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The limits and potentials of alkali (Li - Cs) halides (F - I) as salt hydrate-based thermochemical heat storage
materials are studied. Most alkali halides are found unsuitable, and only the hydrates of sodium iodide (Nal) and
sodium bromide (NaBr) were investigated experimentally. We confirmed that both have high energy densities of
1.5 GJ/m® and 1.6 GJ/m?® respectively, based on the crystal structures of the dihydrate phases. Nal demonstrated
full cyclic stability at water vapor pressures of 12 and 14.5 mbar, but NaBr did not show rehydration at these
conditions. Therefore, NaBr was deemed unsuitable for domestic applications. For the Nal — H,O system, we have
measured the p,T equilibrium line between the hydration states and constructed p,T and T,x — phase diagrams.
This showed that the hydration temperature is 42 °C for 12 mbar water vapor pressure which is enough for
domestic space heating. Additionally, the phase diagrams revealed an incongruent melting point where the
Nal-2H5O is in equilibrium with the anhydrate and a saturated aqueous Nal solution. This melting can overlap
with dehydration and thereby hinders the cyclability, since in the melting process part of the salt is dissolved
which blocks the pores formed during dehydration. Therefore, the performance of Nal can be improved by
ensuring dehydration is completed below the incongruent melting point of 68 °C. We also found that pre-cycling
can prevent deliquescence which is expected to occur at 25 °C and 12 mbar. Overall, Nal could be a candidate for
low temperature heat storage.

1. Introduction reactor. Such a reactor consists of two compartments, connected with a

valve; one contains the TCM and the other contains a solvent. The sol-

A paramount step in transitioning to renewable energy would be the
use of a carbon-free source for heating houses, since in the domestic
environment in the EU 80 % of the energy consumption is used for
heating (space heating and hot tap water) [1]. A good source would be
solar heat, because it is readily available and renewable. However, there
is a seasonal mismatch in supply and demand which needs to be over-
come. In order to solve this issue long-term heat storage is required.
Currently a lot of research is going into thermochemical heat storage
which is potentially suitable as a compact and long-term storage
method. This method stores heat in a chemical reaction between a gas
and a solid material to form a solvate. This makes it a thermochemical
material (TCM) [2-6].

Donkers et al. [2] have presented a schematic overview of a TCM
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vent can either be stored within the system (closed system) or externally
supplied (open system) [2,7]. One disadvantage of an open system is
that the TCM gets exposed to air with other potentially reactive gasses
like 02 and COz.

Salt hydrates have gained particular interest as TCMs since they have
a high energy density and they use water as the solvent. Water vapor is
the preferred gas in residential areas, because it is safe and readily
available. The heat storage is then determined by the reaction heat of the
reversible phase transition between different hydration states of the salt.

Potential salt hydrates have to fulfil a number of requirements to be
of practical use in houses as formulated by Donkers et al. [2]. First of all,
the salts are required to be readily available, non-toxic, chemically
stable and have good energy density. The transition energy density
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should preferably be larger than 1.3 GJ/m> to limit the size of the
storage system. In addition, the material has to dehydrate at a temper-
ature below 150 °C, the maximum temperature which can be reached
with solar collectors [6]. When we consider only space heating, the
minimum required output temperature of our salt is 30 °C, since the
input temperature is 25-30 °C for modern floor heating and we assume a
small decrease in temperature due to sensible heat losses [8].

The water vapor pressure available during hydration is 12-15 mbar,
limited by the lowest temperature of the system, which is set at 10 to
12 °C [2]. Therefore, the material should rehydrate at a minimum
temperature of 30 °C at 12-15 mbar water vapor pressure.

For an overview of potential candidates, the reader is referred to
references [2, 4, 5, 9, 10]. Among the candidates, alkaline earth halides
are suggested frequently as thermochemical materials [2,6,11], but the
only alkali halides previously referenced in the context of heat storage
are LiCl (1.83-2.08 GJ/m®) [2,12,13] and LiBr (1.77-2.0 GJ/m®) [2,14].
The other alkali halides are rarely mentioned. We therefore need to
assess which alkali halides warrant further investigation based on the
aforementioned availability, toxicity, stability, energy density and
temperature requirements.

An overview of this assessment is given in Table 1, where all po-
tential alkali halide hydration states are indicated with the respective
numbers of water or “x” when there is no known hydrate. The salt hy-
drates are marked red when failing the requirements or green when they
pass the initial assessment as elaborated in the following paragraph.

The lithium salts fail the availability requirement since lithium is a
technology-critical element at risk of becoming scarce due to its use in
electrical batteries [15]. Among the fluorides KF, RbF and CsF all form
hydrates. Regrettably, these salts are highly toxic and chemically un-
stable [16-18], which makes them unsuitable for the domestic envi-
ronment. This leaves only the hydrates of the sodium halides
NaCl-2H»0, NaBr-2H,0 and Nal-2H»0. These salts are relatively safe.
Only Nal has some risks with potentially causing skin irritation and
being toxic to aquatic life [17,18]. Each of these salts has a theoretical
energy density higher than 1.3 GJ/m°® namely, 1.9, 1.7 and 1.5 GJ/m?,
respectively [19,20]. However, the temperature range requirement
removes NaCle2H,0 from the list since it only forms below 0.1 °C [21].
Finally, both NaBr-2H,0 and Nal-2H,0 remain, compounds that were
already listed in the review of Donkers et al. [2], but that did not meet
the requirement of having a hydration temperature above 50 °C needed
for hot tap water. Nevertheless, they can be relevant for other applica-
tions like the aforementioned domestic space heating, which is still 63 %
of the energy consumption in EU households [1]. Moreover, a combi-
nation with a heat pump could potentially make these salts applicable
for hot tap water, because that would allow a large increase in water
temperature with only a modest energy cost (because of the warm
starting point).

A known disadvantage of Nal is that it is unstable in an aqueous
solution when exposed to light and O5(g). The photooxidation of iodide
ions (I" (aq)) leads to formation of iodine (I2 (aq)); the reaction pathway
and mechanisms have been studied from the 1950s to 2000s [22-24].

Table 1

Overview of alkali halides and their ability to form hydrates [26-28]. If an alkali
halide can form an “n” hydrate this is indicated with a number representing the
possible hydration state(s), if no hydration states exist this is indicated with an
“x”. The salts marked red fail to meet the availability, toxicity, stability or
temperature range requirements.

Alkali\Halide | F
Li X
Na

x
X | X | X [N
X [x |[x [N
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The complete reaction pathway, including a step mediated by O5 (aq), is
described by Watanabe et al. [25]. When applied as a TCM, this side-
reaction can be avoided by working in a closed system (no exposure to
light and O,-free).

The aim of this research is therefore to experimentally determine for
NaBr and Nal whether they could be suitable as TCMs in domestic heat
storage. For that, we first measured the energy densities to confirm the
literature values, followed by a cyclability test with vapor pressures of
12-14.5 mbar. NaBr failed this test and thus only on Nal further ex-
periments were done to determine the phase diagram and study the
mechanism and the kinetics of the phase transformation.

2. Thermodynamics of the hydration states phase transition

The general equation for the reversible reaction between two hy-
dration states of a salt MX in a water vapor environment can be written
as:

MX o nH,O(s) < MX e mH,0(s) + (n — m)H,0(g), @

where removing the water molecules from the solid phase requires heat,
while adding water molecules to the lower hydration state releases heat.
In this paper M represents sodium and X is bromide or iodide. Within the
relevant temperature range, these salts both have only two hydration
states; the dihydrate (n = 2) and the anhydrate (m = 0). This leads to the
thermodynamic equilibrium constant K determined by

a(NaX(s)) ® *(H20(8)) _ (pﬁ) .

AG° = —RTInK = —RTin
" a(NaX o 2H,0(s))

(2)

where A,GY is the molar reaction Gibbs energy, R the gas constant, T the
temperature in K, p is the water vapor pressure in mbar and p° is the
standard pressure (1000 mbar). The activity a is set to one for the solids;
we assume perfect gas behaviour for the vapor. Alternatively, the re-
action Gibbs energy for dehydration at temperature T can be written as

A,GY = AH® —TA,S°. 3)

In this equation, A,HC is the standard molar dehydration reaction
enthalpy (Jemol™!) and 4,5° the standard molar dehydration reaction
entropy (Jemol leK ™). Combining Egs. (2) and (3) and assuming that
A,HC is independent of the temperature, results in the linear form of the
Van’t Hoff equation,

P\ A (AHN 1
21n(p—0>: S (A L @

When plotting In(p) vs. 1/T, this equation can be used to estimate
AH° and 4,S° per mole salt, and thus per 2 mol of water.

3. Materials and methods
3.1. Materials

Nal was supplied by Sigma-Aldrich (purity > 99.5 %) and by VWR
chemicals (purity > 99 %) and NaBr by Sigma-Aldrich (purity 99-100.5
%).

3.2. Enthalpy determination

To determine the heat of transition for Nal and NaBr dihydrate to the
anhydrate, dihydrate crystals of Nal and NaBr were grown by preparing
a saturated solution in water at 50 °C, followed by cooling at room
temperature. The beaker with Nal solution was covered with aluminum
foil to prevent photooxidation.

A sample of approximately 5 mg of dihydrate crystals was put in an
aluminum 40 pL pan with a pierced lid. This pan was put in a differential
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scanning calorimeter (DSC) of type Mettler-Toledo DSC 3, where it was
heated from —10 °C to 90 °C with a heating rate of 0.1 K/min. The heat
of transition was determined by integrating the transition peak. This was
then divided by the crystal volume of the dihydrate to calculate the
energy density, following the practice in the literature to use the highest
relevant hydrate as the reference state [2].

3.3. Thermogravimetric analysis

The Nal powder from the supplier was sieved prior to experiments
using a Fritsch vibratory shaker and sieves of 100 and 150 pm to obtain a
powder with a particle size range from 100 to 150 pm since in pre-
liminary experiments this size distribution showed improved water
vapor transport.

3.3.1. Cyclability measurements

A thermogravimetric analyzer (TGA) of type Mettler-Toledo TGA/
DSC 3+ was equipped with a humidity controller as described in our
previous work [29]. Cyclability was tested by using approximately 10
mg of the sieved powder in a 100 pL pan without a lid. Starting with a
dehydration step, each cycle consisted of dehydration for 4 h at 130 °C,
followed by 6 h of hydration at 25 °C. Both the heating and cooling were
done with a rate of 10 K/min. In a single experiment, ten of such cycles
were measured. A follow-up experiment was done with an adapted
heating rate of 0.1 K/min. The cooling rate was 10 K/min in all cycla-
bility experiments. Throughout the experiment a constant water vapor
pressure was applied as specified. As described in our previous work
[29], the water vapor pressure was calibrated based on the deliques-
cence points of LiCl, CaBry, MgCl,, CoBry and NaBr with an estimated
error of +1.1 mbar. The airflow was slightly heated to prevent
condensation in the set-up, since the sample pan was closest to the
airflow the sample temperature was 27 °C during the hydration steps.

3.3.2. Metastable zone determination

Metastable zone (MSZ) values, i.e. the kinetic difference in transition
temperature versus the equilibrium phase transition temperature, were
measured for sieved Nal powder using TGA at a fixed water vapor
pressure (12 or 22 mbar). The salt was first kept at 130 °C for 2 h fol-
lowed by cooling with a rate of 0.1 K/min to 25 °C. The sample remained
at this temperature for 1.5 h, followed by heating to 130 °C once more
with a heating rate of 0.1 K/min and was finally left at this temperature
for 2 h. The MSZ was determined by measuring the onset temperatures
of hydration or dehydration.

3.4. Phase transition measurements

A p,T-meter set-up as described by Sogiitoglu et al. [30] was used to
measure the equilibrium phase line of the Nal-H,O system. Approxi-
mately 1 g of the Nal-2H,0 powder (VWR chemicals, purity > 99 %) was
used and the temperature was increased stepwise with sufficient time in
between to reach an equilibrium water vapor pressure. Based on the
measured pressures, the equilibrium vapor pressure line was con-
structed as a function of temperature.

3.5. Microscopy of phase transitions

Two different microscopy methods were used to characterize the
evolution of the morphological and structural changes of the material
during and after cycling. An optical microscope (Axioplan 2) coupled to
a Linkam climate chamber for temperature and relative humidity (RH)
control was used for in-situ observations of Nal crystals. The samples
underwent several cycles of dehydration and hydration with each cycle
starting with heating to 80 °C (RH set at 0 %) with a 0.5 K/min heating
rate. This temperature was held for 2 h. Then the sample was cooled to
25 °C with a 0.5 K/min heating rate and then held for 2 h with the RH set
to 0 %. Finally, the RH was set to 38 %, which corresponds to 12 mbar
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water vapor pressure, and held for 1.5 h to allow hydration. The RH was
changed only after the temperature was stable at 25 °C. Changing the
temperature and RH simultaneously gives the risk of exceeding 12 mbar
since the RH is temperature dependent.

Additionally, a scanning electron microscope (SEM) Phenom table
top SEM was used for analysis before and after cycling. Prior to analysis,
the samples were coated with a conductive gold/palladium layer using a
sputter coater.

4. Results and discussions
4.1. Energy density

The DSC traces for NaBr and Nal are presented in the appendix
(Fig. A1 a and b). The corresponding densities of both NaBr-2H0 and
Nal-2H,0 are given in Table 2. Here the results of our experiments are
given as both gravimetric energy density (J/g) and volumetric energy
density (GJ/m®). The volumetric energy density was calculated using
the literature values for the density and compared with the theoretical
volumetric energy density from literature. This reveals that the volu-
metric energy densities for NaBr and Nal are in agreement with the
theoretical values which confirms that both salts are suitable for heat
storage in terms of energy density, when compared with the desired
minimum value of 1.3 GJ/m? [2]. Of course, in applications these values
will be reduced due to the extra volume needed for vapor transport. The
porous structure of the salts, allowing for improved vapor transport, will
be discussed below.

4.2. Cyclability

4.2.1. Nal dihydrate

Nal shows water uptake at a water vapor pressure of 14.5 mbar with
varying amounts per cycle when the heating rate is 10 K/min (and
cooling rate of 10 K/min). However, it does not reach full rehydration to
the dihydrate within the 6 h of hydration time in the experiment. This is
illustrated in Fig. 1a. Remarkably, when the heating rate is changed to
0.1 K/min (cooling rate remains 10 K/min) the Nal does fully rehydrate
into the dihydrate for at least 10 cycles as shown in Fig. 1b. This in-
dicates that the heating rate during the dehydration step is an essential
parameter in the kinetics of Nal. We will elaborate on this in the Section
4.3.

The sample cycled for 10 times with a 0.1 K/min heating rate at 14.5
mbar was reused for cycling with the same heating conditions at 12
mbar, because that is the minimum water vapor pressure in our selection
criterion range for a source at 10 °C. At this water vapor pressure, the
sample also fully hydrates as shown in the Appendix A2. In summary,
cyclic stability of Nal is confirmed for both 14.5 and 12 mbar for at least
10 cycles between 25 °C and 130 °C, without indication of chemical
degradation.

4.2.2. NaBr dihydrate

When the same experimental conditions (0.1 K/min heating at 14.5
mbar) were applied to NaBr, it showed no uptake of water at all, as
detailed by the black line in Fig. 2. The absence of rehydration makes

Table 2

The measured gravimetric energy densities and the volumetric energy densities
of NaBr-2H,0 and Nal-2H,0, together with corresponding literature values for
the densities.

Measured Measured Literature Literature
gravimetric volumetric volumetric values
energy density  energy density = energy density  density (g/
J/8) (GJ/m>) (GJ/m®) [27] em®)
NaBr-2H,0 710 + 42 1.55 + 0.09 1.7 2.18 [31]
Nal-2H;0 604 + 21 1.48 + 0.05 1.5 2.45 [32]
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Fig. 1. The loading of Nal in moles of H,O per mole of salt plotted versus time at 14.5 mbar for 10 cycles. The black lines indicate the loading and the red lines show
the corresponding temperature profile. a. with a heating rate of 10 K/min. b. with a heating rate of 0.1 K/min. (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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Fig. 2. Cyclability test of NaBr at 14.5 mbar with a heating rate of 0.1 K/min,
the solid line shows the change in moles of water per mole of salt and the
dashed line indicates the temperature profile.

NaBr unsuitable for heat storage under the conditions we have set in this
research. Performing the experiment at 20 mbar water vapor pressure
led to overhydration (see Appendix Fig. A 4). NaBr does thus not satisfy
our criteria for cyclability.

4.3. Nal and NaBr thermodynamics, phase diagram and metastable zone

4.3.1. Dehydration enthalpy and entropy

Since both Nal and NaBr fulfil the energy density criterion, we
studied their thermodynamics in further detail in order to find an
explanation for the difference in cyclability of the two compounds. For
Nal the measured (p, T)-values for the transition between the dihydrate
and anhydrate (see Table Al in the appendix) were used together with
Eq. (4) to determine the enthalpy and entropy of transition. The
resulting values are given in Table 3 together with some literature
values. The experimental (both DSC and p,T) and tabulated literature
values are in close agreement for the enthalpy.

For the entropy, tabulated values from Glasser and Chemnet deviate
somewhat from both the experimental and other literature values

Table 3
Entropy and enthalpy values for the dehydration transition per mole water.
Source Nale2H,0O NaBre2H,0
AHC [kJ/ A [J/ AHC [kJ/ A8 [J/
mol] moleK] mol] moleK]
DSC result 56.2 +£ 2.0 - 50.7 +£ 2.0
p,T measurement 56.4 + 0.6 143 £ 2
fit
Washburn [33] 55.2 139
Richter [34] 55.8 140 53.6 143
Glasser [27] 57.3 151 53.1 145
Chemnet [35] 55.6 151
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
1 00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 Oo
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Fig. 3. Nal-H,O phase diagram showing the phase transition lines from liter-
ature and present experimental values for the p,T equilibrium (circles) and
kinetics (triangles). The deliquescence line is metastable after 68 °C, as indi-
cated with dashes. The dashed lines are a guide to the eye for operating range at
12 mbar water vapor pressure.
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(Washburn and Richter), and therefore are excluded from the phase
diagram.

4.3.2. Water vapor pressure vs. temperature phase diagram

In Fig. 3, the phase diagram for the Nal-H,O system is presented,
plotted as water vapor pressure vs the temperature. Equilibrium lines for
the 0-2 transition were obtained by using our present fit to the p,T data
as well as enthalpy and entropy values from Washburn [33] and Richter
et al. [34]. The p, T values for the 0-2 transition (filled circles) overlap
with the equilibrium line from literature. The pink line was constructed
by the Pitzer ion interaction model based on literature values for ac-
tivity, heat, solubility and vapor pressures of Nal-H20 systems [36]. This
line also shows excellent agreement. The dashed lines in Fig. 3 are a
guide to the eye for the operating window of Nal at a water vapor
pressure of 12 mbar which is at temperatures between 25 °C and 42 °C.

In Fig. 4, the phase diagram for the NaBr-H,O system is presented. As
the compound did not cycle, only the deliquescence line [37,38] and the
hydration/dehydration equilibrium line are shown. The latter lines are
based on the literature data for the dehydration enthalpy and entropy
values from Richter et al. [34] and the numerical data from Dingemans
[38]. The data from Glasser deviate from the latter lines. Fig. 4 makes
clear why NaBr did not cycle for the conditions chosen (cycling between
25°Cand 130 °C @ 14.5 mbar). Based on the Richter data the hydration
temperature at 14.5 mbar should be lower than 28 °C, which is in the
lower limit boundary set for space heating. Together with the observed
kinetic metastable zone width for the hydration of Nal (vide infra), the
lack of cyclability is concluded to be due to a combination of thermo-
dynamic and kinetic limitations. Therefore, NaBr was discarded for
further experiments.

4.3.3. Metastability of Nal 0-2 equilibrium

Additionally, we have determined the MSZ of the 0-2 equilibrium
and we found that dehydration happens at the equilibrium temperature
while there is a small MSZ of 3 to 5 °C for hydration. This is indicated
with the black triangles in Fig. 3. The values fit in the lower end of the
range of previously reported MSZ’s, which can range from a few degrees
(LiCl 0-1, MgCl;, 4-6 [30], SrCl, 2-6, SrCly 1-2 [29]) to 10 °C or more
(K2CO3 0-1.5, CuCly 0-2 [30] or SrCly 0-1 [29]). In all these examples
the MSZ is symmetrical around the equilibrium, meaning that the

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
100 d——L o Lot e 1 100

NaBr (aq)

s \L-e---_ A/ _____________]
Qo
E 101 '/ L 10
= I
| I
1 I
I |
1 I
1 I Deliqu. Greenspan
: ! —— Deliqu. Dingemans|
| : Richter
| Dingemans
1 L e e ML s o i o o e e s B E L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

T(°C)

Fig. 4. NaBr-H,O phase diagram showing the phase transition lines from
literature for the p,T equilibrium. The dashed grey lines are a guide to the eye
for an operating range at 14.5 mbar water vapor pressure based on the phase
transition line according to Richter’s data and the deliquescence line. Both
these lines give rise to an incongruent melting point at 47 °C [37] or
50.5 °C [38].
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hydration and dehydration transition have a similar nucleation barrier.
However, for Nal, such a barrier is only found for hydration.

4.3.4. Nal deliquescence

Nal is a hygroscopic salt and has a deliquescence point of 38 % RH at
25 °C (corresponding to a water vapor pressure of 12 mbar). The blue
line in Fig. 3 gives the deliquescence water vapor pressures for the whole
temperature range obtained from a fit to deliquescence data from the
literature [30,39-43]. The fit is valid between 0 and 68 °C and can be
expressed as

p =2.697915+0.185113 @ T+ 0.005761 & T2 4+ 0.000075 e T* (5)

with p in mbar and T in °C. Deliquescence in a heat battery can cause
issues with swelling and agglomeration, but on the other hand, the
deliquescence transition can be used in heat storage for some salts if they
are stabilized in a host matrix. However, the host matrix decreases the
energy density of the salt due to the composite material volume. Ex-
amples are LiCl in vermiculite [44] or silica [45], both options resulting
in a storage density of 0.6 GJ/m> (compared to 1.8-2.0 GJ/m® for the
hydration). Another salt where the deliquescence transition is used for
storage is K2COs stabilized in vermiculite. This gives an energy density
of 0.9 GJ/m° [46] (compared to 1.3 GJ/m? for hydration). However, for
Nal the deliquescence temperature at our selected water vapor pressure
of 12 mbar is 25 °C, which is below the minimum of 30 °C for space
heating. This means that deliquescence cannot be used for space heat-
ing. However, the hydration transition at 42 °C does fulfil the require-
ment for a water vapor pressure of 12 mbar. If a higher water vapor
pressure is chosen, deliquescence could be considered as part of the
process, Nal could be stabilized in a porous-based composite sorbent like
zeolite 13X or silica gel [47]. In that case, the sorbent could be
impregnated with an aqueous solution of Nal, but without exposure to
light and oxygen to avoid I-formation.

4.3.5. Nal melting

There is an intersection of the deliquescence line with the 2-0
equilibrium lines at 68 °C in the p,T — phase diagram in Fig. 3. This
intersection is the incongruent melting point where the dihydrate con-
verts to anhydrate plus a saturated aqueous solution of Nal. Fig. A5 of
the appendix shows this in the alternative T,x-representation of a binary
phase diagram. In a heat battery melting can occur when water vapor
transport is limited, thereby locally increasing the water vapor pressure
while heating during charging. This can be simulated in DSC experi-
ments (0.1 K/min heating rate) by using either a pierced lid (limited
water vapor transport possible) or a closed lid (no water vapor trans-
port). This is shown in Fig. 5a, with the dehydration (black line)
occurring for an experiment with a pierced lid and melting occurring
with a closed lid (red line). The dehydration starts at approximately
40 °C and is completed at approximately 62 °C, these temperatures are
marked with the dashed grey lines in Fig. 5a. The same temperatures are
indicated with dashed lines in Fig. 5b, a loading vs T plot of the cycla-
bility experiments in the TGA discussed in Section 4.2.1. This plot re-
veals that Nal dihydrate gradually dehydrates and dehydration is
completed between these temperatures when a 0.1 K/min heating rate is
applied (red line). At a higher heating rate (10 K/min), dehydration is
incomplete at 68 °C so melting can occur. This transformation to the
anhydrate changes the morphology of the crystals, thereby destroying
previously formed pores and leads to more compact crystals. This limits
water vapor transport during subsequent rehydration during discharg-
ing. Moreover, if the material melts incongruently the aqueous phases of
neighboring crystals might fuse together, reducing the surface of the
crystals in subsequent cycles. This incongruent melting process can be
avoided by using a slow enough heating rate, which allows good water
vapor transport or by avoiding temperatures >68 °C in the dehydration
process. This is demonstrated in Appendix A2 where full cyclability of
10 cycles is shown when the dehydration temperature is set at 65 °C. We
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Fig. 5. a. DSC results of experiments with a 0.1 K/min heating rate with either a pierced lid (black line) or a closed lid (red line). The dashed lines are a guide to the
eye for the observed start and end temperatures of dehydration for the dehydration trace. b. Cyclability experiments in TGA visualized as loading vs T with two
different heating rates: 10 K/min (black lines) and 0.1 K/min (red lines). The dashed lines correspond to the ones in a. Note that the dehydration with the 0.1 K/min
heating rate is completed within these dashed lines and thus before the incongruent melting point of 68 °C. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

found that slow dehydration yields a favorable morphology and there- prevent melting in subsequent fast cycles, which once again shows that
fore investigated if this morphology is preserved in subsequent fast heating above the melting temperature before dehydration is complete
dehydration cycles going to a maximum temperature of 124 °C. We ruins the morphology (see Appendix A2).

found, however, that pre-treating the sample with 3 slow cycles did not

e ' 2 oWl

Fig. 6. SEM images of Nal with the bottom row being enlargements of the top row: al & a2 prior to cycling, bl & b2 after 10 cycles of heating to 130 °C and cooling
at 10 K/min to 25 °C with a constant water vapor pressure of 14.5 mbar with a 10 K/min heating rate and c1 & c2 same cyclability experiment but with a heating rate
of 0.1 K/min.
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4.4. Nal surface morphology

In order to understand the impact of heating rate and possible
incongruent melting on the surface morphology of Nal crystals, we have
studied the crystals with SEM. For that SEM images of a sample prior to
cycling are compared with samples that have been cycled 10 times with
heating rates of 10 K/min or 0.1 K/min. Fig. 6 al and a2 show a sample
prior to cycling, revealing the sieved 100-150 pm Nal to consist of ag-
glomerates of approximately 25 pm sized crystals. The crystals already
show some cracks, possibly due to the sputtering process in vacuum.
Cycling 10 times at a 10 K/min heating rate (Fig. 6 bl and b2) shows the
formation of additional cracks and pores leading to smaller crystallites
of approximately 10 pm and more space between the separate crystal-
lites. Finally, the 0.1 K/min heating rate (Fig. 6 c1 and c2) shows an even
more porous structure where separate crystals can no longer be distin-
guished. This structure facilitates the water vapor transport during
dehydration and hydration. These pores are probably formed during the
slow dehydration step which avoids melting. The fast dehydration step
of 10 K/min probably results in larger crystallites during melting,
leading to recrystallization of the anhydrate from a saturated solution.
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4.5. Deliquescence kinetics Nal

The standard hydration conditions for a heat battery are set at
approximately 12 mbar and 25 °C. These conditions intersect with the
deliquescence point of Nal of 38 % RH at 25 °C (corresponding to a
water vapor pressure of 12 mbar), shown as the blue line in Fig. 3. As
stated earlier, this can cause issues for operating a heat battery. How-
ever, surprisingly TGA experiments with the sample at 12 or 14.5 + 1.1
mbar at 27 °C gave no indication of overhydration or deliquescence
within the 6 h allowed for hydration (loading did not exceed 2 mol of
H20 per mole Nal). Therefore, we have studied cycling of Nal in more
detail. This was done in a humidity and temperature-controlled climate
sample chamber under an optical microscope to obtain in-situ insight in
the dehydration and hydration processes. For that a sample without any
pre-treatment (reference) is compared with a sample that has been
cycled for 10 times in TGA (0.1 K/min heating, 14.5 mbar). Both the
reference sample and the pre-cycled sample were subjected to first
dehydration (at 80 °C with 0 % RH) followed by hydration (at 25 °C with
38 % RH), these steps were then repeated several times. An overview of
the experiment with the reference and the pre-treated samples is given
in Fig. 7. The pictures at the end of the hydration step are shown below
the temperature-water vapor pressure profile. The pictures of the
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Fig. 7. Hot stage microscopy experiment of a Nal sample without pre-treatment (reference) and a pre-cycled sample. The temperature profile is shown in red and the
water vapor pressure profile in dark blue. The end of each dehydration step is marked with the dashed black line and the end of each hydration step is marked with
the cyan dashed line. The pictures on the left show what the samples looked like at the start of the experiment and the pictures on the top and bottom show the
sample at the end of hydration or dehydration steps, indicated with the arrows. The red scalebar in the picture corresponds to 300 pm. (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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reference sample show a grain of Nal becoming gradually larger and
more deformed (sharper edges) until at the 4th hydration step it appears
to undergo complete deliquescence. This reveals that the deliquescence
transition has slow kinetics, since it takes more than three hydration
steps with 1.5 h at deliquescence conditions before any deliquescence is
observed. Surprisingly, this does not occur with the pre-cycled sample.
The higher porosity (see Fig. 6¢) is expected to give faster kinetics, but
here the porosity prevents or delays deliquescence even more. This pre-
treatment apparently improves the stability of the system without
requiring any matrix or coating. This can explain the lack of over-
hydration in the TGA experiments.

5. Conclusion

An assessment of all alkali halides for heat storage showed Nal has
potential as a thermochemical material in domestic space heating. Nal
shows full cyclic reversibility for at least 10 cycles between 25 °C and
130 °C at both 12 and 14.5 mbar indicating it can be used for long-term
heat storage in applications for heating at 25 °C. The cyclability process
can be optimized by dehydrating below 68 °C to avoid melting, for
example by using a low heating rate. This then results in improved
stability at temperatures above 68 °C. We found that melting during the
dehydration step hinders subsequent rehydration. We have determined
the anhydrate to dihydrate p,T-equilibrium line which corresponds to
literature data. We have also determined the metastability around this
equilibrium line which is 3 to 5 °C for hydration and absent for dehy-
dration. Therefore, melting decreases the effectiveness of the heat bat-
tery. The heat battery should be constructed such that melting is avoided
and water vapor removal happens freely. Furthermore, we found that
during hydration it is possible to avoid overhydration and deliquescence
by pre-cycling the sample as shown in our climate-controlled

Appendix A. Appendix

A.1. DSC experimental results for NaBr and Nal
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T(°C)
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microscopy experiments. Overall, we believe Nal could be a candidate
for heat storage if its high availability (and corresponding low cost)
outweighs the challenges of avoiding melting and chemical degradation
due to exposure to oxygen and light.
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Fig. A1. DSC traces in triplo of a. NaBr and b. Nal; the heating rate was 0.1 K/min.

A.2. TGA result of Nal and NaBr cyclability experiments

The Nal sample cycled for 10 times with a 0.1 K/min heating rate at 14.5 mbar was reused in two ways, approximately 2 mg of sample was removed
for SEM imaging and the rest of the sample underwent cycling with the same heating conditions but with a water vapor pressure of 12 mbar. This vapor
pressure was chosen because that is the formal selection criterion. The sample also fully hydrates to the dihydrate at 12 mbar for at least 10 cycles as
shown in Fig. A2 a. However, since the amount for cycling was slightly decreased it shows an increase in drift (deviation from 0). A new Nal sample
was cycled for 10 times with a 10 K/min heating rate but here the dehydration temperature was set at 65 °C, as shown in Fig. A2 b. This shows full
cyclic stability which proves that a heating rate of 10 K/min is not an issue as long as the temperature does not exceed the melting temperature of

68 °C.
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Fig. A2. The loading of Nal in moles of HyO per mole of salt plotted versus time in an experiment with 10 cycles. The black lines indicate the loading and the red
lines show the corresponding temperature profile. a. at 12 mbar with a 0.1 K/min heating rate. b. at 14.5 mbar with 10 K/min heating rate but maximum T = 65 °C.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We also did a cyclability experiment at 14.5 mbar with a slow (0.1 K/min) heating rate for the first 3 cycles, followed by a fast (10 K/min) heating
rate for 7 cycles. The results are shown in Fig. A3. It reveals that the first 3 cycles show full cyclability but as soon as the heating rate is increased the
sample does not reach full rehydration anymore. Therefore, it can be concluded that 3 cycles pretreatment does not prevent issues with incongruent
melting and subsequent rehydration (see Section 4.3.5 for details on incongruent melting).
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Fig. A3. Cyclability experiment of Nal with a 0.1 K/min heating rate for the first 3 cycles (grey scale), followed by 7 cycles with a 10 K/min heating rate (colours).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The NaBr sample was cycled for 10 times with a 0.1 K/min heating rate at 14.5 and 20 mbar shown in Fig. A4. No water uptake was observed at

14.5 mbar and at 20 mbar the water uptake exceeded the full hydration of 2 mol HyO per mol of NaBr. However, no full deliquescence takes place since
that would correspond to a loading of about 6 (solubility NaBr at 25 °C: 94.32 g/100 mL water).
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Fig. A4. Cyclability experiments of NaBr at 14.5 and 20 mbar.

A.3. Table of experimental values of Nal p,T measuremen 4. a1

Experimental values for p,T measure-

ment of Nal.

T (°C) p (mbar)
25 3.69
30 5.40
30 5.49
35 7.76
40 11.21
45 15.78
50 22.23
50 22.18
55 28.60

A.4. T,x phase diagram of Nal

We constructed a phase diagram of T'in (°C) vs. the mole fraction X shown in Fig. A5 based on literature values for solubilities [33,48-51]. Note, the
mole fraction in this figure stops at 0.5 mol Nal/mol total. In this phase diagram the boiling point elevation and freezing point depression modeled by
van Alst [36] are given in respectively the bold red and blue lines. The solubilities from literature are indicated with symbols and the simulated
solubilities by van Alst [36] are given with the continuous line with squares.
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reader is referred to the web version of this article.)
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