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• Characterization of MgCl2 · 2H2O vacancy defect using vibrational density of states.
• Diffusion of H2O through MgCl2 · 2H2O are obtained under various external conditions.
• Defects do not significantly affect water transport, whereas temperature does.
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a b s t r a c t

Pure Magnesium chloride hydrates are exceptional materials for long term thermochemical heat storage.
In a heat storage cycle, the material is charged by dehydration, taking up heat, and discharged by
hydration, generating heat. On charging, the H2O molecules released by the dehydration reaction have
to diffuse through the solid material. Gas–solid interactions play an important role in mass and heat
transport throughout the volume of the storage materials. Under certain experimental conditions, the
mass transport may become a rate-determining step. In order to simulate the complex reaction coupled
diffusion process, a reliable MgCl2–H2O reactive forcefield (ReaxFF) is parameterized using a single
parameter search algorithm. The parameters of ReaxFF are trained against a set of data obtained from
density functional theory (DFT). ReaxFF-MD simulations are carried out on a 2D periodic slab of MgCl2 ·

2H2O to simulate various possible operating conditions of temperature, external water vapor pressure,
incomplete dehydration layers and various vacancy defects during a charging–discharging cycle. The
diffusion coefficient of H2O through the 2D periodic slab of dihydrate is observed as 1.24 ± 0.37 ×

10−10 m2/sec at 300 K. The diffusivity increases with temperature and follows the Arrhenius equation.
External water molecules impede the dehydration and promote the diffusion of water. The vacancies of
MgCl2 · 2H2O molecules are characterized using vibrational density of states obtained from ReaxFF-MD
simulations. The vacancy concentrations forMgCl2 ·2H2Omolecules have been varied from1.38% to 4.16%,
which result in a diffusivity enhancement from 32.9% to 107.7% when compared with perfect slab. The
incomplete hydration at the surface and the mid-layer increases diffusivity by 76.7% and 75.0%.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

To reduce global green house emissions a transition is needed
from fossil fuel resources to renewable energy systems. European
Union has set a new target until 2030 for reducing a 40% cut of
greenhouse gas emissions compared to 1990, and a 27% of the EU
energy from renewables [1]. Solar energy is the most sustainable
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source of renewable energy. However, the mismatch between the
energy demand and the solar energy availability is the main bar-
rier to its widespread application. The availability of solar energy
is discontinuous on daily and seasonal basis. Solar energy storage
on seasonal basis is the key challenge for its successful harvesting.
Solar energy can be stored in batteries (direct conversion of solar
energy into electricity) or as thermal energy. Solar thermal energy
can be stored in three forms: sensible heat, latent heat and ther-
mochemical heat [2]. Thermal storage in the form of sensible and
latent heat, is a proven concept but it is volume restricted. Heat
storage by thermochemical form uses binding energies, between
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atoms or molecules, that can be withdrawn or delivered by a re-
versible chemical reaction. The thermochemical form offers high-
est energy storage density up to 10 times higherwhen compared to
conventional water storage [3]. Thus, it offers a compact and effi-
cient way for thermal energy storage, that is currently extensively
investigated for domestic and industrial applications [3,4].

The principle behind heat storage with thermochemical mate-
rials (TCM) can be expressed with the following reaction:

AB + heat ↔ A + B.

A and B recombine to form the product AB and release the stored
heat. Salt hydrates are one class of TCM. On charging, they ab-
sorb (solar) heat and disintegrate into lower hydrate or anhydrous
forms (charging cycle) and water vapor. On discharge, the dehy-
drated salt recombines with water vapor to form higher hydrates,
thereby generating heat. In thermochemical form, thermal energy
is stored in chemical bonds, thus energy loss is negligible during
storage, even over long time periods. This makes TCM uniquely
suitable for long term heat storage [5]. The performance of TCM is
strongly dependent on the kinetics of the salt hydrate chosen [6].

MgCl2 hydrates have been investigated experimentally and
computationally as a promising TCM [4,7–9]. Costuas et al. have
computationally shown that the structural defects in MgCl2 affect
its chemical reactivity [10]. Rammelberg et al. have concluded
from TGA/DCS measurements that the storage capacity of MgCl2
hydrates decreases after many charging/discharging cycles [11].
The deterioration in storage capacity of salt hydrates might be due
to incomplete hydration or due to vacancy defects present inMgCl2
hydrates [12].

In the dehydration process, H2Oproduced by an intrinsic chem-
ical reaction has to diffuse from the reaction site to the surface. The
diffusion pathmay vary from a few atomic layers up tomicrometer
scale [13]. The energy taken up by the salt hydrate is dependent on
the extent of the dehydration. The extent of dehydration depends
on the vapor transport inside the solid salt hydrate, which depends
on the energy absorbed inside the structure. The diffusive transport
of water molecules plays an important role in the dehydration rate
as it may become a rate determining step under certain operat-
ing conditions. External water vapor pressure, temperature, sur-
face transformation and surface defects/cracks considerably influ-
ence the performance of the TCM. These factors affect the reaction
rate and the diffusion of water molecules inside the solid hydrates.

A non-reactive forcefield has been used to calculate the trans-
port properties of water in nanoporous materials [14]. However,
the conventional forcefield cannot capture a chemical reaction
(dehydration) and transport of water molecules produced from
the dehydration process. A new reactive forcefield (ReaxFF) has
been used to describe the dehydration process of MgCl2 hydrates.
ReaxFF is used as a bridge between the computationally chal-
lenging quantum calculations on the one hand and the relatively
less expensive non-reactive forcefield based methods on the other
hand. It exploits bond-order/inter-atomic distance relationships in
combination with the electro-negativity equalization method to
describe the energy of a system [15].

Among the hydrates of MgCl2, MgCl2 ·2H2O is a critical hydrate,
as a hydrolysis reaction is frequently observed in this hydrate [8].
To capture the hydrolysis along with the dehydration reaction, an
accurate ReaxFF is essential. To investigate the complex dehydra-
tion/hydrolysis coupled water transport, a forcefield is desirable
which could mimic this complex process. In the present study, we
have enlightened the molecular perspective of water transport in-
side MgCl2 · 2H2O under the aforementioned conditions.

Molecular dynamics (MD) simulations using ReaxFF are carried
out to explore the diffusivity of water in MgCl2 · 2H2O. We per-
formedReaxFF-MDsimulations to explore the influence of temper-
ature, external vapor pressure and various structural changes on
the dehydration reaction of a 2D periodic slab of MgCl2 ·2H2O. The
effect of these various factors on the diffusion coefficient is ana-
lyzed using a velocity auto-correlation function (VAF). In literature,
Vibrational density of states (VDOS) have been used to analyze the
thermal transport in graphene, silicene, silicon, and to characterize
the vacancy defects [16–19]. In the present study, we use VDOS to
characterize the vacancy defects ofMgCl2·2H2Omolecules, present
in aMgCl2 ·2H2O solid slab, as calculated from the present ReaxFF-
MD simulations. The effect of these vacancy defects on the mass
transport of water is also analyzed.

2. Computational methods

2.1. Density functional theory calculations

The gaseous MgCl2 hydrate is relaxed in the framework of Den-
sity Functional Theory (DFT) implemented in Amsterdam Density
Functional (ADF) program [20]. The Perdew–Wang exchange and
correlation functional (PW91) is used under a generalized gradi-
ent approximation (GGA) with double polarized triple-ζ basis set.
Chloride based salt hydrates are investigatedunder similarDFT for-
malism [7,21]. Mg–O andMg–Cl bond dissociates during the dehy-
dration and hydrolysis reaction of MgCl2 · 2H2O. The bond disso-
ciation energy of Mg–Cl bonds in MgCl2 · H2O and MgCl2 · 2H2O
are obtained by constrained inter-atomic distance geometry opti-
mization (Mg–Cl distance) from DFT calculations. Similarly, Mg–O
bond dissociation energies are obtained. The valance angle distor-
tion energy curves in MgCl2 hydrates like O–Mg–O, Cl–Mg–Cl, and
H–O–Mg are also obtained from constrained angle geometry opti-
mization in GGA-DFT.

The condensed phase equation of state (EOS) of MgCl2, MgCl2 ·

H2O, andMgCl2 ·2H2O are obtained from DFT using VASP package.
The projector augmented wave (PAW) method is used with the
Perdew Burke Ernzerhof (PBE) exchange–correlation functional
under GGA approximation [22,23]. The Monkhorst–Pack k-point
grid is used to integrate the Brillouin zone. All the atoms and lattice
parameter of unit cells are fully optimized with a break condition
for ionic relaxation of 10−6 eV and a plane wave cutoff of 500 eV
using tetrahedron method with Blochl corrections.

2.2. Reactive forcefield

ReaxFF is a generalmany body empirical potential which repre-
sents a continuous landscape of energy with bond order and inter-
atomic distance. Bond order is obtained from inter-atomic dis-
tance therefore it can predict the bond formation and dissociation
during the reaction. The bond-order formula accommodates long-
distance covalent interactions characteristic in the ReaxFF formal-
ism. The covalent range of 5 Å is able to capture even the weakest
of covalent interactions for most elements. Long-distance covalent
bond feature requires the addition of a bond-order correction to
remove spurious bond character between non-bonded neighbors.
ReaxFF includes the bond order correction term [24]. In ReaxFF for-
malism, the comprehensive energy of a system can be partitioned
between following terms:

Esys = Ecoulomb + EvDW + Ebond + Eval + Etor
+ Elp + Eov.co. + Eun.co. + Econj + EH-bond + Eothers (1)

wherein Esys is the overall interaction energy of the system, Ecoulomb
is the electrostatic contributions, and Ebond is the bond energy. Eval
and Etor are three-body valence angle terms and four-body torsion
terms. The Coulomb charges are calculated dynamically from the
electro-negativity equalization method [15]. Elp, Eov.co., and Eun.co.
are energy contributions from lone-pair, penalty from overcordi-
nation and undercoordination. Econj is the conjugation energy term,
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EH-bond is the weak hydrogen bond and Eothers for other correct-
ing type of species. ECoulomb and EvDW are non-bonded interactions,
computed for all pairs irrespective of connectivity. Excessive repul-
sions at proximity are avoided by shielding parameters.

2.3. Forcefield optimization

The potential energy surface of a ReaxFF can be defined by
roughly 100 parameters per atom. During the forcefield optimiza-
tion, these parameters are optimized such that the cumulative er-
ror between the DFT value in a training set and its correspond-
ing value from ReaxFF are minimized. We have used a single-
parameter search algorithm for forcefield optimization [25].

2.4. Diffusion constant

The equilibrium diffusion coefficient of H2O molecules inside
the MgCl2 · 2H2O crystal is obtained from Green–Kubo (GK)
formulation described as:

D = lim
t→∞

1
d

 t

0
⟨v(t).v(0)⟩ dt (2)

wherein, d is the dimensionality of the system, D is diffusion
coefficient and the expression in angle bracket is known as
VAF [26]. The self diffusivity of water converges faster using GK
method over Einstein’s equation [27]. Therefore, GK method is
preferred in this study. The diffusion coefficient of H2O through
the 2D slab of MgCl2 · 2H2O, is obtained in a spherical control
volume in such a way that it completely resides in the solid slab of
MgCl2 · 2H2O. The center of mass of the spherical control volume
coincides with the center of mass of the slab [28]. The control
volume is chosen in such a way that it excludes the surface of the
slab. The diffusion coefficients reported in the present study are
converged with respect to the VAF interval. Hydrogen atoms of
a H2O molecule are very light and wobble rapidly around the O
atom at room temperature. The motion of relatively heavy O atom
determines the trajectory of H2Oas center ofmass of H2Ocoincides
with the center of the O atom. Therefore, the diffusivity of O atom
is obtained and referred as diffusivity of H2O. The VDOS is obtained
by taking Fourier transform of VAF.

3. Results and discussion

3.1. Reproduction of DFT results using ReaxFF

The bond dissociation energies for Mg–Cl and Mg–O bond of
MgCl2 · 2H2O have been obtained from DFT calculations. The
value 1E is described as a difference in the energy of a particular
state with the energy of relaxed structure. The parameterized
ReaxFF is able to reproduce theMg–O andMg–Cl bond dissociation
energies obtained from DFT calculations as shown in Fig. 1. In
addition, ReaxFF is also able to capture the valance angle distortion
energy of O–Mg–O and Cl–Mg–Cl angles as shown in Fig. 2. There
is slight discrepancy observed in the valance angle distortion
energy obtained fromReaxFF andDFT. The valance angle distortion
energy is assigned to a low weight for optimization as it has less
importance in terms of energy. In case of dehydration/hydrolysis
reaction, the bond dissociation energy and the energy change in
EOS of the solid reactant have higher barrier than the valance
angle distortion energy, thus earlier one are assigned to higher
importance [28–30]. Nevertheless, ReaxFF is able to capture the
shape of valance angle distortion energy. Gas phase reaction
enthalpies for dehydration and hydrolysis are included in the
training set. At the end of the training set, the equation of states
(EOS) of MgCl2, MgCl2 · H2O and MgCl2 · 2H2O are included and
ReaxFF parameters are re-optimized. The parameterized forcefield
is also able to predict the computationally challenging condensed
phase data EOS for MgCl2 · 2H2O hydrate as shown in Fig. 3.
Fig. 1. Reproduction of the Mg–Cl and Mg–O bond dissociation energy profile in
MgCl2 · 2H2O computed from DFT and ReaxFF.

Fig. 2. Reproduction of the ̸ O–Mg–O and the ̸ Cl-Mg–Cl valance angle distortion
energy profile in MgCl2 · 2H2O computed from DFT and ReaxFF.

Fig. 3. Reproduction of the EOS (compressed and stretched state) of MgCl2 · 2H2O
computed from DFT and ReaxFF.

3.2. MD simulations

In this study, we have performed MD simulations on supercells
of 6 × 3 × 6, 6 × 6 × 6, and 12 × 3 × 12 of MgCl2 · 2H2O.
The supercell is prepared from the experimental crystallographic
information file [31]. A 2D periodic slab is prepared by creating a
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vacuum of 1000 Å and eliminating the periodicity in Y direction.
The time step used in all cases are 0.25 fs. The MD simulations are
equilibrated for 106 (1M) time steps. Diffusion coefficient is obtain
between 1.0 M to 1.5 M time steps. To estimate the statistical error
of ReaxFF-MD simulations, 5 runs are carried out on a 2D periodic
slab of 6×3×6MgCl2 ·2H2Oat 300 K. The average number ofwater
molecules present in solid MgCl2 · 2H2O is 366.38 ± 0.94 (85.6%
of initial concentration). The average number of water molecules
present in solid MgCl2 · 2H2O decreases to 356.12 ± 2.01 (83.2%
from initial concentration) after 875 ps equilibration time.

The average diffusion coefficient of water though the solid
MgCl2 · 2H2O is 1.24 ± 0.37 × 10−10 m2/s. Donkers et al. have
experimentally measured diffusivity of water through epsomite
(MgSO4 · 7H2O) [32]. They observed diffusivity varying from 10−9

to 10−10 m2/s in the temperature range of 295–345 K. Zhang et al.
have reported similar magnitude of water diffusivity through ep-
somite slab [33]. In the light of experimental and computational
studies of water diffusion in epsomite and in the lack of experi-
mental studies for MgCl2 hydrates, we conclude that the present
ReaxFF-MD simulations predict satisfactorily the diffusion coeffi-
cient of water through MgCl2 · 2H2O.

3.3. Effect of external vapor pressure

TCM based heat storage systems are designed for various exter-
nal vapor pressure as vapor pressure varies with surrounding at-
mospheric conditions. Moreover, water vapor pressure increases
with time during an improper air circulation in the dehydration
process. External water vapor pressure is one of a key variable
which influences the dehydration process. To accommodate the ef-
fect of corresponding pressures on the slab of MgCl2 · 2H2O due to
the external water pressure effect, we placed 5, 10, 12, 16, 21, and
26 water molecules in the vacuum region of the 2D periodic slab
of MgCl2 · 2H2O. The corresponding external vapor pressure varies
from 0.2 to 1.04 bar. The external watermolecules inhibit the aver-
age number of water molecules escaping from solid slab. The aver-
age number of water molecules escaping from solid slab decreases
from 45.89 to 9.38 by increasing external water molecules from 5
to 26 after 1.5 M time steps (375 ps) as shown in Fig. 4. The system
is further equilibrated up to 875ps. The number ofwatermolecules
monotonically decreased from 49.57 to 15.51. The external wa-
ter pressure inhibits the dehydration, thus the present ReaxFF-MD
simulations are able to follow the Le-Chatelier principle.

Lvov [34] has not reported Topley–Smith effect in MgCl2 salt
hydrates. We have not observed significant abnormal change in
the average number of water molecules escaping from solid slab
to vacuum by increasing the external water pressure. Thereby, no
abnormal change in the dehydration rate is observed by increas-
ing external water pressure. Hence, Topley–Smith effect is not ob-
served in MgCl2 · 2H2O slab from present ReaxFF-MD simulations
under various external vapor pressure conditions. The diffusion
coefficient is increased from 25.4% to 83.1% under external vapor
pressure. The diffusivity of water through the solid slab does not
follow monotonous trend with the external vapor pressure but
it increases in all the cases when compared to vacuum condition
(Fig. 4).

3.4. Effect of temperature

To understand the effect of temperature on the dehydration
and on the water diffusivity through the slab, MD simulations are
carried out at 300, 350, 400, 450, 500, 550, and 600 K on the
6×3×6 slab ofMgCl2 ·2H2O. The rise in temperature increases the
thermal motion of H2Omolecules, enhances the mass transport of
H2O and facilitates the dehydration process. The number of H2O
molecules leaving slab kept on increasing with temperature and
Fig. 4. Number of H2O molecules leaving the 2D periodic slab of MgCl2 · 2H2O
(6 × 3 × 6) and diffusion coefficient of H2O through the slab at different external
vapor pressure for a total run time of 1.5 M steps (1t = 0.25 fs) using ReaxFF-MD
simulations at 300 K.

Fig. 5. Number of H2O molecules leaving the 2D periodic slab of MgCl2 · 2H2O
(6×3×6) and diffusion coefficient of H2O through the slab at different temperature
for a total run time of 1.5 M steps (1t = 0.25 fs) using ReaxFF-MD simulations.

the diffusion coefficient of water through solid slab also increases
with temperature as shown in Fig. 5. The diffusion coefficient
of H2O inside 2D periodic slab at various temperatures follow
(Coefficient of determination, R2

= 0.98) the Arrhenius equation
(D(T ) = D0 ∗ e−[E/RT ]). The pre-exponential factor is D0 = 4.95 ×

10−7 m2/s and activation energy (E) is 21.0 kJ/mol.

3.5. Crystal defects

Experimentally, it has been observed that storage capacity
decreases after many repetitive charging–discharging cycles [11].
Under experimental operating conditions many defects like
underhydration of edges/faces/inner-layers of salt hydrates and
many vacancy defects might be present in the solid salt hydrate.
We have simulated the consequence of these defects on the
diffusional barrier of water using the Reax-MD simulations. The
concentration of vacancy is defined as the fraction of the number
of removed MgCl2 · 2H2O molecules over the originally present
number of MgCl2 · 2H2O molecules (in %) in perfect crystal.

3.5.1. Vacancy defect characterization
Vacancy defect has been created by removing MgCl2 · 2H2O

molecules from the 2D periodic slab of MgCl2 · 2H2O (6× 3× 6) as
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Fig. 6. Side view schematic representation of various defects present in MgCl2 · 2H2O (a) and (b) vacancy present in the center and adjacent to the center of 6 × 3 × 6 slab,
(c) and (d) vacancy present in the center and adjacent to the center of 6 × 6 × 6 slab. The MgCl2 · 2H2O molecules originally present in the dashed red boxes have been
removed to study influence of vacancy defects on water transport in a MgCl2 · 2H2O slab. Mg = blue, Cl = green, O = red, and H = white. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
shown in Fig. 6. We computed enthalpy change in the formation of
vacancy. The enthalpy change is defined as:

E =
1
n
[EPS − EVac − n × EMgCl2·2H2O] (3)

where EPS and EVac are enthalpy of perfect slab and vacancy slab,
respectively. EMgCl2·2H2O is enthalpy of MgCl2 · 2H2O molecule and
n is number of molecules. The enthalpy of vacancy formation in
cases shown in Fig. 6(a) and (b) are −31.2 kcal/mol of MgCl2 ·

2H2O and −41.5 kcal/mol of MgCl2 · 2H2O. Thus, vacancy at
symmetric position (center) has lower enthalpy of formation.
VDOS is used for a thorough characterization of these vacancies,
which enables greater understanding of the fundamental features
of these defects. We first obtained the VDOS of 6 × 3 × 6 perfect
crystal of MgCl2 · 2H2O, which serves as the base spectrum for
comparison with vacancy defected slabs. We obtained the VDOS
of two defected slabs under of the same concentration (2.78%) but
at different location (as shown in Fig. 6(a) and (b)). The qualitative
comparison of VDOS with the vibration frequency of MgCl2 · 2H2O
is used for describing VDOS peaks of perfect and vacancy defected
crystal. The VDOS of perfect crystal and vacancy 1 (Fig. 6(a)) and
vacancy 2 (Fig. 6(b)) are shown in Fig. 7.

For 0–50 THz frequency range, the 1st peak (A mode in Fig. 7)
in vacancy 1 and 2 has 14.3% red shift in comparison to perfect
Fig. 7. The vacancy defect characterization using VDOS analysis on a 6 × 3 × 6
supercell of MgCl2 · 2H2O at 300 K. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

crystal and VDOS decreased in both cases. This peak to be found in
agreement with vibrational frequency obtained from DFT [7] and
represents the Mg–O bond stretching. Thereby, Mg–O bond might
become elongated and softer near the vacancy site in vacancy 1
and 2. The optimized geometry of vacancy 1 (Fig. 8 (a)) has 3.9%
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Table 1
The effect of vacancy defect on the water transport (diffusion coefficient) through
the solid slab of MgCl2 · 2H2O at 300 K.

Crystal Condition Diffusivity (m2/s)

6 × 3 × 6
Perfect crystal 1.24 × 10−10

Case a (Fig. 6(a)) 2.58 × 10−10

Case b (Fig. 6(b)) 1.38 × 10−10

6 × 6 × 6
Perfect crystal 7.92 × 10−11

case c (Fig. 6(c)) 1.15 × 10−10

case d (Fig. 6(d)) 8.99 × 10−11

12 × 3 × 12

Perfect crystal 9.22 × 10−11

Case a (Fig. 9(a)) 1.72 × 10−10

Case b (Fig. 9(b)) 1.23 × 10−10

Case c (Fig. 9(c)) 1.44 × 10−10

elongation near the vacancy site and supports the VDOS shift. The
blue shift of 5.3% observed in the 2nd peak (B mode in Fig. 7) for
vacancy 1 and no shift for vacancy 2. This peak found to be in good
agreement (10.6% deviation) with vibrational frequency obtained
from DFT [7] and represents Mg–Cl bond stretching. Thus, Mg–Cl
bonds present in vacancy 1 near the vacancy site became short and
stiffer.Wehave observed4.1% reduction inMg–Cl bond lengthnear
the vacancy site in optimized geometry of vacancy 1 (Fig. 8(a)).

For 50–100 THz frequency range, two peaks are observed for
perfect crystal while three peaks for vacancy 1 and 2. A new peak
of low intensity observed for vacancy 1 and 2. The new peak
in vacancy 1 and 2 reflects reorientation of molecules near the
vacancy site. There is a 2.1% red shift observed in the 3rd peak (C
mode in Fig. 7) for vacancy 1 and vacancy 2. This peak represents
theH–O–Hangular vibration and these vibrations become soft near
the vacancy site. The no shift is observed in the 4th (D mode in
Fig. 7) peak for vacancy 1 and 2, which represents the symmetric
O–H bond stretching and found to be good agreement (15.1%
deviation) with vibrational frequency obtained from DFT and
experiments [7,35]. Thereby, O–H bond might remains unaltered
for vacancy 1 and 2.

For 100–150 THz frequency range, the 5th peak (E mode in
Fig. 7), which represents asymmetric stretching of O–H bonds, has
0.73% blue shift in vacancy 1 and vacancy 2. Emode has been found
to be close agreement (4.4% deviation) with vibrational frequency
obtained from DFT and experiments [7,35]. Thus, for vacancy 1
and 2, asymmetric stretching of O–H bonds might hindered near
vacancy site. This analysis suggests that the location of the vacancy
site has less effect on the VDOS and thereby on the phonon
transport. The strongest phonon has blue shift and the asymmetric
motion of O–H bonds become stiffer near the vacancy site. The
optimized geometry of vacancy 1 (Fig. 8(a)) reveals that symmetry
of OH bonds of H2O molecules break down near the vacancy site
and OH bond gets shorten by 3%–4% near the vacancy site. Thus,
reiterates the result obtained from VDOS.

3.5.2. Effect of vacancy defect on water transport
To access the effect of the system size and diffusion path, we

obtain the diffusivity of water in 2D periodic slabs created from
6 × 3 × 6, 6 × 6 × 6, and 12 × 3 × 12 supercell. The diffusivity
of H2O decreases from 1.24 ± 0.37 × 10−10 m2/s (6 × 3 × 6) to
7.95 ± 0.59 × 10−11 m2/s (6 × 6 × 6) by two-fold increase in
the diffusion path (along Y axis) and decreases to 8.25 ± 1.09 ×

10−11 m2/s (12 × 3 × 12) by two-fold increase along the X and Z
axis at 300 K (see Table 1). Thus, diffusion coefficient decreases by
increasing the diffusion path and system size.

To elaborate the effect vacancy concentrations on the water
transport, we have created the vacancy of MgCl2 · 2H2Omolecules
in various system size of MgCl2 · 2H2O slabs as shown in Figs. 6
and 9. We have created 2.78% and 1.39% vacancy concentration of
MgCl2 · 2H2O molecules at the center of 6 × 3 × 6 and 6 × 6 × 6
Fig. 8. A snapshot taken from the ReaxFF-MD simulations, demonstrating
(a) the energy minimized structure of vacancy present in the center to the center of
6 × 3 × 6 slab (see Fig. 6(a)) and (b) the slab after 1.5 Million iterations at 300 K.
The MgCl2 · 2H2O molecules originally present in the dashed red boxes have been
removed to study influence of vacancy defects on water transport in aMgCl2 ·2H2O
slab. Mg = blue, Cl = green, O = red, and H = white. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

2D periodic slabs of MgCl2 · 2H2O as shown in Fig. 6(a) and (c),
respectively. The slab rearrange itself near the vacancy site as
shown in Fig. 8. Diffusivities of water are measured at 300 K. The
Diffusion coefficient of water in the center vacancy and non-center
vacancy (refer Fig. 6(a) and (b)) are 2.36 ± 0.4 × 10−10 m2/s and
1.94±0.9×10−10 m2/s, respectively. The fluctuation in diffusivity
in non-center position is higher than center position. The vacancy
present in the center enhances the diffusivity by 108.06% and 45.2%
in 6 × 3 × 6 and 6 × 6 × 6 slabs. In addition, the vacancy
concentration of 1.38, 2.78, and 4.16% are created in the central
region of a 2D periodic slab created from 12 × 3 × 12 crystal as
shown in Fig. 9. The diffusivity enhancement in these cases are
86.7, 33.4, and 56.2%, respectively at 300 K.

To investigate the influence of the vacancy location on the
diffusivity, we created the same concentration of vacancy in the
row adjacent to the center of slab as shown in Fig. 6(b) and (d).
The diffusivity enhancement, when compared to perfect crystal,
are 11.3% and 13.5% for 6× 3× 6 and 6× 6× 6 slabs, respectively.
The vacancy present in the center increases diffusivity more than
the vacancy present in adjacent to center. Thus, location of vacancy
affects the water transport through the slab of MgCl2 · 2H2O.

The vacancy of MgCl2 · 2H2O molecules along the Z axis create
a void inside the slab and enhances the H2O diffusion close to
void. Therefore, vacancy increases diffusivity in all the cases. The
diffusivity in all the cases are presented in Table 1. To elucidate
the effect of vacancy concentration on the mass transport of water
through various size of MgCl2 · 2H2O slabs, the enhancement of
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Fig. 9. Side view schematic representation of various defects present in a MgCl2 · 2H2O (12 × 3 × 12) slab. The MgCl2 · 2H2O molecules originally present in the dashed
red boxes have been removed to study influence of vacancy defects on water transport in the MgCl2 · 2H2O slab. Mg = blue, Cl = green, O = red, and H = white. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. The effect of vacancy concentration (in center) on diffusivity enhancement
of H2O through the solid slab ofMgCl2 ·2H2Oobtained fromReaxFF-MD simulations
at 300 K.

diffusivity with various vacancy concentration of MgCl2 · 2H2O
molecules are shown in Fig. 10. The percentage enhancement in
diffusivity is dependent on the size of the crystal and the diffusion
path. There is a non-monotonous trend observed for enhancement
in diffusivity with concentration of vacancy site.

3.5.3. Effect of underhydration on water transport
After numerous repetitive charging/discharging cycle ofMgCl2 ·

2H2O solid crystal, some edges/faces/inner layers may remain
underhydrated asMgCl2 ·H2O in the hydration cycle [12]. Tomimic
these circumstances, water molecules from the corner surface
edge (2.78% underhydration, Fig. 11(a)), from one top face (8.33%
underhydration, Fig. 11(b)), and one layer of H2O molecules from
mid-layer (16.67% underhydration, Fig. 11(c)) have been removed
from the 2D periodic slab of MgCl2 ·2H2O (6×3×6). The diffusion
coefficient of H2O through the solid slab has been computed.

The diffusion coefficient of H2O through the MgCl2 · 2H2O
slab under various underhydration conditions are presented in
Table 2. Two corner surface edges of MgCl2 · H2O molecules in
a 2D MgCl2 · 2H2O slab do not strongly affect the diffusion of
water. The incomplete dehydration (MgCl2 ·H2Omolecules) in one
face of the slab and in the mid-layer, reduce the barrier for inner
H2Omolecules to come out and provide void space, thus increases
diffusivity. The diffusivity of H2O though the underhydrated
system (one face/mid-layer of MgCl2 · H2O) is higher than the
perfect crystal MgCl2 · 2H2O as shown in Table 2.
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Table 2
The diffusion coefficient of H2O through the 2D periodic slab of MgCl2 · 2H2O under different underhydration conditions
for a total run time of 1.5 M steps using VAFs at 300 K.

Defect % underhydration Diffusivity (m2/s)

Perfect crystal 0% 1.24 × 10−10

Two edge of monohydrate (Fig. 11(a)) 2.78% 7.05 × 10−11

One face of mono-hydrate (Fig. 11(b)) 8.33% 2.29 × 10−10

Mid-layer of mono-hydrate (Fig. 11(c)) 16.67% 2.17 × 10−10
Fig. 11. Side view schematic representation of various underhydration conditions
investigated in the present study on a MgCl2 · 2H2O (6 × 3 × 6) slab. The H2O
molecules originally present in the rectangular boxes have been removed to study
influence of underhydration conditions onwater transport in theMgCl2 ·2H2O slab.
Mg = blue, Cl = green, O = red, and H = white. The dashed red lines represent
the underhydration site. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

After the meticulous examination of various cases of vacancy
defects and underhydrations, we conclude that none of the above
factors affected the mass transport of water by an order of
magnitude. Thus, the defects and vacancies in the solid slab do not
significantly decrease the diffusion barrier ofwater transport in the
dehydration process at 300 K.

4. Conclusions

The objective of this study is to investigate water transport
through a 2D periodic slab of MgCl2 · 2H2O using ReaxFF-MD sim-
ulations under different operating conditions. The ReaxFF is pa-
rameterized using a single parameter search algorithm against
the bond dissociation energy, valance angle distortion energy, en-
thalpy change in hydrolysis and dehydration reactions, and EOS.
The parameterized forcefield is able to reproduce the energy terms
along with the computationally challenging EOS of solid crystals.
To elucidate the effect of temperature on dehydration and diffu-
sion, we carried out ReaxFF-MD simulations in the temperature
range of 300–600 K. The diffusion rate increases with temperature
and an increase in diffusivity follows the Arrhenius law with acti-
vation energy of 21.0 kJ/mol for the 6 × 3 × 6 2D periodic slab.

The presence of external water vapor pressure inhibits the
dehydration process and increases the diffusivity through the solid
slab by 25.4%–83.1% in comparison with vacuum conditions. By
removing MgCl2 · 2H2O molecules from the 2D periodic slab of
MgCl2·2H2O (along the Z-axis), vacancies are created to investigate
their effect on H2O transport. These vacancies are characterized
by VDOS, which could be used as a signature of defects present in
MgCl2 · 2H2O. The location of the defects does not strongly affect
the VDOS. We also investigated the effect of diffusion path, size
of crystal, vacancy concentration of MgCl2 · 2H2O molecules and
vacancy location on the diffusion of H2O. The diffusivity increases
with vacancy in all the cases. The diffusivity decreases by 36.3%
by two-fold increase in the diffusion path. The vacancy present
in the central zone enhances diffusion more than the vacancy
present in the zone adjacent to the center. The relation between
the concentration of vacancy and diffusivity is non-monotonous.
The diffusivity increases with incomplete hydration at the surface
and at themid-layer of a 2Dperiodic slab ofMgCl2 ·2H2O. For all the
defects, diffusivities decrease the barrier for water transport less
than an order of magnitude, and therefore, these various defects
could not significantly affect the H2O transport through the salt
hydrate.
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