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Abstract
lonic salts have received tremendous attention for applications such as electrolytes, solar

energy, and desiccants. In particular, the high surface area of desiccant materials enhanced
moisture absorption capacity, making it suitable for humidity control in various environments.
However, lithium chloride (LiCl) salt properties remain largely unexplored in nanocrystalline
form (at a high surface to volume ratio) due to difficulty preparing and stabilising nanoparticles,
despite the high tide of expectations for energy applications. In the present investigation, for
the first time, nanocrystalline LiCl was prepared by a top-down approach - successive
cryomilling under an inert atmosphere. Systematic investigation shows nanocrystalline LiCl
undergoes rapid dissolution in the presence of moisture. The experimental results were further
corroborated with Molecular Dynamics (MD) simulations using LAMMPS. The combined use
of milling at room temperature (RT) and cryomilling resulted in a crystallite size of
approximately 60 nm. The nanocrystalline LiCl exhibited a water uptake capability eight times
faster than that of the bulk LiCl crystal. The simulations revealed that smaller crystals are more
reactive because they (i) readily deform in water and (ii) have a larger fraction of atoms with
lower stability. The reasons behind the high reactivity of nanocrystalline LiCl, which has not

been reported in the literature, have been discussed in detail.



1 Introduction

Lithium, the lightest alkali metal, has become a part of everyday human life in modern
technological society to provide clean energy. Li and its salts are aiding in curbing the climate
crisis through the use of lithium-ion batteries in current and future electric vehicles and for
energy harvesting and storage [1, 2]. Such applications are aided by solid-state electrolytes[3]
and molten salt synthesis of Li from low-cost LiCI[4], which is also used as a biological
miticidal agent[5, 6]. Due to its unique properties, a drastic expansion of Li-ion applications is
expected by 2050. The combination of Li and LiCl is unique as it exhibits various unexplained
phenomena such as the dispersion of Li in LiCl producing metal fog; the solubility of Li in
LiCl showing considerable variation when measured with different techniques; the
thermodynamic activity of Li in the presence of LiCl being lower than unity, etc.[7]. The LiCl
salt is being utilised to increase the molten salt's thermal stability for solar thermal energy
storage due to its high latent heat and suitability at a high operating temperature[8].
Nanocomposites prepared for hydrogen storage include a-AlHs/LiCl by mechanochemical
synthesis[9], in which the metal hydride in nano-form stores hydrogen[10]. In addition, LiCl
intercalated carbon nitride nanotubes have been prepared for lead absorption[11]. LiCl is used
as a desiccant due to its super water-absorbing capability, and it is also used as an aqueous LiCl
desiccant for the hybrid solar cooling system as a packed bed dehumidifier[12]. Tang et al [13]
have reported the LiCl solution for the regeneration process and reported the increasing
concentration of LiCl to decrease the regeneration rate. Similarly, the Silica-gel-LiCl
composites were coated on the aluminium sheet for desiccant coated heat exchanger and found

enhanced dehumidification capacity[14].

Regeneration of LiCl is possible at low temperatures (40°C) and can be achieved using solar
energy. It also supports successive cycles of absorption and regeneration[15]. These are

existing applications of the lightest alkali metal. However, the nanocrystalline nature of Li/LiCl



can play a decisive role in newer applications that are yet to mature. Renewable energy
companies and research groups have been experimenting with these for the past few years and
have accelerated the development of new applications and technologies. For many years, solar
energy has been used to power cooling devices to combat the summer heat and has a high
potential for small-scale energy production. For example, an absorption machine like a heat
pump powered by solar energy generates lower temperatures. which is costly and has lower
efficiency. The LiCl absorbs moisture and suffers losses during continuous usage in the reactor.
It is well known that the reactivity of the ionic crystal, such as KCI, can be increased by
introducing defects that enhance the absorption of water, and at the same time, react with water

faster due to its small size[16, 17].

None of the previous investigations has explored nanoparticles of LiCl and their behaviour due
to challenges in preparation. In addition, the hygroscopic nature makes processing complex
and costly. Therefore, we used cryomilling cum room temperature ball milling to prepare LiCl
nanoparticles. The nanoparticle sizes and morphologies versus milling time were investigated,
with an evaluation of variations in absorption/regeneration capability as a function of particle
size. Finally, we performed molecular dynamics simulations to assess the high reactivity of

nanocrystalline LiCl with water.

2 Experimental section

Materials and method

The pure lithium chloride anhydrous (99%) ionic salt with a -20 mesh size from Alfa Aesar®
is used for milling. Mechanical milling was carried out in two steps. The sample was initially
milled at low temperature in a specially designed vibratory cryomill (below 123 K[18-22])
using a ball to powder weight ratio (BPR) of 100:1. The coolant liquid nitrogen (LN2) was
introduced in the surrounding of the milling jar, such that milling materials and coolant never

get mixed and milling powder remains dry. The samples were collected at different time



intervals (1-6 hours) to probe crystallite size reduction. The 6-hour milled sample was further
mechanically milled at room temperature using a P7 mill (Planetary Micro Mill, Pulverisette,
Fritsch, Germany) at an rpm of 400 and keeping the ball to powder weight ratio at 50:1. In
addition, sufficient precautions were taken to avoid contact with moisture and/or impurities.
Since Lithium chloride is highly deliquescent, the samples were stored in a high vacuum

desiccator to minimise moisture.

Characterisations

After milling, the particle size was determined using a Transmission Electron Microscope
(TEM; Technai F30) operated at 300 kV. The images were recorded rapidly to avoid radiation
damage from the electron beam. The morphology of LiCl crystals was evaluated using
scanning electron microscopy (FEI SERION, Field emission), and extra precautions were taken
to avoid environmental exposure to the samples. The rate of moisture uptake and loss of
moisture by different crystals size of LiCl was estimated using Thermogravimetry analysis
(TGA). Initially, the experiment was performed at 30°C, and later it was heated up to 100°C,
and the moisture loss was recorded. The fractional increase in the mass of LiCl per unit surface
area was plotted against time to quantify the changes in absorption properties of LiCl with
particle size. Similarly, the effect of moisture absorption on the morphology and the behaviour
of the surface with different particle sizes was investigated through optical images taken at
intervals of 1 second using (NIKON Z50). The imaging was carried out from the beginning to

capture the early-stage changes in the morphology.

Simulations
Molecular Dynamics (MD) simulations were carried out to gain atomistic insight into how size
affects the interaction between water and LiCl nanocrystals. The calculations were performed

using the CHARMM[23] force field within the LAMMPS[24] software. In addition, the TIP3P



model[25] was used to simulate the water. Two types of simulations were executed using

distinct methodologies.

In the first type, the dissolution of LiCl crystals in water was simulated with a 20.4 A x 20.4 A
x 20.4 A non-periodic crystal (total surface area: 2500 A?). Then we surrounded LiCl with
28121 water molecules (see Figure 4(a)) and added periodic boundary conditions to the LiCl+
water system. We used a crystal periodic in two directions (Lx = Ly = 55.6 A) and non-periodic
in the third (Lz = 20.2 A) to simulate a large crystal. Then we surrounded one of the crystal
faces with 27801 water molecules and added a Lennard-Jones wall to confine the water in the
z-direction. The total length of the water column for this instance was 305 A, and the water-
crystal contact area was 3090 A2. Furthermore, the two rows of LiCl atoms farther from the

water were kept frozen.

Part of this structure is displayed in Figure 4(b) (only a small fraction of all water molecules is
shown). Note that we designed the structures with similar surface areas, as dissolution rates
should depend on the surface area. We used a time step of 1 femtosecond to evolve this system
in time. All simulated systems were equilibrated in the NPT ensemble for 100000 steps using
P =1atmand T = 300 K. Then, the thermostat and barostat were turned off, and the system

was evolved for 10000000 steps in the NVE ensemble.

The energy required to remove atoms from certain positions in a LiCl crystal was calculated in
the second type. As in previous simulations, a crystal size of 20.4 A x 20.4 A x 20.4 A was
used. Before starting the calculations, we added periodic boundary conditions to the solid,
minimised its energy using the conjugate gradient method for 5000 steps, and equilibrated the
system in the NPT ensemble for 100000 steps. The conditions P = 1 atm and T = 300 K were
used. Then six atoms (3 Li and 3 CI) were selected and removed from the crystal in a direction

perpendicular to it (see Figure 5(a-b). The considered atoms were in different positions of the



cubic crystal: (i) in the face, (ii) in the edge, (iii) in the vertex. In the results, zero energy

corresponds to a configuration where the removed ion is far from the crystal (50 A).

3 Results and Discussion

The successive cryomilling and room temperature (RT) milling resulted in LiCl nanoparticles.
These nanoparticles are endowed with exceptional absorption and regeneration ability
compared to their bulk counterpart. The experimental scheme is shown in Figure 1(a). The
successive milling of alkali salt at cryogenic temperature followed by room temperature
significantly reduces particle size compared to either only cryomilling or room-temperature
milling[16, 17, 26-28]. The cryomilling suppresses the recovery, and brittle fracture dominates
due to a lack of defect generation at lower temperatures[21]. On the contrary, room temperature
milling enhances defect generation and annihilation, leading to extensive size reduction of
Lithium chloride salts [16, 26]. The morphology of as received Lithium chloride has shown in
Figure 1(b); after cryomilling (6 hr), the crystallites get reduced to below ~100 nm, as shown
in Figure 1(c). The mode of the particle size distribution is 60nm with a wide distribution, as
shown in Figure 1(f). Room temperature milling for 50 hr further reduced the crystallite size

to approximately ~50 nm, with particles achieving an octahedral shape, as shown in Figure

2(9).
Absorption/regeneration

The hygroscopic materials actively absorb moisture from their surroundings and enhance their
weight (mass gain). The water molecules/moisture uptake or absorption depends on the affinity
of salt molecules to the water molecules. Thus, the alkali salts (LiCl, NaCl, KCI, etc.) undergo
a chemical change by absorbing water. It holds the water and turns from a solid to an aqueous
desiccant solution (LiCl)[29]. The LiCl absorbing water is an exothermic reaction and readily

dissociates into its ionic form[30]. Although the nanoparticles have unique properties



compared to their bulk counterparts due to the high surface area to volume ratio[31], the

behaviour of nanocrystalline LiCl is largely unknown.
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Figure 1: (a) Schematic of the experimental scheme (successive cryo-RT milling and LiCl absorption-
regeneration); (b) SEM micrograph LiCl as received crystal; (¢) SEM micrograph of 6 hours cryomilled
LiCl; (d) SEM image of a particle subjected to combined milling (6 hours cryo + 50 hour RT milling);
(e) TEM bright-field image of distribution of particles cryomilled for 6 hours, (f) the particles size
distribution of image e (g) TEM bright-field image of a particle subjected to combined milling (6 hours
cryo + 50 hour RT milling).



Therefore, the effect of particle size on the hygroscopic nature of LiCl is expected. Hence, a
quantitative relationship between the fractional increase in mass per unit surface area (Am/A)

and time (t) can be established as under:
log (ATm) = nlogt +logk 1)

simplifying

: Am o
ie. = kt (2)

We denote n as the time exponent and k as the time coefficient.

The mass gain/loss per unit surface was recorded for different particles size of LiCl with time
using thermogravimetry, as shown in Figure 2. The nanocrystalline LiCl has more linear water
absorption behaviour with time, while the bulk crystal exhibits a parabolic behaviour
absorption reducing with more extended time. In the case of regeneration, the nanocrystalline
material follows a smooth decreasing trend of the mass fraction with time. However, the mass
gain is higher, and mass loss is lower in nanocrystalline LiCl than in bulk, as shown in Figure
2(e). To obtain more precise information, linear fittings were performed using equation 2 to
extract the values of nand log k, which were subsequently plotted against the measured particle
sizes. The variation in their values is shown in Figure 3(a). As the figure shows, the values of

time exponent (n) and time coefficient (k) depend greatly on particle sizes.
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Figure 2: Absorption (gain of fractional mass (Am/A)), and regeneration (loss of fractional
mass (Am/A)) of LiCl with respect to time; (a) absorption in LiCl bulk crystal; (b) absorption
in LiCl nanocrystals; (c) regeneration of LIiCl bulk crystal; (d) regeneration of LiCl
nanocrystals; () comparison of absorption (mass gain), regeneration (mass loss) of bulk and
nanocrystal respectively.

Since the surface area term has already been incorporated in (Am/A), particle activity probably
also contributes to lithium chloride's overall reactivity/absorption capacity. The plot shows that

n varies approximately between 0.5 and 1.5 for different particle sizes. The experimental results



for our samples indicate that n ~ 0.6 for the bulk LiCl crystals, whereas for the nanosized ionic

crystal, its value remains close to 1.

Differentiating the above equation, Eq. 2, we get:

A
()
dt

= knt(™D

Therefore, for n = 1, which is the case for nanosized ionic crystals, the absorption rate is
independent of time, i.e., a nanoparticle can continue absorbing moisture at the same rate as it
was initially until it becomes fully saturated. On the other hand, for bulk particles, the rate
decreases continuously with time as n < 1. It is illustrated in the linear and parabolic nature of

the plots in Figure 2(a-d).

For regeneration, the specimens were heated up to 100°C and kept at this temperature for the
particles to lose their water content. Due to their increased surface area, the nanosized ionic
crystals get rid of their moisture faster than the bulk ionic crystals of LiCl. Thus, the smaller
particles can be recycled much more efficiently than larger ones, increasing the reproducibility
of the reactant. To determine the role of activity in LiCl absorption/regeneration enhancement

at nanoscale particle size, we consider the following.
Let consider,
LiCl (s) - LiCl(s) ...(3)

For solid specimens (eq. 3), activity is defined as follows[32]:

Arici = fLiciXLici ...(4)



fLici is an activity coefficient; xvici is a mole fraction. For pure LiCl (without any water content),
frici and x;;c; both equal to 1, i.e., the activity is unity. For simplicity, we will assume the

following:

1. The activity coefficient f;;-; remains unchanged with moisture absorption (which is not
valid, but for our calculations, this will suffice).
2. The above equation (4) holds for LiCl even after moisture absorption.

When there is a change in mass (Am) due to water, we can write the mole fraction as follows:

m .
N LlCl/MLiCl (5)
LiCl — mLiCl/ +mH20
Myici Mp,0

where, my,o = Am = AKt". Our measurements show that even though Am/A is orders of
magnitude smaller for nanosized ionic crystals, the fractional change in mass of LiCl, Am is
about ten times larger than bulk ionic crystals after 1 hour of absorption time due to an
enormous increase in surface area, A in the nanoscale (Figure 3(b)). The activity being directly
proportional to mole fraction, which in turn is inversely proportional to Am, we conclude that

LiCl activity decreases to a lower value for nanosized ionic crystals than for the bulk.
On absorbing moisture, Lithium chloride undergoes the following chemical reaction:
LiCl (s) + H,0 (I) —» LiOH (s) + HCL (1) ...(6)

The equilibrium constant and the standard Gibbs energy (AG°) change for this reaction can

thus be written as

ArioHAHCI

k =
AriciQh,0



ay; a
AG® = —RTInk = —RT In —XCH7HC

ariciH,0
Consequently, a decrease in the value of a;;;; will make the free energy change even more
negative, leading to a more favourable reaction in the case of nanosized ionic crystals. It
explains why the rate of absorption is greater for nanoparticles. Further, a visual experiment
was performed to probe the effect of moisture absorption on nanocrystalline LiCl and bulk
LiCl. Figure 3(c) shows how the crystals of lithium chloride change their morphology with
time for two different particle sizes of LiCl. The first sequence of images (bulk LiCl) represents
the as received LiCl crystals. In contrast, the second sequence (Nanocrystalline LiCl) is that of
LiCl cryomilled for 6 hours, followed by room temperature milling for 50 hours. As is evident
from these images, the total time required for the complete disappearance of the particles
(melting by absorbing moisture from the atmosphere due to the deliquescent nature of LiCl) is
much smaller (approximately an order less) for nanosized ionic crystals in comparison to that

for bulk crystals.
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Figure 4: (a-b) present the initial configuration for the non-periodic and the single surface
crystal, (c-d) display the same structures after the completion of the MD simulations, (e) shows
the number of ions dissolved in water over time (In this graph, we only counted ions that
remained diffused in water until the end of the simulation).



Figure 4 shows the results of the simulations of LiCl dissolution in water. Figure 4(a) and (b)
display the initial configuration for the non-periodic crystal and the single surface crystal. In
contrast, Figure 4(c) and (d) present the final arrangements after ten nanoseconds of MD
simulation. Note that the non-periodic crystal is distorted at the simulation end, while the single
surface crystal partially retains its original shape. To examine the dissolution rate, we counted
the number of ions dissolved in the water over time. We present the results in Figure 4(e). One
important note is that some ions, dissolved in the water, eventually diffuse back to the crystal.
In Figure 4(e), we did not count those ions and considered only those remaining dissolved until
the simulation ended. This process occurred more frequently for the non-periodic crystal,
possibly because the water column length is relatively small in all directions. The behaviour
can be observed in detail with Supplementary Movies S1 and S2, displaying ten nanoseconds
long atomic trajectories. It is to be noted that the non-periodic crystal dissolved faster than the
single surface crystal, even though its contact area with the water was smaller, as displayed in
Figure 4(e). We note that the non-periodic structure mimics a small LiCl crystal, while the
structure with a single surface mimics a large crystal. In that case, we conclude that the
simulation and experimental results agree. Recall that while we expect an increased mass loss
for smaller LiCl crystals in water, the experiments found that the increased surface area could
not entirely account for the measured increase in mass loss. To understand this effect, we

determined the energy required to remove an atom from different positions in the LiCl crystal.
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Figure 5: (a) LiCl crystal after optimisation and equilibration at 300 K. The six highlighted
atoms correspond to those removed from the structure to obtain the energy curves presented in
(c) and (d). We displaced each atom in a direction perpendicular to the crystal, as illustrated in

(b).

The Li and Cl atoms were removed from three different positions: (i) face, (ii) edge, (iii) vertex
(see Figure 5(a)). To remove these atoms, we displaced them perpendicular to the crystal, see
Figure 5(b). The results for Lithium and Chloride ions are presented in Figure 5(c) and (d),
respectively. In both cases, notice that ions in the vertex position are bound more weakly to the
crystal (the energy is less negative). For Lithium, edge ions' binding energy is smaller than face
ions. In contrast, for Chloride, the binding energy for face and edge ions is approximately the
same. Although these energy calculations are simplified (water molecules were not included),
their results correlate well with the MD simulations for the non-periodic crystal, where atoms

in the vertex position were the first to dissolve in water. Notice that atoms in the vertices and



edges correspond to a larger fraction of the total for smaller crystals. Hence, in the picture
suggested by the calculations, dissolution starts in the vertices and edges of the crystal, where
the binding energy is lower. Then, the ensuing defects likely decrease the stability of adjacent
atoms. Finally, smaller crystals deform readily inside the water, and the reduced order further
facilitates the diffusion of ions into the liquid. The described effects add up, increasing the

dissolution rate of smaller crystals.

4  Conclusion

In conclusion, this study presents a cost-effective and straightforward method for preparing lithium
chloride (LiCl) salt nanoparticles by employing cryomilling and room temperature milling techniques.
The successive application of these milling approaches has reduced the average particle size of LiCl to
~60 nm. Notably, the reactivity of LiCl with water was eight times increased compared to bulk LiCl
crystals, attributed to alterations in LiCl activity that facilitated a more efficient water absorption

reaction in LiCl nanoparticles.

Molecular dynamics simulations provided further evidence, demonstrating that smaller LiCl crystals
exhibited accelerated dissolution rates in water compared to equivalent portions of larger crystals with
similar surface areas. This enhanced reactivity can be attributed to the smaller crystals' greater

deformability in water and a higher fraction of atoms occupying less stable vertex and edge positions.

The synthesised LiCl nanoparticles hold great potential for various nanocomposite applications in
hydrogen storage, including metal hydride synthesis, solid electrolytes, solid desiccants, and more. The
combination of cryomilling and conventional ball milling techniques showcased their effectiveness in

the nanoparticle preparation of hygroscopic ionic solids.

The cryomilling in a dry environment of hygroscopic materials paved the way for the development of

advanced nanocomposites in the field of hydrogen storage and related areas.

Future studies may focus on optimising the synthesis techniques and exploring the incorporation of

LiCl nanoparticles into specific applications. By further investigating LiCl nanoparticles’ unique



properties and applications, it will be possible to unlock their full potential and advance the development

of innovative materials for various energy-related fields.
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