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ABSTRACT: Chloride-based salt hydrates, MgCl2·nH2O and
CaCl2·nH2O (n = 0,1,2,4,6), are promising materials for
thermochemical heat storage systems due to their high sorption
energy capacity. However, both salts have their own shortcoming
characteristics within the operational temperature of the
thermochemical heat storage applications. While the higher
hydrates of CaCl2·nH2O (n = 4,6) have a low melting point, the
lower hydrates of MgCl2·nH2O (n = 0,1,2) can form the highly
toxic and corrosive HCl gas. Both shortcomings cap the individual use of these salts to a restricted range of the available hydrates. A
combination of these two salts showed to have the potential to overcome these shortcomings. The present study focuses on finding
stable configurations of potential superior salt hydrate combinations using the evolutionary algorithm USPEX as well as manual
mutations of known pristine structures. The newly found structures are less stable than the pure salts, but stable enough to be
combined. Extensive electronic density-derived tools, like the Density Derived Electronic and Chemical (DDEC6) bond orders and
net atomic charges, as well as Bader topological analysis, are used to predict the HCl gas formation based on the chemical
environment in the new metastable structures. We find that doping MgCl2·nH2O with calcium considerably reduces HCl formation
compared to its pure form, caused by a combination of the stronger Ca−Cl interaction than Mg−Cl and a less polar H2O molecule
in a calcium environment than in a magnesium environment. This provides the possibility to shift the p, T-equilibrium curve of HCl
outside the thermal storage operational window.

■ INTRODUCTION
In the transition toward a new energy society, based on
renewable sources, a long-term energy storage is key to bridge
the mismatch between solar irradiation and heat demand of
different users. Such a system can make a major contribution,
since hot tap water and space heating combined account for
79% of the final energy use of EU households.1 Therefore,
there is a growing interest in a storage system, which stores
large amounts of heat, with negligible heat losses over long
time periods, in a compact design. Thermochemical heat
storage has the means to achieve this goal. It stores heat in a
reversible reaction between a sorbate and a sorbent2−4

according to the reaction

+ +FA B AB Q

When there is an excess of heat, the sorbate (A) and the
sorbent (B) are combined via an endothermic reaction to
material AB, while heat (Q) is released. In times of abundant
heat, heat is used to split the material AB, via an endothermic
reaction, back to the original sorbate (A) and sorbent (B).
Especially, thermochemical heat storage systems based on
gas−solid sorption mechanisms have theoretical high energy
storage capacities, compared to other heat storage system.
These solid sorption systems can roughly be divided into two
groups, weak chemisorption of vapors in salts (e.g., salt in
combination with water, ammonia, ethanol, or methanol) and

strong chemisorption (e.g., metallic hydrides, hydroxides,
carbonates).5 Strong chemisorption reactions form a strong
bond between the sorbent and sorbate, which results in
medium to high thermochemical storage operating temper-
atures. For example, hydrogen systems like metal hydride and
hydroxide systems typically operate at medium temperatures
(523 < T < 723 K) and carbonates at high temperatures (T >
723 K).6 Accordingly, these systems are usually applied in
industry. Weak chemisorption interactions lead to low
operating temperatures (T < 523 K), which makes them
ideal for domestic heating. Weak chemisorption systems make
use of salt hydrates mostly in combination with water vapor,
because of practical reasons like the abundance of water vapor
in air. The reversible (de)hydration reaction of the salts can
occur in multiple hydration steps, following: salt·nH2O(s) + Q
⇌ salt·(n − m)H2O(s) + mH2O(g).
When salt hydrates are heated, they dissociate in water vapor

and a lower hydrate or anhydrous salt. When water is added to
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an anhydrous or lower hydrate salt, they combine to a higher
hydrate, and heat is released. Ideal thermochemical materials
(TCM) for such storage should have a high energy density, be
affordable, have a high cycle stability, have fast kinetics, and
should be nontoxic. In this sense, large amounts of different
salts have been studied and reviewed.2−5,7−9 A promising
group of these TCM salt hydrates are chloride-based MgCl2·
nH2O and CaCl2·nH2O (n = 0, 1, 2, 4, 6). The main reasons
are the relatively high sorption energy (2−3 GJ/m3), cost, and
availability.10 Furthermore, the reactions of these salts occur at
temperatures corresponding to domestic heating applica-
tions.11 Dehydration temperatures range from 36 to 214 °C,
depending on the current hydration level. Thus, MgCl2·nH2O
dehydrates at temperatures of 214, 125−127, 101−104, and
68−72 °C, for n = 1, 2, 4, and 6 respectively, and CaCl2·nH2O
dehydrates at 36−41, 49−54, 71, and 112 °C, for n = 1, 2, 4,
and 6 respectively.7 In practice, mainly the hydration levels n =
2−6 for pristine MgCl2·nH2O and n = 0−2 for pristine CaCl2·
nH2O are considered as TCM, due to different concerns when
these pure salts are used. A point of concern is the deliquesce,8

which occurs for both salts already at low temperatures (25
°C) if the water vapor pressure is sufficiently high enough (12
mbar).7,12,13 Besides, in the case of calcium chloride, higher
hydrates like CaCl2·4H2O and CaCl2·6H2O have low melting
temperatures, which are in the range of the storage operation
window.14,15 Both phenomena, deliquesce and melting, can
lead to agglomerates and clog the storage system. A major
disadvantage of MgCl2 hydrates is hydrolysis (formation of
HCl) above 135 °C11,16 (MgCl2·H2O(s) → MgOHCl(s) +
HCl(g)).
This is an undesired irreversible reaction, which degrades

the storage materials, and most importantly, HCl is a highly
toxic and corrosive gas. These shortcomings of MgCl2 and
CaCl2 salts cap the use of the entire range of the hydrates and
make them less convenient to be used as TCM.

CaCl2·H2O is more resistant to hydrolysis than MgCl2·
H2O.

17 On the other hand, MgCl2·6H2O has a higher melting
point than CaCl2·6H2O and remains solid within the storage
operation window. This implies that a potential combination of
CaCl2·nH2O and MgCl2·nH2O could have superior character-
istics compared to their isolated pure components, regarding
increased stability and reduced hydrolysis. This assumption is
supported by multiple studies.18−22 Rammelberg et al.19,20

experimentally showed an improved cyclability for a mixture of
MgCl2/CaCl2. Pathak et al.21 found, using density functional
theory (DFT), that a double salt of CaCl2 and MgCl2 is more
resistant to hydrolysis than the individual pure compounds.
Furthermore, diffusion of water through the salt crystals is
typically very slow,10,23 limiting the applicability of these salts
as TCM. Imperfections in the crystal, e.g., stresses created by
defects, boundaries, impurities, and interfaces, could promote
the diffusion of water.23−25 Müller et al.22 experimentally
observed for a similar system of magnesium oxides, doped with
0−40% calcium, a significantly increased water dissociation
rate. This doping enhances the hydration rate as well as the
cycle stability, with the optimum value being found for 10%
doping. They supported their experimental findings with DFT
calculations, which indicated that the calcium dopant expanded
the surface lattice of MgO toward the CaO surface and it
increased water dissociation.
Huinink et al.23 showed that for bulk MgCl2·4H2O and

MgCl2·6H2O, an interstitial water molecule diffuses faster than
the water molecules fixed in the coordination shells of the
magnesium ion. In addition, they concluded that a substituted
calcium atom into a bulk magnesium crystal can absorb and
pin the interstitial water molecule, limiting its mobility.
However, Huinink et al. focused on bulk material, where the
diffusion can be orders of magnitude lower than in regions
close to the surface,24,25 which is the region Müller et al. did
their findings. The surface characteristics play an important
role in many saltlike structures, as low reactivity and cycle

Figure 1. Schematic representation of the approach for manually creating the doped salt hydrates.18 The example of the dihydrate salts, MgCl2·
2H2O and CaCl2·2H2O, is presented, with these two salts constituting both the starting and ending points.33,34 The green spheres represent
magnesium atoms; blue, calcium; gray, chlorides; red, oxygens; and light gray, hydrogens.
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stability are correlated to the critical inhibition of water near
the surface,22,26 and an increased lattice at the surface
promotes water dissociation. This increased water dissociation
could improve water dehydration and transport, which are
important design parameters for heat storage systems.8,27 As
listed before, the different dehydration temperatures do not
exactly match between the pure salts. In this sense, new/
intermediate dehydration temperatures could be expected
when the salts are combined. Alternatively, different dehy-
dration onset temperatures could act as nucleation sites in the
combination of the salts.
Based on these previous studies, MgCl2 doped with calcium

could improve key material properties for thermochemical
storage. The AFLOW-CHULL platform28 computed the
convex hull for ternary combinations of Ca, Mg, and Cl.
They found as the only stable structures: pure Ca, pure Mg,
pure Cl, CaCl2, MgCl2, and CaMg2. In the present work, we
extended the search and focused on the combinations of
MgCl2·nH2O and CaCl2·nH2O, because of the heat storage
application. In this sense, we used the evolutionary algorithm
USPEX,29−31 as well as manually doped crystals, to predict
new structures of MgxCa(1−x)Cl2·nH2O (n = 0, 2, 4, 6; x = [0,
1]). Afterward, using first-principles analysis tools, the
chemical effect of doping on the stability of the crystals,
hydrolysis, and the volumetric energy density of the storage
material were investigated.

■ METHODS
Exploration of New Doped Structures. Two methods

were used to explore new possible combinations of MgCl2·
nH2O and CaCl2·nH2O, manually doping the structures and
automatic structure generation using the evolutionary algo-
rithm USPEX. The stability of these new combinations was
analyzed using the convex hull method.
Manually Doped Structures. Manually doped structures

were created for all of the hydrates. We started from the
experimentally known salt hydrate structures MgCl2,

32

CaCl2,
32 MgCl2·2H2O,33 CaCl2·2H2O,34 MgCl2·4 H2O,35

CaCl2·4H2O,
36 MgCl2·6H2O,

37 and CaCl2·6H2O.
38 In these

known structures, Mg atoms were gradually substituted by Ca
atoms and vice versa (Mg ↔ Ca), as shown in Figure 1. This
resulted in numerous Mg(1−x)CaxCl2·nH2O crystals, with x =
[0, 1] and n = 0, 2, 4, and 6. The generated structures were
relaxed using the DFT Vienna Ab initio Simulation Package
(VASP).39 The Perdew−Burke−Ernzerhof (PBE)40 ex-
change−correlation functions, with the projector-augmented
wave (PAW)41,42 scheme, were used to describe the ion−
electron interactions. The DFT-D3,43 including the Becke−
Johnson damping,44 was used to describe the dispersion
interactions. Each generated structure was relaxed until all
forces on the atoms were lower than 0.026 eV/Å. Accordingly,
the structure stabilities were analyzed by computing the convex
hull.
USPEX. In the search for new crystal structures, it is

practically impossible to sample all of the possible different
configurations in which the atoms and the unit cell of a crystal
can arrange, due to the large number of degrees of freedom
present. Fortunately, not the entire space has to be sampled,
but only some small regions around a known minimum. To
achieve this, efficient methods are needed to explore these
small regions.29 In the search for new stable combinations of
anhydrous MgCl2 and CaCl2, next to the manually doped
structures, the evolutionary algorithm USPEX29,31,45,46 was

used in combination with its variable composition tool.30,47

This is an efficient and proved evolutionary algorithm for
crystal structures prediction, e.g., various ionic, covalent,
metallic, and molecular structures.
USPEX uses random structures as well as combinations and

perturbations of the most promising structures of previous
generations to create a new generation of structures. From the
new generation, the most promising structures will be selected,
next to a set of randomly generated structures. The selection of
most stable structures, in combination with good variation
operators, allows one to zoom in on the most promising
configurations, with the lowest amount of free energy, and
converge to the most stable state. The randomly generated
structures prevent one to be stuck around a single local
minimum and explore other completely different solutions.
The generated USPEX structures were relaxed using VASP
with the same accuracy as the manually doped structures.

Convex Hull. To study the thermodynamical stability of the
different combined salt hydrates, the convex hull was used.
This provides insights into the stability of the individual doped
structures, relative to the pure structures. The convex hull is
the surface of the formation energy as a function of the
chemical composition, which passes through all thermody-
namically stable structures that are the lowest in energy. All
structures, which are higher in energy, will be above this
surface and can be considered as metastable structures. These
metastable structures will possibly decompose, over (infinite)
time, into a linear combination of the more stable structures
located on the convex hull. The energy distance between the
convex hull and any structure (dECH) gives us a measure for
the (meta)stability of the structure.
To create the convex hull for each doped hydrate, we

considered the original pristine crystals of MgCl2,
32 CaCl2,

32

MgCl2·2H2O,33 CaCl2·2H2O,34 MgCl2·4 H2O,35 CaCl2·
4H2O,

36 MgCl2·6H2O,
37 and CaCl2·6H2O

38 as reference.
The doped structures were compared to these reference
structures by subtracting the reference energy multiplied by the
fraction of the reference. An example of this calculation is given
in Table 1. Furthermore, a ternary convex hull was created,
combining the hydrates, using MgCl2, CaCl2, and the H2O gas
molecule as reference structures.

Chemical Bonding Analysis. The interatomic bonds of
the most stable structures were qualified and quantified using
the electron density-based methods, the Bader topological
analysis, and the Density Derived Electronic and Chemical
(DDEC6) approach.

Table 1. Example Calculation for the Convex Hull, Where
the Energy Difference from the Convex Hull (ECH) Can Be
Computed by Subtracting the Reference Energy (Eref) of the
Pristine Systems from the Energy of the Compound
Systems (Emix)

mixture

salt A salt B energy difference with convex hull (ECH)

100% 0% ECH = Emix − 1 × Eref,A − 0 × Eref,B = 0
95% 5% ECH = Emix − 0.95 × Eref,A −0.05 × Eref,B

90% 10% ECH = Emix −0.9 × Eref,A −0.1 × Eref,B

... ...
n m ECH = Emix − n × Eref,A − m × Eref,B

... ...
0% 100% ECH = Emix −0 × Eref,A − 1 × Eref,B = 0
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For the characterization of the bond strength, we used the
Density Derived Electronic and Chemical (DDEC6) meth-
od.48−50 This method, which can provide reliable bond orders
(BO) and net atomic charges (NAC), has been previously
used to investigate the interactions and reactivity of various
systems, e.g., molecular systems,51,52 two-dimensional (2D)
materials,53 and porous media.54

To characterize the type of interactions (ionic, vdW,
covalent, or a combination) between the atoms, the Quantum
Theory of Atoms in Molecules (QTAIM) was used.55−57

Within this framework, we investigated the topological analysis
of the electron density, whereby the electron density
characteristics at the bond critical points, as well as the values
of the Laplacian, kinetic, and potential energy densities, can
offer insight into both the strength and type of the interactions
present55−58 (see Table 2).

■ RESULTS AND DISCUSSION
Using evolutionary algorithms and electronic density-derived
tools, the effect of doping magnesium chloride hydrates with
calcium and vice versa is studied. The crystal stability (convex
hull), the potential volumetric energy density (storage
density), and the atomic interactions are quantified and
qualified. Furthermore, trends in the effect of doping on the
HCl interactions are explored
Convex HullStability of the Explored Structures.

New combinations of MgCl2·nH2O and CaCl2·nH2O (n = 0, 2,
4, 6) were explored using manually built configurations. In
addition, the set of configurations for the anhydrous salt
(MgCl2, CaCl2) was expanded using the evolutionary
algorithm USPEX, to gain more knowledge on the possible
combinations and structures. The use of USPEX for the di- and
tetrahydrated salts was not feasible because of the high amount
in degrees of freedom when four or more variable atoms/
molecules are included.
The evolutionary algorithm USPEX search resulted in more

than 3400 generated anhydrous structures, containing 18−36
atoms, over 25 generations. The known experimental
structures of pure salts were used as seeds in the search, to
enable a good start for a subset of the first generation. The
convex hull of the most stable generated USPEX structures is
shown in Figure 2a, with pure MgCl2 on the left-hand side and
pure CaCl2 on the right-hand side of the x-axis. The energy is
given per block of MgCl2/CaCl2. As shown in Figure 2a, all of
the newly found structures with USPEX are above the dashed
line. This line represents the convex hull and joins the most
stable structures, in our case, the pure MgCl2 and pure CaCl2.
This indicates that all found doped structures are metastable
compared to the pure structures. This outcome agrees with the
Aflow28 database, which only contained the metastable
combined structure MgCaCl4 (represented with a red circle

in Figure 2a), and does not report on any stable combination
besides the pristine structures.
The results of the manually doped anhydrous and hydrated

structures are given in Figure 2b, which also includes the most
stable structures from USPEX. Similar structures were found;
however, for the higher amount of doping (≳20%), USPEX
found more stable structures than were found by manually
doping the anhydrous structures. One can immediately see that
all of the energies of the manual doped structures are also
above the convex hull. Therefore, the convex hull turns out to
be a straight surface between the pure salts. This indicates that
all the generated combined structures are thermodynamically
less stable than their pure compounds, and over (infinite) time,
the metastable doped structures could decompose into the
pure forms of MgCl2·nH2O and CaCl2·nH2O. The metastable
compounds could cause undesired reduced melting temper-
atures for the compound structures, which was already a
problematic issue for the higher hydrates of CaCl2·nH2O.
However, the energy difference of the most stable doped
structures for n = 0, 2, 4 (found along the dashed line in Figure
2b) with the convex hull is small (ECH < 0.05 eV per block of
MgCl2/CaCl2/H2O), especially for low amounts of doping
(<20%), compared with the inherent energy fluctuation in the
order of 0.025 eV at room temperature. Therefore, we could
assume that these generated doped structures are stable
enough, and the energy difference is not large enough to let the
doped structures decompose into grains of pure salts. For the
hexahydrate (n = 6), one could conclude that, in general,
doping increases instability more, compared to the lower
hydrates, except for the case around 33% calcium content. In
practice, this is also the case for pristine CaCl2·6H2O, which is
hardly studied as TCM material because it melts at room
temperature.7,12,13 The decreased stability implies that doping
CaCl2·6H2O with magnesium does not prevent the undesired
melting. The drop in ECH for the hexahydrate structures with
33−66% calcium is caused by a distortion in the interaction
plane parallel to the lattice c-direction, as shown in the
Supporting Information. This leads to a stabilization of the
crystal compared to the structures with a lower amount of
calcium (≤25%). The higher amount of calcium (≥75%)
structures are structures corresponding to the CaCl2·6H2O
topology.
Furthermore, we note that for a higher amount of doping,

the anhydrous and dihydrate original structures of the undoped
materials are no longer the preferred structures, but rather that
of the dopant. Thus, for anhydrous structures, the combination
of MgxCa(1−x)Cl2 (x > 44%) in MgCl2 structure is less stable
than the same combination but in the CaCl2 structure, and vice
versa MgxCa(1−x)Cl2 (x < 56%) in CaCl2 structure is less stable
than the same combination in MgCl2 structure. For the
dihydrate structures, this effect is also present, with the switch
around 40%, however with a lower energy difference between
the different structures. For the tetrahydrates, this effect is not
observed. Thus, the preference of the crystal structure of the
dopant becomes lower with an increasing amount of water in
the crystal. Besides the hydration level, this effect could be also
due to the fact that anhydrous MgCl2 adopts a different crystal
structure than CaCl2 (rhombohedral vs orthorhombic crystal
system). On the other hand, their corresponding hydrates
crystallize in the orthorhombic and monoclinic crystal systems.
The orthorhombic−monoclinic phase transition (in this case
occurring for the hydrate variant) is more often reported in the

Table 2. Type of Interactions58 Based on Bader Topological
Analysisa

interaction ∇2ρ (r) |V|/G

covalent <0 >2
transition >0 1< ... < 2
ionic, vdW >0 <1

aρ is the electronic density, V is the potential energy density, and G is
the kinetic energy density.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c05799
J. Phys. Chem. C 2020, 124, 24580−24591

24583

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05799/suppl_file/jp0c05799_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c05799?ref=pdf


literature than the orthorhombic−rhombohedral phase tran-
sition (in this case occurring for the anhydrous variant).
Interestingly, the experimental structures of tachyhydrite59,60

(CaMg2Cl6·12H2O) are higher in energy than the generated
doped structures. This could indicate that this is a metastable
structure, or it is stabilized by entropy. The dashed lines (blue
for anhydrous, red for dihydrates, black for tetrahydrates, and
cyan for hexahydrates) in Figure 2b connect the most stable
doped structures. These structures were used for further
analysis in this study, including the obtained ternary convex

hull, which is given in Figure 2c, and in a 3D image in Figure
2d. The 3D figure shows the relatively low energy difference
with the convex hull of the doped structures within each
hydrate, compared to the convex hull energy difference
between doped structures of the different hydrates (ca. 0.6−
0.7 eV). A close observation of Figure 2c,2d shows a heat of
formation of 0.60, 0.69, 0.68, 0.54, 0.61, and 0.64 eV for
MgCl2·2H2O, MgCl2·4 H2O, MgCl2·6 H2O, CaCl2·2H2O,
CaCl2·4H2O, and CaCl2·6H2O respectively, thus slightly
higher values for the MgCl2 hydrate reactions. The values

Figure 2. (a) USPEX convex hull for nonhydrated combinations of MgCl2 and CaCl2 (E < 1 eV/block). The energy is given per interchangeable
block of MgCl2/CaCl2, thus per block of three atoms. The black dashed line represents the convex hull. The red circle indicates the metastable
MgCaCl4 structure given in the Aflow28 database. (b) Convex hull of doped salt anhydrous and hydrated salts. The blue dots represent the most
stable (ECH < 0.15 eV/block) USPEX structures, the blue symbols represent the manually doped anhydrous structures (circle = doped CaCl2;
square = doped MgCl2), the red symbols represent the dihydrate structures (circle = doped CaCl2·4H2O; square = doped CaCl2·2H2O), the black
symbols represent the tetrahydrate structures (circle = doped MgCl2·4 H2O; square = doped CaCl2·4H2O), and the cyan symbols represent the
hexahydrate structures (circle = doped MgCl2·6H2O; square = doped CaCl2·6H2O). The convex hull energy is given in eV per block MgCl2 or
CaCl2. The two green asterisks (*) are two experimentally found34,59 and relaxed tachyhydrite structures (CaMg2Cl6·12H2O). The dashed lines
connect the structures, which are further considered in this study. (c) Ternary figure of doped MgCl2·nH2O and CaCl2·nH2O, with MgCl2(s),
CaCl2(s), and H2O(g) as reference structures. The energy is given in eV per block of (MgCl2/CaCl2/H2O). The red lines highlight the di-, tetra-,
and hexahydrate structures. (d) Three-dimensional (3D) visualization of the ternary convex hull.
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are given per mol of MgCl2/CaCl2/H2O block, which equals
heats of formation of 0.91, 0.87, 0.80, 0.81, 0.76, and 0.75 eV/
mol of H2O, respectively. The heat of formation per mol H2O
is in agreement with reference values of the NBS tables,61

which are derived from measured reaction enthalpies and
corrected to standard conditions. The comparison is given in
Table 3.

Storage Density. The volumetric energy density of
thermal energy storage is an important design parameter,

and it is a unique selling point of TCM toward conventional
thermal energy storage systems. In this sense, we computed the
sorption energy of the different doped salts, to gain insight into
the theoretical achievable energy density of the TCM storage.
The sorption energy was computed using the most stable
structures (connected by the dashed lines in Figure 2b) via

= −

− − ×

→ · ·− −
E E E

n m E( )

x m n n msorp, , Mg Ca Cl H O Mg Ca Cl H O

H O

x x x x(1 ) 2 2 (1 ) 2 2

2 (1)

where Esorp,x,m→n is the sorption energy between hydrates m
and n at a given doping content x of calcium. EMg(1−x)CaxCl2·
nH2O is the crystal energy of the higher hydrate, EMg(1−x)CaxCl2·
mH2O is the crystal energy of the lower hydrate, and EH2O is
the energy of water vapor. Accordingly, the volumetric energy
density (Evol) was computed using the volume (Vn) of the
higher hydrated structure

=
| |→E
E

Vx
x m n

n x
vol,

sorp, ,

, (2)

As different amounts of doping (x) are present for the variable
hydration numbers, an interpolation was used to generate the
x-dependent variables from eqs 1 and 2. In Figure 3a, the
results are given for the volumetric energy density. The
asterisks (*) indicate calculated storage densities, using the
formation energies of the NBS tables61 divided by the volume
of the experimental structures. The small discrepancy between
these computed volumetric energy densities is mostly caused
by the difference in formation energy.

Table 3. Heat of Formation for the Considered Reactions
Compared with Calculated Values from NBS Tables61

heat of formation

phase transition this work NBS tables61

MgCl2·nH2O (eV/(nMgCl2+nH2O))
a (eV/nH2O)

b (eV/nH2O)
c

0−2 0.60 0.91 0.80
0−4 0.69 0.87 0.75
0−6 0.68 0.80 0.70
2−4 0.83 0.70
4−6 0.66 0.60
CaCl2·nH2O (eV/(nCaCl2 + nH2O))

a

0−2 0.54 0.81 0.65
0−4 0.61 0.76 0.64
0−6 0.64 0.75 0.65
2−4 0.71 0.63
4−6 0.73 0.69

aEnergy given per mol of MgCl2/CaCl2/H2O, as given in Figure 2c.
bEnergy given per mol H2O.

cEnergy given per mol H2O calculated
from NBS tables61 under standard conditions (T = 298 K, p = 1 bar).

Figure 3. (a) Volumetric energy density of doped crystal structures. The red line represents the anhydrous to dihydrate (n = 0 → n = 2) reaction.
The blue line represents the dihydrate to tetrahydrate (n = 2→ n = 4) reaction. The black line represents the tetrahydrate to hexahydrate (n = 4→
n = 6) reaction. The asterisks represent the calculated values using the NBS tables data.61 (b) Density of doped salt hydrate crystals. Blue represents
the anhydrous structures Mg(1−x)CaxCl2, red represents the dihydrate structures Mg(1−x)CaxCl2·2 H2O, black represents the tetrahydrate structures
Mg(1−x)CaxCl2·4 H2O, and cyan represents the hexahydrate structures Mg(1−x)CaxCl2·6 H2O, with x being the amount of Ca content. The dotted
lines follow the most stable structures of the hydrates connected by the dashed lines in Figure 2b.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c05799
J. Phys. Chem. C 2020, 124, 24580−24591

24585

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05799?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c05799?ref=pdf


The material densities of the different doped salt hydrates
are given in Figure 3b. When considering the pristine
structures (pure MgCl2·nH2O and pure CaCl2·nH2O), the
density difference between magnesium chloride and calcium
chloride salts is −5, −2, −8, and 9% for anhydrous, dihydrate,
tetrahydrate, and hexahydrate, respectively. However, when
considering the trends of smaller separate sections of the
anhydrous, dihydrate, and hexahydrate doped structures, the
density decrease is relatively larger than the overall trend.
These smaller sections are indicated by the solid lines in Figure
3b (the sections of 0−11, 33−66, and 89−100% calcium
content for anhydrous structures; 0−33 and 42−100% calcium
content for dihydrate structures; 0−25, 33−66, and 75−100%
calcium content for hexahydrate structures). This effect is
caused by a change in crystal structure and leads to extra voids,
particularly for smaller amounts of doping. For example,
anhydrous MgCl2 already increases with 1.3% in volume when
only 10% of calcium is added. Similarly, MgCl2·2H2O already
increases with 1.0% in volume, and MgCl2·6H2O increases
with 0.4% in volume when 10% of calcium is added. This is
much larger than what the overall trends of the volume
increase suggests, from which one would expect a volume
increase of 0.5, 0.2, 0.8, and −9% when 10% of calcium is
added to the magnesium structures. Thus, when small amounts
of calcium are added to MgCl2·nH2O, as long as it will remain
in its original pristine crystal structure, the steric effect of the
larger calcium atom will cause an even larger volume increase.
Accordingly, near the crystal surface, these steric effects may
promote valuable water dissociation and kinetics, as shown
before in similar systems.22,24 This effect of a relatively large
volume increase is not present for the tetrahydrate structures,
which can be linked to the fact that we did not observe a clear
preferred crystal structure for this hydration level at different
amounts of doping, but only small energy differences in the
convex hull, as shown in Figure 2b.
Chemical Bonding Analysis. To study the interaction

between atoms in doped crystals, the Bader Topological
analysis, as well as DDEC6 methodology were used. Both
methods are electronic density-based tools to qualify and
quantify interactions between atoms. For this study, all of the
doped crystals of the dihydrate form were used
(CaxMg(1−x)Cl2·2H2O and Mg(1−x)CaxCl2·2 H2O, with x =

[0, 1]). The dihydrate was chosen because HCl formation
mainly happens when heating the lower (n = 1,2)
hydrates;11,16 and there are known experimental structures
for both pure magnesium and calcium chloride dihydrate
structures.
The Bader topological analysis builds upon the electronic

density, and its Laplacian, at critical points within the crystal.
An example of this analysis is given in Figure 4, where two
relevant section planes are presented for Mg0.75Ca0.25Cl2·2H2O
and Ca0.75Mg0.25Cl2·2H2O. These section planes were chosen
because they show the Ca/Mg−O, Ca/Mg−Cl, O−H, and H−
Cl interactions. From these section planes, one can also see,
e.g., the larger electronic radius of calcium compared to
magnesium; the fact that hydrogen, although is closelyand
thus stronglybonded with oxygen, also shares a bond critical
point (BCP) with chlorine.
At the BCP, the kinetic and potential energy densities were

computed, From their combination (see Table 2), information
on the type of the interactions can be obtained (reported in
Table 4). Additionaly, in Table 4, we also report the DDEC6
bond orders (BO), which provides information on the amount
of bonding electron pairs between atoms. From Table 4, one
can see that O−H bonds are strongly covalent, while the H−Cl
bonds are also covalent, albeit with a more significant polar
character. The magnesium and calcium bonds are around the
transition point but slightly more ionic than covalent. When
adding calcium to the structure, the bond order in O−H
increases, making this bond stronger and the water molecule
more stable. Simultaneously, this bond becomes slightly less
covalent. From Table 4, we also note that the Ca−Cl bonds
have 17% stronger bonds (bond orders) than the Mg−Cl
bonds. This further suggests that the presence of calcium in a
structure will decrease its likelihood for HCl formation,
compared with the presence of magnesium. The sum of
bond order (SBO) is the summation of all BO per atom and
provides information on how much the electron shells of the
atoms are filled, and points to the reactivity of the atoms. The
values of the SBOs from Table 5 indicate that the Ca atoms
following the formation of stronger bonds with Clhave a
higher SBO than Mg, and will be less reactive, accommodating
less water molecules. This can be correlated to the
experimental results where magnesium chloride can easily go

Figure 4. Topological analysis, with relevant section planes for (a) Mg0.75Ca0.25Cl2·2 H2O and (b) Ca0.75Mg0.25Cl2·2 H2O.
18 The insets indicate the

locations of the sections. The graphical colored background represents the electronic density in the plane. The superimposed lines allow for the
topological analysis. The dashed blue lines designate bond paths, while the orange ones enclose the atomic basins. The blue dots designate the
bond critical points (BCP), and the green dots indicate the ring critical points. The black lines are the gradient field lines.
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up to a higher level of hydrates, the higher hydrates melt at
higher temperatures than hydrated calcium chloride crystals,14

and the observed less stable CaCl2·6H2O related structures in
the convex hull of Figure 2b.

Atomic Charges. DDEC6 net atomic charges for the
dihydrate doped systems are given in Table 6. From this table,
one can see that the average NAC remains similar for Mg, Ca,
and Cl across different amounts of Mg and Ca. However, both
the positive charge of H and the negative charge of O (both
from H2O) decrease gradually with the increase of Ca
presence. A less polar water molecule will be less reactive
and thus hinder the formation of the undesired HCl.

H−Cl Interactions. The Bader topological analysis and the
DDEC6 method were performed on all of the generated
dihydrate structures. This made it possible to investigate the
H−Cl interaction within the structures and analyze possible
trends. Accordingly, these trends could explain why CaCl2·
nH2O is more resistant to hydrolysis than MgCl2·nH2O.
Furthermore, it could be used to study if doping could help
Mg(1−x)CaxCl2·nH2O to become more resistant to hydrolysis.
In this section, we take a look at the trends in the H−Cl bond
based on the chemical environment. In the previous para-
graphs, it was already shown that chloride is stronger-bonded
to calcium than magnesium, and the polarity of the water
molecule decreases with higher amounts of calcium. In this
section, we consider the H−Cl interaction within the different
dihydrate crystals. To study this interaction, the local
environment of the water molecule and chlorine atom, which
are involved in the selected H−Cl interaction, was analyzed.
More precisely, for a selected H−Cl bond, we investigated for
the chlorine atom if it is (a) bonded to two Mg atoms, (b)
bonded to one Mg and one Ca, or (c) bonded to two Ca
atoms. Simultaneously, for the corresponding water molecule,
we investigated if the oxygen atom was bonded to a
magnesium or calcium atom. This approach is graphically
depicted in Figure 5, and it provides insights into the effect of
doping on the H−Cl interaction.
The difference in charge (ΔqH−Cl) between the hydrogen

and chlorine atoms (from the respective H2O and Ca/MgCl2
molecules) versus their bond order is plotted in Figure 6a for
all of the different kinds of environments an H−Cl bond can
have. Relative to the highest charge difference in pristine
MgCl2·2H2O, the charge difference decreases on average with
0.7% when chlorine binds with one calcium atom, and with
1.6% if chlorine is bonded to two calcium atoms. Furthermore,
the charge difference for these atoms will decrease further with
an average of 0.7% if the oxygen atom bonds with calcium
instead of magnesium. This results in a total drop 2.3% when
moving from pristine MgCl2·2H2O to pristine CaCl2·2H2O.
Simultaneously, relative to the pristine MgCl2·2H2O

structure, the H−Cl bond order increases 2.8% if chlorine is
bonded to two calcium atoms. In addition, the H−Cl bond

Table 4. Chemical Bonding Analysis18,a,b

x
MgCl2·2H2O crystal

structure
CaCl2·2H2O crystal

structure

bond % Ca BO
| |E

E
pot

kin
BO

| |E

E
pot

kin
Mg−Cl 0 0.20 ± 0.019 0.86 0.18 ± 0.005 0.86

25 0.19 ± 0.016 0.86 0.18 ± 0.010 0.86
50 0.20 ± 0.014 0.86 0.18 ± 0.012 0.86
75 0.20 ± 0.009 0.86 0.18 ± 0.011 0.85
100

Ca−Cl 0
25 0.24 ± 0.017 0.97 0.22 ± 0.011 0.96
50 0.24 ± 0.018 0.97 0.21 ± 0.014 0.95
75 0.24 ± 0.012 0.96 0.22 ± 0.012 0.95
100 0.24 ± 0.011 0.96 0.22 ± 0.009 0.95

Mg−O 0 0.29 ± 0.000 0.88 0.28 ± 0.000 0.89
25 0.28 ± 0.003 0.88 0.28 ± 0.003 0.89
50 0.28 ± 0.005 0.88 0.28 ± 0.004 0.89
75 0.27 ± 0.004 0.87 0.28 ± 0.003 0.89
100

Ca−O 0
25 0.29 ± 0.004 0.99 0.28 ± 0.004 0.98
50 0.29 ± 0.006 0.99 0.28 ± 0.006 0.99
75 0.28 ± 0.004 0.98 0.28 ± 0.004 0.98
100 0.28 ± 0.000 0.97 0.28 ± 0.000 0.98

O−H 0 0.74 ± 0.000 7.12 0.74 ± 0.002 6.99
25 0.75 ± 0.005 7.06 0.75 ± 0.005 6.86
50 0.75 ± 0.006 6.96 0.75 ± 0.006 6.80
75 0.76 ± 0.005 6.66 0.76 ± 0.006 6.73
100 0.76 ± 0.001 6.84 0.76 ± 0.002 6.68

H−Cl 0 0.12 ± 0.000 1.15 0.12 ± 0.008 1.14
25 0.12 ± 0.005 1.13 0.12 ± 0.023 1.15
50 0.13 ± 0.006 1.14 0.12 ± 0.014 1.14
75 0.13 ± 0.005 1.12 0.13 ± 0.011 1.14
100 0.13 ± 0.001 1.12 0.13 ± 0.008 1.14

aMg(1−x)CaxCl2·2 H2O starting from MgCl2·2H2O, and
CaxMg(1−x)Cl2·2H2O starting from CaCl2·2H2O, with x being the
percentage of Ca bThe bond order (BO) is computed within the
DDEC6 approach. The potential energy density (Epot) and the kinetic
energy density (Ekin) are calculated within the QTAIM method at the
bond critical points between the atoms, and the ratio is indicative of
the type of the bond (see Table 2).

Table 5. Average Sum of Bond Orders (SBO) for the Doped Structures

system %Mg %Ca Mg Ca Cl O H

MgCl2·2H2O + 0% Ca 100 0 1.39 1.15 2.13 0.92
MgCl2·2H2O + 25% Ca 75 25 1.37 1.62 1.11 2.10 0.93
MgCl2·2H2O + 50% Ca 50 50 1.39 1.61 1.12 2.08 0.93
MgCl2·2H2O + 75% Ca 25 75 1.37 1.57 1.09 2.07 0.94
MgCl2·2H2O + 100% Ca 0 100 1.59 1.06 2.04 0.94
CaCl2·2H2O + 100% Mg 100 0 1.33 1.16 2.15 0.93
CaCl2·2H2O + 75% Mg 75 25 1.33 1.51 1.15 2.13 0.94
CaCl2·2H2O + 50% Mg 50 50 1.32 1.48 1.12 2.11 0.94
CaCl2·2H2O + 25% Mg 25 75 1.32 1.50 1.10 2.09 0.95
CaCl2·2H2O + 0% Mg 0 100 1.50 1.08 2.07 0.95
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order will on average increase further with approximately 10%
if the associated oxygen atom is bonded to calcium instead of
magnesium. In the end, this results in a higher H−Cl bond
order by 11.3% for pristine CaCl2·2H2O compared to pristine
MgCl2·2H2O. We observed before that chlorine has also a
higher bond order with calcium than magnesium; thus, there is

a positive correlation between the H−Cl bond order and the
Cl−Mg/Ca bond order. Therefore, the chlorine atom will be
harder to dissociate from a calcium atom than a magnesium
atom, and the H−Cl bond is less likely to be formed in a
calcium-rich environment despite its higher bond order. In this
sense, we plotted in Figure 6b the H−Cl bond order divided
by the Cl−Mg/Ca bond order. If we consider this “relative”

bond order = −
−

i
k
jjjjj

y
{
zzzzzBO

H ClBO
Ca/Mg ClBOrel , we see that, because

both the H−Cl and Ca/Mg−Cl bond orders increase when
going from a magnesium- to calcium-rich environment, the
relative H−Cl bond order (BOrel) does not increase. It actually
even decreases slightly from an average relative bond order of
BOrel,H−Cl−MgMg = 0.32 to BOrel,H−Cl−CaCa = 0.28 when
comparing a chlorine atom that is two times bonded to a
magnesium atom with a chlorine atom that is two times
bonded to a calcium atom. In addition, the H−Cl charge
difference decreases with a few percentages. The change is only

Table 6. Average Net Atomic Charges for Atoms in the Doped Crystal Structures18

System %Mg %Ca Mg Ca Cl O H

MgCl2·2H2O + 0% Ca 100 0 1.340 −0.604 −0.870 0.402
MgCl2·2H2O + 25% Ca 75 25 1.343 1.295 −0.608 −0.857 0.400
MgCl2·2H2O + 50% Ca 50 50 1.337 1.301 −0.602 −0.849 0.395
MgCl2·2H2O + 75% Ca 25 75 1.342 1.314 −0.604 −0.839 0.391
MgCl2·2H2O + 100% Ca 0 100 1.305 −0.603 −0.827 0.389
CaCl2·2H2O + 100% Mg 100 0 1.361 −0.608 −0.868 0.394
CaCl2·2H2O + 75% Mg 75 25 1.362 1.339 −0.605 −0.860 0.394
CaCl2·2H2O + 50% Mg 50 50 1.362 1.347 −0.608 −-0.850 0.391
CaCl2·2H2O + 25% Mg 25 75 1.365 1.343 −0.605 −0.843 0.387
CaCl2·2H2O + 0% Mg 0 100 1.344 −0.605 −0.836 0.385

Figure 5. Visual representation of H−Cl interaction in Ca/Mg
environment. The interaction is visualized as a black line.18

Figure 6. (a) Effect of calcium and magnesium environment on the interaction between the H and Cl atoms. The H−Cl bond order is given on the
x-axis, and the charge difference between the H and Cl atom (ΔqH−Cl) is given on the y-axis. The asterisks (*) and circles (°) represent the different
interactions of the oxygen atom with magnesium and calcium, respectively. The gray-shaded areas represent the differently bonded oxygen atoms.
The different colors represent the different interactions of the chlorine atom. The red dashed line is a fit through the data where chlorine is bonded
to two magnesium atoms, while the blue dashed line is a fit through the data where chlorine is bonded to two calcium atoms. The black circles
represent the pure structures. (b) Effect of calcium and magnesium environment on the interaction between the H and Cl atoms. The H−Cl
relative bond order (BOrel) is given on the x-axis, and the charge difference between the H and Cl atom (ΔqH−Cl) is given on the y-axis.
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a few percentages; however, we know from experiments that
pure magnesium chloride salt hydrates suffer from HCl
formation, while this does not happen for calcium chloride
salt hydrates within the application temperature window.
Thereby, a small decrease in charge difference could be enough
for excluding the H−Cl formation in thermal storage
applications.

■ CONCLUSIONS
To improve low-temperature TCMs, extensive ab initio
analysis was performed to investigate the impact of calcium
doping on MgCl2·nH2O and that of magnesium doping on
CaCl2·nH2O. Manual doped anhydrous and hydrated
Mg(1−x)CaxCl2·nH2O structures were created by interchanging
Mg and Ca atoms in known MgCl2·nH2O and CaCl2·nH2O
structures. In addition, the evolutionary algorithm USPEX was
used to explore new stable, anhydrous combinations of MgCl2
and CaCl2. The generated structures pointed out that the
doped systems will be less stable than the pure salts. However,
the energy difference between the metastable doped structures
and the pure salts is small, thereby decompositions of the
doped crystals into the more stable pure crystals will likely not
occur. The hexahydrate structures were more affected by the
doping than the lower hydrates. Nonetheless, a distortion in
the MgCl2·6H2O crystals with calcium content above 25%
resulted in a positive crystal stabilization.
The density was found to decrease, and volume was found to

increase, with increasing the calcium content in the salts due to
the larger calcium atom. Especially for low amounts of doping,
when the crystal topology will not change, a significant volume
increase occurs. Both the lower density and lower water
sorption energy for calcium chloride systems lower the
practically achievable energy storage density of the material.
On the other hand, previous studies22,24 showed that voids and
defects, created by doping, could have an enhanced effect on
the water dissociation, especially near the surface of the salt.
Chemical bonding analysis showed that a weaker interaction

is present between Mg−Cl, compared to Ca−Cl. The
combination of the weaker Mg−Cl interaction and the more
polar H2O molecule in magnesium chloride salt hydrates,
compared to calcium chloride hydrates, gives rise to HCl
formation. This is a highly undesired side reaction in
magnesium chloride-based salts for heat storage.11,16 Further
analysis of the chemical environment of the H−Cl interaction
showed that the presence of calcium atoms has a reducing
effect on the H−Cl formation. This provided the possibility to
shift the HCl formation outside the operational window of the
thermochemical energy storage by doping magnesium chloride
systems with calcium.
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