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Connection between Phase Diagram, Structure and Ion Transport
in Liquid, Aqueous Electrolyte Solutions of Lithium Chloride

Chae-Ho Yim and Yaser A. Abu-Lebdeh z
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The nature of structure and ion transport in liquid electrolyte solutions are still not fully understood over the whole concentration
range. In this work, we have studied aqueous solutions of lithium chloride as a model salt due to its very high solubility in water and
ample knowledge of its structure and physiochemical properties. We have analyzed the ionic conductivity (κ) vs. concentration (C)
plots based on free volume approach and our recently developed equation: κ = AC exp[−BC] and conductivity vs. temperature plots
based on Arrhenius equation. We find that the solutions show little variation in free volume with concentration, or even temperature,
but a rapid increase in activation energy and pre-exponential factor. We relate the significant changes in conductivity to changes in
structure and transport in the solutions and connect them to the binary LiCl/H2O phase diagram. We hypothesize that the changes are
caused by a breakdown of the bulk water structure near the eutectic composition that causes a change in transport mechanism. We
believe that this connection between solution structure, ion transport and phase diagram is common in most aqueous and non-aqueous
electrolyte solutions and explains the origin of maximum in conductivity in isothermal conductivity vs. concentration plots.
© 2018 The Electrochemical Society. [DOI: 10.1149/2.0641803jes]
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One of the most common uses of liquid electrolytes is in batter-
ies that are becoming ubiquitous in modern society to enable electric
vehicles and renewable energy sources to mitigate harmful effects of
traditional energy sources on the environment. Battery electrolytes
are made from moderately concentrated liquid solutions that exhibit
a high ionic conductivity of 10−3 - 10−2 S cm−1. This high conduc-
tivity is usually at the maximum in the isothermal conductivity vs
concentration plots, to be donated hereafter as Cmax.

1 For example,
concentrated alkaline (Cmax > 5 M, KOH) aqueous solutions are used
in commercial alkaline Zn/MnO2 or Nickel Metal hydride (NMH)
batteries, while concentrated acidic (Cmax > 6 M, H2SO4) aqueous so-
lutions are used in Lead-acid batteries. Moreover, other re-chargeable
batteries with much higher operating potential such as commercial Li-
ion batteries use non-aqueous electrolyte solutions made of LiPF6 in
mixed carbonate solvents at less-concentrated (Cmax ∼ 1 M) solutions.

Recent work on aqueous as well as non-aqueous electrolyte so-
lutions show that there are benefits in using higher concentrations
beyond Cmax despite the drop in ionic conductivity regardless of bat-
tery chemistry:2 (1) Improved rate capability of graphite and lithium
metal cycling in half cells.3 (2) Inhibition of Al corrosion in com-
mon carbonate electrolytes using higher concentrations of LiTFSI.4

(3) Unexpected stability of lithium metal in high concentration solu-
tions of LiTFSI in nitrile solvents or graphite in propylene carbonate,
PC, or dimethylsulfoxide, DMSO.5–7 (4) Inhibition of metal disso-
lution in high voltage batteries.8 (5) Improved thermal stability of
electrolyte solutions.2 (6) Higher electrochemical stability of aqueous
electrolytes (∼3 V) to enable aqueous Li-ion rechargeable batteries.9

However, there is little known about the nature of structure and ion
transport in liquid electrolyte solutions over the whole concentration
range especially at high concentration.10 In fact, this was called the
most celebrated failures in physical chemistry by Angel to demon-
strate the frustration by many scientists about the lack of a model
or theory that can successfully extend or replace the long-standing
Debye-Hückel theory.11 Moreover, the strong dependence of ionic
conductivity on electrolyte concentration especially in aqueous solu-
tions has been known for a very long time.12,13 This can be understood
by looking closer at the structure of the solution and how it impacts
transport over the whole concentration range and how it connects to
the phase diagram as follows:

The structure/transport relationship.—There are two main mod-
els that try to explain the structure of the electrolyte solution and its
relationship with ion transport:

1. The disordered “ionic atmosphere” model:1

zE-mail: Yaser.Abu-Lebdeh@nrc.gc.ca

This model is based on the Debye–Hückel theory and to some ex-
tent the Gouy-Chapman theory of the electric double layer of colloids
that describe the solution structure as being made of ionic atmospheres
(a central ion surrounded by a diffuse layer of oppositely charged ions
and solvent molecules). The transport of ions is influenced by the ionic
atmosphere in two ways: relaxation effect (drag due to the asymme-
try of charge distribution of a moving ionic atmosphere created by
oppositely charged ions that require restructuring and this requires
long “relaxation” time) and electrophoretic effect (drag due to a mov-
ing ionic atmosphere that drags solvent molecules due to ion-solvent
interactions and the central ion moves in an opposite direction to
the ionic atmosphere). The conductivity hence follows the Debye–
Hückel-Onsager corresponding limiting law (square-root dependence
of ionic conductivity on concentration) which was found empirically
applicable only to very dilute concentrations (<10 mM).

An extension of the Debye–Hückel model where more effects
are taken into account as concentration increases, mostly as a result
of ion-dipole (solvent) interactions or ion-ion interactions, have also
been proposed.1 However, at higher concentrations (>1mM) there
are strong deviations because of the collapse of the ionic atmosphere
in what is known as the Kirkwood crossover.14,15 Many empirical,
semi-empirical equations and phenomenological treatments have been
proposed but all seem to endorse the idea that modeling the ionic con-
ductivity of liquid electrolyte solutions at medium and high concentra-
tions is a tough challenge.10 It is worth mentioning here the pioneering
work of Pitzer on the strong dependence of the activity coefficient on
concentration, but more so is the work of Brathel where conductivity
is given by Equation 1 that can be transformed to include association
constant and mean activity coefficient at high ion association also.10

� = �0 − S(C)
1
2 + EClogC + J1C + J2C

3
2 + . . . [1]

2. The ordered “Loose or quasi-crystalline lattice” model:14–17

This model suggests that the ionic atmosphere be replaced by unit
cells with fixed ions around the central ion that distribute throughout
the solution and it was first proposed for molten salts. There are two as-
pects to this theory when it’s applied to electrolyte solutions: one that
combines this “ordered” model with the “random” ionic atmosphere
model where the ionic atmosphere is replaced by a statistical cell and
the relaxation and electrophoretic effects are adjusted. This predicts
a cube-root dependence of ionic conductivity on concentration.17–21

The other is the purely ordered model where ions and solvents are
distributed in unit cells and hence ion transport occurs by hopping
mechanism (into vacant sites “holes”) in place of a hydrodynamic
mechanism for ion transport between unit cells to emulate conduc-
tivity in defective solids (ionic solids, glass, polymer electrolytes).
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The origin of Cmax is explained by a transition from high-mobility
to low-mobility cells. Herein, Equation 2 was introduced to describe
the conductivity as related to hopping between cells that was then
converted to the so-called universal equation such as the correspond-
ing states law in Equation 3,22,23 introduced by Varela, Cabeza, and
coworkers.15

κ =
q2a2

VαkB T

[

φ2ν̄α + (1 − φα) φαν̄β

]

[2]

And φ max and κmax are given by:

φmax =
ν̄β

2
(

ν̄β − ν̄α

)

κmax =
q2a2

4VαkB T

ν̄2
β

(

ν̄β − ν̄α

)

Where ν̄α,β are the probability of an ion jumps in time over a barrier
in α or β cells, V is ionic volume.

In the universal equation,15 all electrolyte solutions fall into one
master curve when reduced conductivity, κ/κmax, was plotted versus
reduced concentration, C/Cmax regardless of the type of salt or solvent
used.

κ

κmax

= 2C/Cmax

(

1 −
C/Cmax

2

)

[3]

A similar idea was suggested by Casteel and Amis24 previously,
Equation 4.

κ

κmax

=
(

C

Cmax

)a

exp

[

−bC2
max

(

C

Cmax

− 1

)2

− a

(

C

Cmax

− 1

)

]

[4]
Shcheredakov25 compiled the conductivity data for various aque-

ous solutions of acids, basis, and salts at different concnetrations and
temperatures and found that they fit into a master curve of reduced
conductivty κ/κmax, versus reduced concentration C/Cmax.

In a similar line of thought, Herlem and coworkers took into ac-
count the physiochemical properties of the salt and solvent.26 They
introduced a new and simple relationship to predict κmax of various
electrolyte solutions using the values of the dielectric constant (ε) and
viscosity (η) of the pure solvent, and later modified it to include the
effect of the strong electrolyte (salt) by taking into account its acid-
ity/basicity following the Hard Soft Acid Base (HSAB) theory. They
attributed the variation in the maxima to the differences in hardness
between salt and solvent.

The ion transport/phase diagram relationship.—We have shown
recently that the presence of maxima in isothermal conductivity vs.
concentration plots is a common feature in both aqueous and non-
aqueous liquid electrolyte solutions and some solid electrolytes.2 We
hypothesized that the maxima reflects a transition in the structure of
the solution from model 1 of the ionic atmosphere where transport
occurs by solvated ionic species diffusing long distances (along a free
path) by a hydrodynamic vehicular mechanism to model 2 of the loose
lattice where transport mechanism switches to a slower Grotthuss-type
mechanism (ion hopping along a network -no free path).

We have also introduced the idea of connecting the structure and
transport behavior of electrolyte solutions to the salt/solvent phase
diagram as follows:27

(1) Pre-eutectic concentrations, in this region the solution is domi-
nated by hydrated ions in the case of Li salts/water being mostly
[Li(H2O)n = 4-6]+ or [Cl(H2O)n]− in a bulk water structure that
is still intact. Ion transport is believed to be due to solvated ions
moving by a vehicular mechanism. In this region, ionic con-
ductivity increases with concentration as a result of the rapid
increase in the number of charge carriers that counterbalances
any drop in mobility.

(2) Near eutectic concentration, in this region the solution is very
disordered, structure-less and in a state of transition (maximum
entropy). Ionic conductivity does not greatly depend on the con-
centration and passes through a maximum.

(3) Post-eutectic concentrations, in this region the bulk water struc-
ture breaks down and is replaced by multidimensional, dynamic
structural networks made up of cations, anions and solvent
molecules of the type [Li+(H2O)nCl−]m. Ion transport is be-
lieved to be due to free ions moving by a Grotthuss mechanism.
In this region, ionic conductivity decreases with concentration
as a result of a decrease in the number of charge carriers and
their mobility. Moreover, transport by Grotthuss mechanism is
believed to be slower than in the vehicular mechanism due to
the slow step of solvent orientation to allow for subsequent ion
hops.

Moreover, regardless of the transport mechanism, ions move as
a result of a gradient in Gibbs free energy in the solution. The
same Gibbs free energy (�G◦) controls the formation of the species
in solution and phase transformations observed in the phase dia-
gram. In LiCl/H2O electrolyte solution the �Gf

◦ follows the or-
der: �Gf

◦
H2O (−237.1 kJmol−1) > �Gf

◦
LiCl (−384.0 kJmol−1)>

�Gf
◦

LiCl.H2O (−631.8 kJmol−1)> �Gf
◦

LiCl.2H2O (−874.2 kJmol−1)>
�Gf

◦
LiCl.3H2O (−1115.0 kJmol−1) >�Gf

◦
LiCl.5H2O (−1592.2 kJmol−1).

The excess Gibbs free energy of mixing can be calculated based on
these values and of other species formed in solution and large varia-
tions in �G◦ between species will lead to faster transport.28,29

The structure/phase diagram relationship.—There have been
many attempts in the past to classify the structure of aqueous so-
lutions (compositions over the liquidus lines of the phase diagram)
into distinct regions over the whole concentration range from pure
water to pure salt. One that has drawn our attention is the classifica-
tion by Braunstein of 5 classes that were later simplified by Emonz
to 4 classes. Herein, we added two more regions: the pure water (to
be called 0) and pure molten salt (to be called V) as reference points.
The solution structure can then be divided into 6 distinct regions:

0. Pure solvent: There is no ion present and solvent structure is dom-
inated by dipole-dipole interactions with no long-range order
but short-range order with lots of free volume for ions to fit in.
In the case of water, the structure is dominated by tetrahedrally,
the hydrogen-bonded network that at low temperature freezes
to various ordered structures of ice.

I. Dilute solutions: This is the region of dilute solution where the
Debye–Hückel limiting law applies in the most diluted region
(0.01 m) and where ions are completely solvated by water.
At higher concentrations ions re-arrange the solvent struc-
ture based on their charge and size (z/r2), so introducing more
short-range order around ions but the long-range order of the
hydrogen-bonded network remains intact, therefore at low-
temperature ice still forms along with salt hydrates.

II. Concentrated solutions: This is the region where significant ion
association takes place and extended Debye–Hückel-Onsager
law applies. Again more ions introduce more short-range order
locally and less long-range order in the bulk but the hydrogen-
bonded network remains intact, therefore at low-temperature
ice still forms along with salt hydrates. Small and large ionic
species including clusters form but the solution still has enough
solvent (water) molecules to keep a less dynamic but oth-
erwise a hydrogen-bonded network intact, therefore at low-
temperature ice still forms along with salt hydrates.

III. Molten salt hydrates: Braunstein splits this region into two (III
and IV in his classification). The dilute end of this region (IIIA:
the hydrate melts sub-region) the number of water molecules
is low but sufficient to form complete hydration shells around
ions while in the second (IIIB) sub-region at the concentrated
end ions do not have enough number of water molecules to
form complete hydration shells. The structure is believed to
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Scheme 1. a) Phase diagram of LiCl/H2O adopted from Li et al. molar ratio
R is included. L denotes a brine solution while Lr denotes the salt hydrate
where r = 1, 2, 3 and 5. The colors signify the regions according to the
classification. The colors signify regions of structural changes in the liquid
regions. Green (I: dilute solutions), blue (II: concentrated solutions) orange
(III: molten hydrates), Red (IV: hydrous melts); b) A schematic that highlights
the most recent features between R = 4 and 10; c) A refined model for change
in solution structure and transport mechanism as a function of concentration
within the liquid range of the phase diagram. The gray area represents the
structure at ambient temperature.

resemble that of a molten salt. This is the region where the
hydrogen-bonded network breaks down and therefore ice does
not form at low temperature and only salt hydrates do.

IV. Hydrous melts: this region consists of molten salt with small
amounts of water. Water molecules are integrated into the lattice
structure.

V. Pure salt: the solid is made up of a crystalline lattice that upon
melting remains intact but becomes loose and ions become
more mobile.

In order to apply such classification to the LiCl/H2O phase diagram
(LiCl·RH2O where R is the molar ratio), we have reconstructed the
phase diagram in Schematic 1a from Li et al.30 and based on the
above classification overplayed a structural landscape of the short-

range order in the solutions highlighting the regions of interest at
ambient temperature and the whole temperature/concentration range
as shown in Figure 1b. The phase diagram exhibits a V shape that
is typical of binary mixtures with a eutectic point at 8 m (R = 7)
where ice, LiCl·5H2O, and LiCl/H2O brine coexist. It also shows
four peritectic points that correspond to the formation of four salt
hydrates: LiCl.H2O, LiCl.2H2O, LiCl.3H2O, and LiCl.5H2O. Also,
the ice phase exists from pure water (R = 0) to 11 m (R = 5) and
the glass-forming region is believed to be in the range R = 4 to
R = 8 and a crystallinity gap is believed to exist between R = 4 and
6.31 A schematic that highlights the most critical features between R
= 4 and 10 are shown in Shematic. 1c.

Ion transport.—Spiro and King reviewed the transport properties
of concentrated aqueous electrolyte solutions up until the late seven-
ties and commented that neither the ionic atmosphere model nor the
lattice model describes well the transport behavior in concentrated
solutions.32 Instead, they argued that the most applicable approach
is the transition state theory. The transport process is in this regard
an activated process and ions need to come over an energy barrier
regardless of the type of order in the structure. In this regard, the most
relevant is the work by Angell and Bressel11 who used the statisti-
cal thermodynamic approach of Adam and Gibbs to transform the
Vogel-Tammann-Fulcher empirical equation that describes tempera-
ture dependence of conductivity (transport properties in general) to
an isothermal concentration dependence one, Equation 5.

They assumed a linear dependence of the ideal glass transition
temperature, T0, on concentration. A and B are constants. They ver-
ified the results experimentally by fitting the data to Equation 5 for
aqueous solutions of Ca(NO3)2 over a wide range of concentrations
and temperatures.

κ = X
A′

√
T

exp

(

−B ′

X0 − X

)

[5]

Where X is the molar ratio of the salt, Xo is the molar ratio at T0. Un-
fortunately, information about Xo for many solutions is not available
and the dependence of T0 on X is not in many cases linear especially
at extreme compositions as suggested by the authors themselves.

Recently, the original ideas of Doolittle and Cohen-Turnbull on
free volume have been applied by Krause-Rehberg and coworkers
to ionic liquid electrolytes and our research group to molecular liq-
uid electrolytes and new relationships that correlate transport to free
volume have been introduced.27,33 They introduced an equation to
correlate the viscosity and ionic conductivity of neat ionic liquids
at different temperatures to free volume. While our research group
measured the ionic conductivity (κ) of lithium and other alkali metal
salts in aqueous and non-aqueous electrolyte solutions as a function
of concentration (C) and fitted them to Equation 6. This is a new,
isothermal, semi-empirical equation based on free volume introduced
by our research group following a similar line of thought to that of
Angell and Bressel’s and Equation 5.11 First, we related B to a term

that has free-volume dependence (
γV∗

f

Vf
). Then C, molar concentration,

was introduced in the pre-exponential and exponential terms similar
to Equation 5.

κ = AC exp [−BC] or � = A exp [−BC] [6]

Where

B =
γVo

Vf

V f is the free volume which can simply be defined by the dif-
ference between the measured volume of the liquid (from density
measurements) and the occupied volume, Vo. Vo is simply the mini-
mum occupied volume (closely related to Van der Waals’ molecular
volume) by the molecules and is temperature independent, i.e. the
volume at absolute zero. There is uncertainty in obtaining accurate
values of Vo but it can be estimated by X-ray diffraction techniques
or else be calculated using computational methods. A and B are
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Figure 1. (a) ionic conductivity, κ, of LiCl aqueous solu-
tions as a function of concentration at 25◦C measured in
this work and adopted from Tanaka et al. (b) molar ionic
conductivity (�) of the three selected concentrations as a
function of concentration. (c) ionic conductivity (κ) of the
three selected solutions as a function of temperature.

parameters that could be related to charge carriers and activation
energy of transport, respectively.

We previously have investigated mostly non-aqueous solutions and
few aqueous solutions but not over the whole concentration range.27

Therefore, in this work, we have investigated the conductivity of
aqueous solutions of lithium chloride, LiCl, as a model salt because
of its very high solubility in water that allowed us to study the high
concentration region up to saturation at 20 m. We have analyzed the
data using Arrhenius plots and calculated activation energies and pre-
exponential factors that strongly depend on concentration especially
after Cmax or the eutectic composition in the LiCl/H2O phase dia-
gram. We calculated the free volume for each concentration at each
temperature from measured densities and analyzed the data using the
free-volume approach and the newly developed equation.

Experimental

The solutions with molality (m) between 1.5 m and 18 m were
prepared by dissolving known amounts of LiCl (Aldrich) in de-ionized
water and left to equilibrate overnight. Density measurements were
carried out using a DMA 35 (portable density meter from Anton Paar).
The estimated errors are 0.001 g/ml. Conductivity measurements were
carried out using conductivity meter RL060C from Thermo Scientific
equipped with a water bath to control the temperature between 20◦C
and 80◦C. The estimated errors are 1%. In some cases, conductivity
measurements were carried out using AC impedance spectra. The
frequency range was 1 kHz – 1 Hz swept using a Solartron frequency

response analyzer (FRA) 1255B coupled with a Princeton Applied
Research (PAR) 263A potentiostat. The electrolyte was poured into a
two-platinum-electrode conductivity cell (K = 1 cm−1).

Results and Discussion

Ionic conductivity of electrolyte solutions as a function of salt
concentration and temperature.—The ionic conductivity of the aque-
ous electrolyte solutions of LiCl was measured over the whole con-
centration range up to saturation at room temperature, 293 K and also
in the temperature range 273 – 353 K.

Figure 1a shows a plot of the specific ionic conductivity, κ, versus
molal concentration (m) at 398 K along with the literature values
obtained from Tanaka et al.34 The figure has a typical bell shape
with an increase in conductivity at low concentration, reaching a
maximum at intermediate concentrations (6 m), a decrease at a higher
concentration reaching saturation at 20 m. Our values compare well
with the reference values except in the mid-range region where our
values are lower; the maximum in conductivity (κmax = ∼ 160 mS/cm)
is lower than the value at ∼190 mS/cm from Tanaka et al. but higher
than the value (κmax = ∼ 140 mS/cm) reported by Prasad et al.35

The variations could be due to differences in solution preparation,
type of cell and testing method. We used the AC impedance method
to calculate the conductivity from the resistance obtained from the
frequency independent region of the spectra. This is more accurate
than commonly used methods where values are based on a single
frequency (10 KHz) measurement in commercial conductivity meters.
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κmax takes place at a certain concentration, Cmax, and has been given
some significance by many researchers in the past and our research
group very recently.24,27,34 We have hypothesized that Cmax might
represent a change in transport mechanism as a result in a change
in the structure of the electrolyte solution which takes place near the
eutectic region (8 m, R = 7) of the LiCl/H2O phase diagram. We can,
therefore, split the plot into three distinct regions:

(1) Below Cmax (6 m, R = 9): The conductivity of the solutions
increases linearly with concentration up to 5 m (R = 10) where
thereafter it increases slowly to reach Cmax. Solutions in this
region represent region I and II in the classification and com-
positions pre eutectic point in the phase diagram that shows
LiCl.5H2O salt hydrate and ice at low temperature (<190 K).

(2) Near Cmax (6 m, R = 9): The conductivity of the solutions does
not vary greatly with concentration and extends as a bottom of a
bell between 5–8 m (R: 10–7). Solutions in this region represent
regions II and III A in the classification or compositions near
eutectic point 8 m (R = 7). This corresponds to LiCl.5H2O salt
hydrate and ice at the eutectic temperature (<190 K) in the phase
diagram. This coincides with the glass forming region between
R = 8 and 4 which indicates a higher disorder in the bulk solution
that takes place near the eutectic composition leading to no de-
fined chemical composition. This could resemble the situation in
metallic glass and supercooled liquids that near eutectic compo-
sition show the local short-range order of structurally frustrated
icosahedral units that might have been inherited from similar
structural units (cybotactic groups) of the liquid to help mini-
mize interactions between metal solute and solvent molecules
and lead to stabilization of the eutectic.36–38 H. Tanaka showed
that this situation can be applied to LiCl/H2O mixtures where
the effect of the salt resembles that of pressure and leads to a
breakdown of the hydrogen-bonded tetrahedral bulk structure of
water.39 We can add that the formation of pentahydrate and not a
tetrahydrate might support the existence of five-fold asymmetric
structures in solution.40 However, a very dynamic equilibrium
between LiCl.4H2O and LiCl.6H2O could exist with one wa-
ter molecule hopping in between the two structures and in the
solid the unit cell of the pentahydrate salt could be made of the
tetrahydrate salt and an extra “loose” water molecule. Also, pen-
trahydrate could represent the basic structural unit similar to the
13-atom icosahedron known to exist in metallic glass but in this
case it could consist of 14 ions and water molecules to main-
tain neutrality. An example of such units is [Li(H2O)5 Cl(H2O)5

Li]+Cl− or [Cl(H2O)5 Li(H2O)5 Cl]−Li+.40

(3) After Cmax (6 m, R = 9): Solutions in this region represent
regions IIIB or compositions post a eutectic point in the phase
diagram. The conductivity of the solutions decreases linearly
with concentration above (8 m, R = 7) and stagnate close to
saturation. This corresponds to LiCl.3H2O and LiCl.5H2O salt
hydrates at low temperature (<200 K) in the phase diagram.

Figures 1b and 1c show the specific ionic conductivity � (κ/C) and
ionic conductivity of three solutions that represent the whole concen-
tration range: before Cmax (1.5 m), near Cmax (8 m) and after Cmax (16
m) as a function of temperature. The plots of � vs. C show an expected
decrease in the specific molar conductivity with concentration for all
the solutions with conductivity converges at a constant value at the
highest concentration at 0.4 mS/cm (extrapolated and from values for
the 20 m solution). The plots of κ vs. C follow the same Gaussian-type
trend over the whole temperature range.

In order to obtain the activation energy for each solution, Arrhe-
nius plots were constructed for the data from Tanaka et al. as shown
in Figure 2. We then calculated the activation energy for each solution
and plotted them as a function of concentration as shown in Figure
3a. The activation energies were found to lie in the range 13 – 20
KJ mol−1 for all solutions and show an interesting behavior where
activation energy goes through a minimum near Cmax and the eutectic
composition then increases significantly beyond 10 m (R = 5.5). The

Figure 2. Ionic conductivity, ln(κ), of LiCl aqueous solutions as a function of
temperature (T).

activation energy is higher for the most concentrated solutions reflect-
ing the strong coulombic interactions among ions and between ions
and dipoles. Tanaka et al. showed a similar trend with activation en-
ergies obtained from viscosity measurements increasing significantly
after 6 m and then more significantly at 10–12 m.34

We then plotted the activation energy (from Figure 2) vs. the
four-third-root of concentration according to Equation 7 as shown in
Figure 3b.

Ea,A = E◦
a,A +

2(Nav)
4
3 e2 MVm

4πε◦εi Z
1
3

C
4
3 [7]

Where E◦
a,A is the activation energy for the conductivity at very

dilute concentration, M is a Madelung-like constant (1.74 is often used
for FCC lattice), Z is the number of ions in a unit cell (4 for an FCC
lattice), e = 1.6 × 10−19C, εr is the static dielectric constant of the
solvent, ε0 = 8.82 × 10−12 Fm−1, and NAV is Avogadro’s number.41

This kind of dependence implies that the structure is close to a quasi-
lattice where dipole-dipole interaction has no significance and the
solution is dominated by ion-ion and ion-dipole interactions. Chagnes
et al. found a fair agreement between experimental and theoretical
activation energy in non-aqueous electrolytes of γ-butyrolactone with
different salts, but still within limited concentration range <2 M.41

Clearly, the activation energies of the non-aqueous solutions are lower
than those of LiCl/H2O and range between 10 and 15 KJ mol−1 but
herein we clearly do not see any linear dependence.

The intercept of Figure 2, or the pre-exponential factor, was ob-
tained and it also plotted versus concentration as shown in Figure
3c. It shows an increase up until 5 m (R = 10) then stagnates to
increase again at 10 m (R = 5.5). Tanaka et al. did not plot the pre-
exponential factor from conductivity data but from viscosity data and
showed that lnA increases with concentration and drops at 12 m and
then stagnates. So we can summarize that both activation energy and
pre-exponential factor increase significantly at high concentrations
and might be responsible for the drop in conductivity at high concen-
trations beyond Cmax and eutectic composition (8 m, R = 7). This sharp
increase in the two values of activation energy and pre-exponential
factor at high concentrations resembles the behavior in molten salts at
high temperatures. Aravindakshan et al. studied the origin of electri-
cal conductivity maxima of molten salts as a function of temperature
for molecular liquids (HgBr2) and covalent network liquids (SnCl2,
PbCl2, BiCl3).37 They in both cases showed by simulation the exis-
tence of a bromide-exchanged or chloride-bridged Grotthuss chain
similar to aqueous solutions of acids and bases where ions (H+, OH−)
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Figure 3. (a) activation energy for all LiCl aqueous solution
as a function of concentration, (b) activation energy for all
LiCl aqueous solution as a function of the four-third root of
concentration, (c) Pre-exponential factor for all LiCl aqueous
solution as a function of concentration.

can hop along the chain. Next, they attributed the drop in conductiv-
ity at a higher temperature to a rise in activation energy in network
liquids and to a drop in a pre-exponential factor for molecular liquids
and not to a simple ion association. Herein, a similar situation can be
envisaged in the case of LiCl/H2O where the 3D, hydrogen-bonded
network is replaced by chains of chloride, Li cation, and water. Hence,
the ion-ion and ion-dipole interactions decrease the “hopping” colli-
sion frequencies causing a drop in pre-exponential factor and increase
the barrier for ions to escape their site “cage” causing an increase in
activation energy.

More on the structure of LiCl/H2O solutions.—There are not
many studies on the structure of electrolyte solutions over the whole
concentration range. X-ray and neutron diffraction along with spec-
troscopic studies are available for a limited number of solutions. X-
ray diffraction studies of aqueous solutions compared to pure water
showed that the halo (broad peak) of the bulk ordered water structure
tend to disappear beyond the concentration that corresponds to the
eutectic composition and the appearance of weak peaks that might be
attributed to structural units, cypotactic groups, that form precursors
for salt hydrates at low temperature.42 However, for LiCl/H2O solu-
tions the situation is slightly different as more in-depth studies exist
due to the interest in extrapolating the information from the structure of
the eutectic concentrations at low temperature to bypass the no-man’s
land region that precludes the understanding of the water structure

at low temperature. Singh et al. studied structure and diffusivity of
aqueous LiCl solutions in the entire range by molecular dynamics
(MD) simulations and found a strong solvation of monovalent ions
in water and cluster formation at higher salt concentrations.43 The
diffusion coefficient of LiCl was found to decrease depending on the
coordination number and geometry that change with the salt concen-
tration. Aouizerat-Elarby et al. also studied the structure and diffusion
in LiCl solutions over the whole concentration range.44 They showed
that in the range 0 < R < 3 the solution is predominantly ionic in
nature. For R values close to 6 and 4, there is no defined compound
and deep eutectics are formed. Their structural analysis showed a
complete hydration sphere for R = 6 and a direct anion-cation in-
teraction for R = 4. This explained the diffusion coefficient values
for Li, Cl, and water that were similar above R = 100 where water
structure is still intact. This changes around R = 90 to 100 where
chloride ions modify the structure and again different values occur at
R = 3 and R = 12 indicating dependence on the presence of chloride
in the first or second solvation shell.44 In a very recent work, Prasad
et al. studied the structural and dynamic changes and thermodynamic
properties of aqueous LiCl solutions over the whole range and con-
nected them to the experimental phase diagram. They observed by
MD simulation the breakdown of the hydrogen-bonded network of
water as the LiCl concentration crosses the eutectic composition and
they showed pronounced monotonic decrease in diffusivities of H2O,
Li + and Cl −, accompanied by an increase in viscosity.35 They also
compared the structural asymmetries of H2O (tetrahedral) and LiCl
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Figure 4. Variation of the LiCl/H2O molar ratio, R, with concentration.

(cubic) to that of BeF2 (tetrahedral) and LiF (cubic) and suspected a
breakdown of the tetrahedral structure as the origin of the V-shape of
the binary phase diagram. Green et al. studied the Raman scattering of
LiCl/H2O solutions between 5 to 15 mol% LiCl (R = 6.6 to 20) and
found that a coordination number of 5.5 dominates in this range and
at different temperatures and concluded that the addition of LiCl to
water breaks the hydrogen bonded tetrahedral structure.45 Finally, it is
worth looking at the molten LiCl to get more insight on structure and
transport. McGreevy and Howe showed by neutron scattering that the
structure of molten LiCl retains the octahedral symmetry of its solid
FCC structure with the small lithium cation being coordinated by an
octahedron of six of the larger Cl− anions with at least one vacant site,
rather than a tetrahedron due to the very large charge density of Li+.46

It follows that the conductivity mechanism in the liquid “molten” salt
might be similar to that in the solid where ions conduct by the widely
accepted Schottky (vacancy-assisted ion hopping) mechanism. The
primary charge carrier in the molten salts is the cation with reported
transport numbers higher than 0.9 where chloride ions form the back-
bone of a semi-lattice similar to the solid. The conductivity of molten
LiCl at > 900 K is 5.6923 S cm−1 and the activation energy is 6.3
KJ mol−1 while the pre-exponential factor (frequency factor) is 13 S
cm−1.46 Moreover, we used the data from Reference 43 in order to cal-
culate the specific ion conductivity of the molten LiCl from reported
densities and conductivities of the melt at different temperatures. The
specific ion conductivity of the molten LiCl was found to be �’◦LiCl

= 161.2 S cm2 mol−147 at 893 K and increasing to 198.5 S cm2 mol−1

at 973 K. The values are not very much higher than the one in dilute
solutions, �’◦LiCl = 115.03 S cm2 mol−1, that might indicate that
conductivity mechanisms in both extreme ends of the concentration
range despite the latter being at a very high temperature (>870 K)
might be of similar nature.

To summarize, it is clear that the solution goes through changes
in its short-range order and long-range order as a function of LiCl
concentration or R. To emphasize the point, we plotted R versus con-
centration as shown in Figure 4. It clearly shows that there is a dramatic
drop in the number of water molecules per mole of LiCl as the con-
centration approaches 5 m. At lower concentrations there are plenty
of water molecules, for example at 0.5 m there are 110 molecules of
water for every LiCl that drops to 55 at 1 m. At concentrations be-
yond 5 m it is less than 10 molecules of water which hardly sufficient
to solvate both the lithium cation and the chloride anion as will be
described below. If we focus on the short-range order in the vicinity
of the ions48 then there seems to be critical R values 3, 7, 12 and 24
which corresponds to concentrations 18, 8, 5, 2.5 m respectively, that
cause structural changes as follows:

1. In dilute solutions of region 1, the small Li ions fit into the
plenty of free volume available in the tetrahedral bulk structure
of water and re-arrange water molecules around them forming
solvated ions with full first (6 H2O molecules) and second (12
H2O molecules) solvation shells, [Li(H2O)6 (H2O)12]+ whereas
the bigger chloride anion is known to be loosely solvated with
less number of water molecules [Cl(H2O)n<6]−. This corresponds
to R ≥ 24; m = 2.5 region where the conductivity increases as
the number of charge carriers increases.

2. In concentrated solutions of region II, the number of water
molecules drop in the first shell to 4 and in the second solva-
tion shell to below 8 [Li(H2O)4 (H2O)<8]+. and Cl anions are
less and less solvated [Cl(H2O)n<<6]− and the tetrahedral bulk
structure of water is still intact. If we assume 4 molecules in the
second solvation shell and 4 for the chloride, then R = 12; m
∼ 5. This is when the conductivity dependence switches from
linear to curved and signifies the onset of the Cmax region. The
conductivity increases as the number of charge carriers increases
and their mobility as a result of lower number of water molecules
in the solvation shells.

3. In the diluted end of region IIIA the number of water molecules
in the first shell remains 4 but drops to below 4 in the second sol-
vation shell [Li(H2O)4(H2O)<4]+ and possibly when the chloride
anion enters the second solvation shell [Li+(H2O)4(H2O)3Cl−].
If we assume chloride anion is not solvated then R = 7; m = 8
and that is the eutectic point. This is when the most significant
change in structure takes place and leads to the breakdown of the
tetrahedral bulk structure and formation of structural units such
as the icosahedrons that stabilize the liquid and lead to a deep
eutectic. In the concentrated end of region IIIB the second shell
disappears and number of water molecules drop to below 4 and the
chloride ion enters the first solvation shell: [Li+(H2O)3Cl−], then
R = 3; m ∼ 18. The conductivity in this region drops due to the
decrease in the number of charge carriers and or their mobility by
a Grotthuss-type mechanism along the structure that is dominated
by multi-dimensional networks of the type [Li+(H2O)xCl−]y.

It seems that so long as the chloride ions do not enter the second
coordination shell of lithium ions the solution tetrahedral structure re-
mains intact and transport is vehicular and conductivity increases with
concentration. As it enters the second shell (R < 11) the ions become
closer to each other and start feeling their electrical fields very strongly
and herein the conductivity starts to stagnate, approaches Cmax and
when it enters the first shell (R<3) the conductivity decreases. How-
ever, the liquid state is very dynamic and water molecules exchange
position around the ion and the bulk very rapidly with residence time
in 10−12 s. Also, ion association and even the formation of inhomoge-
neous, nano-sized clusters of LiCl over the whole concentration range
has been reported.49 It is also worth mentioning that, other conduc-
tivity mechanisms were proposed where H3O+ or OH− ions could
be responsible for conductivity while dissociated ions of the salt and
water are passive and work as a substrate.50 Another conductivity
mechanism is the string-like ionic movement where ions hop between
lattice sites51 while diffusion is constrained. For example, lithium ion
hopping between tetrahedral sites in antifluorite Li2O, or other supe-
rionic conductors enter a jamming state that can resemble structures
that cause the Cmax.

52

In order to show the significance of Cmax and κmax, we plotted
reduced conductivity, κ /κmax, vs. reduced concentration, C/Cmax, for
all the solutions at different temperatures as shown in Fig. 5a. It can
be seen all the data fitted into one master curve that slightly diverges
at the higher end of the concentration range. Next, we plotted �/�max

vs. C/Cmax and the plot showed a similar trend to � vs. C curve as
shown in Fig. 5b. Then, we linearized it by plotting ln (�/�max) vs.
C/Cmax as shown in Fig. 5c. The plot was linear with 0.99 regression
and fits well Equation 8. The obtained average values for a and b were
2.77 and 1, respectively:

�

�max

= a exp (b C/Cmax ) [8]
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Figure 5. Plots of a) reduced conductivity κ /κmax, b) spe-
cific conductivity �/�max and c) ln(�/�max) as a function
of reduced concentration C/Cmax for all the solutions at dif-
ferent temperatures.

This is quite similar to the two-parameter Casteel-Amis equa-
tion, Equation 4, and the corresponding states law, mentioned in the
introduction.24 The significance and physical meanings of a and b
parameters is still not known and Casteel and Amis suggested treating
them as constants that are characteristic of each salt/solvent system.
However, we are currently investigating the meaning of the two pa-
rameters in the equation.

Fitting of ionic conductivity based on the free volume
approach.—The free volume, Vf, was calculated for each solution
from the density as described in details in our previous publication
but briefly by:27

V f = Vb − Vo

Where Vb is the volume of the liquid calculated for each solution
from density measurements and Vo is the occupied volume, or simply
Van der Waals’ molecular volume of the LiCl and water molecules.
The calculated free volume of the solutions as a function of concentra-
tions at room temperature are shown in Figure 6 along with calculated
free volume from density values from Tanaka et al.27,34 In general,
it can be seen that the free volume decreased steadily with concen-
tration from 11.5 ml mol−1 for pure water down until the saturated
solution reaching ∼10 ml mol−1. The plot also shows variation in
free volume as a function of temperature and the decrease is even less
significant and it was only 0.5 ml over the whole temperature range.
The results indicate that even at the highest concentration there still
exist plenty of free volumes in the solution and there are no abrupt

changes around the Cmax or near eutectic composition. However, we
have previously decomposed the volume of the solution into its com-
ponents and showed that the free volume calculated herein represents
the total free volume that is accessible and inaccessible for the ions

Figure 6. Free volume for all LiCl aqueous solution as a function of concen-
tration calculated from density measurements.
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Figure 7. Logarithms of specific ionic conductivity, ln(�), measured in this
work and adopted from Tanaka et al., of LiCl aqueous solutions as a function
of concentration and temperature.

and water molecules to diffuse27 and there might be changes in the
ratio of the two that is very hard to decouple.

In order to correlate the free volume to conductivity, we previously
showed that plots of ln � vs. C and plots of ln � vs. Vo /Vf (inverse of
fractional free volume) for many aqueous and non-aqueous solutions
are not linear especially at high concentrations but plots of ln �

vs. C · Vo/Vf (the product of concentration and inverse of fractional
volume) are linear.27 However, herein, Figure 7 shows plots of ln �

vs. C for all LiCl aqueous solutions are reasonably linear over the
studied range of concentrations and temperatures.

The data were fitted to Equation 6 and the obtained average value
for the slope (B) is 0.164. If we assume Vf is a constant with an average
value of 10 ml mol−1 and Vo is 23 ml mol−1, then γ is 0.07. This value
is way out of the theoretical range of 0.5 and 1. We have shown previ-
ously that the γ values for the non-aqueous solutions fell within what
is typically obtained for ionically conducting amorphous materials
such as glass, polymer electrolytes, and ionic liquids53 while the low
values for aqueous solutions are outside the theoretical limits. Out-
of-range values have been reported for aqueous solutions of LiTFSI
by our research group and ionic liquid electrolytes by others.27,33,54 In
this case even though it might indicate a great interaction/free volume
overlap, other parameters possibly energy contribution such as vol-
ume activation energy might come into play and hence the slope does
not represent γ alone as a correlation factor for free volume overlap.
Also, herein Vo is variable because it is the sum of Vo solvent and Vo salt,
where Vo solvent is assumed to be constant while Vo salt increases as salt
are added. This is different from temperature dependence measure-
ments of conductivity where the slope is a constant and is correlated
to the molecular volume of monomeric repeating units of guest poly-
mers in polymer electrolytes or molecular size of the ionic liquid,
V∗

conduc.
54 Also, Vf is actually changing as shown above by 17.5%

over the whole concentration range, so both should be treated as vari-
ables. Therefore, we, similar to our previous work, plotted ln � vs.
C · Vo/Vf, and results are shown in Figure 8. The value for the slope
γ is 0.23 at room temperature which is closer to the theoretical value
than the one obtained from the ln � vs. C plot.

The room temperature value for the intercept, lnA, is 4.46 S cm2

mol−1 from the ln � vs. C · Vo/Vf plot and 4.7 cm2 mol−1 from the ln
� vs. C plot which corresponds to A values of 73 S cm2 mol−1 and
109.9 S cm2 mol−1, respectively. The significance of A is not obvious
in the isothermal equation as pointed out by Cowie et al. in the case
of polymer electrolytes55 but we have shown that in certain liquid
solutions it could be related to the specific molar conductivity (�◦).27

The values are close to the known value for dilute LiCl solution at

Figure 8. Plot of ln � vs. CVo/Vf (inverse of fractional volume) for all solu-
tions for the three selected concentrations.

25◦C, �◦
LiCl, 115.03 S cm2 mol−1,47 and in the melt �’◦LiCl, 161.2 S

cm2 mol−1, as calculated above.
We are currently looking into other ways to interpret B. One of the

approaches is to treat B as a ratio between electrical energy (coulombic
forces as a result of ion-ion and ion-dipole interactions) to thermal
energy (RT, ∼2.5 KJ mol−1 at 25◦C) that is a constant in our isothermal
plots. This will incorporate the dielectric constant (ε) into the equation.
It is known that the dielectric constant drops with concertation and
others have attempted to include a ε dependence on the pre-exponential
factor and corrected the Arrhenius equations but only for dilute liquid
non-aqueous solutions.56

Conclusions

In this work, we have studied the ionic conductivity of LiCl aque-
ous solutions over the whole concentration range and fitted the data
to our recently developed semi-empirical equation based on the free-
volume approach. We concluded the following:

1. The ionic conductivity of the LiCl/H2O solutions shows a max-
imum at the concentration, Cmax that coincides with the eutectic
region in the phase diagram.

2. The activation energy was calculated from the Arrhenius plots and
showed a minimum around Cmax and near the eutectic composition
and increased significantly thereafter. This was interpreted as the
cause of the maximum.

3. The free volume, calculated from measured density for each elec-
trolyte solution, decreased insignificantly with concentration over
the whole concentration range by about 2 ml and with temper-
ature by only 0.5 ml. Free volume and conductivity data were
fitted to the newly developed equation and correlation between
conductivity and free volume still not fully clear. The free volume
was correlated to conductivity using eqaution 11 and plots of ln
� vs. C · Vo/Vf but the significan of the slope and intercept are
still not clear.

4. We showed that the structure and transport of the LiCl/H2O solu-
tions can be connected to the binary phase diagram in many ways:
First, the Cmax in the conductivity vs concentration plot coincides
with the near eutectic composition and signifies a transition in
solution structure and transport caused by chloride anions enter-
ing the second solvation shells of lithium cations. Second, the
formation of ice at low temperature that extends to a composition
just beyond the eutectic can be taken as an indirect evidence for
the breakdown of the bulk water structure into multidimensional
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networks of chloride, lithium ions and water that causes a change
in conduction mechanism from the vehicular mechanism of sol-
vated ions to the slower Grotthuss-type mechanism of naked ions
hopping along the network.

5. Concentrated LiCl/H2O electrolyte solutions have the potential
to support electrochemical activity at high potentials due to the
immobilization free water molecules preventing their decompo-
sition to H2 and O2 gases.
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