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ARTICLE INFO ABSTRACT
Keywords: Inorganic salt hydrates are promising materials for thermochemical energy storage as they undergo reversible
Thermochemical materials solid-gas chemical reactions with water vapor to yield high energy densities with negligible self-discharge.
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However, material-level challenges such as structural and hygrothermal instabilities during the dehydration
(charging) and hydration (discharging) reaction have limited their practical application in the buildings sector.
The objective of this study is to address these irreversibilities in SrCly and MgCl, by establishing a fabrication
procedure that minimizes vapor diffusion resistance and lowers kinetic barriers for nucleation via particle size
reduction. Furthermore, the distinct phase behavior of these two salts is leveraged to demonstrate a new binary
salt mixture. Characterization of these materials was done using simultaneous thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) with a humidity generator. The results demonstrate that ball milling
to particle sizes <50 pm yields a structurally stable material with improved hydration kinetics, while a 50/50
mass ratio of the binary mixture extends the range of conditions for the hydration reaction. Importantly, the salt
mixture achieves a high specific energy density of 1100 J g~* and peak thermal power output of 1.4 W g~ under
conditions at which the individual salts either deliquesce (MgCly) or do not fully/rapidly hydrate (SrCly). This
work provides a procedure for the standardized fabrication and rational design of thermochemical salt mixtures
with complementary phase behavior.

inorganic salt hydrates are especially of interest as they undergo a solid-

1. Introduction gas chemical reaction with water vapor at temperatures below 100 °C
(at atmospheric pressure), while being low cost and exhibiting minimal
The transition from fossil fuels to a renewable energy based electric ~ health and safety risks [6,11-13].
grid has been the central focus of global decarbonization efforts. How- The process of storing and delivering thermal energy using thermo-
ever, the high penetration of renewables requires low-cost and large- chemical salt hydrates consists of two steps — charging and discharging.
scale energy storage to synchronize resource availability with energy In the charging (dehydration) step, heat is used to drive an endothermic
demand [1-3]. Furthermore, fossil fuels are still widely used for heating, reaction that yields a dehydrated salt (solid) and water vapor (gas). As
especially in the buildings and industrial sectors [4]. For example, in the energy is stored within the chemical structure (heat of reaction), TCMs
United States residential buildings sector, 60 % of the energy con- exhibit negligible self-discharge during storage, making them promising
sumption is attributed to thermal loads such as space heating and hot for seasonal or long-term energy storage [14,15]. The stored energy can
water [5]. This motivates the use of thermal energy storage (TES) to then be delivered in the form of heat during the discharging (hydration)
decarbonize buildings by integrating renewable sources (e.g., solar heat step, through an exothermic reaction between the dehydrated salt and
and off-peak electricity) to deliver thermal loads on demand [6,7]. There water vapor (or moist air) that yields the hydrated salt. This reaction is
are three types of TES technologies based on sensible heat, latent heat expressed in Eq. 1, where MX is the solid salt, n and m represent the
(phase change), and reversible thermochemical reactions. Among these, number of moles of water exchanged in the chemical reaction, and AH
thermochemical materials (TCMs) have attracted significant attention as is the enthalpy (heat) of reaction.
they can store 8-20 times more thermal energy per unit volume of MX-(n+m)Hs O + A H < MX-nH> O + mH> O a
material than their counterparts; this compactness is important for
space-constrained applications such as buildings [8-11]. TCMs based on As promising as salt hydrates are, the implementation of a TCM-
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Nomenclature

Symbols

AH reaction enthalpy (J/mol)
AS reaction entropy (J/mol-K)
m mass (mg)

MX salt based on metal halides (—)
p water vapor pressure (mbar)
p° atmospheric pressure (mbar)
t time (min)

T temperature (K)

Subscripts

app applied

del deliquescence

f final

hyd hydration

i initial

r reaction

Abbreviations

DRH deliquescence relative humidity (%)
DSC differential scanning calorimetry
ESD energy storage density (J g~
PD power density (W kg™1)

RH relative humidity (%)

SEM scanning electron microscope
STA simultaneous thermal analysis
TCM thermochemical material

TES thermal energy storage

TGA thermogravimetric analysis

XRD X-ray diffraction

Greek symbols

a hydration extent (%)

y/] reaction driving force (—)
P crystal density (kg/m?)

based storage system in a building is in its infancy owing to multiple
limitations at the material level [10]. One such challenge is that the
measured storage capacity — characterized using simultaneous thermal
analysis (STA) - is often lower than the theoretical reaction enthalpy.
This is because the experimental conditions used (i.e., heating rate, gas
flow rate, and sample mass) do not account for that fact that thermo-
dynamically favorable reactions may not commence due to kinetic
limitations associated with nucleation barriers (reaction hysteresis or
metastable zones) [16,17]. This results in incomplete and/or slow re-
actions that manifest as low energy and/or power density values,
especially during hydration. Furthermore, particle size and porosity of
the salt (i.e., microstructure) have also been shown to impact structural
stability and reaction kinetics [18,19]. The use of different experimental
parameters and the lack of standard sample fabrication renders a com-
parison of different salts with the literature challenging as we previously
showed [20], thus limiting the rapid development of TCMs.

To extend the implementation of TCMs beyond seasonal energy
storage applications, their hygrothermal stability under charge/
discharge cycling must also be addressed [17,21-23]. For example,
agglomeration of salt particles can occur during hydration (due to
deliquescence) or dehydration (due to melting). This porosity change
hinders vapor diffusion and results in slower or incomplete reactions
that are not reversible, manifesting as cycling-induced performance
degradation. This can be minimized to some extent by carefully selecting
the reaction conditions, namely the vapor pressure (p) or relative hu-
midity (RH) and temperature (T). However, this is challenging for salts
like MgCl; and CaCl, that have a low deliquescence RH (DRH ~ 30 % at
25 °C) and form a salt solution in open systems where humid air is drawn
from the ambient [24-26]. Similarly, salts like MgSO4 and SrCl, require
much higher RH (~60 % at 25 °C) than what is available in most cli-
mates making it challenging to fully hydrate them [27,28].

Various approaches to make TCMs more viable have been reported in
the literature, such as using a porous host matrix and adding thermally
conductive fillers [25,29-34]. However, this introduces an inactive
material (does not participate in the storage process), which can reduce
the energy density and slow down kinetics [35,36]. Another more recent
approach to improve cyclability is the use of salt mixtures; however, the
handful of studies on binary mixtures reported in the literature (sum-
marized in Table S1) do not provide a rationale for combining the two
salts or insight into the mechanism that leads to improved performance
[37-42]. For example, Rammelberg et al. showed that mixing MgCl,
with CaCl, improved cyclability compared to the individual salts over
20 cycles [42], while Li et al. demonstrated that mixing MgSO4 with

SrCl, improved the cyclability within 20 cycles [41]. However, the
particle size of the mixed salt in the latter case was significantly smaller
(~50 pm) than the individual salts (1000 pm), making a direct com-
parison difficult. We also note that in both these cases, salts with similar
phase diagrams were mixed — MgCl, and CaCl;, hydrate around 25 % RH,
while MgSO4 and SrCl, hydrate over 60 % RH at 25 °C [24,27,28,43] —
limiting their use to a narrow range of operating conditions. More
recently, Mazur et al. showed that mixing KyCO3 with a deliquescent
(highly hygroscopic) salt like Cs2CO3 in a 20:1 mol ratio improved re-
action kinetics and metastability, but no performance data (energy and
power density or cycling stability) was provided and CspCOj is a highly
toxic and corrosive salt [40].

To address these gaps, herein we report a new binary mixture of salts
with different hygrothermal behavior, namely MgCl, (hydrates at
15-30 % RH at 25 °C) and SrCly (hydrates at 50-70 % RH at 25 °C),
which leverages the deliquescence of one salt to enhance the hydration
kinetics of the other salt. To provide an direct comparison between the
mixture and its constituent salts in terms of their thermal storage per-
formance and stability, an experimental procedure is developed that
uses (i) ball milling to a uniform particle size <50 pm, and (ii) optimized
STA parameters for complete reactions to occur [18,20]. This approach
is used to characterize the energy and power density of the individual
salts and their binary mixture at different p-T values to establish oper-
ating conditions, followed by a hydration/dehydration cycling study to
evaluate stability.

2. Materials and methods
2.1. Salt selection

SrCly and MgCly were chosen for this study as they have charging
temperatures <80 °C and discharging temperatures ~35-50 °C that are
suitable for space and water heating applications in buildings [44]. Both
salts have also been characterized extensively in the literature, and their
distinct phase behavior can be leveraged to form a binary mixture —
MgClp-6H20 has a high energy storage capacity (solid-gas reaction
enthalpy), superior kinetics and low cost, but it lacks hygrothermal
stability due to its low DRH (~30 % at 25 °C) [24]. Meanwhile,
SrCly-6H20 has a high energy density and a high hygrothermal stability
(DRH ~ 70 % at 25 °C), but it requires much higher vapor pressures to
hydrate that results in incomplete reactions and slower kinetics while its
high cost limits application at scale [28]. These two salts were also
selected because they have a common ion, which reduces the likelihood
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of side reactions and byproducts (e.g, due to ion exchange or chemical
interactions between the salts to form new compounds) [40].

Both salts in their hexahydrate form (99 % purity, Sigma Aldrich)
were characterized at T and RH (p) values based on their respective
phase diagrams shown in Fig. 1. These phase diagrams represent the
Clausius-Clapeyron relation shown in Eq. (2) that establishes the equi-
librium conditions for dehydration and hydration reactions of each salt
[45]:

(n—m)ln (l%) = AI;S - (AI;H> % (2)

where p is the vapor pressure, T is the temperature of the reaction, p° is
atmospheric pressure, and AH and A,S are the theoretical (equilibrium)
reaction enthalpy and entropy values reported in literature [45]. Fig. 1
also shows the deliquescence curve and metastable zone associated with
the hexahydrate based on literature values [16,28].
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Fig. 1. Phase diagrams of (a) SrCl, and (b) MgCl, showing their different
thermodynamically stable hydrates (solid curves) plotted using Eq. (2). The
deliquescence of the highest hydrate (dashed curve), metastable zone of the
highest hydrate (shaded region), and the liquid-vapor equilibrium for water
(dotted curve) are also shown. The symbols represent experimental conditions
used to evaluate the effect of temperature when vapor pressure is constant
(purple diamonds), and vapor pressure when the temperature is constant (gold
diamonds). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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2.2. Sample fabrication

The pristine salts (as received) vary in size between 500 and 1000 pm
for SrCly-6H20, and 200-600 pm for MgCl,-6H20 (Fig. S1). To enable a
direct comparison between salts, a standardized fabrication process is
used. Specifically, each salt (200 mg) is first dehydrated in a vacuum
oven at 105 °C overnight and then pulverized in a ball mill with five
zirconia beads (3 mm diameter) for 30 min. The pulverized salts are
dehydrated again in a vacuum oven at 105 °C for 1 h and then sieved to
particle sizes under 50 pm. Next, the microscopic salts are precondi-
tioned by cycling them in a vacuum oven between 105 °C (dehydration
for 1 h) and an environmental chamber at 25 °C (hydration for 1 h) at an
RH based on their respective phase diagrams to achieve the hexahydrate
without deliquescence (25 % RH for MgCl, and 60 % RH for SrCl, from
Fig. 1). This cycling is repeated four more times (5 cycles in total),
ending in the dehydrated state for subsequent experiments. Ball milling
minimizes diffusion barriers associated with larger particles (a larger
surface area facilitates vapor transport and reaction kinetics [18]), while
preconditioning by cycling five times equilibrates the salts for subse-
quent STA characterization (the first cycle is often different and not
representative of material behavior). We note that MgCl; is in its mon-
ohydrate state and SrCl; is in its anhydrous state (fully dehydrated) at
105 °C; this dehydration temperature is chosen to prevent the hydrolysis
of MgCl, into HCI that occurs at 120 °C [46].

To fabricate binary salt mixtures, a homogenous solution of each salt
in deionized water was first made (100 mg of pristine salt in 10 mL of
deionized water). The two salt solutions are then mixed and ultra-
sonicated for 30 min, as shown in Fig. 2. The remaining fabrication
process follows that of the individual salts, with the mixture being
dehydrated in a vacuum oven at 105 °C overnight and then ball milled
for 30 min. The pulverized salt mixture is dehydrated again and sieved
to a particle size under 50 pm. Finally, the mixture is preconditioned by
cycling five times as described for the individual salts (25 % RH is used
during hydration), ending in the dehydrated state for subsequent
experiments.

In this study, we refer to the as-received SrCl, and MgCl, without any
alterations made to their particle size as pristine salts. Preconditioned
salts are these pristine salts that are cycled five times at the p-T condi-
tions described. Ball-milled salts are pristine salts that are ball milled,
sieved to <50 pm, and then cycled five times as described.

2.3. Scanning electron microscopy (SEM)

To provide insight into the microstructure and particle size of each
salt before and after fabrication, SEM (Phenom XL G2) was performed at
a 15 kV accelerating voltage and chamber pressure of 10 Pa. All images
were taken at approximately 2000x magnification, as this provided
detailed particle size with minimal blurring. Conductive tape was used
to prevent charging of the materials during imaging.

2.4. X-ray diffraction (XRD)

To confirm the formation of the salt mixture, powder X-ray diffrac-
tion (XRD) analysis (Rigaku Smartlab XE) was performed on the indi-
vidual ball-milled salts and their binary mixture. All samples were in
their dehydrated state at 105 °C (SrCly and MgCly-H20). The samples
were characterized at 20 angles from 10° to 60° for 30 min at 25 °C
under vacuum to prevent exposure to moisture during the XRD mea-
surement. Phase identification was performed using HighScore Plus
with the PDF 4+ Database from the International Centre for Diffraction
Data (ICDD).

2.5. Simultaneous thermal analysis (STA)

To quantify the energy storage density (ESD) and power density (PD)
associated with the thermochemical reaction for each salt, simultaneous
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Fig. 2. Fabrication of binary salt mixtures with uniform particle size via ball milling and sieving to <50 pm. One cycle of preconditioning comprises dehydration at

105 °C and 0 % RH, followed by hydration at 25 °C and 25 % RH.

thermal analysis (Mettler Toledo TGA/DSC 3+) was performed and
analyzed using the STARe software [47]. This STA system comprises a
thermogravimetric analyzer (TGA) equipped with a humidity generator
(ProUmid) that enables precise RH control in a 40 pL open-pan
aluminum crucible for mass change measurements during hydration/
dehydration. Simultaneously, specific energy density (J g~!) is
measured using differential scanning calorimetry (DSC), with the ther-
mal power density (W kg™!) being extracted as the peak of this curve.
STA characterization thus enables both hydration and dehydration
measurements (cycling) to be performed at different p/RH and T without
moving the sample out of the chamber.

A sample mass of 3-5 mg was used to minimize vapor diffusion
resistance through the salt layer, and a flow rate of 100 mL min~! (dry
nitrogen for dehydration and moist nitrogen at a specified RH for hy-
dration) was used that minimizes noise in the STA signal while providing
sufficient gas flow for the chemical reactions to occur — we note that
these STA input parameters are based on optimal values established in
our previous study that yield energy densities close to theoretical
(equilibrium) predictions [20].

In the STA, all samples were initially maintained at 80 °C and 0 % RH
to ensure they were in their dehydrated state after the fabrication pro-
cess. We note that MgCl, is in its dihydrate state and SrCly is in its
anhydrous state at 80 °C; this dehydration temperature is close to the
upper limit of the STA with a humidity generator attached for contin-
uous cycling, while still being relevant for building applications [48].
The temperature was then lowered to 25 °C before increasing RH to
initiate the hydration reaction (discharging step) to the hexahydrate
state (MgCl, hydrates at 25 % RH, while SrCl, hydrates at 60 % RH).
After the salt reached the fully hydrated state (confirmed by calculating
the moles of water uptake from TGA data), the temperature was
increased to 80 °C at 10 K min " and 0 % RH to begin the dehydration
reaction (charging step). The individual salts were subjected to one full
hydration-dehydration cycle in its pristine, preconditioned, and ball-
milled forms to quantify the effect of particle size on vapor diffusion
and reaction kinetics.

Additional experiments were performed with the ball-milled SrCly
and MgCl, samples to simulate representative operating conditions in
the summer and winter using ambient air (open system). Specifically, at
a fixed p (~19 mbar for SrCl; and 8 mbar for MgCly) the T is altered
(purple diamond symbols in Fig. 1), and at a fixed T of 25 °C the p is
varied (gold diamond symbols in Fig. 1). Each experiment was per-
formed three times, with standard deviations reported as error bars to
demonstrate repeatability.

The binary mixture (ball-milled form) of SrCl; and MgClawas also
characterized under the same STA dehydration and hydration condi-
tions as the individual salts for direct comparison. In all cases, the TGA
mass % data is reported as the hydration extent, @ shown in Eq. (3):
m(t) —m;

a(t) = 3

my —m

where m(t) is the mass of the sample at time t, m; is the initial

(dehydrated) mass, and my is the final (hydrated) mass. For SrCly, a
ranging from 0 to 100 % represents the transition from the anhydrous to
hexahydrate state, whereas for MgCl, it is the transition from the
dihydrate (lowest hydrate at 80 °C) to hexahydrate state.

2.6. Hygrothermal cycling

To characterize changes in material stability and reaction kinetics
with smaller particle sizes and a binary mixture of the two salts, ball-
milled SrCly-6H20, MgCly-6H20, and their binary mixture (equal mass
of both salts) were subjected to a hydration-dehydration cycling study.
The sample preparation and experimental conditions are the same as
those mentioned in the STA section, with 20 cycles performed to enable
a comparison with other reports in the literature [18,41,49]. In all cases,
ESD for both hydration and dehydration, as well as PD during hydration
are extracted from DSC data — these values represent the peak thermal
storage density (energy and power) at the material level when minimal
heat and mass transport limitations are present [41].

3. Results and discussion

We first present results for MgCly, and SrCly as individual salts.
Although these salts have been characterized in the literature, the par-
ticle size and STA characterization parameters vary widely. This ne-
cessitates establishing a baseline for the storage performance of the two
salts and a comparison with their binary mixture.

3.1. Effect of particle size — structural stability

Pristine MgCly and SrCly vary in size and microstructure (Fig. S1),
with the latter being larger and more porous. Furthermore, the salt
structure evolves during cycling as shown in Fig. 3a due to volumetric
expansion and contraction (crystal volume change of 45 % for MgCl,
and 65 % for SrCl,) that causes mechanical stresses and crack formation.
In other words, hygrothermal cycling induces self-pulverization of the
salts into smaller particles with increased surface area. This in turn
improves the hydration rate of SrCl, (Fig. S2a) and MgCl, (Fig. S2b) over
the initial 5 cycles (preconditioning). However, 5 cycles is not sufficient
as self-pulverization will continue till a critical size is reached [18]. To
this end, ball milling is used to consistently achieve particle sizes <50
pm. Unlike the pristine salts, cycling the ball-milled salts has no impact
on the microstructure (Fig. 3a) and confirmed by the overlap in hy-
dration rates over 5 cycles for SrCl, (Fig. S2c¢) and MgCl, (Fig. S2d). A
larger surface area to volume ratio allows vapor to diffuse rapidly within
the salt. Furthermore, the increased surface area provides more nucle-
ation sites, thus reducing the metastable zone (i.e., energetic barrier for
hydration) and facilitating the reaction.

This improvement in the rate (represented by a) with pre-
conditioning and ball milling compared to the pristine material, is
shown in Fig. 3b for SrCly and 3c for MgCl,. Specifically, ball-milled
SrCl, reaches its hexahydrate state in 50 min while the pristine and
preconditioned samples need 15 min longer owing to the larger particle
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Fig. 3. (a) SEM images of as-received SrCl,-6H,0 (500-1000 pm, Fig. S1) and MgCl,-6H,0 (200-600 pm, Fig. S1), and after ball milling (<50 pm). Preconditioning
by cycling the salts five times results in evolution of the microstructure with each hydration-dehydration cycle. All SEM images have a scale bar of 20 pm. (b) Extent
of hydration (extracted from TGA data) for SrCl, and (c) MgCl, comparing the kinetics of pristine, preconditioned, and ball-milled samples during a single hydration
(blue shaded region) and dehydration (unshaded region) cycle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

size. This effect is less pronounced in ball-milled MgCl, which reaches its
hexahydrate state in 30 min, while its pristine and preconditioned forms
hydrate at a similar rate owing to its highly hygroscopic nature. This
reveals a key difference between the two salts — the SrCl, reaction is
strongly influenced by particle size and structural stability, while MgCl,
is dominated by hygrothermal stability challenges as we discuss later.
The enhanced reaction rate of the ball-milled samples translates to a

Table 1

higher peak power density while the energy density remains largely
unchanged for both salts, as summarized in Table 1. Since the energy
density for hydration is lower than dehydration (which occurs at higher
temperatures) and given that the hydration reaction provides the useful
output (heat discharge) from the thermochemical material, subsequent
results focus on the hydration behavior of the ball-milled salts and their
mixture.

Summary of the storage performance (hydration and dehydration characterized using STA) of SrCl, and MgCl, in their pristine and ball-milled forms.

Salt Dehydration energy density (J g~!)  Dehydration time (min) ~ Hydration energy density (J g1)  Hydration time (min) ~ Hydration peak power density
(Sample state) Wkg™)
SrCl, 1006 + 13 180 864 + 34 80 980 + 105
(Pristine)
SrCl, 1038 + 46 97 896 + 62 57 1010 + 115
(Ball-milled)
MgCl, 904 + 25 75 748 + 48 48 670 + 106
(Pristine)
MgCl, 1043 + 31 55 770 + 66 32 1303 + 98

(Ball-milled)
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3.2. Effect of temperature and vapor pressure — overcoming metastability

It is well-known that temperature and vapor pressure directly impact
the reaction energy and power density. For example, Fisher et al.
showed that MgCl, has a slower hydration rate as the temperature in-
creases (at a fixed vapor pressure), but they did not report any energy
density or cycling data [50]. Clark et al. demonstrated similar results for
SrCly, concluding that a higher vapor pressure increases the reaction
rate and thermal power at a fixed temperature [49]. However, the
particle size was not taken into consideration.

With our standardized fabrication process (ball-milled samples), we
can quantify the effect of p and T. As expected, for SrCl; at 25 °C a higher
p (—12-19 mbar) is correlated with faster hydration as shown in Fig. 4a.
What is interesting is that this rate more than doubles when RH increases
from 50 % to 60 %, while at an RH of 40 % the reaction is incomplete («
< 100 % within the 2-hour timeframe). This is attributed to the meta-
stable region around the phase boundary where nucleation of the
hexahydrate is kinetically hindered even though it is thermodynami-
cally favorable [16]. For MgCly, a higher p (~5-8 mbar) is also corre-
lated with a faster hydration rate as Fig. 4b shows, with the reaction
being 95 % complete at the lower RH due to the chosen conditions being
outside its metastable zone (Fig. 1). At 40 % RH however, the hydration
extent increases sharply due to deliquescence of MgCly (a > 100 %).

To quantify the combined effect of p and T, we introduce f as the
ratio of the difference between the applied and equilibrium vapor
pressures for hydration to the difference between the deliquescence and
equilibrium vapor pressures at a given T, as shown in Eq. (4):

a
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Papp — P(T)ya

AT) P(Tae = P(Tiya @
where py, is the applied vapor pressure, p(T)pyq is the equilibrium vapor
pressure at which the salt hydrates at a given T based on the phase di-
agram, and p(T) g is the vapor pressure at which the salt deliquesces for
a given T based on Fig. 1. In other words, # ~ 1 represents conditions
close to deliquescence (where dissolution enthalpy and ionic mobility of
the wetting layer can contribute to enhanced reaction rates), whereas /8
~ 0 represents conditions close to the equilibrium hydration line (where
the metastable zone exists that slows down the reaction). The f value for
SrCl, hydrating at 40 % RH is 0.28, confirming that the reaction is rate-
limited at this low value. At 60 % RH however, f increases to 0.8 where
the reaction proceeds to completion at a more rapid rate. For MgCl,, as
RH increases from 15 to 25 % RH, the corresponding f increases from
0.47 to 0.87 and reaction completion is more rapidly achieved.

Now, maintaining a fixed p for each salt (19 mbar for SrCl; and 8
mbar for MgCly) the effect of temperatures ranging from 20 to 40 °C is
characterized. The corresponding f values are also calculated, with a
higher value correlating to faster kinetics — this is evident in Fig. 4c,
where SrCl; at a fixed vapor pressure of 19 mbar hydrates faster at lower
temperatures, while at 40 °C it does not fully hydrate (f is negative in
this case, indicating that hydration cannot occur based on the phase
diagram). In contrast, MgCl, is less impacted by different temperatures
as shown in Fig. 4d as all samples hydrate at similar rates owing to the
conditions being outside its metastable region.

These reaction conditions and their impact on storage performance is
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Fig. 4. Extent of hydration (extracted from TGA data) showing the reaction rates for ball-milled (a) SrCl, and (b) MgCl,, both at 25 °C and varying vapor pressures,
(c) SrCl, at 19 mbar and varying temperatures, and (d) MgCl, at 8 mbar and varying temperatures. These p-T values are selected based on the phase diagram (Fig. 1)
of each salt. The extent of hydration, a represents one charge-discharge cycle (hydration from SrCl, — SrCl,-6H,0 and MgCl,-2H,0 — MgCl,-6H,0, followed by
dehydration to the initial state).
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summarized in Table 2 — a higher driving force § ~ 0.8 translates to
higher power densities, while its impact on energy density is minimal as
long as the salt can hydrate completely (while minimizing deliques-
cence). As such, this dimensionless metric  can be used to select the
optimal conditions that maximize both energy and power density of
different salts while avoiding hygrothermal instabilities (metastability
and deliquescence) that occur at very low or high values of g.

3.3. Binary salt mixtures

The previous sections established that the thermochemical storage
performance of SrCly and MgCly as individual salts can be improved
through ball milling (structural stability) and hydrating at optimal
conditions ( ~ 0.8). However, these salts can only be used within a
narrow range of conditions (high RH for SrCly and low RH for MgCly).
This motivates the investigation of a binary salt mixture of these salts
that leverages their distinct phase behaviors. We hypothesize that a
mixture of these two salts can operate over a wider RH range with faster
kinetics by balancing the deliquescent nature of MgCly with the slow
hydration (metastability) of SrCl,. There is precedent for this approach,
with Mazur et al. recently showing that the reaction hysteresis (i.e.,
metastable zone) and kinetics of KoCO3 improved with the addition of a
hygroscopic salt (KF, Cs;CO3). However, the resulting energy density
was not reported and the salts were hydrated at 40 °C which is not
suitable from an application standpoint [40].

To test our hypothesis, three salt mixtures of SrCl,/MgCly were
fabricated with mass ratios of 70/30, 50/50, and 30/70 respectively to
compare samples that have a majority of one salt and an equal amount of
both. Higher masses (>70 %) of MgCl; and SrCl, in the mixture resulted
in deliquescence and slow (incomplete) reactions, respectively, and

Table 2

Hydration energy density and peak power density (from DSC data) for ball-
milled SrCl, and MgCl, samples under different p-T conditions that impact the
reaction driving force, f.

Salt Temperature Vapor Reaction Energy Peak
(molesof  (°C) pressure driving density power
H,0) (mbar), force, f Jgh density
(RH) Wkg™)
Constant temperature, varying vapor pressure
SrCl, 25 19.02 (60 0.80 896 + 1010 +
(0-6) %) 62 115
15.85 (50 0.54 955 + 775 +
%) 50 50
12.68 (40 0.28 238 + 433 +
%) 44" 118"
MgCl, 25 12.68 (40 1.28 1209 + 1440 +
(2-6) %) 22" 29"
7.93 (25 %) 0.87 770 £ 1303 +
66 98
4.75 (15 %) 0.47 744 £ 668 +
12 11
Constant vapor pressure, varying temperature
SrCl, 20 (81 %) 1.27 871 + 1220 +
(0-6) 22 41
25 19.02 (60 0.80 896 + 1010 +
%) 62 115
40 (26 %) —0.34 283 + 505 +
227 91°
MgCl, 20 (34 %) 1.18 793 + 1120 +
(2-6) 21 8
25 7.93 (25 %) 0.87 770 £ 1303 +
66 98
40 (11 %) 0.29 902 + 1123 +
25 74

@ Represents incomplete hydration with a corresponding low energy and
power density.

b Represents deliquescence during hydration that contributes dissolution
enthalpy in addition to solid-gas reaction enthalpy.
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were not considered for further analysis. Each mixture was hydrated at
25 °C and 40 % RH (note that at these conditions, MgCly by itself deli-
quesces as shown in Fig. 4b and SrCl, by itself does not fully hydrate as
shown in Fig. 4a within the 1.5-hour timeframe). This was followed by
dehydration at 80 °C and 0 % RH of all three mixtures. One such
hydration-dehydration cycle is shown in Fig. 5, with the 30/70 mixture
of SrCly/MgCl, experiencing deliquescence and forming a salt solution
(a > 100 %) owing to the large amount of MgCly present. On the other
hand, the 70/30 mixture only achieves a hydration extent of 67 %, and a
correspondingly low energy density of 450 J g L. This can be attributed
to the incomplete hydration of SrCl, (to its dihydrate state) as the re-
action conditions are within the metastable region. The 50/50 mixture
of SrCly/MgCl, hydrates fully (@ = 100 %), achieving a storage density
of 790 J gL

To provide insight into the behavior of the 50/50 mixture compared
to its constituent salts, the ball-milled salts and their 50/50 mixture were
subjected to varying RH at 25 °C in an environmental chamber for 24 h.
Fig. 6 shows images of the resulting three samples, with MgCl, forming a
solution above 30 % RH that after dehydration forms an agglomerated
block (see inset image). The 50/50 mixture is still in powder form at
these conditions, with some wetting visible at 60 % RH due to the
deliquescence of MgCl,. However, a heterogenous mixture (i.e., a slurry)
is formed instead of a liquid solution owing to the presence of SrCl,,
which once dehydrated is in powder form with less agglomeration
compared to MgCl, by itself (see inset image). The 50/50 mixture thus
shows promise as a new thermochemical storage material compared to
its constituent salts.

To verify that mixing of two salts is purely a physical process without
new compounds being formed, XRD measurements were performed on
the dehydrated salts (SrCly-H20, MgCly-2H0, and 50/50 mixture) — as
shown in Fig. 7a, strong diffraction peaks of SrClp-H2O are mainly
located at ~16°, 20°, 26°, 31°, 33°, 38° and 44°, which is in agreement
with literature [41]. As for MgCly-2H0, the characteristic peaks are at
~16°, 20°, 22°, 26°, 29°, 32°, 41° and 43°. In the 50/50 mixture, most of
the peaks correspond to the crystalline structure of either SrCly-H20 or
MgCl,-2H,0, which confirms the presence of the individual salts with no
byproducts formed (i.e., due to ion exchange or chemical reactions be-
tween the two salts). Additional peaks in the mixture may be attributed
to multiple hydrates of the individual salts [20]. Mixing being a physical
process is also confirmed from one hydration-dehydration cycle of the
50/50 sample — as shown in Fig. 7b, both the hydration and dehydration
slope changes can be matched with that of the individual salts (see inset
plots of SrCly and MgCly).

Since the individual salts and their mixture have similar particle sizes

140
T: 25°C SrCl,/MgCl

) 4 RH: 40% . oo -« 70/30
é120 L7 —50050
S 1004 ’ ‘. =-3070
-— \
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T 40- ‘
s SD:
f 20 - ESD: 790 J g

O L] L] L] L]
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Fig. 5. Hydration extent and energy density values of three SrCl,/MgCl, mix-
tures with varying amounts of each salt. Hydration is performed at 25 °C and
40 % RH, followed by dehydration at 80 °C and 0 % RH.
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Fig. 6. Images of ball-milled powders of MgCl,, SrCl, and their 50/50 mixture at different RH values from 25 to 60 % at a fixed temperature of 25 °C. All images have
a scale bar of 1 mm and were captured after hydrating at the specified RH for 24 h. Insets represent the salts after dehydration at 105 °C overnight.

and preconditioning steps in this study, a direct comparison of their
storage performance can now be made for one hydration-dehydration
cycle at 25 °C and varying RH values. This is summarized in Table 3,
which shows that the 50/50 mixture of SrCl,/MgCly hydrates across the
25-60 % RH range unlike its constituent salts — this covers typical out-
door conditions, making the mixture promising for thermochemical heat
discharge during both summer and winter months [51]. Importantly, the
SrCl,/MgCly binary mixture achieves a specific storage density above
1100 J g ! (~300 Wh kg™ 1) and peak thermal power output over ~1.4
kW kg1, which is suitable to offset thermal loads in a building. We note
that these numbers are at the material level and will change depending
on the salt bed porosity and permeability in a reactor or storage system.

3.4. Mechanisms and design rules for salt mixtures

Having established that mixing is a physical process and that the 50/
50 mixture of SrCly/MgCl, maintains the inherent phase behavior of its
constituent salts, we turn to understand the different contributions to its
energy density at different RH values. The water vapor uptake (extracted
from TGA data and defined as the mass of water sorbed per gram of
dehydrated salt) is shown in Fig. 8a. At 25 % RH, MgCl; in the mixture
hydrates to its hexahydrate state while SrCl, only reaches its dihydrate
state. The corresponding ESD is 626 J g1, which is lower than that of
MgCl, alone at the same conditions (770 J g~1) owing to the presence of
SrCly. At 40 % RH, MgCl, in the mixture fully hydrates and deliquesces
(as shown in Fig. 6), with this wetting layer leading to dissolution that
increases ESD of the mixture to 790 J g~ . At these conditions, the water
uptake of the mixture (~0.55 gwater/salty Shown in Fig. 8a almost
exactly matches the average of the water uptakes of the deliquesced
MgCl; (0.61 gwater/8salt) and SrCly-6H20 (0.51 Zwater/8salt) at the same
conditions (Supplementary Note 1, Fig. S6a). This suggests that both
salts within the mixture have reached their fully hydrated state — this is
surprising as we do not expect SrCl, by itself to reach its hexahydrate at
25 °C and 40 % RH owing to this being in the metastable zone where the
solid-gas hydration reaction is rate limited (supported by the slow mass
gain of SrCl, in Figs. 4a and S6a). We hypothesize that this is because the
deliquescence of MgCl, creates a wetting layer that helps overcome the

energetic barrier for hydration of SrCly in its vicinity within the 1.5 h of
this measurement. When the vapor pressure is increased to 60 % RH,
energy density increases significantly to 1120 J g~*, with more wetting
being observed (a heterogenous mixture or slurry as shown in Fig. 6).
This is attributed both to SrCl, within the mixture being able to fully
reach its hexahydrate state without any kinetic hinderance, and the
dissolution enthalpy of MgCly sharply increasing the water uptake
shown in Fig. 8a. Thus, the performance of the binary mixture can be
explained by accounting for the complete hydration of MgCl, and some
hydration of SrCl, depending on the vapor pressure (both of which
contribute solid-gas reaction enthalpy), as well as some dissolution due
to the deliquescent nature of MgCly (which contributes solution
enthalpy). The mechanism is illustrated in Fig. 8b revealing the benefit
of combining two salts with distinct phase behavior by achieving com-
plete hydration while preventing full deliquescence, and this is consis-
tent with literature reports on other salts [16,40]. Direct observation of
the formation of the wetting layer in different regions of the mixture can
be obtained from in situ SEM and XRD studies to validate the hypothe-
sized mechanism - this is the focus of ongoing work and will be reported
in a subsequent manuscript.

3.5. Cycling performance — hygrothermal stability

Finally, we report the performance of the two salts and their binary
mixture when subjected to 20 hydration-dehydration cycles as is typi-
cally done in literature [18,41,49]. For each cycle, sufficient time (1.5-3
h) was provided to ensure that hydration (at 25 °C and different RH
values depending on the sample) and dehydration (80 °C and 0 % RH for
all samples) reactions approach completion (Fig. S3 — mass % plateaus
over time). The corresponding energy and power density values for each
cycle are obtained from the DSC, with the dehydration energy density
being higher as it occurs at a higher temperature than hydration
(Figs. S4 and S5).

For the ball-milled SrCly, Fig. 9a shows that cycling has a negligible
impact as the water vapor uptake (at 60 % RH) is relatively unchanged
around 0.6 Zwater/gsalt (dehydrated) and the energy density is within 95
% of its initial value (ESD of each cycle is normalized to the first cycle
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Fig. 7. (a) Powder XRD patterns of SrCly-Ho0, MgCl,-2H,0, and their 50/50
mixture. Each sample was dehydrated at 105 °C before measurements were
performed under vacuum. (b) Hydration extent (extracted from TGA data) of
the 50/50 mixture at 40 % RH and 25 °C, with arrows showing combined
features from the individual salts of SrCl, and MgCl,.

Table 3
Hydration energy density and peak power density of ball-milled SrCl,, MgCls,
and their 50/50 mixture by weight.

Salt Hydration
conditions (T; RH)

Hydration energy
density (J g~1)

Hydration peak power
density (W kg™1)

SrCl, 25 °C; 25 % (Incomplete hydration)
25 °GC; 40 % 238 + 44 433 £ 118
25 °C; 60 % 896 + 62 1010 + 115

MgCl, 25 °C; 25 % 770 + 66 1303 +98
25 °GC; 40 % 1209 + 22 1440 + 29
25 °C; 60 % (Deliquesces)

50/50 25°C; 25 % 626 + 54 1000 + 110

mixture 25°C; 40 % 790 + 37 1230 + 94

25 °C; 60 % 1120 + 115 1360 + 120

value of 890 J g’l). This is attributed to the fact that ball milling results
in a structurally stable salt as previously discussed. Furthermore, the
high DRH of this salt ensures that it is hygrothermally stable during
continuous hydration-dehydration (confirmed by the overlap in the TGA
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Fig. 8. (a) Water uptake of the 50/50 mixture of SrCl,/MgCl, hydrating at
25 °C and different RH values. (b) Illustration of the mechanism in a binary salt
mixture, where there is a combined solid-gas reaction enthalpy and dissolution
enthalpy associated with the hygroscopic nature of MgCl, that promotes
SrCl, hydration.

curves for each cycle in Fig. S3a). For MgCl, however, cycling results in a
significant reduction in the mass uptake (at 25 % RH) and energy density
as shown in Fig. 9b, only retaining about 60 % of its initial energy
density of 770 J g~ after 20 cycles. This is because the highly hygro-
scopic nature of MgCl, causes deliquescence during hydration, and
dehydrating it yields an agglomerated salt. As a result, the porosity and
surface area are reduced which is essential for vapor to diffuse and react
with the salt (confirmed by the large variation in the TGA curves for
each cycle in Fig. S3b). This is one of the key reasons that MgCl, by itself
cannot be used as a practical TCM despite its low cost and high ESD. In
comparison, the 50/50 mixture under these same cycling conditions (25
% RH) retains ~80 % of its initial energy density of 626 J g~! after 20
cycles as shown in Fig. 9c. Even at a higher RH of 40 %, the mixture
retains ~77 % of its initial energy density of 790 J g~! after 20 cycles as
shown in Fig. 9d, as long as sufficient time is provided for the mixture to
dehydrate (1.5 h to de/hydrate at 25 % RH, and 3 h at 40 % RH (Sup-
plementary Note 2, Fig. S7a). The decrease in energy density with
cycling is directly related to the decrease in water uptake, as MgCl,
within the mixture agglomerates to some extent but it is mediated by the
presence of SrCl, as discussed previously.

Overall, the 50/50 mixture demonstrates improved cycling stability
compared to MgCl, alone while hydrating over a larger RH range
compared to SrCly alone. These results present an improvement



E. Barbosa and A.K. Menon

(2 “Tr AATANAL, AAAAAA [att %
E .l.ll.l..l...l.l= S
2 061 ggm Lgg O
>
S 22
= G0 L80 &
2 L
© C
o 041 L70 2
2 o
[ e
% 0.34 srci, L60 T
= Hydration: Dehydration: k>
oz dzessumocsoim ], &
0246 8101214161820 2
Number of Cycles <Z3
(€) 07 T 100 2
] 0.6 - A, Lo O
2 AAA >
9 0.5 1 N AAA L 80 E
% LL LT TV =
> g S
d mm =
0]
= 0.3 50/50 Mixture L60 T
; Hydration: Dehydration: 8
o2 Zoszmmareson |, 8
0246 8101214161820 g
Number of Cycles 2

Journal of Energy Storage 90 (2024) 111916

(b) 0.7 17 L 100 %
I 5
o 0.6 4 L o
I Ax 20 >
‘g I.. A o
2051 THEEmdg,, 180 2
© Ay, "mmg, L
= ol =
S 0.4+ A, -70 2
) AAA ©
—_ A ©
% 0.34 mgcl, 4ate0 T
= Hydration: Dehydration: kS

o %RH 80°C & 0%RH
0.2 4 R e R L5 B
0246 8101214161820 2
Number of Cycles §

(d) 0.7 == L 100 2
2 0.6 1 AAAA Lgg O
% Hg AA g
9? 0.5- -.. AAAAAAA g0 é
® l. AAA L
o ug c
5 0.4+ LLY T 70 2
-] Snpy ©
o) 2
w 0-3 50/50 Mixture -60 T
; Hydration: Dehydration: 8

P TR R
02 46 8101214161820 g
Number of Cycles S

Fig. 9. Water uptake and hydration energy density (normalized to the first cycle) over 20 cycles of hydration — dehydration for (a) SrCl,-6H20 — SrCl,, (b)
MgCl,-6H20 — MgCl,-2H50, (c) 50/50 mixture hydrating at 25 °C and 25 % RH and (d) 50/50 mixture hydrating at 25 °C and 40 % RH. Note that the reaction time

was maintained at 1.5 h in (a) — (¢) and increased to 3 h in (d).

compared to two literature studies on binary salt mixtures that report
cycling data (Fig. S7b). Specifically, a 50/50 mixture of MgSO4/ZnSO4
shows a significant drop in hydration energy density to 60 % of the
initial value [37], while an 80/20 mixture of SrCly/MgSO4 drops to 75 %
of its initial energy density after 20 cycles [41].”

4. Conclusions

The material-level performance of two thermochemical salts with
distinct phase behavior and hygrothermal stability, SrCly and MgCl,,
were characterized. The focus was on their hydration behavior due to its
complexity as well as importance for extracting heat from the storage
material. Experiments on the individual salts revealed that they can only
hydrate in a narrow RH range, and this motivated the development of
their binary salt mixture. The main conclusions of this work are as
follows:

e Ball milling salts to micron-sized particles (<50 pm) and pre-
conditioning by cycling five times (dehydration-hydration) mini-
mizes vapor transport resistance and improves reaction kinetics. This
yields a structurally stable salt with enhanced reaction rates reported
as the hydration extent, a.

e The optimal p - T conditions for the reaction can be characterized in
terms of a hydration driving force g, with a value ~0.8 resulting in
higher power densities with minimal impact on energy density as
long as the salt hydrates completely at those conditions.

e The addition of a highly hygroscopic and deliquescent salt (MgCly) to
the mixture improves reaction kinetics by overcoming the

10

metastability of the other salt (SrCly). This is hypothesized to be due

to the formation of a wetting layer and dissolution enthalpy.

Mixtures comprising a common ion (chloride in this case) interact

only physically, minimizing the likelihood of side reactions and

formation of new compounds.

e The binary SrCl,/MgCl, mixture operates over a wider range of RH
(25-60 % at 25 °C) compared to its constituent salts (<30 % for
MgCl; and >60 % for SrCly). A 50/50 (by mass) mixture of this salt
exhibits an energy storage capacity of >1100 J g~ ! that is maintained
within 80 % over 20 cycles. This represents an improvement over
other binary mixtures reported in the literature, but further im-
provements in cycling stability are needed for building applications.
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