechanism primarily because of the high number
density and close spacing of —OH groups. This close spacing
yields a small average well depth (or level of corrugation) in
the local potential energy surface for Li* transport, as in an
inorganic Li* conductor. In contrast, 1,4-butanediol has a
notably reduced hydroxyl group density (two hydroxyl groups
on four carbon atoms), causing a larger Li*-hopping distance
and thus higher average energy barriers. Hence, Li" in 1,4-

https://doi.org/10.1021/acsenergylett.3c00454
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Figure 3. Lithium-ion hopping in MD simulations. (a) Radial distribution functions (rdfs) of the O atoms of glycerol and TfO™ to Li* at 50
°C in glycerol/LiTfO = 2. Dashed lines represent the cumulative coordination number, and shaded bars highlight rdf plateaus at ~1 and 3
O-Li coordination numbers. (b) Internuclear distances between a Li* and representative O atoms in the inner solvation shell, highlighting
the ligand exchange of Li* in a hop between donor (red trace) and acceptor (cyan) molecules. A spectator Li*—O distance is shown for
reference (green trace). (c, d) Snapshots of the inner solvation shell of the Li* before and after a hopping event.

butanediol, like traditional Li" electrolytes, forms solvated
structures whose diffusion is dominated by the vehicular
mechanism.

E-Field-Driven Mobilities of Li* and Counter-ions. We
now reveal how the faster diffusion of Li* compared to the
anion in glycerol electrolytes reflects its contribution to the
overall ionic conductivity via electrophoretic NMR (ENMR).
Due to its robust capability to directly measure the mobility
(driven motion) of separate ionic species in an electric (E)
field, ENMR is emerging as an important tool in the study of
electrolytes.'®**™*” The migration of ions in the E-field leads
to a phase shift of the NMR signal in ENMR (Figure 2a and
Figure S6) and equates to a 1D velocity measurement (as in
MR angiography).”” By converting the phase shift into ion
velocity, we obtain the mobility (#) from the slope of a
velocity (v) vs electric field strength (E) plot. See the
Experimental Section in the Supporting Information for
more details. Figure 2b,c shows the v vs E plots of the cation
("Li), anion (*’F), and solvent ('H) in the glycerol/LiTfO = 2
sample and the 1,4-butanediol/LiTfO = 3 sample. From Figure
2b, we can see that in the glycerol/LiTfO = 2 sample Li* and
TfO™ migrate in opposite directions, and the Li* mobility in
the laboratory frame (u,) is more than 3X higher than that of
the anion (u_). The glycerol-Li* and glycerol—anion
interactions apply drag to the glycerol molecules in opposite
directions. Overall, glycerol slowly migrates in the same
direction as Li*, and we can assign glycerol a laboratory frame
mobility yg,,, which is only 10% of the Li* mobility, u, (Table
1). In contrast, 4, and u_ in the 1,4-butanediol/LiTfO = 3
sample are nearly equal, and pg,, is 34% of p, (Figure 2c and
Table 1). We note that for “solvate” ionic liquid systems
composed of equimolar tetraglyme and a lithium salt (either
LiTFSI or LiBF,), where a stable, longlived Li'/solvent
complex is formed,*"** Li* migration is purely vehicular, and
the mobilities of the solvent and cation are identical.* The
remarkably higher u,/pg,, ratio for glycerol electrolytes
compared to 1,4-butanediol represents compelling additional

1947

evidence for significant Li*-hopping transport in glycerol
electrolytes.

Because the ionic velocities measured directly from ENMR
are relative to the reference frame of the NMR probe, the
mobility obtained from the slope of v vs E plot can be regarded
as a laboratory-frame mobility. Timachova et al. argued that
the ionic velocities relative to the solvent (v, — vgy, and v_ —
vg.1y) should be used to calculate the transference number.*®
Since we can measure the mobility of the neutral solvent, the
lithium-ion transference number becomes

ﬂ+ _'uSOIv
(ﬂ+ - ﬂSolv) + ('u— + ﬂSolv)

ENMR __

t

)

Additionally, the net ionic conductivity obtained from ENMR
is

ENMR

o = cF(p +p) 3)

From Table 1 and Table S1, we can see that 6" agrees with
6™ to well within the error for all samples. Remarkably, we
also see general agreement between the lithium-ion trans-
ference numbers obtained from ENMR and from the diffusion
coefficients (f*™® = D,/(D, + D_)). The only exception is
the butanediol solution, for which £¥™® is much lower than
PNMRThis results from the high laboratory-frame mobility of
the butanediol solvent molecules. The decrease of Li*
transference number with temperature, again, originates from
a slightly lower transport activation energy for the Li*
compared to that for TfO™. The ENMR results confirm that
Li* is much more mobile in an applied E-field than the anion
for glycerol electrolytes, leading to t*™® ranging from 0.52 to
0.72, and with the highest values at lower temperature and/or
higher Li* concentration.

In the above analysis of diffusion and conductivity, we
observe relatively low H values for the glycerol electrolytes
(Figure 1d). By combining the mobilities of the cation and
anion with their diffusion coefficients, we can also determine
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separate cation (H,) and anion (H_) Haven ratios (Table 1
and S1):

D, F
uRT

D_F

L

and H_=
W RT

(4)

On the anion side, H_ ranges from 1.3 to 1.8 for the glycerol
electrolytes and shows no difference between the 1,4
butanediol and the glycerol/LiTfO = 2 samples at 50 °C.
However, in general, for the glycerol electrolytes H, = 1 within
errors at high salt concentration or low temperature, providing
the striking result that the efficiency of Li* diffusive mass
transport that results in charge transport is 100% according to
the Nernst—Einstein equation. In other words, Li" migrates
independently from its counter-anion, even under highly
concentrated conditions.

Molecular Dynamics Simulations. MD simulations
further reveal rich atomistic details of the ion-hopping
mechanism advanced by the experiments. MD simulations of
glycerol-LiTfO binary solutions capture the measured
enhanced diffusion of Li" with respect to the solvent and the
depressed diffusion of TfO™ (e.g,, D,/Dg., = 3.35 and Dg,/
D_= 1.07 at 50 °C for glycerol/LiTfO = 2). Simulated Li*
transference numbers are also close to experimental values
(Table S2), inspiring confidence in the ensuing analysis of
solvent/ion dynamics. Radial distribution functions (rdfs) of
the distance between Li" and the center of mass of glycerol and
TfO™ reveal that, at this molar ratio of 2, the solvation shell of
Li* involves ca. 3 glycerol molecules and 1 TfO™ counter-ion
on average (Figure S7a). Analysis of the Li—O atom rdfs
(Figure 3a) indicates that the approximately tetrahedral inner
solvation shell of the cation involves 3.2 Li*—O direct contacts
with the solvent O atoms, while 0.8 direct contacts occur
between Li" and the O atoms of TfO™ on average. In the less
concentrated glycerol/LiTfO = § electrolyte (Figure S8),
glycerol forms virtually all of the solvation shell, contributing
3.8 Li*—O contacts, with TfO™ showing only 0.2 contacts on
average. These results substantiate the ability of the highly
hydrogen-bonding glycerol molecule to cleanly separate Li*
from the counter-ion over a wide range of concentration.

Trajectory analysis corroborates the hopping diffusion
mechanism of Li* through the dynamic network of solvent
and anion hypothesized experimentally. Inspection of the Li"
Cartesian coordinates as a function of time shows that the
diffusion of Li* is characterized by extremely fast (~1 ps) hops
of significant distance (<4.2 A) between adjacent sites in the
network. The hops occur between a lithium-donor ligand,
initially solvating Li* through a short Li—O contact, and an
acceptor ligand, initially not in the inner solvation shell (Figure
3b—d). The rest of the Li*-solvating species not exchanged in
the Li* hops perform a supporting role by dynamically
adapting to the quick change in Li" location. Li* ions
experience such hops very frequently (hops longer than 1 A
occur, on average, every 200 ps at 50 °C for glycerol/LiTfO =
2). Many of these Li* hops correspond to frustrated attempts
to diffuse through the anion/solvent network, and Li" returns
to its original location shortly after hopping. However, a few
hops (4.6% of the total at SO °C for glycerol/LiTfO = 2) are
productive for permanently advancing the ions through the
network within the analysis window of 9 ns. Further analyses of
hop length, time, and frequency are presented in Hop Analysis
in Supporting Information. Supplementary Videos 1, 2, and 3
show representative Li*-hop events.

1948

Dynamic lon Correlation Analysis. We now further
analyze Li* transport behavior by considering dynamic ion
correlations. In the framework of the Onsager reciprocal
relations combined with linear response theory, the overall
ionic conductivity can be written as

c=0,,+o0__—20,_

(5)

where o,,, 6__, and o,_ are the Onsager transport
coefficients.”*™*” The coefficients o,, and 6__ can be further
split into self and distinct terms:

self

— distinct
O = O. n

distinct self + ¢ 3

+o.,  +o_ - 20, _

(6)

The self terms relate to the diffusion coefficients via the
Nernst—Einstein equation:

2 2
F . F
of‘lf =¢D— and o = p —
RT RT (7)
and the distinct terms g@stinct gdistint and 5. describe the

dynamic cation—cation, anion—anion, and cation—anion
directional correlations.”> When the motions of two species
correlate (the species move in the same direction), the sign of
the corresponding distinct term is positive, and when their
motions anti-correlate, the sign becomes negative (see Figure
S9 for additional discussion). These quantities are all defined
in the laboratory frame.”® The mobilities measured from
ENMR relate to the distinct terms by

self

_ distinct
g F=0."+0o,0" —o,_ and
C_,Ll_F — Ujelf + U_dljtmd -0, _ (8)

Thus, the difference between directly measured mobilities
(ENMR) and mobilities predicted from diffusion coefficients
(DNMR) arises from the dynamic directional correlations
between cation—cation, anion—anion, and cation—anion.

We now use this correlation formalism to explore
implications for directional ion motions in the studied
electrolytes. Based on eqs 7 and 8, we can calculate o%/q,
/o, (cds™t — 5, )/6, and (6% — 4, )/c using
measured diffusion coeflicients and mobilities of the ions.
The results for two glycerol electrolytes (glycerol/LiTfO = 20
and 2) and the butanediol electrolyte are shown in Figure S10.
For the low-concentration (glycerol/LiTfO = 20) electrolyte,

disinct _ 5, )/ is only 0.017 at 30 °C. Considering the low
salt concentration (¢ = ¢, = ¢_ = 0.66 mol/L) and high
dielectric constant of glycerol, o, /o should be negligible.
Thus, 63" /6 = 5, _/c = 0 within experimental error, and the
direction of Li* hopping is not correlated to other ions nearby.
When the temperature is increased to 50 °C, (6% — 5, ) /6
drops to —0.13. We attribute this variation to the disruption of
the glycerol—anion network under dilute conditions with
temperature, which is also shown by the decrease of D, /Dy,
and D,/D_ from 30 °C to 50 °C. For the butanediol
electrolyte, (6% — 5, )/c takes a lower value of —0.21.
These negative values of (o,,%"™" — ,_)/c highlight the role
of electrostatic interactions in making the o%5™'/5 term
negative and the o, /o term positive. For the highly
concentrated electrolyte, glycerol/LiTfO = 2, the term (o2t
— 6,_)/o surprisingly also equals zero within error (—0.015) at
50 °C, indicating that both 6%/ and 6, /¢ have small
amplitudes, and this result is supported by the MD simulations
(Figure S11). Thus, the slow-diffusing dynamic glycerol—anion
network appears to not only facilitate Li"* hopping but also
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greatly reduce directional cation—cation and cation—anion
dynamic correlations.

In conclusion, through consecutive measurements of the
ionic conductivity, diffusion coefficients, and mobilities, and in
combination with MD simulations, we show that Li* exhibits
fast and anion-decoupled transport in glycerol—lithium salt
electrolytes. Li* transports via fast (~1 ps) hops of <4.2 A
through a slow-diffusing solvent—anion network. Specifically,
we observe the following: (1) the diffusion coefficient of Li* is
substantially higher than those of the glycerol solvent and the
counter-anion, even in dilute solution with a solvent/salt molar
ratio of 20; (2) the overall solution Haven ratios are
surprisingly low, approaching unity for a concentrated solution
with a glycerol/LiTfO molar ratio of 2; (3) the Li* transference
number is always >0.5, and can reach 0.7 at lower temperature
and/or at higher salt content; (4) the Li*-specific Haven ratio
equals 1 for nearly all studied glycerol solutions (at lower
temperature or at higher salt content), signifying 100%
efficiency for converting Li" diffusive mass transport to driven
charge transport and demonstrating ion-uncorrelated Li*
motions; and (5) MD simulations corroborate the enhanced
Li* transport determined experimentally and provide addi-
tional support for a hopping mechanism through a slow-
diffusing dynamic network formed by glycerol and TfO™.
These salt—glycerol electrolytes bridge phenomena observed in
liquid electrolytes and inorganic solid electrolytes and motivate
new explorations of molecular structures for electrolytes
formed from soft materials. Although glycerol is a protic
solvent, we cannot exclude its application in lithium batteries
by, for example, depositing artificial protecting layers on
electrodes and/or further reducing its fluidity by increasing the
chain length (threitol, arabitol, sorbitol, and other poly-
alcohols), especially considering the developments in water-in-
salt electrolytes and poly(vinyl alcohol)-based polymer electro-
lytes.”*° In addition, this work can stimulate electrolyte
research for applications beyond lithium batteries, such as
supercapacitors and zinc batteries, where protic solvents face
less stringent electrochemical challenges. This study thus
dramatically widens the design parameter space available for

advanced liquid and polymer battery electrolytes.
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