Microporous and Mesoporous Materials 391 (2025) 113605

ELSEVIER

Contents lists available at ScienceDirect
Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

MICROPOROUS AND

MESOPOROUS MATERIALS

Check for

Hydration pathways of CaCl, inside matrices with different pore sizes | e

Michaela C. Eberbach “"®, A.I. Shkatulov ¢, H.P. Huinink " ®, H.R. Fischer ®,

0.C.G. Adan™¢

@ Eindhoven University of Technology, Den Dolech 2, 5600 MB, Eindhoven, the Netherlands
b EIRES, Horsten 1, 5612 AX, Eindhoven, the Netherlands

¢ Iberian Center for Research in Energy Storage, CIIAE, Poligono 13, Parcela 31, "El Cuartillo", 10004, Caceres, Spain

4 TNO Materials Solutions, High Tech Campus 25, 5656 AE, Eindhoven, the Netherlands

ABSTRACT

For use as a heat storage material, CaCl; is often impregnated into porous materials. This is done to stabilize the salt against conglomeration and its dissolution due to
the low deliquescence relative humidity. However, CaCly has overlapping temperature and water vapor pressure conditions for its trito- and monohydrate, which are
kinetically hindered against each other creating path-dependent (de-)hydration steps. These pathways may change under the influence of confinement. These
changes can influence the temperature output for heat batteries using CaCly composites and could make the taken pathways for hydration and dehydration either
more complex or simpler than the pure salt. So, in this research, the hydration and dehydration steps of CaCly inside different clays (Vermiculite, Halloysite, and
Sepiolite) and silica gels were investigated with respect to their transformations compared to the bulk salt. Therefore, the kinetic phase transition onsets were
determined with isobaric TGA measurements together with PXRD in situ experiments to confirm or identify the crystalline phases. This showed that inside pores,
CaCl; forms the monohydrate rather than the tritohydrate. The decrease of pore diameter leads to easier formation of monohydrate over tritohydrate. This trend can
be explained by the crystal structures of the hydrates and their unit cell volumes considering that larger crystals are difficult to form in the limited space inside the
pore systems. This change in phase transition steps influences the transition temperatures, which affects its application for heat storage.

1. Introduction

In the era of climate change [1-3] and amidst an energy crisis [4],
energy storage systems will play a crucial role in mitigating greenhouse
gas emissions. One effective strategy involves storing energy in batteries
during periods of abundant and affordable supply and releasing it during
times of scarcity or higher costs. Various battery types, including elec-
trical and heat batteries, contribute to this effort. Among heat batteries,
thermochemical energy storage (TCES) stands out, offering a solution
for long-term heat storage [5].

Thermochemical materials (TCMs) are classified as either adsorption
materials, such as porous materials, or materials undergoing chemical
reactions, such as salt hydrates. Hydrophilic porous materials can adsorb
vapor onto their large surface area and generally remain stable over
multiple desorption and adsorption cycles, also known as charging and
discharging [6,7]. In contrast, salt hydrates undergo a solid-solid phase
transition, incorporating vapor molecules into their crystalline structure
[8,9]. This reaction between the salt and vapor is exothermic, releasing
typically 1-3 GJ/m® [10-14]. It can be described by the following
equation:

MX; o aHZO(s) + (b — (1) . HZO(g) - MX; e bH20<5) + Ah

The two different materials - porous media and salt hydrates - can
also be combined by impregnating the salt into the pore system of the
porous matrix. This is then called a composite of salt in a porous matrix
(CSPM) [15].

Favorable materials to use for low-temperature TCES systems are salt
hydrates, because of their high energy storage capacity and ability to
store that thermal energy loss-free [16]. Different salts can deliver
different temperature outputs and have different energy densities [9].
Examples of these different properties compiled by Donkers et al. [9] are
given in Table 1. However, aside from the wanted conditions, the
availability and costs of the salt hydrates are important factors among
others in deciding which salt is the best fit for a certain application such
as domestic heating. CaCl, is a salt available in large quantities [17-19]
and cheap [20-25] because it is a waste product in industrial processes
and can be made from limestone or extracted from brine [18,26].
Furthermore, compared to other salt hydrates [20,27], this salt dem-
onstrates high thermal and chemical stability [19,20,28]. Besides
anhydrous form, CaCl, has multiple known hydrates [29-33]: anhydrate
(0 mol Hy0/mol CaCly), tritohydrate (1/3} H20/mol CaCly), mono-
hydrate (1H20/mol CaCly), dihydrate (2H,0/mol CaCly), o-, f- and
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Table 1

The hydration and dehydration temperatures (Thydration at 12 mbar water vapor
pressure and Tqehydration at 20 mbar water vapor pressure), along with the energy
densities, of various salt hydrates are provided in the following examples,
adapted from Donkers et al. [9].

Salt Higher Lower Energy density  Thydration Tdehydration

hydrate hydrate open system [°C] [°C]
[GJ/m’]

Aly(SO4)3 6 0 3.19 293 306

Ba(OH), 8 3 1.91 43 49

CaSO4 2 0 1.29 20 26

K,CO3 1.5 0 1.30 59 65

LiBr 1 0 1.77-2.01 94-103 101-110

LiCl 1 0 1.83-2.08 66-73 72-80

MgBry 6 0 3.02 135 144

MgCl, 2 0 2.23 118 214

y-polymorphs of the tetrahydrate (4H20/mol CaCly) and hexahydrate
(6H20/mol CaCly). Therefore, it was used in many studies for heat
storage, also in combination with other salts [34-36] and impregnated
into porous materials [37-39]. The impregnations were done mainly
due to the low deliquescence relative humidity (DRH), which makes the
salt difficult to handle in the pure form [40,41]. Additionally, the
impregnation improves the heat and mass transfer through the material
and provides the possibility to take advantage of the deliquescence
phase transition [42].

The hydration pathways of CaCl, are not well understood, as evi-
denced by the discovery of the tritohydrate by Sinke et al. [32] and
subsequent investigations conducted by Molenda et al. [33]. Molenda’s
research revealed distinctions between the hydration and dehydration
pathways at water vapor pressures below 100 mbar [33]. Notably,
during hydration from the anhydrate to the dihydrate, only one inter-
mediate step, the tritohydrate, was identified through thermogravi-
metric analysis (TGA) measurements and in-situ powder X-ray
diffraction (PXRD) experiments [43]. Surprisingly, no monohydrate was
observed during hydration. Conversely, during dehydration, only the
monohydrate was present below 100 mbar water vapor pressure, with
no indication of the tritohydrate detected using TGA or PXRD methods
[43]. Furthermore, recent determinations of the crystal structures of the
trito- and monohydrate [43] provide insights that can help explain the
kinetic hindrance of the monohydrate formation during hydration and
the tritohydrate formation during dehydration, leading to these
path-dependent steps.

This kinetic hindrance between the transitions of the hydrates gives
rise to the opportunity for the behavior of the salt hydrate to change
inside porous matrices. Many different combinations of CaCly with
porous matrices were tested in the literature [14,44,45]. Aristov et al.
tested CaCl, inside two pore sizes of silica gels [46] and inside vermic-
ulite [47]. Through the calculations of the loading [mol HyO/mol
CaCly], the hydrate steps in silica gels were identified as the anhydrate
and dihydrate, while path-dependent behavior with trito- and mono-
hydrate is assumed for the vermiculite composites. Additionally, XRD
and ?H NMR studies were performed by Gordeeva et al. [48] which show
that in these pores no crystalline salt or its hydrates can be detected by
XRD but the NMR study show the formation and melting of the hydrates.
However, no comparison of the kinetic regimes of
hydration-dehydration in different matrices and the possible reasons for
the different pathways was found in the literature.

Many other porous materials were tested as matrices for the CaCly
salt. Examples of this are in the works of Jabbari-Hichri et al. [49] where
silica-gel, alumina, and bentonite as matrices were tested, or Casey et al.
[50] where activated carbon and zeolite 13X were examined. Other
studies also include salt mixtures stabilized inside porous systems, like in
the work of Zhang et al. [51] where a mixture of MgSO4 and CaCl, was
impregnated into vermiculite.

Except for Aristov et al.’s works [46,47], most studies on CaCl,

Microporous and Mesoporous Materials 391 (2025) 113605

composites neglect the intermediate hydration steps, focusing instead on
application properties [39,42,50,52-54]. Hence, to get a deeper insight
into which (de-)hydration steps are performed by the CaCly as a
path-dependent salt hydrate in different matrices and different pore
sizes complementary measurement techniques should be used to ensure
weight changes are correlated to the crystalline phases formed. This
research aims to shed light on it and to provide an explanation of why
these steps deviate from those observed in the pure salt, ultimately
providing a more thorough understanding of the expected temperature
and energy outputs from a CaCl, composite in a heat battery.

In this study, the salt hydrate was impregnated into clays, namely
Vermiculite, Halloysite, and Sepiolite. These matrices were chosen due
to their availability and low price, which makes them favorable to use as
TCES materials. Likewise, they provide a large range in pore sizes from
macropores for Vermiculite over mesopores in the Halloysite to a com-
bination of mesopores and micropores in the Sepiolite. Additionally,
reference composites were made using silica gels with varying pore di-
ameters ranging from 2 to 11 nm, similar to the ones used in Ref. [55].
These silica gels were used for the reference composites because they are
well-understood systems and can provide different average pore sizes
with the same pore wall composition.

List of abbreviations

DRH Deliquescence Relative Humidity
DVS Dynamic Vapor Sorption
MSZ Meta-Stable Zone
PXRD Powder X-Ray Diffraction

RH Relative Humidity
TCES Thermo-Chemical Energy Storage
TCM Thermo-Chemical Material
TGA Thermo-Gravimetric Analysis

SI Supplementary Information
CaCl, Calcium(II) chloride or Calcium dichloride
VCC composite of Vermiculite + CaCly
HCC composite of Halloysite + CaCly
SCC composite of Sepiolite 4+ CaCly

SGxCC composite of Silica gel with average x nm pores + CaCly

2. Materials and methods
2.1. Materials

2.1.1. Synthesis of the composites

Calcium dichloride (CaCly) was ordered from Sigma-Aldrich in the
form of the dihydrate CaCly-2H>0, ACS reagent, >99.0 %). For the use as
a TGA sample, the salts were ground very lightly in an agate mortar
preheated in a 160 °C oven, because of the deliquescence of the salts,
before they were used in measurements.

As matrices for the composites, mesoporous, amorphous silica gels
(SGs) with different pore diameters and the clays Halloysite, Sepiolite,
and Vermiculite were used. The average pore sizes of all the used
matrices are given in Table 2. The SG4 was ordered from Fisher Scien-
tific, while all other SGs were ordered from Sigma-Aldrich, and all of
them were used without any pre-treatment. The Halloysite (Halloy or H)
was purchased from Sigma-Aldrich, while the Sepiolite (Sepio or S) was
supplied by Tolsa Spain as Pangel S9. The Vermiculite (V) was pur-
chased from Karopack. The clays were not modified before their use as
pure matrix since they were already in a purified and powdered form.

The composites were synthesized using two different methods: the
dry incipient and a freeze-drying method. The dry incipient method was
not possible with the Halloysite and Sepiolite used in this study, because
the resulting mixtures would not resemble powder anymore, and were
all clung together in a block even without the use of salt, but only H»0.
The silica gel composites were prepared through the dry incipient
method [46,56-59], while clay composites were obtained using a
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Table 2

An overview of the composites is given with the components used to make the
composites as the used matrix with CaCl,. Additionally, the abbreviation for
each composite, the abbreviation for the composite, the average pore diameter
of the used matrix, the salt content (¢), and the weight ratio between the salt and
matrix. A saturated solution of CaCl; was used to calculate the ¢ and the ratio
between the two components. Here, m stands for mass in [g].

Composite Abbreviation  pore dayg ¢ [wt M1/ Supplier
[nm] %] Miatrix
[g/8]
Vermiculite + \(¢e >200 72.9 2.69 Karopack
CaCl,
Halloysite + HCC 15 48.3 0.93 Sigma-
CaCl, Aldrich
Sepiolite + SCC 8 49.3 0.86 Tolsa
CaCl, Spain
Silica gel (11 SG11CC 11 38.9 0.64 Sigma-
nm) + CaCl, Aldrich
Silica gel (6 SG6CC 6 30.7 0.44 Sigma-
nm) + CaCly Aldrich
Silica gel (5 SG5CC 5.8 31.6 0.46 Sigma-
nm) + CaCl, Aldrich
Silica gel (4 SG4CC 3.8 22.2 0.29 Fisher
nm) + CaCl, Scientific
Silica gel (3 SG3CC 3.3 15.9 0.19 Sigma-
nm) + CaCly Aldrich
Silica gel (2 SG2CC 2.5 16.12 0.19 Sigma-
nm) + CaCly Aldrich

freeze-drying method. For vermiculite composites, a vacuum variation
of the dry incipient method was employed to ensure the removal of air
pockets in the pore system. The composites, along with their abbrevia-
tions (’V”’ for Vermiculite, ’H”’ for Halloysite, *’S’’ for Sepiolite, and
’SGx’’ for silica gels with an average pore diameter denoted as "dayg" in
nanometers), are listed in Table 2.

The process of the dry incipient method, illustrated in Fig. 1a),
involved drying matrices in an oven at 160 °C overnight to determine
their dry weight. Subsequently, dried silica gels were mixed with a
saturated aqueous salt solution where the volume filled exactly the
accessible pore volumes.

The two components were mixed until resembling a dry powder due
to the solution being adsorbed into the pores through capillary forces.
This mixture was then dried overnight in an oven at 160 °C. In contrast,
for vermiculite composites, the clay matrix and CaCl, were mixed under
vacuum instead of ambient conditions.

The synthesis of clay composites as depicted in Fig. 1b) was done by
first drying the matrix in an oven at 160 °C to determine the weight of
the pure matrix. Next, the matrix was put into a suspension with dem-
ineralized water. The saturated solution of the salt was added in a
certain ratio to the matrix in the suspension (1 mL saturated solution per
gram of matrix). The suspension was thoroughly mixed and then freeze-
dried to obtain a dry powder of the composite.

Dry Incipient Method

}?

1-5-0-

Add salt Mixing

a)

dry

silica gel

dry composite

&ﬂﬂﬂ
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Through weighting the samples at various steps in the procedures or
calculations with the salt concentration in the saturated solution and the
used amount of solution per weight of the matrix, the masses (m) of the
two components, the salt content (¢) and different ratios could be
determined as shown in Table 2. Here, the ¢ was calculated as:

Myqle

o Miqe
Mar + Mpnarrix

@ ©100% = © 100%

mcomposite

2.2. Pore volume, pore size and pore size distribution

The pore structure of the matrices was investigated by N adsorption
and desorption at 77K together in a Micromeritics Gemini VIL. First, the
samples were prepared by degassing them in the preparation station at
150 °C with Ny flow overnight (16 h). The measurement was done as
isothermal adsorption and desorption at 77 K with pressures from the
lowest vacuum as the starting reference point to 0.998 p/p°. By doing so,
the average pore diameter, surface area, and accessible pore volume
could be calculated. The BJH method [60] was used to calculate the
average pore diameter from the whole desorption range and determine
the accessible pore volume and the BET theory [61] to determine the
surface area in m? per g of sample from the data points between 0.01 and
0.3 p/p°.

The composites were also subjected to these measurements to find
the position of the salt inside or around the porous matrices.

2.3. Isobaric TGA cycles

Isobaric water sorption and desorption of the pure salts and the
composites were investigated using Thermo-Gravimetric Analysis on
two TGA devices, i.e. Mettler Toledo TGA/SDTA851e and Mettler
Toledo TGA/DSC 3+, similar to the measurements described in
Ref. [55]. The two TGA setups from Mettler Toledo were used together
with a home-build or a Cellkraft humidifier. The oven temperature could
be controlled between 25 and 1000 °C and this temperature was
recorded together with the sample temperature. The sample was located
in both devices on a balance arm inside the oven with an accuracy of +1
Hg-

Both machines had an inlet for gas flows connected to one of the
humidifiers. The home-build humidifier operated at 18 °C and mixed a
dry (0 % RH) and a wet (100 % RH) N, flow to generate a water vapor
pressure between 0 and 20 mbar. This was done by Arduino-controlled
flow meters, which could mix the two flows in different ratios to create
the desired water vapor pressure. This home-build device was connected
to the TGA/SDTA851e. The second humidifier was a Cellkraft Humidi-
fier P-2 operating at 25 °C, which worked via a feedback loop from an
RH sensor at the outlet of the humidifier and was connected to the TGA/
DSC 3+. Both devices had a 300 mL/min flow rate over the sample in-
side the TGAs.

The temperatures of both TGA’s were calibrated to an accuracy of

Freeze Drying

7

0

bo
+
HE

- S

A

—)

Freeze
drying

Suspension Add sait Mixing

dry
composite

Fig. 1. The schematic representation of the composite synthesis using a) the dry incipient method for the silica gels and b) the freeze-drying method for the

clay minerals.
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0.2 K using the melting points of benzophenone, indium, and zinc,
which give a differential signal during this endothermic process [62],
while the humidifiers were calibrated to an accuracy of +1 mbar using
the gravimetric signal at the deliquescence points of LiCl-H0,
CH3COOK, KyCOs3-1.5H,0, MgCly-6H,0 and Mg(NO3),-6H,0 at 25 °C
and a validity check at higher temperatures (45 and 60 °C) using
LiCl-H,0 [63].

A temperature program was run with a sample while the humidifier
was turned on simultaneously at the desired water vapor pressure.
Thereby, the program was usually structured to contain an isothermal
step at a high temperature to ensure complete dehydration, then cooling
at a certain K/min rate, an isothermal step at the lowest temperature to
ensure full hydration, and then heating at the same rate as the cooling
back to the high temperature, which was again held in an isothermal
step to ensure full dehydration again. The resulting weight changes were
used to calculate a parameter called loading (L), which describes the
weight change of the sample in [mol HyO per mol salt]. The loading was
calculated similarly to Ref. [64] using the dry weight at high tempera-
tures of each sample and the current weight together in:

om—-my . M

L
M, @emy

At this moment, m [g] stands for the current mass of the sample, my
[g] for the dry sample mass, M,, [g/mol] for the molecular mass of water
(18.015 g/mol), and Mg,y [g/mol] for the molecular mass of the salt,
either calcium(Il) dibromide anhydrate (199.89 g/mol) or calcium(II)
dichloride anhydrate (110.98 g/mol). Lastly, ¢ represents the weight
content of the salt in the sample, which is between 0 and 100\% for the
composites and equal to 100 % for the pure salt samples.

With these measurements, the temperatures at which the phase
transitions start can be determined [65]. These onsets are observed at
the beginning of the weight change, following a horizontal plateau of the
starting hydrate.

2.4. Isobaric Powder-XRD in-situ

X-ray diffraction was performed as described in Ref. [55] by using a
Rigaku MiniFlex diffractometer in continuous scan mode with a diver-
gent slit of 0.625° and a D/teX Ultra2 detector, using Cu K,-radiation
and K; filter. To identify the crystalline phases of the confined salt hy-
drates and to observe the phase transitions, Powder X-ray diffraction
(PXRD) in situ was performed using a high-temperature attachment,
called Anton Paar BTS 500 heating stage. Additionally, the built-in
diffractometer and an attached humidifier, which can create flow of
nitrogen with 0-20 mbar water vapor over the sample, were used in the
measurements. The measurements were carried out with
Bragg-Brentano geometry at 20 = 5-75° with step sizes between 0.005
and 0.01° and speed of 1-10°/min. The humidifier worked similarly to
the home-build humidifier of the TGAs, but the flow rate was set to 800
mL/min, because of larger sample sizes.

Two types of measurements were performed with the PXRD. First, a
detailed scan of each dry sample, salts, and composites, was performed.
This was done at 150 °C and 0 mbar of water vapor partial pressure with
the 26 ranging from 10 to 75°, a step size of 0.005° and a speed of 3°/
min. Each of these scans took around 25 min next to the temperature
being held constant for some time to ensure complete dehydration for
the anhydrate sample.

Secondly, isobaric in-situ measurements were performed using
several scans at different temperatures with a constant pyap = 12 mbar
turned on. Since the in-situ measurements needed several scans (30-50),
the scans were shortened to reduce the measurement time. Considering
that the strongest reflections of the anhydrate and different hydrates lie
between 10° and 50°, the range of 20 was shortened from 10 - 75° to
10-50° with a step size of 0.050° and a speed of 5°/min, which changed
the recording time of one scan to 9 min.

The isobaric PXRD in-situ measurements for the CaCly samples were

Microporous and Mesoporous Materials 391 (2025) 113605

executed in the following way. First, the sample was brought to a
starting temperature of 150 °C when the first scan was recorded. Then,
the temperature was decreased from 104 °C to 60 °C, in steps of 2K. A
diffractogram was recorded at each temperature step. Then the dif-
fractogram at the lowest temperature of 45 °C was measured with a
subsequent increase in temperature from 84 °C to 130 °C in steps of 2K
and end temperature 150 °C. The start, lowest, and end temperatures
were held for 3 h before the reflections were recorded to ensure that the
sample was completely transitioned. In contrast, all other temperatures
were only held for either 1 or 30 min before recording the reflections, for
an experiment similar to the TGA measurements or slow measurements
to get clearer patterns of the intermediate phases.

3. Results and discussion
3.1. The (de-)hydration paths of the clay composites

As described in the literature, CaCly has complex hydration and
dehydration steps [33,43]. Therefore, the steps taken in the tested
clay-CaCl, composites were examined to evaluate the temperatures at
which the salt inside the pore structures hydrates and dehydrates.
Starting with the composite of vermiculite and CaCly (VCC), isobaric
TGA measurements were performed. One example at 12 mbar is shown
in Fig. 2. Here, the temperatures at which the phase transitions start are
labelled with the letters A to F.

The loading [mol Hy0O/mol CaCl,] reveals a pattern closely resem-
bling that observed in the bulk salt [43]: 0-1/3-2-1-0. During the tran-
sition from the anhydrate to the tritohydrate (onset A) and from the
tritohydrate to the dihydrate (onset C) in the hydration process, there
are subtle intermediate steps (onsets B and D) that were not evident in
bulk CaCls.

To compare the crystalline phases in the VCC with those in bulk salt,
an isobaric in situ PXRD measurement was conducted. The results
showed that the same hydration and dehydration steps observed in pure
CaCly also occurred in this analysis, as detailed in the Supporting In-
formation (SI). However, while TGA measurements indicated smaller
onset steps (B and D) during hydration, no additional transitions or
secondary phases were detected in the in situ PXRD measurements. This
discrepancy may be due to the minor size of these additional phase
transitions relative to the dominant steps (0-1/3-2; A and C). This
explanation is supported by the minimal loading changes observed in
the TGA measurements for steps B and D, suggesting that the quantity of
the additional phase was too low to be detected in the in situ PXRD

D e ——m———

B E
1.8 1 E
1.6 4 b
1.4 ]
=12 .
1
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(%] B ,

mol CaCl,]

o)
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T10
[e]
£.0.8
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(0]
S04913

02 \‘LL ]
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Fig. 2. Isobaric TGA measurement of the Vermiculite + CaCl, composite at 12
mbar and a heating/cooling rate of 0.1 K/min with the hydration during
cooling in black and the dehydration during heating in red.
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measurements.

Comparing the kinetic onsets found in the TGA measurement from
the composite with the \hl{kinetic} phase transition onsets of the pure
salt in Ref. [43], showed that the transition of 0-1/3 (A), 1/3-2 (C), 2-1
(E) and 1-0 (F) from the composite were coinciding with the same ones
of the pure salt. Additionally, the onset during hydration denoted as D in
Fig. 2 correlated well with the 1-2 onset of CaCl4 in the sense that at the
same water vapor pressure the onset temperatures are similar. Thus, it is
assumed that the additional phase transitions (B and D) result from the
0-1-2 steps occurring in a minor portion of CaCly within the porous
system, while the major part of CaCl; follows the 0-1/3-2 steps. These
comparisons at 12 mbar are presented in Table 3.

These results from the VCC composite being similar to the bulk CaCl,
salt are as expected since the large pores (>1000 nm) of the vermiculite
should exert little influence on the salt crystals. The large pores give the
salt space to form larger crystals and so the salt acts like the unhindered
bulk salt.

Next, the composite of Halloysite and CaCl, was examined. The Ny
isotherms of the composite showed a significant decrease of the pore
volume corresponding to 0.6 g of salt per g of Halloysite indicating that
the majority of the salt is distributed inside the pore system. Addition-
ally, the composite was investigated with EDX which should no bulky
CaCl; crystallines were found on the surface of the clay. These results are
shown in the SI. The isobaric TGA measurement of this composite at 12
mbar is shown in Fig. 3a) as the red line. Like with the VCC and the pure
salt, the dehydration showed the 2-1-0 kinetic steps. However, during
the hydration, four onsets were observed. However, unlike for the VCC,
the change in loading was roughly similar between the onsets instead of
one major set and one minor one. Because no stable plateaus in loading
were formed, the phases could not be identified by the loading.

Hence, to identify the crystalline phases during hydration, isobaric
PXRD in situ was used again. During the hydration process, identifying
the precise kinetic onsets of phase transitions posed a challenge.
Nevertheless, distinct reflections from both the tritohydrate and mono-
hydrate were detected. An illustrative example of this phenomenon is
presented in Fig. 4a). In the figure, the reflections from the tritohydrate
(highlighted in blue) are prominently visible, particularly around 31.5°
and 33° for 20. Although the monohydrate’s visibility is reduced due to
its later formation during the measurement, it can still be identified by
the reflection (highlighted in red), notably around 15° for 26. It’s worth
noting that reflections not highlighted either originate from the Hal-
loysite clay, as indicated in the SI or possess insufficient intensity for
reliable identification. Furthermore, reflections from the dihydrate
might already be visible, like indicated by the reflections around 14.5°
for 20. This is the result of the different transition temperatures towards
and from the trito- and monohydrate. For the dehydration, it was as
clear as during the TGA measurement that the HCC was performing the
2-1-0 steps.

Similarly to the hydration onsets of VCC, the onsets of HCC were
compared to the onsets of the pure salt determined in Ref. [43]. Here, it
was found again that the three onsets A, C, and D in Fig. 3a) overlap with
the 0-1/3, 1/3-2 and 1-2 of the pure salt. The fourth onset, labelled B,

Table 3
The onset temperatures of hydration and dehydration at 12 mbar water vapor
pressure of the tested composites in comparison to the pure CaCl,.

Phase CaCl, VCC HCC SCC SGllcC SG6CC
transition [°C] [°C] [°C] [°C] [°C] [°C]
0-2 - - - - 75 85
0-1/3 89 90 85 - - -

0-1 - 76 76 74 - -
1/3-2 69 70 68 - - -

1-2 59 56 57 60 55 -

2-0 - - - - 85 90

2-1 78 72 81 74 - -

1-0 110 105 111 107 108 -
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was close to VCC'’s suspected 0-1 onset. Like it was suspected for the
VCC, the HCC is likely also having two parts of the impregnated salt: one
hydrating via 0-1/3-2 and the other via 0-1-2. However, unlike in the
VCC, the two parts are more similar in the amount of salt, at least no
majority or minority part can be identified. This is supported by the
PXRD findings with both trito- and monohydrate unlike with the VCC
composite, which did not show identifiable reflections for the
monohydrate.

This change in hydration behavior of the HCC composite compared
to the VCC could be explained by the smaller pore size in the Halloysite.
The Halloysite used in this study consists of tubes with an average pore
size of 15 nm, which was determined by isotherm Nj adsorption and
desorption measurements and BJH analysis [60]. The Ny isotherm is
given in the SI. This pore size is far smaller than the pore sizes of the
Vermiculite, which were too large to analyze with the Ny method.
Hence, it can be assumed that the influence of the confinement and/or
the interaction with the pore wall interface is stronger on the CaCl;, in
this composite than in VCC. However, also the compositions of the pore
walls differ between the two clays. This could cause different in-
teractions with the salt hydrate, for example through epitaxial growth.

As the last clay composite, the composite of Sepiolite and CaCl,, SCC,
will be discussed. Like with the HCC, the N5 isotherms of the composite
showed a significant decrease of the pore volume corresponding to 1.4 g
of salt per g of Sepiolite indicating that the majority of the salt is
distributed inside the pore system combined with blocking of pores from
the salt. Additionally, the composite was investigated with EDX which
should no bulky CaCl; crystallines were found on the surface of the clay.
These results are shown in the SI. Furthermore, the TGA and XRD results
show no indications of the bulk salt behavior, showing that only an
insignificant amount of salt can be on the outside of the matrix. The
kinetic steps during the 12 mbar isobaric TGA measurement are shown
in Fig. 3a) as the blue line. Here, only two onsets are distinguishable
during the hydration and also during the dehydration. The dehydration,
with steps 2-1-0, is the same as for the bulk salt [33,43] and as earlier
described for the other two clay composites VCC and HCC. The hydra-
tion instead is different from all three of these systems by following the
steps 0-1-2 instead of 0-1/3-2 or variations with both intermediates. The
loading [mol HoO/mol CaCly] of the different steps are not exactly 1
mol/mol or 2 mol/mol due to the adsorption of the Sepiolite matrix.
Thus, PXRD in situ was used again to explore which hydrated phases
were formed. The PXRD results clearly show the monohydrate as the
intermediate step between the anhydrate and dihydrate both during
hydration and dehydration as depicted in Fig. 4b). Again, the reflections
of the monohydrate are highlighted in red, and reflections of the clay
matrix Sepiolite are visible beside the CaCl, ones, which are given in the
SI with the PXRD diffractograms of the other clay matrices.

The onset temperatures of the SCC composite were compared to the
ones of the pure CaCl; like it was done for the other two clay composites
in Table 3. This showed that the dehydration onsets correlate well with
the 2-1 and 1-0 onsets of the bulk salt and the other composite. Addi-
tionally, the 1-2 hydration onset was in the same temperature range as
the pure salt hydrate and the other two clay composites. The unchanged
phase transition onsets of the composites compared to the bulk salt
correlates well with earlier works [55], where it was shown that the pore
size has little effect on these onsets. The 0-1 hydration onset was close to
the 2-1 dehydration and thus also correlated well with the earlier results.
So, while the hydration steps that are taken differ between the com-
posites and with the salt, but the onsets for the same hydration transi-
tions seem not to be affected by the matrix or the pore size in this work.
Additionally, no change to the 20 position of the reflections could be
detected, thus the crystalline phases did not experience changes to their
lattice structure such as ion exchange or solid solutions.

3.2. Silica gel composites as reference samples

As was shown, the clay composites had different hydration pathways
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monohydrate.

from each other, but also from the bulk salt. This could either come from
the difference in pore wall composition in interaction with CaCl, or due
to the difference in pore sizes/diameter. To investigate the second
aspect, silica gels with different pore sizes were used as matrices for the
salt hydrate like it was done in Ref. [55]. The pore sizes were calculated
from Ny isotherms, which are shown in the SI. Additionally, the iso-
therms of the silica gel composites, like with the clay composites,
showed significant decreases of the pore volumes corresponding to 2.4
and 1.3 g of salt per g of silica gel for the SG11 and SG6 indicating that
the majority of the salt is distributed inside the pore system combined
with blocking of pores by the salt. Additionally, the composite was
investigated with EDX which should no bulky CaCl, crystallines were
found on the surface of the silica gels. These results are shown in the SI.
Furthermore, the TGA and XRD results for SG11CC and SG6CC show no
indications of the bulk salt behavior, showing that only an insignificant
amount of salt can be on the outside of the matrix.

The composites with silica gels (SGs) with average pore sizes smaller
than 6 nm did not exhibit any clearly visible kinetic phase transition
onsets, which is the result of overlapping hydration and deliquescence
like observed for CuCl; in Ref. [55] with a higher deliquescence relative
humidity than CaCl,. Furthermore, in some cases, they experienced is-
sues with pore blockage (see SI). Thus, only the SG6CC and SG11CC
composites were further investigated.

Subsequently, the isobaric TGA cycles of the two composites were
initially recorded (see Fig. 3b)), with SG6CC represented in blue and
SG11CC in red. When looking at the curve of SG6CC, only one kinetic
onset for hydration and one for dehydration are observable. This con-
trasts strongly with observations of clay composites and pure CaCly,
which typically display between two and four onsets for hydration and
two for dehydration. Based on the loading [mol Hy0/mol CaClsy], it
appears that the salt takes up water directly from the anhydrate to the
dihydrate and reverses during dehydration.

In line with the methodology applied to the clay composites, the
SG6CC underwent a PXRD in situ measurement to ascertain the crys-
talline phases formed. The anhydrate observed at the beginning of the
measurement and the dihydrate at the end of hydration mirrored those
in pure CaCly, albeit with an amorphous *’peak’” between 15 and 30° of
26 due to the silica gel. However, the intermediate step identified in
multiple consecutive diffractograms was not a singular hydrate phase
but rather both the monohydrate and the dihydrate. One such dif-
fractogram displaying this intermediate stage is depicted in Fig. 5,
notably marked by the reflection around 14.5° for the dihydrate and 15°
for the monohydrate, along with reflections around 32 and 35° for 26,
indicating the presence of both hydrates in the sample. Conversely, no
intermediate step, neither a single hydrate or multiple hydrates, was
detected during dehydration, revealing a direct transition from
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Fig. 5. The results from isobaric PXRD

SG6-+CaCl2 hydration.

in-situ at 12 mbar from

dihydrate to anhydrate (see SI).

Contrary to the anticipated comparison with one of the clay com-
posites i.e. Sepiolite due to its smallest average pore size of 8 nm, the
silica gel composite SG6CC displayed a novel (de-)hydration behavior,
largely bypassing intermediate steps. This deviation was evident in both
TGA and PXRD in situ measurements, except for the occurrence of the
monohydrate-dihydrate mixture step during hydration. Comparison of
the onsets found for the SG6CC composite with the phase diagram in
Ref. [43] revealed that while the hydration onset neighbors the sus-
pected 0-1 onset of the clay composite, the dehydration onset did not
correlate with any known onsets.

In the SG11CC composite, similar steps to those observed in SG6CC
were evident, as depicted in Fig. 2b). However, there were additional
small steps towards the end of hydration and dehydration. The phases
were not readily identifiable from the loading data, as the hydration step
fell between the mono- and dihydrate, while the dehydration step lay
between the mono- and anhydrate but higher than the tritohydrate.

To identify the steps in SG11CC, isobaric PXRD in situ experiments
were carried out once more. The anhydrate at the beginning and the end
of the measurement, and the dihydrate at the lowest temperature,
matched those in the pure salt, with an additional amorphous reflection
similar to the SG in SG6CC. The mixed state of mono- and dihydrate
during hydration, as observed in SG6CC, was also present in SG11CC, as
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depicted in Fig. 6a). However, also during dehydration, an intermediate
step was detected, as suggested by the TGA curve. This dehydration
intermediate also constituted a mixed state, comprising mono- and
anhydrate, as illustrated in Fig. 6b). The most discernible reflections of
the monohydrate were observed at 20 around 15 and 35°, along with
those of the anhydrate at 20 approximately 19.5 and 43.5°. Since the
SG11CC shows both this dehydration intermediate and more prominent
monohydrate reflections compared to the dihydrate ones for the hy-
dration intermediate, it is assumed that the pore size allows or hinders
the formation of the monohydrate for the SG11CC and SG6CC,
respectively.

The SG11CC composite, unlike the HCC composite, exhibited distinct
hydration steps despite having a comparable average pore size (11 nm
versus 15 nm). Notably, SG11CC showed no tritohydrate formation,
whereas HCC clearly formed tritohydrate as evidenced by PXRD results
and phase transition onsets. Comparison of SG11CC’s phase transition
onset with the phase diagram outlined in Ref. [43] revealed that its
larger hydration and dehydration steps overlapped with SG6CC’s onset,
while smaller steps aligned with 1-2 onsets during hydration and 1-0
onset during dehydration.

The various composites - VCC, HCC, SCC, SG11CC, and SG6CC -
demonstrate that tritohydrate formation is impeded in smaller pores
compared to larger ones, as summarized in Fig. 7. In VCC, most of the
salt hydrates through the tritohydrate phase, whereas in HCC, only
about half does, and in the other composites, no tritohydrate is detected.
Consequently, tritohydrate is observed in composites with an average
pore diameter of 15 nm or more, while it remains undetectable in those
with smaller pores.

It is possible that tritohydrate forms in smaller pores but in amounts
too small to be detected by PXRD. The absence of detectable tritohydrate
in these smaller pores underscores how pore size - and, consequently,
the space available for CaCl, phase transitions affects hydration steps. In
the case of SG composites, it also influences dehydration.

The preference for monohydrate over tritohydrate can be explained
by comparing the unit cell volumes of the hydrates, as shown in Table 4.
Generally, the unit cell volume increases with the amount of water in the
crystal structure, from the anhydrate (0 mol H>0/mol CaCly) to the
dihydrate (2 mol Hy,0/mol CaCly). However, an exception occurs with
tritohydrate (1/3 mol H>O/mol CaCly), which has the largest unit cell
among the four hydrates examined in this study. By contrast, aside from
the anhydrate, monohydrate has the smallest unit cell. This suggests that
tritohydrate requires the formation of the largest nuclei among the hy-
drates, making its formation more challenging in confined spaces such
as pores. The reason behind this larger nucleus is the requirement for a
certain number of unit cells in each direction to be recognized as a
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Table 4

The unit cells of the CaCl, hydrates taken from Refs. [43,66-72].
hydrate Space symmetry V nm a [A] b [A] ¢ [A]

group [31

anhydrate Pnnm Orthorhombic ~ 0.169 6.24 6.43 4.20
tritohydrate Pnma Orthorhombic ~ 0.943 10.85 9.91 8.77
monohydrate Pmmn Orthorhombic  0.185 8.39 3.82 5.77
dihydrate Pbcn Orthorhombic  0.531 5.89 7.47  12.07
o-tetrahydrate  P-1 Triclinic 0.331 6.59 6.37 8.56
p-tetrahydrate P2,/c Monoclinic 1.060 8.92 10.22 12.79
y-tetrahydrate ~ P2;/c Monoclinic 0.391 6.14 7.67 8.90
hexahydrate P321 Trigonal 0.212 7.88 7.88 3.95

crystalline and not amorphous material. In such restricted environ-
ments, the smaller unit cell of monohydrate may be favored, as it allows
for the formation of stable nuclei capable of converting all the salt in a
composite.

The three composites with the smallest pores - SCC and SGxCCs -
exhibit different hydration and dehydration steps (0-1-2-1-0 versus 0-(1
+ 2)-2-(1 + 0)-0 or 0-2-0), despite having comparable average pore
diameters (8 nm for SCC and 11 or 6 nm for SGxCCs). Examining the
TGA curves in Fig. 3, the clay composites in Fig. 3a) still display clear
hydration and dehydration steps similar to those of pure salt, with only
minor effects from matrix adsorption, such as slight slopes in plateaus
and increased maximum loading/uptake. In contrast, the SG composites
in Fig. 3b), particularly SG6CC, exhibit more sloped curves and
smoother onsets. Additionally, the hysteresis between hydration and
dehydration appears narrower compared to the clay composites,
resembling the adsorption behavior of the pure matrix (see SI).

This observation suggests that not only does the salt influence the
water uptake of the matrix, but the structure of the matrix pore walls
also interacts with the salt’s water absorption. Therefore, pore size alone
does not fully explain the variation in CaCly hydrate transitions, high-
lighting the interaction between the salt and the matrix as a likely
contributing factor.

4. Conclusion
In this study, the hydration and dehydration pathways of CaCl,

impregnated into five distinct porous matrices (Vermiculite (macro-
porous), Halloysite (mesoporous), Sepiolite (micro-meso-porous), and

two mesoporous silica gels (with average pore diameters of 11 nm and 6
nm)) were explored through isobaric TGA cycles and PXRD in situ
measurements while being.

It was found that for the composites with matrices with an average
pore size smaller than 15 nm, no tritohydrate was detected as was the
case for the pure CaCly and composites with larger pores during hy-
dration. This can be explained by the difference in unit cell volume
between the two intermediate phases of the trito- and the monohydrate
(see Table 4). The tritohydrate is hindered in its formation inside the
limited space of the pore systems due to its large unit cell size and hence
large nuclei, while the monohydrate has a very small unit cell size and
thus nuclei, which are not hindered in their formation and growth.

Furthermore, in the silica gel composites, also the monohydrate step
is nearly or completely skipped in favor of direct hydration from the
anhydrate to the dihydrate and the reverse for the dehydration. The
results display water uptake behavior that is strongly influenced by the
type of matrix used rather than only the salt in the composite. Thus, not
only does the salt affect the water uptake of a matrix in a composite but
also the influence of the matrix adsorption on the salt absorption can be
assumed.

The preference for the monohydrate over the tritohydrate (SCC) or
the avoidance of any intermediate step (SGxCC) can make the applica-
tion of CaCl, composites for heat batteries simpler since no path-
dependent steps with different charging and discharging temperatures
have to be accounted for. This also ensures that whether the material is
fully or only partially hydrated or dehydrated, the output and charging
temperatures remain the same. The findings in this work show a strong
influence of the confinement of CaCly on its hydration/dehydration
pathway. Additionally, the chemistry of the porous matrix affects these
pathways. As a consequence, it is necessary to characterize a particular
CaCly-composite in order to understand the output characteristics of the
battery.
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