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We present findings on the effect of nanometer-sized silica-based pores on the glass transition of aqueous solutions of
lithium bis(trifluoromethane)sulfonimide (LiTFSI) and lithium difluorosulfimide (LiFSI), respectively. Our experimental
results demonstrate a clear dependence of the confinement effect on the anion type, particularly for water-rich solutions,
in which the precipitation of crystalized ice under cooling process induces the formation of freeze-concentrated phase
confined between pore wall and core ice. As this liquid layer becomes thinner, the freeze-concentrated phase experiences
glass transition at increasingly higher temperatures in solutions of LiTFSI. However, differently, for solutions of LiFSI
and LiCl, this secondary confinement has a negligible effect on the glass transition of solutions confined wherein. These
different behaviors emphasize the obvious difference in the dynamic properties’ response of LiTFSI and LiFSI solutions to
spatial confinement and particularly to the presence of the hydrophilic pore wall.

Keywords: anion type-dependent confinement effect, glass transition, Li salts, aqueous solutions

PACS: 64.70.P—, 61.43.Gt, 68.15.+e, 78.55.Qr

1. Introduction

The electrolytes of lithium salt are widely used in bat-
teries and large energy storage devices, making them cru-
cial in daily life and industrial production.!!-8) Current re-
search has focused on the ionic conductivity, structural het-
erogeneity, and interaction between the electrolyte and solid
surface which leads to the formation of a solid-electrolyte-
interphase in bulk aqueous solutions of lithium salts. Recently,
Peng and Ye ez al.””! discovered that 21-mol/kg LiTFSI solu-
tion confined in two-dimensional (2D) graphene oxide (GO)
nanochannels demonstrated a quadrupled ionic conductivity
in comparison to bulk solutions. This observation suggests
that a layered structure is formed within the confinement con-
dition, where a free anion layer moves between two contin-
uous water-cation layers, resulting in a significant increase
in ionic transport. Additionally, Chava et al.['”! have pro-
posed, based on molecular dynamics (MD) simulation, that
solutions of LiTFSI confined within boron nitride nanotube
with a diameter of 1 nanometer show the dehydration of some
TFSI™ anions in 5-mol/kg and 10-mol/kg LiTFSI solutions,
leading to the localization of the cation—anion pair at the neg-
ative electrode. A crucial observation is that the concentra-
tion required for dehydration of the anions within the confined
solution is significantly lower compared to that required for
bulk solutions. This highlights the strong influence of confine-
ment conditions on the interactions between the anion, cation,
and solvent such as water, owing to size and/or interface ef-
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fects. Moreover, the effect of solution—channel/pore surface
interactions was particularly investigated by Li ef al.l''] They
have demonstrated how a surface potential-induced interfacial
electrical double layer, along with nano-confinement, can ma-
nipulate ion diffusion for KCI solutions confined in charged
layered graphene-based nano-porous membranes. Addition-

ally, Pham and coworkers,!!?!

using a combination of first-
principles and classical MD simulations, investigated the ef-
fects of water polarization and cation-7 interactions on the ion
solvation, particularly for large ions with weak hydration en-
ergies in carbon nanotubes with a diameter of 1 nm-2 nm.
These results highlight how confinement alters the interactions
among the anion, cation, and water, which may not be easily
discernible in bulk systems.

This study explores the effect of spatial confinement on
the dynamic properties of LiTFSI solution, specifically the
concentration-dependent glass transition in nano-pores. The
behavior of the glass transition under spatial confinement actu-
ally has been extensively investigated. One objective is to un-
derstand the structural and dynamic inhomogeneity in deeply

13251 1t is reasonable to

supercooled glass-forming liquids.!
propose that the size of the spatial constraint should be the
upper limit of the heterogeneous domains of glass forming

23.26] Hence, when it comes to confinement, it is ex-

liquids.!
pected that nanometer-sized pores or channels, especially with
diameters less than 2 nm, will reduce the glass transition tem-

perature 7, of confined liquids, as compared to the T of bulk
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liquids. However, conversely, the interaction of the liquid with
the pore walls may cause an increase in 7. These two factors
induced vitrification of eutectic NaCl solution!'®! as well as
relatively diluted LiCl solutions.!'®! These solutions only un-
dergo total vitrification under high pressures when in their bulk
states.

This study emphasizes the distinctive dynamic behaviors
displayed by LiTFSI solutions, particularly by LiTFSI-7H,0,
when modulated by spatial size and the presence of hy-
drophilic pore walls. It is noteworthy that these behaviors are
distinct from those observed in LiFSI solutions under identi-
cal confinement conditions. Thus, these findings underscore
the anion type-dependent modulating of confinement size and
solid pore wall on the interactions between different compo-
nents in confined Li salt solutions.

2. Experimental details

In this work, porous glass in disk form (Vycor 7930, Dow
Corning Ltd.) with an average pore diameter of approximately
6.9 nm and an inner surface area of 130 m?/g was employed.
Among the numerous mesoporous and microporous materials
currently available, Vycor glass is the only non-powder ma-
terial. This material can effectively eliminate the influence of
residual bulk liquids outside of pores or on the sample sur-
face on the measured properties and structure of confined lig-
uids. To eliminate the potential impact of organic molecules
adsorbed onto the pore wall, Vycor glasses were subjected to
a series of treatments. Specifically, they were soaked in HyO»
(30 wt%) at 363 K for 2 hours with ultrasound applied sev-
eral times, and then continuously dried for 8 hours using ni-
trogen gas flow. LiTFSI and LiCl (99.9 wt%) were procured
from Sigma, while LiFSI (99.9 wt%) was obtained from DoDo
Chem. Different lithium salt aqueous solutions were created
by dissolving the appropriate amount of salts in ultra-pure wa-
ter (Millipore water, 18 MQ-cm) and allowing them to stir for
approximately 3 hours. The porous glass samples were then
soaked in the solutions and stirred slowly for approximately
24 hours, and then were carefully dried with tissue paper and
weighed before and after filling the target salt solution into the
pores.

To monitor the vitrification process, a DSC PES000
calorimeter was utilized with a scanning rate of 50 K/min,
while each sample was hermetically sealed in an aluminum
crucible. After cooling down to 133 K, the sample was held
for 1 minute before the heating procedure commenced. The
determination of T; was done by following the conventional

procedure adopted in previous studies.?”)

3. Results and discussion

To better understand the glass transition behavior of con-
fined aqueous solutions of LiTFSI and even LiFSI, it is im-

portant to first provide a brief introduction to the characteri-
zation of bulk LiTFSI solutions. Our research group has re-
cently developed a new state-diagram for this purpose.282°]
Unlike a traditional phase diagram, which describes the equi-
librium state of matter during a slow heating process, the state-
diagram plots the concentration-dependent 7; of solutions and
of the freeze-concentrated phase in water-rich solutions. Here,
the term ‘freeze-concentrated phase’ typically denotes the lig-
uid phase that experiences a concentration increase as a result
of the crystallization of ice when cooling dilute aqueous solu-
tions. This state diagram provides a universal division of so-
lutions into three concentration zones, which is crucial for the
discussion in this work. By understanding this division and its
implications, we can then move on to examine the glass tran-
sition behavior of confined aqueous solutions of LiTFSI and
LiFSI.

With the help of this new state diagram, the hydration
number ny of LiTFSI can be accurately quantified as ny =
7.1291 This means that, in a water-rich solution, the solute to-
gether with water at a molar ratio of 1:7 can easily vitrify even
under moderate and slow cooling rates. Considering the dif-
ficulty of bulk water vitrification, the number of these easily
vitrified water is reasonably defined as ny. Furthermore, the
LiTFSI-nH,O system can be divided into three concentration
zones: zone III for n > 2.5ny, zone Il for 2.5ny > n > ny, and
zone I for ng > n. Normally, solutions within zone I only vit-
rify on cooling or devitrify upon heating processes, while so-
lutions within zone II vitrify upon cooling and devitrify upon
heating, but followed by cold-crystallization of ice.

Solutions within zone III will experience ice crystalliza-
tion followed by the vitrification of the freeze-concentrated
phase during the cooling process. Notably, the width of zone
IT for LiTFSI-nH,O is significantly larger than that of LiFSI
(2ng > n > np) and other electrolytes with simple anions
(1.7ng > n > ny). This difference indicates that, compared
to FSI™ and CI~, TFSI™ causes a critical concentration point
to shift towards the water-rich side. Above this critical so-
lute concentration point, all water molecules can vitrify en-
tirely under moderate cooling rates (e.g., 1 K/min—20 K/min.).
Below this threshold concentration point, only solute together
bound water, M - ngH,O, where M refers to the solute, can
vitrify during the cooling process, while all other free water
retains a bulk-like state and crystallizes into ice.

Another exceptional characteristic of LiTFSI-nH,O is the
antiplasticizing effect of water observed in zone II.**! Nor-
mally, 7; of bulk water is lower than that of solutes or con-
centrated solutions. Therefore, adding water to concentrated
solutions would lower T;; of the system, as demonstrated for
LiCl solutions (Fig. 2(f)). However, in contrast to LiFSI and
other simple Li salt solutions, 7, of LiTFSI-nH;0O increases as
the water content increases within zone II (Fig. 1).
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Fig. 1. The mass-normalized DSC cooling/heating curves of LiFSI-nH,O [(a)—(f)] and LiTFSI-nH,O [(g)—(1)] in the bulk state (red color) and
when confined in averaged 6.9-nm-diameter silica-based pores with hydrophilic silanol group (blue color). For comparison purposes, dashed
vertical lines indicate the location of the 7 of confined solutions. A cooling/heating rate of 50 K/min was used.

All these distinguishable characteristics of bulk LiTFSI
solutions can still be observed in the confined state, as demon-
strated in Figs. 1 and 2. At the same time, confined LiTFSI
solutions additionally exhibit some special water content-
dependent 7. As areference, LiCl solutions vitrify at a deeper
supercooled state and experience almost negligible changes
in Ty when confined in nanopores (Fig. 2(f)), as reported by
Corti et al."91 However, for LiFSI solutions in zones I and 1I,
confinement significantly decreases 7, at LiFSI-4.5H,0O. This
effect gradually weakens as water content increases and ulti-
mately disappears at LiFSI-13H,0 (see Fig. 2(f)).

However, within zones I and II, LiTFSI-nH>O shows a
significantly different water content-dependent confinement
effect on glass transitions, as evidenced in Fig. 2(e). The
degree of confinement-induced reduction in 7, is negligi-
ble at LiTFSI-3.4H,0 and increases progressively, peaking at
LiTFSI-9H,O0 (Figs. 2(e) and 3), where AT, = T;(confined) —
T, (bulk) is —5.98 K. Notably, at this concentration point, the
water content-dependent 7;; of confined LiTFSI-nH> O also ex-

hibits a minimum. Clearly, the concentration point, at which
T, exhibits a minimum, shifts from LiTFSI-7H,O in the bulk
state to LiITFSI-9H,0 when confined in nanopores. This be-
havior can be explained by the stronger tendency of some
water molecules to preferentially coordinate with the silanol
groups on the pore wall, as proposed by Elamin ez al.!'4]
Within zone 111, bulk-like free water molecules crystallize
into ice during the cooling process as seen in Figs. 1(e) and
1(f) for LiFSI solutions or Fig. 1(1) for LiTFSI-32H, 0O, for ex-
ample. This process is followed by the vitrification of freeze-
concentrated phases such as LiFSI-7H; O or LiTFSI-7H, O be-
tween the pore wall and ice core. Importantly, this newly
formed spatial confinement, referred to as “secondary confine-
ment” herein for brevity, provides a means to control the thick-
ness of the liquid film within a fixed pore diameter. The more
water inside the pore, the greater the amount of ice crystalliza-
tion during the cooling process. As a result, the liquid film
between the ice core and the pore wall becomes thinner.
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Fig. 2. Water content-dependent glass transition of the freeze-concentrated phase confined between pore wall and ice core for LiFSI solutions (a) and

LiTFSI solution (b) compared with those in the bulk state [(c), (d)].

Under these conditions, the role of walls (or interface) and
their hydrophilic/hydrophobic properties in affecting the dy-
namic properties of liquid can be effectively highlighted. For
example, within zone III, as the freeze-concentrated phases
of LiFSI-nH,0 and LiCl-nH; O, respectively, LiFSI-7H, O and
LiCl-6H,0 keep almost constant 7 with increasing water con-
tent and then the thinning of the liquid layer between pore
wall and core ice (Fig. 2(f) and Fig. 3). However, the freeze-
concentrated phase of LiTFSI-nH,O exhibits an obvious in-
crease in 7, with decreasing thickness (Fig. 2(e); for further
details, see Figs. 2(b) and (d)).
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Fig. 3. Concentration-dependent the glass transition temperature of
LiFSI solutions (red circles) and LiTFSI solutions (blue squares) when
confined within Vycor porous glass.

The influence of confinement on the glass transition
comes from two opposite effects: a decreasing pore size will
reduce T, especially when the pore size becomes compara-
ble to the length scale of the dynamics of deeply supercooled

solutions, and an increasing of the fraction of interfacial solu-
tions, strongly affected by the presence of pore wall, will result
in an increment in Tg.DO] Water molecules preferably hydrate
with the hydrophilic silanol surface groups of the porous silica,
leaving the majority of the glycerol molecules clustered in the
center of the pores.[!>! This proposition was adopted to explain
anearly constant T, of glycerol solutions in MCM-41 for water
concentrations between 0 and 85 wt%. This preferable interac-
tion was also attributed to the factor resulting in the nanoseg-
regation of confined glycerol solution with solute concentra-
tion below the eutectic composition.!?°! The similar effect was
highlighted in a study where a 1-nm-diameter BN nanotube,
acting as a negative electrode, altered the interactions between
different components of the 5-mol/kg LiTFSI solution.!!%! The
tube facilitated the dehydration of TFSI™ ions and its sub-
sequent preferential filling. The confinement between the
pore wall and ice core can induce the vitrification of eutectic
phase of NaCl solutions.['®! For the solutions with relatively
weaker cation-water interaction, i.e., for KT, this confinement-
induced vitrification behavior disappears. These examples em-
phasize the complexity of how surface and nanometer size af-
fect the interactions between cations, anions and water.

In zone 111, subsequent to the precipitation of crystallized
ice, it has been noted that there is a marked difference in the
relation between T;; and the thickness of the liquid film con-
fined between the pore wall and ice core for LiFSI-7H,0 and
LiTFSI-7H,O. This observation indicates that the presence of
a hydrophilic surface has a huge impact on the interactions
among TFSI™, LiT, water, and/or the system-pore wall for
LiTFSI-7H,0 in a manner that is significantly different from
that observed for LiFSI-7H;O, particularly within nanometer-
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sized spatial spaces. This highlights the anion type-dependent
confinement effect on the dynamic behaviors, particularly the
relaxation process of deeply supercooled liquids, and ulti-
mately their glass transitions.

4. Conclusion and perspectives

In summary, this study investigates the glass transi-
tion processes of LiTFSI-nH,O, LiFSI-nH,0, and LiCl-nH,0,
both in bulk and confined conditions, across a broad con-
centration range. Results show that in the absence of crys-
tallized ice precipitation during cooling, the glass transition
of these three solutions is influenced differently by the wa-
LiCl-nH,O shows almost
no change in the glass transition temperature when confined

ter content of confined spaces.

in a 6.9-nm-diameter silica-based pore at all measured con-
For LiFSI-nH,0, the confinement-induced re-
duction in the glass transition temperature is significant at

centrations.

LiFSI-4.4H,0, but weakens monotonously with increasing
water content, finally disappearing at LiFSI-17H;0. In con-
trast, the confinement reduction effect on the glass transition
temperature of LiTFSI-nH,O0 is slight at LiTFSI-3.4H,0 but
becomes more apparent as the water content increases, peak-
ing at LiTFSI-9H,0.

Moreover, importantly, when cooling water-rich solu-
tions, the crystallization of water molecules induces a new
confinement between pore wall and ice core. The thickness
of liquid film within this secondary confinement will decrease
with increasing water content. As a result, the influence of
pore wall or solid/liquid interface on the relaxation dynamics
of confined liquids should be effectively highlighted. We ob-
served that, as the liquid film thickness decreases, LiFSI- 7H,O
keeps almost constant glass transition temperature, and the
glass transition temperature of LiTFSI-7H,O monotonously
increases. This different thickness-dependent glass transition
temperature highlights a strong modulation of the presence
of hydrophilic pore wall on the interactions between different
components in LiTFSI-nH,O.

As a prominent lithium salt in the “water in salt” system,
LiTFSI has gained increasing popularity in low temperature
applications.?%-3?! In order to optimize its electrolyte perfor-
mance and enhance its functionality in low temperature envi-
ronments, it is crucial to gain a deep understanding of its low-
temperature physicochemical and thermodynamic properties.
Our study presents a promising approach to this point.
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