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This work systematically investigates the effect of 9 inorganic salt hydrates on the performance of strontium
bromide (SrBrp) a thermochemical material (TCM). The goal is to boost the performance of this base salt by
enhancing the reaction kinetics of the SrBry 6-1 transition or by shrinking the reaction hysteresis. The study
shows that the added salts that do not share a common ion with SrBrj (LiCl, LiF, ZnF3, Znly, K2CO3) give limited
to no benefits. The lack of improvement is due to a side reaction between SrBrp and the added salt leading to the
formation of new salt hydrate with low hygroscopicity that does not contribute to the thermochemical reaction.

The addition of hygroscopic bromide salts with divalent cations (ZnBry, CaBry, MnBry) gave mixed results
depending on the sample history. The most likely cause is cation exchange between bromide salts occurring
during exposure to high vapour pressures which promote ionic mobility. The overall best performance was
achieved with the addition of LiBr, which we attribute to its high hygroscopicity.

1. Introduction

Despite our efforts in the ongoing energy transition, only 7% of
current energy in Europe is generated from fully renewable sources,
such as wind, solar or hydro [1]. Nonetheless, to achieve the desired
changes in our environment, this share must be tripled at the very least
[2], or the utilisation of other energy sources, such as waste heat, must
be increased. Unfortunately, one of the main challenges connected to the
greater utilisation of renewable energy sources stems from their
inherent temporal and spatial mismatch. To solve this issue and bridge
the gap between energy generation and consumption, energy storage is
needed. Since energy comes in many forms, various solutions are
needed. One such solution is heat storage, since a large proportion of
energy, especially in households, goes towards space and water heating
[3]. Once again, we are presented with several possibilities [4], where
thermochemical heat storage (TCHS) in salt hydrates is one of them
[5-7]. Over the past years, dozens of salt hydrates were tested for their
suitability as thermochemical materials (TCMs), and the reaction of
strontium bromide hexahydrate (SrBry-6H0, Reaction 1) has been
frequently brought forward as a promising candidate [8-10].

SrBr, @ H,O(s) + 5H,0(g) < SrBr,  6H,O(s) + Heat (Rx.1)

There are two primary reasons why SrBr-6HO is considered to be a
promising TCM. Firstly, the hydration reaction can provide enough heat
to cover the residential needs, while the opposite dehydration reaction,
which recharges the system, is achievable well below 100 °C, when
exposed to atmospheric humitidy conditions [8], a temperature easily
generated by for example, commercial solar thermal collectors. Sec-
ondly, SrBrj 6-1 transition has a high theoretical energy density of 945
kJ/kg (1.99 GJ/m>) SrBrye6H,0 and an effective energy density of 798
kJ/kg [10].

SrBry 6-1 reaction has been extensively studied in the literature on
the lab scale and in prototypes [8,11]. The challenges related to using
SrBry as TCM that are being tackled by other reserchers are agglomer-
ation and low thermal conductivity when used in its pure form. Botch
issues are often taclked by developing a composite material. Most
commonly an (inert) matrix it employed, such as vermiculite [8,12,13],
silica gel [14], metal organic frameworks [15] or silicone foam [16] to
prevent the agglomeration. To enhance thermal conductivity, expanded
graphite [17-19], also in combination with polymeric binders [20-22],
was used. Although the use of a matrix usually resulted in greater me-
chanical stability and thermal conductivity than the pure salt and
sometimes even enhanced reaction kinetics due to the particles’ greater
permeability, it was done at the expense of energy density.
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Table 1

Secondary salt matrix compiling DRH values [%RH] at 20-25 °C [42,
43]. The cells are coloured according to the following criteria: Green:
Pdel < Peq Yellow: pael < Phyd, Orange: Pael < Pdel srar2 GT€Y: Pdel > Pdel
srer2. Dark shades indicate materials that are tested, while light shades
are potential candidates that fulfil the criteria but are not tested. SrBry
is highlighted in blue.

F cr Br I COs>
Li* 11 18
Na* 96.9 75.3 57.7 38 88
K* 30.5 84.3 80.7 68.7 44
Rb* 14.5 75 78.5 76.1
Cs* 3.7 65.8 83 90.8
Mg?* 33 315 28
Ca* 28.8 16.5 15
S 70.8 59 34
Mn? 56 34.6
Zn* 3 19

Nevertheless, the hysteresis between hydration and dehydration,
which has been observed in several instances [22,23] has never been
resolved. Although this phenomenon is quite common in salt hydrate
(de)hydration reactions [24-26], it is undesirable in TCHS applications,
as it introduces a range of conditions at which the material does not
undergo the desired phase transition. Unfortunately, this phenomenon is
often accepted as an inherent material property and only in few in-
vestigations studied in a systematic and deliberate manner [27,28].

Studies on the other salt hydrates considered for TCHS have shown
that mixing two salt hydrates can achieve enhanced energy density and
narrower reaction hysteresis. A greater energy density has been
observed in salt mixtures of MgSO4-MgClyp, MgSO4-LiCl, and CaCl,-KCl
[29-33]. Furthermore, a similar approach can lead to enhanced reaction
kinetics as in the case of CaCly-MgCly, MgS04-CaCly and K2CO3-CsoCO3
[34-36]. Finally, shrinkage of the hysteresis between dehydration and
hydration reaction which has been observed in several instances in salt
mixtures of K,CO3 and a hygroscopic additive [27,36,37]. Some of the
approaches used the deliquescence transition of the added salt. Deli-
quescence is caused by absorption of excessive amounts of water leading
to salt dissolution. Moreover, mixing of two deliquescent compounds
will lower their respective deliquescence humidities (DRH). It could be
also used to enhance the energy density of the system [38].

Mixing of SrBr, with another salt hydrate for TCHS applications has
been investigated only in the single case to decrease the overall material
cost without sacrificing heat storage density or material stability [39].
Additionally, it has been investigated as a phase change heat storage
material [40,41] to modify the melting and crystallisation properties of
SI‘BI'2~6H20.

The aim of this work is to investigate the impact of secondary salt

Table 2
Results of IC measurements summarising the average composition based
on 3 samples and the corresponding standard deviation.

Sample Composition [mol SrBry: mol additive]
Sr-LiF 55.7 £ 4.77
Sr-ZnF, 35.0 + 0.28
Sr-LiCl 34.0 + 1.84
Sr-LiBr 33.7 + 1.66
Sr-CaBr, 42.4 £ 0.20
Sr-MnBr, 34.5 £ 5.29
Sr-ZnBr, 35.7 £ 1.20
Sr-Znl, 29.9 +1.50
Sr-K,CO3 28.8 +3.72
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hydrates on SrBry 6-1 transition when used as a low-temperature TCM.
The purpose of te secondary salt is to shrink the reaction hysteresis and
to improve reaction kinetics close to equilibrium conditions, thus
increasing the potential operating window of SrBrs. To select a suitable
secondary salt hydrate, we will employ an approach previously devel-
oped on KyCO3 [37]. The (de)hydration behaviour, cyclic stability, and
energy density of the salt mixtures are tested to find the most optimal
salt hydrate combination.

2. Materials
2.1. Secondary salt selection procedure

A suitable secondary salt hydrate should fulfil at least one of the
following criteria and do not curb any other in a significant way:

1. Shrink reaction hysteresis by increasing hydration temperature and/
or decreasing dehydration temperature.

2. Increase (de)hydration reaction kinetics.

. Increase energy density.

4. Be cyclically stable, i.e. undergo many (de)hydration reactions
without degradation of performance or energy density.

w

The selection procedure for the secondary salt is based on work done
on KoCO3e1.5H50 [37]. In instance in Table 1, we have compiled deli-
quescence relative humidity (DRH) values for the most common salt
hydrates. The DRH values define conditions at which salt hydrate ab-
sorbs so much water that it forms a salt solution, i.e. deliquescence. It is
also a measure of salts’ affinity for water, as salts with low DRH values
undergo deliquescence at relatively dry conditions and thus are highly
hygroscopic and highly soluble as well. Consequently, those values were
evaluated with respect to deliquescence, equilibrium and hydration
vapour pressures of pure SrBrae6H20 at 25 °C (pgel,25¢c = 31.58 mbar peg,
25¢ = 2.23 mbar, ppyq,25c = 3.68 mbar) [22].

We expect salts with pge] < Peq, srar2 Will be most effective. However,
based on the work done on K2COj3 [37], salts with pgel<<Pdel, srBr2>Peq,
srBr2 can be beneficial as well. Based on that, we have selected 9 refer-
ence compounds to be tested (dark cells in Table 1). Both ZnF; and LiF
have been added to the screening as they have very high deliquescent
points and thus should not impact (de)hydration behaviour of SrBr; if
hygroscopicity of the secondary salt is the only factor that is of
importance.

2.2. Salt mixture preparation

Salt mixtures were prepared through planetary ball milling of
SrBryeH,0 with an anhydrous additive. SrBroe6H,0 purchased from
Alfa Aesar was dehydrated to monohydrate in an oven at 60 °C. The
additive salts were dehydrated in an oven at 160 °C. In the case of salt
hydrates with a low melting point, such as CaBry-6H30, the dehydration
would be conducted in several steps to prevent the salt’s melting.

After dehydration, SrBroeH»,O was roughly ground, and approxi-
mately 5 g of the dry powder was transferred to an agate milling jar.
Next, an appropriate amount of the secondary salt was added, resulting
in a 35:1 mol ratio of anhydrous base salt to an anhydrous additive. The
composition was defined based on earlier research conducted on com-
parable systems [27,28]. The goal is to boost the performance of the base
salt, without excessively lowering its deliquescence point.

Finally, ten 10 mm agate milling balls were added to the jar. The salts
were milled at 175 rpm for 30 min. After milling, samples were trans-
ferred to an airtight glass container for storage.
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Fig. 1. Phase diagram (water vapour pressure vs temperature) of SrBr, adapted
from Ref. [22] with stability regions of investigated SrBr, hydrates highlighted
in grey. The hatched area shows the metastable zone (MSZ), where hydration
does not occur instantaneously. The blue arrow shows the temperature scan
conducted to determine reaction onset points, while the green arrow shows the
temperature scan determining the deliquescence temperature. The red points
indicate conditions at which (de)hydration kinetics were measured, while the
green squares show conditions at which the sample was hydrated dur-
ing cycling.

3. Methods
3.1. Sample composition

The composition of the freshly prepared samples was checked with
ion chromatography (IC). Three samples of the dry powder, approxi-
mately 1 mg each, were dissolved in 10 mL of deionised water. The
concentrations of cations and anions were measured with a Dionex ICS-
90 ion chromatograph and compared with Dionex standards. Additional
standards were prepared from SrBry (Alfa Aesar) and Nal (VWR) to
measure Sr°* and I” ion concentration as they are not included in the
Dionex standards. The sample composition is determined by comparing
the measured molar concentration of Sr?* ions with the molar concen-
tration of either the cation or anion of the additive. The average
measured ratios and the standard deviations are presented in Table 2.
The secondary salt hydrate in the salt mixture is denoted in the sample
name.

The strongest deviation from the intended weighted out ratio is
present in Sr-LiF sample. LiF is almost insoluble therefore we believe
that the deviation stems from the fact that we did not allow enough time
for the entire sample to dissolve. The spread in the remaining compo-
sitions most likely stems in the difficulty in handling the highly hygro-
scopic salts and in obtaining full dehydration without melting or
decomposition. Based on earlier work [27] such small variations in the
secondary salt content should not affect the behaviour in the base salt in
a significant way, as much larger differences in the additive content are
needed to impact the based salt in a measurable way.

3.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was done in TGA851e by Mettler-
Toledo. The device’s temperature was calibrated using benzophenone,
In, and Zn calibration standards by determining their melting onset
point from the heat flow signal. An external humidifier is coupled to the
TGA to control humidity inside the TGA oven. The humidifier was
calibrated by determining the deliquescence points at 25 °C of LiCl-H50,
MgClp-6H20, K2CO3-1.5H20 and Mg(NO3)2-6H20 [42].

Prior to a TGA measurement, sample is sieved between 50 and 164
pm particle fraction. Approximately 5 mg of the sieved powder is loaded
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Table 3
Summary of reaction conditions and driving force pyq (p/peq) applied during
cycling and kinetic investigation.

Hydration Dehydration

Reaction conditions Pd Reaction conditions Pd
Screening 45 °C 14 mbar 1.3 45 °C 9 mbar 0.86
Low pq cycling 45 °C 19 mbar 1.8 45 °C 0 mbar
High p4 cycling 30 °C 12 mbar 3.6 80 °C 0 mbar

into a 40 pL aluminium pan by Mettler-Toledo, giving a uniform
coverage of the bottom of the pan. All experiments were conducted
under a nitrogen atmosphere with a fixed flow rate of 300 mL/h.

The measurement procedure was adapted from the earlier study on
K5CO3 [37] and the measurement conditions are indicated in Fig. 1 and
summarised in Table 3 Summary of reaction conditions and driving
force pq (p/peg) applied during cycling and kinetic investigation Table 3.
The thermogravimetric measurements can be divided into five cate-
gories, which investigate:

1) Reaction onset points: A temperature sweep between 80 °C and 25 °C
at a 1 K/min scanning rate was conducted at a fixed vapour pressure
of 12 mbar. Between the temperature ramps, a 1 h dwell at 80 °C and
a 2 h dwell at 25 °C were introduced to ensure complete conversion
prior to the following heating/cooling step. Onset points for the re-
action were determined by looking for a knee point in the 1st de-
rivative of the mass-time curve and the corresponding sample
temperature.
Reaction kinetics: After establishing the reaction onset points, the
reaction kinetics were measured at isobaric and isothermal condi-
tions. First, sample was dehydrated in-situ at 80 °C and 0 mbar. After
60 min, the temperature was lowered to 40 °C and equilibrated for
30 min while maintaining dry gas flow. After equilibration, water
vapour with a partial pressure of 14 mbar was supplied to the TGA
oven, marking the starting time for hydration. The 14 mbar vapour
pressure was held constant for 2 h before it was increased to 19 mbar
to finalise hydration within 1 h. Subsequently, vapour pressure was
lowered to 9 mbar, thus initiating dehydration. Conditions at low
driving force, pq, it is close to equilibrium have been chosen on
purpose at reaction kinetics are commonly most inhibited in this area
[22].
Deliquescence temperature and DRH: The sample was fully hydrated
at 50 °C and 19 mbar. After that, the temperature was gradually
lowered to 25 °C at 1K/min. The deliquescence temperature is taken
as the intersection of two tangents drawn at the end of hydration,
where stable loading is measured and at the end of the temperature
scan, where a rapid mass uptake is recorded.

4) Cyclic stability: The selected salt mixtures were subjected to 10
consecutive (de)hydration cycles. First, the sample was dehydrated
at 80 °C in dry Nj flow for 1 h. Afterwards, the temperature was
lowered to 45 °C, where it was equilibrated for 30 min in dry N, flow.
The hydration was conducted at 19 mbar for 90 min. Subsequent
dehydration was done at 0 mbar for 60 min. The temperature was
fixed at 45 °C for the duration of the cycling measurement. This type
of cycling will be referred to as low pq cycling.

2

—

3

~

5

-

Impact of cycling on reaction kinetics: The reaction kinetics at
isobaric-isothermal conditions described in point 2 were re-
evaluated on cycled samples. Two sets of cycled samples were pre-
pared. The first set was cycled under conditions described in point 4.
The second set was cycled under a wider temperature range. In this
material conditioning the dehydration was conducted at 80 °C and 0
mbar. Hydration was conducted at isobaric and isothermal condi-
tions of 30 °C and 12 mbar. A 30 min temperature stabilisation
period in dry Nz at 30 °C is introduced between dehydration and
hydration to ensure isobaric-isothermal conditions during hydration.
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Table 4

Measured hydration (Thyq) and dehydration (Tqen) onset points at 12 mbar water
vapour pressure. Calculated MSZ width (Tgen-Thya). Measured deliquescence
temperature (Tq4) at 19 mbar water vapour pressure.

Sample Thya [°C] Taen [°C] MSZ [°C] Tq [°C]
SrBr, 43.8 47.6 3.8 27.6
Sr-LiF 43.8 46.9 31 27.6
Sr-ZnF 43.3 45.4 21 30.8
Sr-LiCl 43.8 44.2 0.4 31.3
Sr-LiBr 43.7 44.9 1.5 34.8
Sr-CaBr 46.2 48.1 1.9 33.6
Sr-MnBr; 45.2 48.1 31 29.8
Sr-ZnBr, 44.2 45.9 1.2 34.7
Sr-Znl, 43.8 45.6 1.8 31.8
Sr-K,CO3 43.0 47.0 4.0 26.8

During dehydration, temperature and humidity are adjusted simul-
taneously. This type of cycling will be referred to as high pq cycling.

The driving force pg = p/peq is the relationship between reaction
conditions and the thermodynamic equilibrium between the two hy-
dration states. It detrimental for reaction speed and for overcoming
potential nucleation barrier present close to equilibrium [25].

3.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was conducted using
DSC822 by Mettler-Toledo. The device’s temperature and heat flow
were calibrated using melting point standards (benzophenone, naph-
thalene, benzoic acid, In and Zn). All measurements were conducted in a
dry N, atmosphere with a 1.4 L/h flow rate. The DSC thermograms were
collected on pristine samples. Powders were grounds and sieved to
50-164 pm fractions and fully hydrated in a desiccator with saturated
MgCly-6H20 solution (8 mbar at 21 °C [42]). Approximately 6 mg of the
hydrated sample was loaded into a standard 40 pL aluminium pan
without a lid. Each measurement started with 15 min of thermal
equilibration at —15 °C, followed by a heating step at 1 K/min up to
80 °C.

3.4. Powder X-ray diffraction

The impact of ball milling and cycling on SrBry was investigated with
powder x-ray diffraction (XRD). This was done in Rigaku Miniflex 600 X-
ray diffractometer (Cu Ko radiation; Be monochromator, A = 1.5419 ;\,
40 kV, 15 mA) with a D/tex Ultra2 1D detector. The diffractometer is
equipped with an Anton-Paar BTS500 heating stage which, together
with an in-house built humidifier, controls the atmosphere during the
measurement. The measurements were done between 10 and 60 26 with
0.01° step width and 5°/min scan speed. The data analysis was done in
Rigaku PDXL2 software with the aid of Crystallography Open Database
(COD).

The ball-milled powders were dried overnight in an oven at 80 °C.
The dried powders were loaded into a Ni sample holder and once again
dried in-situ at 80 °C for 30 min to remove the moisture absorbed during
powder alignment. The measurement was conducted at 30 °C and after
30 min of thermal equilibration. The entire measurement was conducted
under constant dry airflow (0 mbar 800 mL/min).

Next, approximately 0.5 g of selected samples were fully hydrated at
room temperature in a desiccator with a saturated solution of either
MgCl-6H20 (approximately 8 mbar) or LiBr (approximately 1.8 mbar)
and subsequently dehydrated in an oven at 80 °C. Finally, the dried
samples were re-measured according to the procedure described above.
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Fig. 2. Summary of data gathered during screening showing hydration (Tpyq)
and dehydration (Tg4en) temperatures at 12 mbar at 1 K/min scanning speed,
deliquescence temperature (Tq) at 19 mbar and 1 K/min scanning speed and the
Measured vs Expected water content during dwell at 30 °C and 12 mbar. The
solid horizontal line shows Teq of pure SrBr, at 12 mbar, and the dashed lines
mark the MSZ boundaries established at 12 mbar and 1 K/min. The dotted line
indicates Tq4 of pure SrBry at 19 mbar.

3.5. Scanning electron microscopy

Changes in powder morphology were investigated with scanning
electron microscopy (SEM). Before SEM imaging, powder samples were
dehydrated in an oven at 80 °C. Samples were then fixed to a stub with
carbon tape and immediately placed in the SEM to prevent any hydra-
tion. The images were taken with JEOL Fei Quanta 600. For the mea-
surement high vacuum, 5 kV accelerating current and 3.0 spot size were
used. Both pristine and samples cycled in a TGA were investigated.

4. Results and discussion
4.1. Phase stability

The phase stability of salt mixtures was investigated in two stages by
determining the reaction onset points and the deliquescence point. The
measured onset temperatures for hydration and dehydration are sum-
marised in Table 4 and Fig. 2. In our evaluation, we consider only the
temperature shift greater than 1 K to be significant enough to pursue
with further evaluation. It is motivated by the measurement accuracy of
£0.1 K. Secondly, when judging the water content ratio, we calculate
the expected water content based only on the hydration of the salts used
during synthesis, while water uptake due to possible deliquescence is
not included. Furthermore, deviations within +0.02 of the expected
value are considered too small to be significant due to measurement
error. Therefore, measured water content +0.02 above the expected
indicates deliquescence of at least one of the salts in the mixture. Finally,
although data obtained for Sr-Znl; are presented in this section, the salt
mixture will not be discussed in the remainder of the paper, as the
sample turned yellow after the screening measurement, indicating the
decomposition of Znls.

In the first instance, we compare our measurements with earlier
published data. Comparing the measured reaction onset points of pure
SrBrp with the phase diagram in Fig. 1, shows that present measure-
ments show a wider MSZ compared to the earlier published data [22].
This discrepancy arises from the differences in measurement conditions,
where the reaction onset points in the phase diagram have been estab-
lished at 0.1 K/min versus 1 K/min used in the screening study.
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Fig. 3. Isothermal and isobaric a) hydration (45 °C 14 mbar) and b) dehydration (45 °C 9 mbar) kinetics of pure SrBr; (black) and salt mixtures (coloured) that have

shown no impact on the phase transitions of SrBrs.

Widening of MSZ with increased scanning speed has been observed in
other salt hydrates [44-46]. It indicates that the phase nucleation de-
pends strongly on the time available, which seems to be the case for
SrBr, 6-1 reaction. Nevertheless, because all measurements have been
conducted at identical conditions, results can still be evaluated by
comparing salt mixtures to pure SrBrs.

Based on Table 4, we can divide them into 3 categories based on
secondary salts that I) Do not impact any of the phase transitions of
SrBry, II) Increase the hydration temperature, and III) Decrease the
dehydration temperature.

In category I we find LiF and KpCOs, which did not significantly
impact any of the transitions of SrBry, meaning hydration, dehydration
and deliquescence temperatures of SrBry are unchanged. LiF has very
low solubility, thus a very high deliquescence point and no known hy-
drates. Hence, it is expected to behave like an inert compound, which is
also reflected in the measured water content. Similar results were ob-
tained for the earlier investigated KoCO3-LiF composite [47]. On the
other hand, we know that K5COj is a hygroscopic salt hydrate [25,48],
but it is one of the least deliquescent salts investigated. If we look at the
onset of deliquescence for Sr-KCOs, it is barely affected by the presence
of KoCOs. Finally, we cannot exclude the interaction between KoCO3 and
SrBr, and the formation of SrCO3 and KBr, both of which are less deli-
quescent than SrBry. The low water uptake supports the theory of side
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reactions, as it is less than expected from the hydration of both salts. It
means that Sr-K>COgs is comparable to Sr-LiF in the sense that we are
looking at a mixture of SrBry and an inert salt.

In category II we find CaBr; and MnBr,, which increase the hydration
temperature. Interestingly, both salts are the least deliquescent from the
bromine-family. Yet they are the only two that significantly and posi-
tively impacted the hydration transition. The deliquescence temperature
is also increased in both instances, more so for Sr-CaBr, than the Sr-
MnBry mixture, which agrees with the MDRH theory. However, the
dehydration temperature is also marginally increased.

In category III we have salt mixtures encompassing Sr-ZnF, Sr-LiCl,
Sr-LiBr and Sr-ZnBry which have shown a decrease in dehydration onset
temperature with respect to pure SrBry. As we have mentioned before,
the measured dehydration onset is partially an artefact of the mea-
surement, since this transition is highly sensitive to the time allowed for
phase nucleation. Interestingly, it is most affected by the most hygro-
scopic salts, LiBr, LiCl and ZnBry. The samples show a higher water
content than expected from hydration only, signifying that the added
salt went into deliquescence during the measurement. This was expected
given their extreme hygroscopicity. The low DRH of the secondary salt is
also reflected in the Tgqe of those salt mixtures, which is also consider-
ably increased. The impact of ZnFs is unexpected, based purely on its
DRH value. Nevertheless, a previous study has shown that ZnF; is prone
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Fig. 4. Isothermal and isobaric a) hydration (45 °C 14 mbar) and b) dehydration (45 °C 9 mbar) kinetics of pure SrBr, (black) and salt mixtures (coloured) that have

shown increased hydration temperature.
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Fig. 5. Isothermal and isobaric a) hydration (45 °C 14 mbar) and b) dehydration (45 °C 9 mbar) kinetics of pure SrBr; (black) and salt mixtures (coloured) that have

shown decreased dehydration temperature.

to side reactions and hydrolysis in the presence of moisture and other
salt hydrates [37]. Given its low water uptake and phase transition
behaviour comparable with Sr-ZnBry we believe that ZnF, has reacted
to form ZnBr,, which impacts the phase transition temperatures, and
SrFy, which lowers the overall absorbed water content as an inert
compound.

4.2. Reaction kinetics prior to cycling

In the following evaluation stage, we look at reaction kinetics under
isobaric and isothermal conditions (hydration: 45 °C and 14 mbar;
dehydration: 45 °C and 9 mbar). Based on the previous observations, we
have divided the salt mixtures into the same 3 categories: I) salts that do
not impact phase transitions, I) salts that increase hydration tempera-
ture, and III) salts that decrease dehydration temperature.

First, in Fig. 3, we will look at LiF and K3COg (category I), two salts
that did not impact the phase transitions of SrBry. If we examine the
reaction kinetics, we see that they do not affect them either. Both the
hydration and dehydration kinetics of the salt mixtures are very similar
to pure SrBry. The reaction rates, given by the slopes of the curves, are
comparable for both hydration and dehydration. The spread in the plots
is due to lower SrBry content in the samples. Due to its high hydration
number, any decrease in SrBry mass content will lead to decrease in
water content in the sample unless it is compensated by other processes.

In category II (Sr-MnBr,, Sr-CaBry), we have observed an increased
hydration temperature compared to pure SrBry. In the first 10 min of
hydration kinetics shown Fig. 4, we observe an induction period in pure
SrBry, which manifests itself by a plateau in mass despite water vapour
above equilibrium conditions being present in the system. Both addi-
tives shorten this induction period, and the impact of CaBry is much
more pronounced. There is an immediate mass increase pointing to-
wards the phase transition of CaBrg, and the induction of SrBrj is
reduced by 50%, as the major mass uptake starts in shorter time
compared to pure SrBry. Based on the screening measurements and the
literature [42,49], the transitions we observe in the Sr-CaBr; system are
most likely a combination of hydration and deliquescence. The short-
ening of the induction period in the salt mixtures agrees well with the
shift in hydration temperature seen in Table 4. It is because the salt
mixture starts to hydrate at higher temperatures, the induction period at
measurement conditions should be minimal. If we examine the hydra-
tion progress in later stages of the measurement, we see that both salt
mixtures show more than twice as fast kinetics as pure SrBry, even
though MnBr; can only hydrate and is not deliquescent under those
conditions. The Sr-MnBrjy sample exhibits stable hydration during the

entire measurement (2 h), while the hydration speed of Sr-CaBr, drops
down after 50 min or approximately 35% conversion.

Looking at dehydration in Fig. 4b, we see that both salt mixtures are
30-50% slower than pure SrBry. Under those conditions, MnBr; is most
likely present as hexahydrate [50]. On the other hand, CaBr; should be
deliquescent at the start of dehydration, though the dehydration con-
ditions are very close to its DRH value (approximately 15 mbar).

Lastly, we evaluate category III (Sr-LiBr, Sr-ZnBrs, Sr-LiCl, Sr-ZnF5)
that decrease dehydration temperatures. Although none of the added
salts have impacted the hydration temperature, we see that most of them
promote faster hydration, as shown in Fig. 5. Interestingly, none of them
impacts the induction period, although some of the secondary salts like
LiBr and ZnBrs undergo deliquescence. The only salt that lowers the
hydration rate is LiCl. It could be caused by side reactions and the for-
mation of LiBr and SrCl,. LiCl has shown to be prone to interaction with
the base salt before [47], and although so far LiBr seems to be a prom-
ising additive, simultaneous formation of SrCl, might counteract it. This
salt is known for many hydration states [36] and slow reaction kinetics
for some of the transitions [51], which most likely causes the decrease in
hydration rate with time observed for Sr-LiCl.

Returning to the remaining candidates, the fastest hydration is
observed for Sr-LiBr and Sr-ZnF9, whose behaviour is comparable with
Sr-CaBr; and Sr-MnBr,. Interestingly, the hydration of Sr-ZnBry is only
60% faster than SrBr,, although the deliquescence of ZnBr; is nearly
identical with LiBr. This points towards factors other than DRH being
important, when aiming for enhanced kinetics.

During dehydration (Fig. 5b) based on the slope we see that all salt
mixtures dehydrate 20-60% faster than pure SrBrp with Sr-ZnF; being
the fastest and Sr-LiBr the slowest. The difference in the dehydration
speed could originate in the differences in the water content in the
sample at the start of the dehydration, i.e. more water strongly bound in
a crystal structure will take longer to remove. Finally, if we look at the
end loading, we see that all salt mixtures retain about 0.01 g of water
which could be either water of crystallisation of lower hydrates of the
added salt or remnants of a deliquescent phase.

We can exclude several additives from further evaluation, based on
results obtained in this part of the screening. Firstly, LiF and K2CO3 have
no impact on any measured properties. Consequently, they are of no
interest for further evaluation. Secondly, LiCl has shown a mixed impact
on reaction onset points and kinetics with a strong indication of the
formation of several new compounds. Therefore, we have decided not to
proceed with the Sr-LiCl salt mixture either. Finally, as mentioned
before, Sr-Znl, has changed colour from white to yellow during the
measurement and also during storage in an airtight container, implying
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Fig. 6. Heat flow curves measured between -15 — 80 °C at 1 K/min in dry Nj
and normalised with respect to hydrated sample weight.

Table 5
Energy density calculated from endothermic peaks in DSC curves between -15 —
80 °C.

Sample Energy density [J/g Theoretical energy density [J/g

hydrated sample] hydrated sample]

SrBry 769 818

Sr-CaBry 772 825

Sr-LiBr 787 816

Sr-MnBry 791 814

Sr-ZnBry 796 810

Sr-ZnF, 680 823

accelerated decomposition of Znl, in the presence of SrBro, so it too will
be exempt from further analysis.

In the next stage, we will evaluate salt mixtures with SrBry with the
other bromide salts and ZnF,. The previously described additive selec-
tion procedure was based solely on the hygroscopic properties of the
additive and the possibility of forming new inert compounds. Conse-
quently, the mixed behaviour we have seen in SrBry and bromide salt
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mixtures demonstrates that other factors might have to be considered,
when choosing a secondary salt hydrate.

4.3. Energy density

In this section, the evaluation of salt mixtures with Br-salts and Sr-
ZnF, continues by measuring the impact of the secondary salt on the
energy density of the material. The main interest lies in the impact of
deliquescence of the secondary salt on the overall energy density of the
sample. It is done by measuring the heat released during sample heating
in a DSC. All samples were fully hydrated overnight in a desiccator with
saturated MgCly-6H20 solution. The heat flow under a dry Ny atmo-
sphere was registered by scanning from -15 — 80 °C at 1 K/min and
summarised in Fig. 6. The energy density was calculated from the area of
the endothermic peak, assuming a straight baseline, normalised with the
hydrated sample mass and listed in Table 5.

The measured energy density of pure SrBr, agrees with previously
measured values [10]. It is about 6% lower than the theoretical energy
density of the material. As shown in Table 5, the measured energy
densities are comparable with pure SrBry, and the values expected from
the hydration reaction only. This means that the content of the sec-
ondary salt is too low to impact the energy density in a measurable
manner even if deliquescence of the secondary salt is guaranteed. The
only exception is the Sr-ZnF; sample, whose energy density is about 12%
lower than the base salt. It further confirms that ZnF, reacts with SrBrs
forming inert compounds.

4.4. Cyclic stability

In the next step, we tested the cyclic stability of the bromide salt
mixtures (Sr-LiBr, Sr-ZnBr,, Sr-CaBry and Sr-MnBry). The samples were
subjected to 10 (de)hydration cycles at isothermal conditions of 45 °C,
with hydration at 19 mbar and dehydration at O mbar.

Fig. 7 shows that all bromide salt mixtures can be (de)hydrated at
least 10 times without performance loss. Moreover, hydration and
dehydration rates increase with cycling by 10-25% between the 1st and
10th cycles. The trends we observe during cycling are comparable with
those made in Section 4.2. Both Sr-LiBr and Sr-ZnBr, hydrate and
dehydrate faster than pure SrBry. On the other hand, the effect of CaBr,
and MnBr; is diminished. Therefore, the hydration and dehydration
rates of those salt mixtures are comparable with pure SrBry, while during
screening Sr-CaBry and Sr-MnBr, were significantly faster during hy-
dration and significantly slower during dehydration than pure SrBrs.
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Fig. 7. a) Changes in loading and b) Average (de)hydration rate per cycle between 10 and 90% during cycling measurement at isothermal conditions of 45 °C with
hydration at 19 mbar (a) and dehydration at 0 mbar (v).
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The weakened effect of CaBry and MnBr; is most likely caused by the
interplay between the driving force pgq and the DRH of the secondary
salt. During the screening, the (de)hydration of SrBry was inhibited, i.e.
the effect of the secondary salt was much more pronounced. During the
cycling measurement, the (de)hydration of SrBry was no longer inhibi-
ted, so the presence of the secondary salts was no longer vital to over-
come the reaction limiting factors such as nucleation battier. Even the
two most hygroscopic salts, LiBr and ZnBry, have limited effect on the
phase transitions of SrBry.n Moreover, we see that many of the samples
have not reached a stable reaction rates within the 10 cycles. For most of
the salt mixtures the effect of the secondary salt could become more
pronounced with extended cycling, which is needed to thoroughly
validate the benefits of a secondary salt. Nevertheless, no signs of
degradation are observed in any of the samples.

4.5. Impact of driving force on reaction kinetics

With the cyclic stability proven, we re-evaluated (de)hydration ki-
netics of the cycled samples at identical conditions as during screening.
We will investigate the impact of two cycling conditions, low and high
Pd- The cycling conditions discussed in section 4.5 will be referred to as
low pq cycling, since they are conducted relatively close to the equi-
librium conditions hence at a low driving force pq. The second cycling
sample conditioning was conducted at a wider temperature range (Hy-
dration at 30 °C and 12 mbar and dehydration at 80 °C and 0 mbar).
Those cycling conditions will be referred to as high pq cycling, as the
reaction conditions are further away from the equilibrium. Data gath-
ered during this measurement is presented in the Supplementary In-
formation. The details of reaction conditions are summarised in Table 3
and Fig. 1. The measured reaction rates are summarised in Fig. 8 and
compared to reaction rates of pristine samples that did not undergo any
cycling.

For pure SrBry, low pq cycling has a negligible effect on both hy-
dration and dehydration compared to pristine material. However, in the
case of high pq, cycling we see a significant increase in hydration rate
while the dehydration rate remains unchanged. Typically repetitive (de)
hydration increases both hydration and dehydration rates [26,48]. It is
plausible that different limiting factors govern hydration and dehydra-
tion processes, as metastable behaviour has been observed only in the
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Fig. 9. Impact of high pq4 cycling on reaction kinetics of SrBrp composities.

case of hydration and not dehydration (see the hatched area in Fig. 1).

If we first look at hydration, we see that low pq cycling does not affect
the reaction rates close to MSZ in a significant way. On the other, after
high pq4 cycling, the Sr-LiBr sample shows a similar 5-fold improvement
as pure SrBro, while the other samples show no or slight increase in
hydration kinetics. Moving onto dehydration, we see that low pq cycling
in many cases doubled the reaction rate compared to pure SrBr; and all
salt mixtures perform better than this salt. On the contrary, the high pgq
cycling decreases the dehydration rate for most composites, and the
effect is most pronounced for Sr-CaBry and Sr-ZnBr,.

Based on those measurements, we can arrange the salts in an order
based on an increase in hydration rate and decrease in dehydration rate
after high pq cycling, as shown in Fig. 9.

On top of that, we notice that pure SrBry and Sr-LiBr show similar
trends in opposition to the other samples. The contrary development of
reaction kinetics and its strong dependence on the conditions applied
during cycling suggests that other factors than the DRH of the salt hy-
drates or the number of ions present in the salt mixture need to be
considered when selecting the secondary salt. We believe that the large
driving force which induces extensive ionic mobility during hydration
experienced by samples during high pq cycling is responsible for the
changes presented in Fig. 8.

4.6. Impact of bromide salts on the crystal habit of SrBraeH20

To better understand the interaction between SrBry and the sec-
ondary bromide salt, we investigated the pristine and (partially) cycled
samples with SEM and PXRD. In both cases, evaluation is conducted
after dehydration of the sample to SrBryeH,0.

Fig. 10 presents SEM images of pristine powders (1st column) and
cycled samples (2nd and 3rd column) at identical magnification. Pure
SrBry (1st row) shows hardly any changes with cycling at low pq.
However, the powder cycled at high py shows more voids than the
pristine sample. We note a very similar development is observed for Sr-
CaBr; and Sr-MnBr, samples (rows 4 and 5).

On the contrary, salt mixtures with the most deliquescent secondary
salts, Sr-LiBr and Sr-ZnBrs (rows 2 and 3), show a drastically different
morphology. Both samples display finer structure than any other pow-
ders, characterised by rounded particles a few pm in diameter. In Sr-
LiBr, many particles show a laminar structure that partially disappears
after cycling at high pqg. Similar formations are present in Sr-ZnBr, but to
a much smaller extent.

In the next stage, we look deeper into the crystal habit by employing
XRD. All pristine samples in Fig. 11a present similar diffraction patterns,
and only SrBryeH»O (COD 1528458 [52]) is detected. Pure SrBry,
Sr-CaBry and Sr-ZnBrs have patterns that are most like the published
pattern, with the characteristic three peaks decreasing in intensity be-
tween 28.5 and 31.9 26.

After single hydration at low pq (Fig. 11b), all patterns show negli-
gible changes. However, after single hydration at high pq (Fig. 11¢), the
pure SrBro and Sr-MnBr; patterns show only minor changes compared to
pristine samples, while the other patterns show a significant trans-
formation. All three samples (Sr-LiBr, Se-ZnBr, and Sr-CaBry) show
preferential orientation towards (2,0,0) orientation, characterised by
peaks at 15.5 and 31.2 20 (marked with a black arrow in Fig. 11c). It
shows that highly deliquescent bromide salts can affect the structure of
SrBro. Moreover, adding ZnBrp and LiBr leads to peak splitting,
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Pristine Cycled - low pq Cycled — high pq

Fig. 10. SEM images at 5000 x magnification of pristine (left), cycled at 45 °C (middle) and cycled between 30 and 80 °C (right) powders of pure SrBr,, Sr-LiBr, Sr-
ZnBr,, Sr-CaBr, and Sr-MnBr,.
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indicating symmetry changes that could be related to the new structures
observed in SEM images.

Although the formation of new salts is impossible in the bromide salt
mixtures, which is confirmed by the lack of new reflections in the XRD
spectra, a cation exchange between two salts could occur. At high pq, the

presence of large amounts of water vapour in the system will induce high
ionic mobility. All the divalent cations in the secondary salts (Zn?*
Ca2+, Mn2+) have ionic radii [53] that satisfy the Goldschmidt for ion
substitution. The only system, where such interaction is impossible is
Sr-LiBr, as Li-ion is monovalent. It is also the only system that presents

DRH lower than DRH of

base salt.
Yes
No
More than 3 ions present
in the salt mixture. v

No expected benefits

No
Salts with low solubility can 7'}
be formed
Yes - .
Fossibilityiofion Yes Careful investigation
—‘ exchange between the
must be conducted
two salts
DRH of the new compound No
is below the operating
conditions
Yes No
No

Promising additive

Fig. 12. Flow chart visualising the secondary salt selection process adapted from [37].
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an enhanced behaviour under all investigated conditions. We therefore
believe that the increase or decrease in reaction kinetics induced by
reaction conditions (see Fig. 8) are due to cation exchange between Sr2t
and the corresponding divalent cation of the secondary salt. This ex-
change is most likely the reason why CaBr, and ZnBr, have a limited
effect on the kinetics of SrBr; after high pq cycling.

5. Conclusion

In this work, we have investigated the impact of hygroscopic salt
hydrates on the SrBry 1-6 (de)hydration reaction considered for TCHS.
To select the hygroscopic salt, we used an approach previously devel-
oped on KoCO3. We tested 9 different salt mixtures and found that the
previously described approach can also be used on other base salts. The
points that can be directly carried through from the previously devel-
oped method are:

e Non-deliquescent salts do not contribute to the phase transition of
the base salt in any way, thus they should not be used.

e Deliquescent salts that can react with the base salt and form new
insoluble salts lower the energy density and should not be used.

e Salts that share a common ion with the base salt have the highest
chance of success.

Nevertheless, additional points of attention should be added to the
selection procedure. Namely, in addition to evaluating the likelihood of
salt interaction and formation of new salts, the possibility of ion sub-
stitution should be considered. This mode of interaction might not be
directly adverse to phase transitions of the salt mixtures. As we have
seen it can lead to limited modification of the wetting layer and limited
impact on kinetics, as in the case of Sr-ZnBrs. On the other hand, the
effect can be much more severe than that as in the case of dehydration of
Sr-CaBry and Sr-MnBr,. Those interactions have been seen only when
the salts have been exposed to high p4 conditions. This underlines the
importance of water and ionic mobility in the system as it not only fa-
cilitates the phase transitions in the base salt but also the degree of
interaction between the base and secondary salt.

The second point that needs to be examined considers salt hydrates
with many hydration states. Using those compounds as a secondary salt
can be much more challenging than salts with a single hydration tran-
sition, as we have seen in the case of CaBry and MnBr,. Reaction hys-
teresis present in the individual phase transitions of the secondary salt
might affect the base salt, lead to water retention if insufficient heat is
supplied during dehydration or delay desired deliquescence if formation
of the highest hydrate of the secondary hydrate is inherently slow. The
many additionally phase transitions might present competition for water
the base salt, all of which adds an extra level of complexity of the system.

The secondary salt selection procedure can be summarised in a form
of a flow chart presented in Fig. 12. Nevertheless, this procedure should
be taken only as a general guideline when applying to other salts as other
interactions between salts could exist that are not included in this
diagram.

Overall, using small amounts of highly hygroscopic salts is a prom-
ising approach to augment the phase transition behaviour of salt hy-
drates considered for TCHS. This approach enables modification of
reaction onset points and enhancement of kinetics without sacrificing
energy density. It also opens up possibilities for other salt hydrates that
are much more challenging to work with under conditions dictated by
the domestic environment.
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