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ARTICLE INFO ABSTRACT

Keywords: We have experimentally determined the main thermodynamic properties of SrCl,, a potentially promising salt for
Thermochemical heat storage thermochemical heat storage. We found a high energy density of 2.4 + 0.1 GJ/m® and proved full cyclability for
SrCl,

at least 10 cycles going from the anhydrate to the hexahydrate without chemical degradation. We have exper-
imentally determined the thermodynamic equilibria for each individual transition and the corresponding
metastable zones. We find that the metastable zone is widest for the anhydrate to monohydrate transition and
decreases with each subsequent hydration step. We have also established that the observed nucleation kinetics
are highly dependent on the preparation of the sample. Depending on the preparation conditions, some seeds of
the precursor phase can remain in the sample thereby influencing the induction times for the transition. In heat
storage applications we recommend selecting conditions well away from the phase transition lines (at least
outside the metastable zone) and to leave some seeds of the phase to be transferred in order to increase the

Thermochemical analysis
Hydration/dehydration cycling

transition speed.

1. Introduction

The mismatch between supply and demand is one of the main hur-
dles in the transition to renewable energy. This hurdle can be overcome
by storing heat, especially in the domestic environment since 70% of
energy is used for heating houses and hot water [1]. This requires a
compact and safe method which can be provided by thermochemical
heat storage. This method stores heat through the reversible chemical
reaction between a thermochemical material (TCM) and a gas. The en-
ergy is stored in chemical bonds, which offers a large heat of reaction
[2]. For use in residential areas water vapour is the preferred gas as it is
safe and readily available, while the temperature required for the
chemical reaction (particularly the dehydration) is limited to tempera-
tures that can be reached with solar boilers for domestic use (maximum
150 °C) [3].

There are several salt hydrates that meet these criteria for a TCM.
The heat is stored by dehydrating the salt and can be released by the
reverse process of hydration. Examples of salts that have been studied in
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detail are K,CO3 [1,4,5], CaCly [6,7], MgCly [4,8-10], NayS [4] and
MgSO4 [8,11-13]. Most of these salt hydrates have a high energy density
(e.g. K2C0O31.28 GJ/m? [4] and hexa-to monohydrate CaCl; 2.16 GJ/m?
[14]), but some have stability issues resulting in the release of toxic gas
(MgCly and NayS [4,15]), or rehydration issues due to limited water
vapour transport (MgSO4) [12].

Recently, strontium chloride has been identified as a possible
candidate for domestic thermochemical heat storage [1,16]. This com-
pound was reported to have a high theoretical energy density for the
hexahydrate of 2.51 GJ/m?> with respect to the anhydrate [17]. So far
SrCl, has been used as an additive to improve the water vapour transfer
in MgSOy4 by Li et al. [18] which gives full cyclic stability for this salt
mixture. However, full cyclic stability of pure SrCly has not been
shown.! Other applications for SrCl, were in a composite material
(pumice [20], activated carbon [21], silica gel [22] and cement [23]).
Recent work by Clark et al. [24] studies the hydration kinetics (con-
version speed) of the anhydrate to hexahydrate transition of SrCly,
skipping intermediate hydration states, as well as its kinetics when used
in a cement composite.

E-mail addresses: h.p.huinink@tue.nl (H.P. Huinink), e.vlieg@science.ru.nl (E. Vlieg).
1 After this paper was submitted, another publication became available which shows full cyclic stability for SrCl, [19].
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Nomenclature

S

G° Molar Gibbs energy (Jemol™)

R Universal gas constant (8.314 Jemol teK!)

T Temperature (K, °C)

K Thermodynamic equilibrium constant (no unit)
a Activity (no unit)

p: Pressure (mbar)

po The standard pressure (1000 mbar)

AHC The standard molar reaction enthalpy (Jemol™)
A,S° The standard molar reaction entropy (Jemol 'eK)
Au The difference in chemical potential (Jemol™)

t Time (min)

HF Heat flow (Weg™)

Indices

SrCl, Anhydrous strontium chloride

H>,O Water

(s) Solid

(€3] Gas

eq Equilibrium

SrCl, has multiple hydration states and it is chemically stable up to
250 °C [23]. However, a potential disadvantage is that the hexahydrate
decomposes into a solution and its dihydrate at 61.3 °C, which can occur
during dehydration. This process can be described as “melting” [25].
The salt has three reversible reaction steps from the hexahydrate
through the di- and monohydrated states to the final SrCl, anhydrate.

The complete (p, T) phase diagram including all these phases of SrCly
has been calculated by Steiger based on thermodynamic data [17]. He
concluded that the compound has great potential as a TCM, because it
has a higher deliquescence humidity than MgCl, and CaCl, thus
avoiding issues with solution formation [12,26]. Additionally, in
contrast to several sulfates [27-30], SrCl, requires lower water vapour
pressures to reach the final hydration state. Furthermore, the hydration
of many sulfates is slow and results in incomplete hydration [13,31-34].
This does not apply to SrCly, as shown by Clark et al. [24].

In practical applications, however, kinetic effects such as nucleation
and growth processes play a crucial role in the behaviour of any TCM. As
a result, the temperature and water vapour pressure needed for a tran-
sition can deviate from the thermodynamic equilibrium values. The
differences between equilibrium phase transition pressure and temper-
ature and the actual transition values span what is called the metastable
zone of the transition. Mapping out the metastable zone width (MZW) is
therefore crucial for the application of salt hydrates in a heat battery,
since it involves practical aspects such as the output temperature and the
kinetics of the reaction [5,35].

Therefore, we need to understand the transitions of the salt to opti-
mize the performance of a TCM in applications. The purpose of this work
is to determine the properties of SrCl, as a TCM from a thermodynamic
point of view by studying all its hydration and dehydration transitions.
This also allows a comparison between these transitions for one and the
same material. We experimentally determined the thermodynamic
equilibria of each transition (phase equilibrium lines in a (p,T)-diagram,
the phase transition enthalpies and entropies) and the kinetics of the
separate transitions. The latter include determining the MZW, cycla-
bility and induction times. The induction time is the time needed for a
transition to start once the conditions are changed to invoke the
transition.

2. Theory

The three hydration and dehydration reactions for SrCl, and its
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hydrates are given by:
These equations can be summarised into a general reaction equation
by:

SrCly - nH,O(s) < SrCly-mH>O(s) + (n — m)H,0(g), @

where n and m are the number of water molecules in the higher and
lower hydrate, respectively.

This leads to the thermodynamic equilibrium constant K determined
by

a(SrCl-mH,0(s) )-a" ™ (H,0(g))
a(SrCl-nH,O(s))

= —(n— m)RT (1%) ,

where we set the activity a equal to one for the solids and assume perfect
gas behaviour for the vapour. In this equation p is the water vapour
pressure in mbar, p’ the standard pressure (1000 mbar), 4,G° the molar
reaction Gibbs energy, R the gas constant and T the temperature in K.
The reaction Gibbs energy for dehydration at temperature T can also be
expressed as:

A,G’ = —RTInK = —RTln

(2)

AG =AH® —TA,S°, 3

where A,Ho is the standard molar reaction enthalpy (Jemol™") and A,SO
the standard molar reaction entropy (Jemol 'eK ). Substituting 4,G’ in
eq. (2) gives the linear form of the Van ‘t Hoff equation which is valid for
dehydration [36,37].

P\ _AS (AH I
(nfm)ln(ﬁ> =R 7< R )T @

By dividing this equation by the number of water molecules involved
in the reaction, (n-m), it can be used to estimate the A,HO and A,SO of the
different hydrate transitions per water molecule assuming that they are
independent from the temperature.

The difference in chemical potential, Ay (J omol’l), for a transition
induced by changing the temperature T, starting from an equilibrium
situation Teq, is given by

Peq (Teq)_

. ®)

Ap = RTIn? ”IEOT“’) — RT,n? “’IEOT“’) = R(T = T,)In

This equation shows that the initial difference in chemical potential
per mole water driving the reaction (which is called the driving force in
crystal growth theories) increases linearly with increasing or decreasing
temperature for dehydration and hydration, respectively.

Similarly, the difference in chemical potential, Ay (Jemol™), for a
transition induced by changing the pressure P, starting from an equi-
librium situation Peg, is given by

P(Teq)
Deq (Teq).

Peq (T“l)
o

T,
Ap=RT,In" (po") — RT,In = RT,In 6)

3. Materials and methods
3.1. Sample preparation

The SrCl; crystals were grown from powder (95% Alfa) dissolved in
demi water prior to measurements to improve the purity. This resulted
in needles of SrCl,e6H;0 shown in Fig. 1, as confirmed with single
crystal x-ray diffraction. The purity of the crystals was determined to be
99.45% by elemental analysis (ICP-OES). The main impurities are cal-
cium (0.4%), magnesium (0.04%) and silicon (0.05%).

Experiments were also done with SrCl,e6H;0 purchased from
Fischer Scientific. This powder was sieved to 50-100 pm size fraction.
The certificate of analysis of the SrCl,e6H,0 (99+ %) from Fischer
Scientific, showed it had a purity of 99.1%, but it was not specified what
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Fig. 1. Optical microscopy image of SrCl, hexahydrate needles. The line is 280
pm wide.

the impurities were. In our experiments, however, this small purity
difference did not have any significant effect on the results, and this was
found to be the case even in some experiments with the 95% purity
material. We can thus exclude purity as a relevant parameter for our
samples and will not discuss this any further.

The full hydration of single crystals was particularly relevant for the
enthalpy determinations since we found the sample to dehydrate at
ambient conditions. The powder is better suited for practical applica-
tions because it allows better water vapour and heat transport.

3.2. Pressure-temperature measurements

A p,T-meter set-up as described by Sogiitoglu et al. [5] was used to
measure the equilibrium phase lines of the SrClo-H50 system. Approx-
imately 1 g of SrClyenH»0 was used, with “n” being the higher hydration
state for the equilibrium line that was studied. The temperature was
increased stepwise with sufficient time in between to reach an equilib-
rium water vapour pressure. The equilibrium vapour pressure line was
constructed as a function of temperature based on these data points.

3.3. Enthalpy determination

The enthalpy per mol H,0 (A,HO/(n—m)) was determined from the
dehydration transitions with a differential scanning calorimeter (DSC) of
type Mettler-Toledo DSC 3. Approximately 5 mg of SrCloe6H50 crystals
were placed in a standard 40 pL aluminium pan with a closed lid and
melted by heating it from 25 °C to 90 °C with a rate of 0.1 K/min, fol-
lowed by cooling the sample to room temperature with a rate of —10 K/
min. Subsequently the lid of the pan was pierced, and the sample was
dehydrated in the DSC from —10 °C to 150 °C with a rate of 0.1 K/min.
The transition peaks were integrated to obtain the enthalpy for each
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transition.

3.4. Thermogravimetric analysis

Set-up and humidity conditioning: The amount of water released in
time was determined with a thermogravimetric analyser (TGA) of type
Mettler-Toledo TGA/DSC 3+ which was equipped with a humidity
controller (Fig. 2). The humidity is controlled by heating a water bath to
a set temperature, thus creating water vapour with 100% relative hu-
midity at the temperature of the water bath and well-defined partial
pressure. This gas is then mixed with a dry N»-flow at a set ratio. The gas
flow was limited to 250 mL/min to minimize the temperature difference
between the sample and the reference pans, since the gas is approxi-
mately at room temperature and flows over the sample pan while
adopting the temperature of the oven. The partial water vapour pressure
of the gas mixture was calibrated with the deliquescence points of LiCl,
CaBr,, MgCl,, CoBro and NaBr. The estimated error of the calibration is
+1.1 mbar. Approximately 10 mg of SrCly powder was placed in a
standard 100 pL aluminium pan without a lid. The temperatures and
heating rates were different for each type of experiment.

Metastable zone: Metastable zone width (MZW) values were
measured using TGA, by cooling and heating the salt at a fixed water
vapour pressure and detecting the onset temperature of the sample at a
cooling/heating rate of 0.1 K/min. The samples used were either single
crystals (sc) or 99% pure SrClye6H,0 powder.

Induction times: The induction times were measured using TGA by
first pre-treating the SrCl, by keeping it at p, T-conditions required for
the desired hydration state for 1 h (unless otherwise specified). Once the
SrCl, was in the desired hydration state, the temperature was rapidly
(20 K/min) changed to one where a transition is expected. The tem-
perature was then kept constant to allow the transition to occur (for
example: 12 mbar water vapour pressure with 1 h dehydration to
anhydrate at 130 °C followed by 8 h at 70 °C to see the transition to
monohydrate). This was repeated for several temperatures at one fixed
water vapour pressure and for several water vapour pressures for one set
temperature. The induction time was measured from the point where the
desired temperature and pressure were reached until the onset of the
transition.

Cyclic measurements: The cyclability was tested by dehydrating a
powder sample for 4 h at 130 °C followed by 6 h of hydration at 25 °C,
both at a fixed water vapour pressure of 22 mbar. This entire process was
done ten times consecutively with a cooling/heating rate of 10 K/min.

4. Results & discussion
4.1. Phase diagram and metastable zones

In Fig. 3, the phase behaviour for the SrClo-H50 system is presented.
The experimental equilibrium data as determined using the (p, T)-meter
are represented by the filled circles. The theoretical equilibrium lines
between the various phases (dashed lines in the diagram) are from the
work by Steiger [17]. The dotted lines are from the work of Clark et al.
[24] which is based on the enthalpy data from Gmelin [38] but further

Furnace heater

Gas Inlet

Crucibles

-} Balance arm with thermocouples

—— Furnace sensor

Fig. 2. Schematic representation of TGA/DSC. There are two crucibles, the empty reference crucible (R) and the crucible with sample (S). The oven is cooled and
heated with typical rate of 0.1 K/min (for MSZ) while humidity inside the oven is controlled with a gas flow with set partial water vapour pressure.
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Fig. 3. Experimental phase diagram of SrCl,, plotted as partial water vapour
pressure vs. temperature. The experimental equilibrium pressures determined
with the p,T-meter are indicated with the full circles and the lines represent the
equilibria from literature; dashed Steiger [17] and dotted Clark et al. [24].

used unspecified offset data for the lines. The differences clearly
demonstrate the sensitivity of the theoretical lines for the parameter
values used. Due to the logaritmic nature of equation (4), deviations of
the order of 2.5 kJ/mol, which are minor variations for ArHO /(n-m), lead
to a significant difference.

The experimental values of the 2-6 transition confirm the theoretical
predictions well. Further, the experimental values of the 1-2 transitions
overlap well with the data from Steiger, but not with Clark et al. As only
the source for the enthalpy they used was specified in their paper and no
further data for the offset of the lines, there is no way to explain the large
deviation.

For the 0-1 transition there is a clear difference between experi-
mental and theoretical data. While there were some experimental lim-
itations (at the highest temperatures equilibrium might not have been
reached), the location of the experimental p,T line is expected to be
reliable. Note that Steiger’s approach extrapolates the equilibrium line
from the behaviour of concentrated solutions, which will be prone to
error at very low water activities. Additionally, this particular line was
based on experimental data of limited quality [39]. Once more, the data
for the offset of the line used by Clark et al. was not specified in their
paper.

Metastable zone width (MZW) values were measured using TGA. The
samples used were either single crystals (indicated in Fig. 4 as sc) or
SrCl,e6H50 powder (in Fig. 4 indicated as pw). Based on Fig. 4, a clear
difference was found between the MZWs for the various transitions. The
MZW for the 0-1 transition is about 55 K, while the MZW for the 1-2
transition is about 20 K and the MZW for the 2-6 transition is about 5 K
(at 20 mbar).

The 1-2 metastable zone is symmetrical with respect to its equilib-
rium line. The 2-6 metastable zone is asymmetrical with the dehydra-
tion happening at the equilibrium, but a small MZW for the hydration.
The experimental p, T data for the 0-1 transition are located more in the
centre of the metastable zone in contrast to the theoretical equilibrium
line. However, given the uncertainty in the position and slope of the
theoretical line [39], it can be concluded that the 0-1 transition is
reasonably symmetrical around the equilibrium data points.

Overall, the MZW decreases for higher hydration content transitions.
This might be related to the wetting layer at the surface of the crystals,
which is expected to increase in thickness with higher supersaturations
of water vapour pressures [5,35]. However, this has not been experi-
mentally verified or quantified for SrCl,. An alternative explanation for
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Fig. 4. Experimental phase diagram, partial water vapour pressure vs. tem-
perature, of SrCl,. The dashed lines represent the deliquescence equilibrium
and hydration equilibria from literature [17]. The filled circles represent the
experimental equilibrium pressures determined using the (p,T)-meter. The tri-
angles directed to the left represent the onset temperatures for hydration and
the triangles directed to the right for dehydration. The triangles are open (99%
powder sample) or half-filled (single crystal sample). The metastable zone is
indicated with grey for 0-1 transition, red for 1-2 transition and blue for the
2-6 transition. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

the width of the 0-1 metastable zone is the huge change in crystal
structure which goes from cubic Fm 3 m to orthorhombic Pnma. Either
of these explanations will need to be tested.

4.2. Transition enthalpy and entropy

4.2.1. DSC experiment results

Single crystals were taken directly from solution to ensure we had
fully hydrated hexahydrate sample for enthalpy determination in the
DSC. The pan was sealed directly after weighing the sample which was
required because the hexahydrate dehydrates at ambient conditions
(with a relative humidity that can be below 30% in our lab). The lid was
pierced right before the DSC experiment. We learned that limited water
vapour transport occurs inside a pan with a pierced lid when the heating
rate is 0.5 K/min, especially with a large sample (11.4 mg). This leads to
overlapping dehydration and incongruent melting as shown in Fig. 5
with the black line.

When the sample pan remains fully sealed during heating in the DSC
the water will remain liquid, thus partially dissolving the SrCl; in its own
crystal water at 61.3 °C, a process also described as melting of the SrCl,
hexahydrate [25] and illustrated by the red line in Fig. 5. Subsequent
piercing of the lid and then heating the sample with a slower rate of 0.1
K/min gives clear distinct dehydration peaks (green line).

Virtually the same result can be obtained by using a pan with pierced
lid and dehydrating a smaller sample of 5 mg with a heating rate of 0.1
K/min without “melting” prior to the dehydration process (not shown in
Fig. 5 since it would overlap with green line). This shows that melting
and recrystallisation does not have any adverse effect on the dehydra-
tion process. The dehydration experiments were done in triplicate to
determine the transition enthalpies. The average of these three mea-
surements is given in Table 1. The total energy density for a 0-6 tran-
sition was calculated to be 2.4 + 0.1 GJ/m® based on the density of the
SrClye6H,0, which is in good agreement with the value of 2.51 GJ/m>
reported by Steiger [17].

4.2.2. Enthalpy values comparison
Next we compare the enthalpy values from the experiments (both
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Fig. 5. DSC results of heating of SrCl, hexahydrate with a pierced lid with 0.5
K/min heating rate (black), closed lid showing melting only (red) and a sub-
sequently pierced lid with a 0.1 K/min heating rate (green). (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 1
Standard molar enthalpy of dehydration per mole water for the various transi-
tions for the SrCl, hydrates.

AHC/(n-m) per 6-2 [kJ/mol 2-1 [kJ/mol 1-0 [kJ/mol
transition H,0] H,0] H»0]

DSC results 50 + 6.2 60 + 2.7 63 + 3.5
p,T results 53+ 1.5 58 +2.3 54+ 9.0
DSC Gmelin [38] 54 59 68

Steiger fit [17] 54 58 76

DFT calculations [41] 56 55 60

DSC and p, T experiments) with earlier DSC results [40], Steiger’s work
[17], DFT calculations [41] and thermodynamic calculations [37]. The
equilibrium lines from Steiger as well as the data determined from the p,
T measurements were fitted to equation (4) to determine the enthalpy
for each transition. All data are shown in Table 1.

The experimental fit results for the 6-2 and 2-1 transitions are close
to the value of the fit to Steiger’s data, which was expected since the data
overlapped in Fig. 3. Also, both the 6-2 and 2-1 transitions, agree quite
well (£5 kJ/mol) with the other literature data (previous DSC and DFT
calculations).

However, for the 1-0 transition this is not the case. Our p, T-data has a
wide error range for this transition due to the aforementioned experi-
mental difficulties. The error in the enthalpy was estimated by first
fitting all data points and comparing this with the values when using 4
out of 6 data points in different combinations. The DFT calculations and
our DSC results agree reasonably well. However, Steiger’s values are a
lot higher than the experimental DSC and p, T values. This is most likely
due to the aforementioned extrapolation from saturated solution to very
low water activities and the limited quality of the experimental data
used [39]. There is a moderate increase in enthalpy per mole of water
when going to lower hydration states. However, the 6-2 transition has by
far the largest enthalpy difference since it has 4 mol of water in the
transition.

4.2.3. Entropy values comparison

The entropy values for the different transitions are given in Table 2.
Once more we fitted the equilibrium lines from Steiger as well as the
data determined from the p,T measurements to equation (4) to
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Table 2
Entropies of the various transitions for the SrCl, hydrates.

AS per transition 6-2 [Jemol 'eK!] 2-1 [Jemol 'eK 1] 1-0 [Jemol eK]

p,T results 139+5 126 +7 116 + 27
Steiger fit [17] 142 146 169
Glasser [37] 146 91 184

determine the standard molar entropy for dehydration for each transi-
tion. For the 6-2 transition the p, T results and the literature values are in
good agreement. In the case of the 2-1 transition, there were only three
datapoints so the fit for the entropy has a large uncertainty. The entropy
obtained from Steiger is more in agreement with our value. The entropy
value from Glasser for this transition is unexpectedly low. It is unclear
why this is the case; Glasser used the HSC chemistry database in his
paper, but it lacks information on how these values were obtained.
Finally, for the 1-0 transition there is an even larger discrepancy
between our value and the literature values, even when taking into ac-
count the large uncertainty in this case due to the scattering in our
experimental p, T values. However we are convinced our experimental p,
T data gives the most reliable value for the entropy since it gives a
reliable indication for the position of the p, T line. Steiger’s values for this
transition are based on unreliable experimental values [39] and as
mentioned before it is unclear what Glasser’s entropy value is based on.

4.3. Induction times

4.3.1. Fixed water vapour pressure and varied temperatures

A systematic study of the induction times for the hydration and
dehydration transitions has been performed. For an overview of all
experimental conditions (p,T) we refer to Fig. 6. The conditions are
indicated in the phase diagram and labelled with the number of minutes
it took for the transition to start.

A. Hydration: The hydration is shown in the left panel of Fig. 6. For the
hydration of the anhydrate (black symbols) we see the induction
times decrease with decreasing temperatures with one outlier at
70 °C and 22 mbar which has an induction time of 9 min. Interest-
ingly, at 50 °C and 22 mbar the dihydrate could be formed according
to the phase diagram, but instead the anhydrate did not continue
hydrating (within 8 h) after the monohydrate was formed. In the case
of the hydration of the monohydrate to the dihydrate (red symbols)
we see no clear correlation between induction time and temperature.
The hydration from dihydrate to hexahydrate had a short induction
time, but we could not obtain data at lower temperatures due to
condensation issues.

B. Dehydration: The dehydration is shown in Fig. 6 on the right. The
dehydration of the hexahydrate to the dihydrate (blue triangles)
started fast for all tested conditions. The dihydrate took a long time
to start dehydrating if at all. However, at low p the induction time
increased with the temperature. Finally, the monohydrate also took a
long time to start dehydrating except for the measurement at 110 °C
and 22 mbar.

We expected the hydration to go faster for lower temperatures and
for the dehydration we were expecting it to go faster for higher tem-
peratures. However, this was not observed. To find out what caused this
unexpected result we did a series of reproducibility experiments in
which we aimed to have improved control over the conditions.

C. Reproducibility hydration anhydrate to monohydrate: We did these
reproducibility experiments for the hydration of the anhydrate to the
monohydrate at p = 22 mbar and T, = 70 °C (i.e., the condition of the
previously mentioned outlier with an original induction time of 9
min), because the anhydrate is the form that is the easiest to prepare.
The results are shown in Fig. 7 for two different preparations
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conditions of the anhydrate. Three powder samples (a, b and c¢) were
prepared and each went consecutively through the same four tem-
perature programmes (labelled ‘al’- ‘a4’ in the legend to Fig. 7). The
experiments at T, = 70 °C showed that the induction times are highly
dependent on the pre-treatment of the sample. It is clear that dehy-
drating the sample at 130 °C for 1 h is insufficient to ensure complete
dehydration (Fig. 7 left panel), because the induction time was a lot
shorter in the second round (a2). This is probably due to some
remaining seeds of the desired end state (in this case the mono-
hydrate) from a previous experiment, even though the sample weight
indicated that the desired initial state (anhydrate) was achieved. The
dehydration was incomplete for experiments b2 and c2 at these
conditions. Another experimental complication is the formation of
an inactive or caked layer at the top of the sample, blocking full
hydration of the sample which makes it difficult to get to the desired
starting hydration state (other than the anhydrate). This can be seen
in Fig. 7 (left panel) where hydration appears to stop at 0.7 mol H,O
for 4 experiments.

. Reproducibility hydration anhydrate to monohydrate with preheat-
ing at 200 °C: Repeating these experiments with a preheating tem-
perature of 200 °C (Fig. 7 right panel) is found to be enough to
remove any seeds of the monohydrate and resulted in an induction
time of 123 4+ 16 min with a smaller spread between the different
experiments (original spread was 120 min). Additionally, we tested
the reproducibility for p = 22 mbar and T, = 65 °C using the same
200 °C preheating. This led to faster induction times of 31 + 6 min.
This corresponds with our expectations since lowering the temper-
ature increases the Ay for hydration.

In summary, the wide spread between the induction times (9-120
min) in Figs. 6 and 7 (left panel) is due to the preparation conditions
which turned out to be insufficient to remove all monohydrate seeds,

even though TGA data suggested full dehydration. When the preparation
ensures all seeds of the monohydrate are removed, the spread in in-
duction times is moderate (Fig. 7 right panel and the experiments at
65 °C) and is due to the stochastic nature of nucleation.

Such stochasticity is typically found in crystal nucleation experi-
ments in solution [42]. In solution growth the number of nucleation
events is typically small and thus the spread in induction times large,
especially at low supersaturations. In our powder there are a lot of
crystals with each grain having their own defects. Due to this wide range
of conditions in a powder sample the odds of one grain transitioning are
increased. The initial nucleation does not lead to instant transition of the
other crystals in the sample, as shown by the variation in slopes in Fig. 7
(right panel). This is similar to other solid state transitions in single
crystals, where a transition starts at one or more defects and it takes a
while before the entire crystal has transitioned [43].

4.3.2. Fixed temperature and varied water vapour pressure

An alternative way of changing the Ay for hydration is by adjusting
the water vapour pressure at constant temperature (see equation (6)). In
this case we expect a lower water vapour pressure to lead to a longer
induction time. This was tested for 5 different water vapour pressures at

Table 3
Induction time for the nucleation of the anhydrate to the monohydrate at
different water vapour pressures.

Water vapour pressure [mbar]

Temperature 70 °C:
Induction times [min]

Temperature 65 °C:
Induction times [min]

22 131 26
19 319 77

17 >480 183
15 >480 >480
12 >480 >480
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two different temperatures as shown in Table 3. We ensured the initial
state was the anhydrate by preheating the sample to 200 °C just like in
the reproducibility experiments. The results agree with our expectation,
showing that even a slight decrease in water vapour pressure results in a
significantly longer induction time. Times exceeding the duration of the
experiment are indicated with >480 in the table. These experiments
were done once, however, we assume these results to be indicative of the
nucleation time (within a certain spread) since the preheating at 200 °C
ensures complete removal of monohydrate seed crystals.

4.4. Cyclability

Li et al. [18] observed decreased water uptake in subsequent cycles
when pure SrCl, is cycled. However, they used short hydration and
dehydration times of 20 min. In contrast, we let the sample dehydrate
for 4 h and hydrate for 6 h, which resulted in full reversibility without
chemical degradation for at least 10 cycles (Fig. 8). The different cycles
overlap well, proving the reproducibility of the process.

In all cycles, during the heating (10 K/min), the dehydration from
hexahydrate to monohydrate happens without visible pause at the
dihydrate intermediate. The pause at the monohydrate coincides with
the end of the heating slope. After this point the dehydration to the
anhydrate continues at a slower pace, because the driving force for the
transition to the anhydrate is lower under these conditions than the
driving forces for the 6-2 and 2-1 transitions were.

For the hydration a slight difference is observed between the first
hydration from dihydrate to hexahydrate (black line) as compared to the
2nd to 10th hydrations (other lines). The hydration goes slightly faster
the first time. The hydration to the monohydrate is completed during the
cooling (10 K/min), the hydration then continues with the same speed at
25 °C until the dihydrate is reached. The speed of transition decreases
between the dihydrate to the hexahydrate, resulting in a kink in the
graph at a loading of 2 mol water per SrCl,. The conversion rates of these
transitions in mol/min are approximated by a linear fit and given in
Table 4. This approximation does confirm Clark et al.‘s [24] observation
that the hydration from the dihydrate to the hexahydrate is the slowest
step. This follows from eq (6) which shows that Ap is proportional to

P(Teq)
Peq(Teq)”

higher than for the 2-1 and 1-0 transitions. In contrast to Clark et al. we
could observe the hydration from the anhydrate (through the

In The equilibrium vapour pressure for the 6-2 transition is much
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Fig. 8. Cyclability of SrCl, from anhydrate to hexahydrate at p = 22 mbar. The
loading in mol H,O per mol SrCl, is shown on the left y-axis and the solid lines,
one per cycle. The sample temperature (Ts) is shown on the right y-axis and the
red dashed line. (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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Table 4
Conversion rates of the different transitions at 22 mbar.

Transition Conversion rate (mol/min) + 95% confidence interval
6-1 0.50 + 0.03

1-0 0.040 + 0.003

0-2 0.063 + 0.002

2-6 0.017 + 0.0007

monohydrate) to the dihydrate. This transition is about three times
faster than the di-to hexahydrate transition, in our experimental con-
ditions. This can be partly explained by the fact that the driving force for
the 2-6 transition at this temperature and water vapour pressure is
smaller than for the other two (see eq. (5)).

4.5. Comparison SrCl, with other salt hydrates for heat storage

Multiple reviews [1,14] have summarised and assessed the use of
different pure salts for heat storage, most recently Li et al. [44]. That
review refers to several well-studied salt hydrates for application as
TCMs like NaS;, MgCly, MgSO4, SrBrp and KyCOs. However, as
mentioned in the introduction, NaS; and MgCl, are chemically instable
[4] while MgSO4 shows poor rehydration kinetics [10]. As demonstrated
in this paper, SrCl; does show chemical and cyclic stability. Meanwhile
its energy density (2.5 GJ/m>) is confirmed to be higher than that of
SrBry and K,CO3 (1.93 [14] and 1.3 GJ/m® [4], respectively). Thus,
compared to these well-studied cases, we find that SrCl, has favourable
characteristics for all parameters that are important for heat storage.

5. Conclusion

We have demonstrated that SrCly can completely and reversibly
cycle from anhydrate to hexahydrate for at least 10 cycles without
chemical degradation. In these cycles the hydration from dihydrate to
hexahydrate is the slowest step, yet hydration within 6 h is possible.
Additionally, the experimental total energy density of 2.4 + 0.1 GJ/m>
corresponds well to the theoretical value from the literature (2.51 GJ/
m>). This high energy density is an advantage over other salts, like
K2COg3 which is already being used in applications.

Furthermore, we have established that the SrClo-H20 system has
MZWs for the 0-1, 1-2 and 2-6 transitions of respectively 55, 20 and 5 K
for cooling/heating rates of 0.1 K/min. These MZWs decrease with
higher water content transitions. The 2-6 transition only has a MZW for
the hydration, the dehydration happens at the equilibrium. In contrast,
the 1-2 transition has a symmetrical metastable zone. The measured 0-1
equilibrium (p,T) data points lie reasonably well in the middle of the
metastable zone of this transition.

The enthalpy per transition was experimentally determined in the
DSC and with p, T experiments and varies from 50 to 63 kJ/mol H3O. The
experimental values correspond well with literature values, except for
the 0-1 transition for which the uncertainty is somewhat larger. The
enthalpy per mole increases with decreasing hydration state, but the
highest enthalpy is in the 6-2 transition since it has 4 mol of water. Our
experimental entropy values are surrounded by some uncertainty but do
appear to be in range with the previously reported mean value of 146
Jemol leK1.

Finally, we have established that the induction times are highly
dependent on the preparation conditions of the sample. When the
sample is carefully prepared it is possible to eliminate precursor seeds
and then the induction times decrease with increasing Au. Remaining
seeds will decrease the induction times, which is favourable for practical
applications. Additionally, a water vapour pressure and temperature
outside of the MSZ can be chosen to facilitate rapid transitions. Both the
cyclic stability and density confirm the suitability of SrCl, for heat
storage.

A challenge for using this compound in practical applications is the
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high water vapour pressure required to transition to the hexahydrate
and thereby obtaining the full potential for the energy density. Another
challenge is ensuring water vapour transport does not get limited during
dehydration which can lead to incongruent melting. This did not lead to
issues on our mg scale with open pans but should be taking into account
when designing a device.

Nevertheless, both the cyclic stability and heat density confirm the
suitability of SrCl, for heat storage.
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