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ABSTRACT

Thermochemical heat storage (TCHS) in salt hydrates attracts increasing interest due to the high energy density
combined with loss-free storage. Strontium bromide hexahydrate (SBH), and composites thereof, are often
suggested as suitable materials for this application. Although many aspects of SBH composites have been
thoroughly investigated, very little has been done on the fundamental aspects of the hydration reaction and
interactions between composite components on a molecular level. In this paper, we examine the interaction
between SBH and polymeric additives polydiallyldimethylammonium chloride (PDAC), sodium carboxymethyl
cellulose (CMC), and polyacrylic acid (PAA) in previously developed TCHS composites. The primary function of
the polymeric additives is enhanced mechanical integrity however this study investigates potential implications
on reaction temperature and speed the addition of such components might have. Focus is given to the interaction
between SrBrp and PDAC since such composites showed (de)hydration behaviour deviating from pure SrBrs. The
reaction kinetics are investigated at several points in the phase diagram through thermogravimetric analysis
(TGA), supplemented by powder x-ray diffraction (XRD) studies. Our findings show that there exists an inter-
action between SrBr, and PDAC which manifests itself through shrinkage of crystallite size and increased lattice
strain induced by preferential binding of PDAC to SrBry. Depending on the PDAC content in the composite we
have found out that 1) at excessive amounts PDAC inhibits hydration due to its sequestering properties 2) at low
amounts it an enhances reaction kinetics due its hydrophilic nature.

1. Introduction

and safety risks [5]. These properties motivated the development of
prototypal TCHS systems in different fields, such as buildings heating

Energy storage technologies comprise various techniques to store
electrical and thermal energy and are considered a key field for devel-
oping smart energy systems to mitigate climate change [1]. In addition,
innovative thermal storage technologies (TES) can reduce CO, emis-
sions, together with system efficiencies improvements and lower costs
[2].

Thermochemical heat storage (TCHS) is one of the main types of TES.
In this system, a solid/gas reversible reaction is used to store the energy.
While different sorption mechanisms and solid/gas working pairs were
evaluated [3], hydration/dehydration reactions between salt hydrates
and water vapour are widely studied for TCHS applications. The reason
for that is their high energy storage densities [4], reaction temperatures
suitable for low-grade heat storage, competitive costs and low health

[6], solar heat storage [7], power-to-heat solutions [8] and industrial
heat recovery [9]. However, while TES is considered a promising tech-
nology in all these applications, it is evidenced that further advances in
terms of both material and system design are required to obtain valuable
solutions [10].

The TCHS system based on salt hydrates is charged by delivering
heat to the hydrated material, resulting in desorption of water, which is
then isolated from the salt during storage. This guarantees a long-term
loss-free energy storage capability, which is a great advantage over
other TCHS methods. When heat is needed, water vapour and the solid
phase are brought together to trigger the sorption reaction, which dis-
charges the system [11].

One of the major drawbacks of using salt hydrates is their integrity
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during cycling [12] and the possibility of deliquescence occurring dur-
ing operation [13]. Further disadvantages of salts are enhanced metal
corrosion [14], as well as low thermal conductivity (0.7-1.0 W/mK) that
affects the heat transfer between TES and the environment [15].

A wide variety of salt hydrates was investigated in literature for
TCHS purposes and classified using properties such as hydration/
dehydration temperatures and energy storage densities [16]. In this
work, Strontium Bromide Hexahydrate (SBH) was chosen as TCHS ma-
terial because it presents high cyclic stability [17], a high energy storage
density of 798 J/g (1.95 GJ/m® or 542 kWh/m?>), operating tempera-
tures below 100 °C [18] and it was also effectively applied in pre-
liminary thermochemical reactors [19-22]. In particular, the reversible
reaction between strontium bromide hexahydrate and strontium bro-
mide monohydrate (SBM), shown in reaction, is under consideration in
this study:

SrBry-6H,0(s) < SrBry-H,O(s) + 5H,0(g)

Similarly to other salts hydrates used for TCHS, SBH suffers from
drawbacks concerning cyclic grain stability and thermal conductivity.
An established approach to overcome those limitations is the prepara-
tion of composites in which the salt is incorporated into a porous matrix
[22]. Expanded Graphite (G) was investigated as a matrix by Zhao et al.
[23]. It is highly porous and conductive support for SBH, which en-
hances thermal conductivity and permeability. Cammarata et al. [24]
studied similar composites and revealed enhanced kinetics and a
reduced hysteresis between reaction temperatures with the addition of
the matrix. To enhance the mechanical stability of SBH-G composites,
Salviati et al. [25,26] added hydrophilic polymers like poly-
diallyldimethylammonium chloride (PDAC) and carboxymethyl cellu-
lose (CMC) to the material and proved greater cyclability on a tablet
level. In addition to graphitic materials, other matrixes, such as
metal-organic frameworks [27] and silica gel [28], have been studied.
Most recently, Ding et al. [29] have developed an SBH-expanded
vermiculite composite with high energy density. Additionally, they
have investigated the kinetic properties of (de)sorption reactions with
the aid of classical solid-state reaction models. While these works
demonstrate the increased mechanical stability and thermal conduc-
tivity of SBH-composite materials, the need for a deeper understanding
of the physical chemistry phenomena, such as (de)hydration mecha-
nisms, concerning the thermochemical process must be addressed.

Sogiitoglu et al. [30,31] studied the hydration/dehydration mecha-
nism of pure salt hydrates. Their studies showed that many salts have a
so-called metastable zone (MSZ) in which kinetics are strongly hindered
as nucleation of the newly to-be-formed phase is problematic. This effect
causes a shift in the operational hydration/dehydration temperatures
away from the equilibrium conditions, thus defining the Metastable
Zone Width (MZW). Furthermore, the studies indicated that the hydra-
tion reaction proceeds through water adsorption, forming a wetting
layer on the surface of the lower hydrate [32]. It then leads to the
dissolution of ions from the lower hydrate, followed by recrystallisation
of the higher hydrate within that wetting layer. Ion mobility within the
wetting layer is crucial as it facilitates the reaction and determines MZW.
Studies on MgSO4 and NaySO4 [33] have also indicated that liquid in-
termediate states could play a vital role in the hydration process, where
otherwise a slow solid-solid phase transition would occur.

Thy hydration mechanism proposed by Sogiitoglu et al. is analogous
to salt crystallisation from solution. It is well known that polymers might
impact nucleation, crystal growth or crystal habit when a polymeric
additive is present in the stock solution [34,35]. Earlier studies have
shown that PDAC can impact the shape and size of CaCOj3 crystals [36].
However, when added to CaF, supersaturated solution, PDAC had
almost no impact on the crystal growth rate, which was strongly affected
by even small amounts of polyacrylic acid (PAA) [37]. On the contrary,
PDAC has been found to be a strong crystallisation inhibitor in a
calcium-arsenic-hydroxyapatite system due to electrostatic interactions
on the molecular surface [38]. Nevertheless, no studies have been found
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that investigate the impact of polymers or polyelectrolytes on salt hy-
drates’ (de)hydration behaviour on a fundamental level.

This study aims to understand the impact polymeric additives in
TCHS composites can have on the hydration/dehydration transition of
the salt hydrate. Three polymers (anionic CMC and PAA and cationic
PDAC), which in earlier work have been shown to stabilise SBH-G
composites [25,26] mechanically, are investigated with thermogravi-
metric analysis, powder x-ray diffraction, and dynamic vapour sorption.
The focus is given to PDAC-SBH interaction and its implications on the
phase transitions of the salt hydrate.

2. Materials and methods
2.1. Materials

SrBry-6H20 with >95% purity in powder form was purchased from
Alfa Aesar. Expanded natural graphite (G) was purchased from TIMCAL,
commercial-grade TIMREX® BNB90 with a bulk density of 0.03 g/ em®, a
surface area of 28.4 m%/g and an average particle size of 85 um, as re-
ported in the material datasheet. Polydiallyldimethylammonium chlo-
ride (PDAC) with a molecular weight of 400,000-500,000 g/mol was
purchased from Merck as a 20% wt/wt water solution. Sodium car-
boxymethyl cellulose (CMC) with an average molecular weight of
250,000 g/mol and a degree of substitution of 0.7 was purchased from
Merck. Polyacrylic acid (PAA) was purchased from Merck as a 35% wt/
wt water solution and presented an average molecular weight of
100,000 g/mol as declared by the producer. Sodium Hydroxide (NaOH)
pellets with 99.8% purity were purchased from Merck. SrCly-6H,0,
technical grade in powder form, was purchased from Alfa Aesar. All
reagents were used as received for preparing stable water dispersions
using deionised water supplied by a Direct-Q® 3 UV Millipore System
(Milano, Italy).

2.2. Samples preparation

The composite materials were prepared using a wet impregnation
technique adapted from Ref. [25]. At first, the graphitic materials (3 g)
were dispersed in water (90 ml) in a beaker, using magnetic stirring.
After that, 1.5 g of the selected binder was added to the beaker in the
form of a water solution/dispersion. PDAC was added as received in the
form of water-based solutions, while CMC was first dissolved in water
with magnetic stirring for 1 h before adding it to the graphite dispersion.
PAANa (polyacrylic acid sodium salt) was prepared from a stoichio-
metric mixture of NaOH and PAA dissolved in water and subsequently
added to the graphite dispersion. Finally, SBH was added to the
dispersion, and it was stirred overnight. Water was then evaporated over
a heated plate at 100 °C under continuous magnetic stirring.

The weight ratios of the materials components and the molar ratios
of monomers to pure SrBrs are listed in Table 1.

Table 1
List of the prepared composite materials. The reported values are dry weight
ratios between the sample’s components.

Sample SBH G Polymer Polymer mol monomer :
[g] [g] [g] type mol SrBr,

SBH 1 0 0 None 0

SBH_G 5 1 0 None 0

SBH_G_PAANa S5 1 0.5 PAANa 0.379

SBH_G_CMCNa 5 1 0.5 CMCNa 0.136

SBH_G_PDAC 5 1 0.1 PDAC 0.044
0.1

SBH_G_PDAC 5 1 0.5 PDAC 0.221
(0.5)

SBH_G_PDAC(1) 5 1 1 PDAC 0.442

SCH_G_PDAC(1) 3.75% 1 1 PDAC 0.442"

@ Here, the weight and molar ratios refer to SrCl,«6H,0 instead of SrBry«6H,0
content used in the synthesis.
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Sample SBH was used as a reference and characterised as received in
powder form. SBH_G, used as a reference, was prepared with the same
procedure used for the other composite materials, omitting the polymer
addition step.

2.3. Characterisation

2.3.1. Pressure-temperature (p-T) measurement

The equilibrium line between SrBry hexahydrate and monohydrate
was measured using an in-house developed setup illustrated in Fig. 1.
The setup is built from 6 mm stainless steel tubing and Swagelok con-
nections and valve. The sample chamber is connected with a KF flange
fitted with an o-ring and a circumferential clamp. It is heated with an
electrical heating mantle whose temperature is controlled with a Euro-
therm controller. The temperature and pressure data are collected
through an Arduino connected to a computer. The temperature of the
thermocouple is calibrated against a well-defined temperature source,
and it is within +0.1 °C range. The pressure sensor used in the setup has
an accuracy of 0.2%.

Approximately 3g of as received SBH was loaded into the sample
chamber. The setup was then evacuated, and changes in its pressure as a
function of temperature were measured continuously. The sample was
heated up in steps of 10 °C from 20 °C to 80 °C with a dwell time of 2 h
per step. By fitting the acquired data points with van ‘t Hoff equation,
Equation (1), a line describing the p-T relationship between hexahydrate
and monohydrate can be constructed.

an0
B

Peq =DPo€ ™

+

@

where pey [mbar] is the measured vapour pressure, py is the reference
pressure of 1013 mbar, AH? [JK~'mol '] is the standard molar reaction
enthalpy, AS® [Jmol '] is the standard molar entropy, R is the standard
gas constant (8.3145 JK’lmol’l), and T [K] is the applied temperature
corresponding to the measured vapour pressure.

P Pressure
sensor

Valve
Vacuum pump
Sample | Heati
chamber | SUSAUHE
mantle
Sample — : /

Fig. 1. A schematic representation of the p-T setup. Except for the external
vacuum pump, the entire system is thermally insulated. The sample chamber is
heated with an electrical heating mantle, and the absolute pressure in the
system is measured with a pressure sensor.
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2.3.2. Thermogravimetric analysis

Reaction kinetics were studied in a thermogravimetric analyser
(TGA) by Mettler-Toledo TGA/DSC3+ LF1100. The temperature of TGA
was calibrated using a heat flow signal of melting points of naphthalene,
indium and zinc, giving an accuracy of 0.2 °C. An external humidifier
was coupled with the TGA, and it was calibrated by establishing deli-
quescence point of LiCl-H;0, K3COs-1.5H20, MgCly-6H,0 and Mg
(NO3)2-6H,0 salt hydrates at 25 °C [39] with an accuracy of 0.16 mbar.
All experiments were conducted under a nitrogen atmosphere with a
fixed flow rate of 300 mL/min.

Before all TGA measurements, samples were prepared by drying in
an oven at 50 °C to drive the water out of the polymeric additives. It
makes it possible to grind the samples in a pestle and mortar and sub-
sequently sieve between 50 and 164 pm fractions. Approximately 5 mg
of prepared sample was loaded into a 40 pL Mettler-Toledo standard
aluminium pan without a lid.

(De)hydration onset points were measured at several fixed water
vapour pressures (4, 6, 8, 12 and 15 mbar, green arrows in Fig. 2) by
scanning through a temperature range between 25 and 60 °C at a rate of
0.1 °C/min. After each temperature scan, the temperature was held
constant for 3 h to ensure complete conversion before proceeding to the
following temperature scan. Reaction onset points were determined
from 1% derivative plots as illustrated in Fig. 3. The 1% derivative of the
mass-time curve was calculated and plotted against the measured sam-
ple temperature. The temperature corresponding to an abrupt change in
the 1 derivative is taken as the reaction onset point. It is defined as a
cross point between a horizontal line drawn where the 1% derivative
equals zero and a tangent is drawn at the point corresponding to the
fastest change in mass.

Before measuring reaction kinetics, samples were subjected to 10
(de)hydration cycles to minimise the impact of morphology or the
sample’s thermal history on the measurement [30,40]. Hydration was
conducted at isothermal and isobaric conditions, 30 °C and 12 mbar,
while dehydration occurred at 85 °C and 0 mbar. Reaction kinetics were
measured at a sample temperature of 45 °C and four different water

100 -
ya
L //
@ -
o
= =
= 10 |
o [
e F ® = ®
o L _
r e ‘/
’ —H0p e SBH deliquescence
SrBr, 6-1 equilibrium - - — MSZ boundary
® Kinetics ® Nucleation
-—= Reaction onset
1 1 1 1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60 65 70 75 80

T[°C]

Fig. 2. Pressure-Temperature phase diagram of SrBr, indicating measurement
conditions. The thick solid black line is the equilibrium line between SBM and
SBH; the dashed line indicates the MSZ boundary of SBM hydration, dotted
shows deliquescence of SBH, while the thin black line shows the saturation
vapour pressure of pure water. Green arrows indicate conditions of isobaric
measurements determining reaction onset points; red dots show conditions at
which nucleation and growth study was conducted, and blue dots show con-
ditions at which isobaric and isothermal reaction kinetics were investigated.
(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. 3. An example of the method used to determine the reaction onset points.
The black plot shows the relative mass change of pure SrBr, at 8 mbar as a
function of measured sample temperature. The red plot is the 1** derivative of
the black plot. The blue solid lines show the tangents drawn to determine the
reaction onset points while the arrows indicate reaction direction. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

vapour pressures (Pyap), 21 and 14 mbar in case of hydration and 9 and
8 mbar for dehydration (blue dots in Fig. 2). Preceding the isobaric and
isothermal hydration, the sample was dehydrated to monohydrate at
85 °C and 0 mbar, after which temperature was lowered to 45 °C and
allowed to equilibrate for 30 min while maintaining 0 mbar before
vapour pressure was increased to the desired value and maintained
constant for at least 1.5 h. To investigate the dehydration kinetics, the
sample was first hydrated at 45 °C and 21 mbar before the vapour
pressure was lowered to the desired value and kept constant for 2 h.

2.3.3. Powder X-ray analysis

Powder X-ray analysis (XRD) was conducted in Rigaku MiniFlex 600
X-ray diffractometer equipped with Cu Ka X-ray source, a Be mono-
chromator (A = 1.5419 10\, 40kV, 15mA), a D/tex Ultra2 1D detector and
an Anton-Paar BTS500 heating stage. All measurements were done be-
tween 10 and 80 26 with 0.02° step size and a scan speed of 5°/min. All
samples were ground and dried in an oven at 60 °C for over 24 h before
powder patterns of SBM with or without additives were measured. Dry
air flow was supplied during the measurement to avoid any hydration.
Subsequently, samples were hydrated in a desiccator over a saturated
MgCl,+6H0 solution (33%RH; ~8 mbar at 21 °C) for over 48 h before
powder patterns of SBH with and without additives were recorded. A
saturated MgCly+6H30 solution was chosen as a fixed source of water
vapour due to its desirable partial pressure, which allows fast reaction
kinetics without risk of deliquescence. Rigaku PDXL2 software was used
to analyse the data. Measured patterns were matched against patterns
found in Crystallography Open Database (COD) [41].

2.3.4. Dynamic vapour sorption

The sorption properties of pure PDAC were investigated employing
the dynamic vapour sorption (DVS) thermogravimetric method with
Q5000 SA thermobalance from TA Instruments. Due to the presence of a
reference pan, this method allows for exact and long-term measure-
ments of (de)sorption isotherms. PDAC powder was prepared by drying
as received solution in an oven at 100 °C to evaporate all the solvent.
The solid polymer was then pulverised in a pestle and mortar, and
approximately 1 mg of powder was used for the measurement. A quartz
crucible was used for DVS measurement, which always started witha 1 h
in-situ drying step at 80 °C and O mbar. Subsequently, the chamber’s
temperature was lowered to the desired value (25, 35 and 40 °C), and
mass was equilibrated at dry conditions. Then relative humidity (RH)
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was stepped from 0 to 60% in steps of 5% with a dwell time of 5 h per
step. The measurements were conducted under a nitrogen atmosphere
with a fixed flow rate of 200 mL/min. The temperature is measured with
an accuracy of 0.1 °C, while the vapour pressure is calibrated with the
known deliquescence points of several salt hydrates [39] and supplied
with an accuracy of 1% RH.

2.4. Single crystal growth

The impact of amine groups on the crystallisation behaviour of
SrBry-6H20 was investigated through single crystal growth from solu-
tion. For this study, SrBry-6H,0, purchased from Alfa Aesar, N-Methyl-2-
Pyrrolidone (NMP) purchased from Biosolve, and 20% wt/wt high
molecular weight PDAC water solution, purchased from Aldrich, were
used. 2 g of SBH was dissolved in 2 mL of deionised water in a glass vial.
To that, either NPM or PDAC solution was added in the same ratio as
used for SBH_G_PDAC(1) composite. Additionally, a solution mimicking
SBH_G_PDAC(0.1) composite and a reference with pure SBH were pre-
pared. The solutions were further diluted with water till the total content
of added water was equal to 4 mL. Vials were covered with perforated
parafilm and placed in a desiccator with silica gel until crystals appeared
in the solution (90-100 days). Crystals were removed from the solution,
and the excess mother liquor was dabbed off with tissue paper before
they were photographed. A previously conducted SEM study on
SBH_G_PDAC composites [25] can be consulted for a more detailed
picture of the micromorphology of the complete composite.

3. Results
3.1. Phase diagram and metastability

3.1.1. Pure SrBry

To assess the effect of additives on phase transitions of SrBry we first
need to characterise the (de)hydration behaviour of the pure salt hy-
drate. A p-T phase diagram in Fig. 4 maps out the reaction conditions for
pure SrBry hexa-monohydrate transitions. We have obtained the

100

Pyap [Mbar]

——H,0 pyqp
- - - - SBH deliquescence
®  Measured SrBr, 6-1 eq. values
A Measured hydration onset
v Measured dehydration onset
——Fitted SrBr, 6-1 equilibrium
— — -Fitted MSZ boundary
1 1 1 1 " 1 M 1 " 1 E 1 " 1 1

30 35 40 45 50 55 60 65 70 75 80
T[°C]

1 1
20 25

Fig. 4. p-T phase diagram of pure SrBr; showing saturation vapour pressure of
pure water (blue line), deliquescence vapour pressure of SBH [42] (dotted line),
measured equilibrium conditions between SBH and SBM (red squares) and the
fit based on Eq. (1) (thick solid line) Measured reaction onset points are indi-
cated with triangles, with upwards triangles being hydration of SBM, and
downwards triangles being dehydration of SBH. The dashed line is a fit of hy-
dration onset based on Eq (1), and it indicates the edge of MSZ. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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equilibrium line by measuring equilibrium vapour pressure at set tem-
perature using an in-house developed p-T measurement setup. Van ‘t
Hoff fit of measured values (red squares) results in a reaction enthalpy
and entropy of 61 kJ/mol and 154 J/K mol, coinciding with literature
values [16,20]. Inserting the thermodynamic values into Equation (1)
over a range of temperatures gives the fitted equilibrium line (solid
black line).

With the equilibrium line for 6-1 transition well-defined reaction, we
can now determine reaction onset points at specific vapour pressures.
Those were measured at isobaric conditions (4, 6, 8, 12, 15 mbar) by
scanning through a temperature range (25-60 °C 0.1 "C/min). Black
triangles in Fig. 4 indicate measured reaction onset points. The plot
hardly shows metastability in the case of dehydration, while a signifi-
cant metastable zone is present for hydration (dashed black line). Esaki
et al. [44] investigated 6-1 transition and found a negligible deviation
from the hydration and dehydration reaction equilibrium conditions,
which contradicts our present findings. Deviation in the onset of both
hydration and dehydration reaction is known for many other salt hy-
drates [17,30]. On the other hand, the absence of metastability for
dehydration is striking. To the best of the authors’ knowledge, such
asymmetric reaction behaviour was not observed in the past.

3.1.2. The influence of polymers

With the phase transition behaviour of pure SrBr, mapped out in a
phase diagram, Fig. 4, we can assess the impact of other composite
components. Initial screening of 4 composites, 3 of which had identical
polymer content (0.5 g polymer: 1 g G: 5 g SBH) and one that comprised
only SBH and graphite (5 g SBH: 1 g G), was conducted in two steps.
First, we performed a series of TGA measurements, followed by phase
characterisation in XRD.

The TGA screening was conducted at isobaric conditions (pyap =12
mbar, T= 25-60 °C), and the data is plotted in Fig. 5. The grey lines
relate to pure SrBry, used for reference, while the coloured lines belong
to investigated composite materials. In all cases, the relative water ab-
sorption by a composite is lower than for pure SrBry primarily due to
graphite, which has no water sorption ability. From this data, we can

TMSZ T
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w
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o o
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s SBH 1
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0.05 k- SBH_G \
SBH_G_PAA(0.5) \
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Fig. 5. Relative mass change vs measured sample temperature measured at a
fixed vapour pressure of 12 mbar for pure SBH (grey), SBH_G (black) and
SBH_G_polymer composites (PAA-orange, CMC-green, PDAC-blue). Black ar-
rows indicate the direction of the mass change. Grey lines indicate reaction
onset points of pure SBH, with Teq being the measured equilibrium line and
Twmsz being the measured MSZ boundary. The coloured dashed line indicates a
shift in hydration of SBH_G_PDAC(0.5). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Solar Energy Materials and Solar Cells 238 (2022) 111648

conclude that presence of graphite in the composite (black) has a mar-
ginal effect on the reaction onset points. We can draw a similar
conclusion for composites with CMCNa (green) and PAANa (orange),
which both have little to no impact on the measured (de)hydration onset
points. Interestingly, the hydration behaviour is strongly influenced by
the presence of PDAC (blue). The significant lowering of hydration
temperature by 2.5 °C indicates an interaction between the salt and the
polymer.

For the second part of the screening in XRD, the desired phase was
prepared ex-situ through sample dehydration in an oven at 60 °C to
obtain SBM or hydration in a desiccator with a fixed relative humidity of
33% to obtain SBH. Previous studies [25,26] have shown that the
crystalline structure of SrBrs is preserved in the presence of graphite and
PDAC, and we expect the same for composites with CMCNa and PAANa,
given we have not seen any significant changes in (de)hydration
behaviour in the first part of the screening.

In Fig. 6, we can see that both SBM and SBH phases are present in
their usual crystalline form in all examined samples. In the case of
composites with CMCNa and PAANa, we can detect the presence of NaBr
(marked with stars). The presence of another compound indicates that
SrBry has reacted with Na-ions during synthesis, which were used to
neutralise the polymer, and it precipitated in the form NaBr. This further
suggests that a partial ion exchange might have happened (Na * vs Sr™).
Anionic polymers frequently capture divalent ions, leading to gelation
and lower solubility. Those structures are hence stabilized while not
participating in an equilibrium situation in solution. The polymer itself
is most likely neutralised with Sr*" as we did not detect other phases.

The presence of PDAC in the composite (blue curve) leads to peak
broadening and a peak shift to higher 26, which we will evaluate in more
detail in the following section. Because the initial screening measure-
ments show a significant shift in hydration temperature and crystal
structure only in the presence of PDAC, the remainder of the paper will
focus on the SBH_G_PDAC composites. Most attention will be given to
the hydration of SBM and how it is affected by varying PDAC content.

3.1.3. Impact of PDAC content on (de)hydration onset points

In this section, we once again explore the phase diagram. Similarly to
pure SBH, (de)hydration onset points for composites with PDAC were
determined for a wide range of vapour pressures (4, 8, 12, 15 mbar
between 25 and 60 °C), and they are summarised in Fig. 7. This figure
shows that the addition of small amounts of PDAC (0.1 g PDAC: 5 g SBH,
green triangles) has a marginal effect on the location of the reaction
onset points. We observe a significant lowering of the hydration onset
points with an increased amount of PDAC (1 g PDAC: 5 g SBH, red tri-
angles). When the measurement was conducted at 4 mbar pyap, hydra-
tion was not observed for SBH_G_ PDAC(1) sample within the
measurement temperature window, which means that the hydration
temperature is lower than 25 °C at this vapour pressure. The shift in
dehydration temperature never exceeds 1 °C, and it is within the
experimental error margin. Thus, we conclude that PDAC has a negli-
gible impact on the onset of dehydration of SBH.

3.2. Impact of PDAC on the crystalline phases of SrBrs

In the previous section, we have shown that PDAC affects the hy-
dration of SBM and that it has almost no impact on the dehydration of
SBH and that this effect is dependent on the polymer content in the
composite. In this section, we zoom in on the effects of varying PDAC
content on the crystal habit. For this purpose, we have extended our
initial screening XRD measurements by two additional polymer contents
while maintaining the same sample preparation and measurement
method.

Initial analysis of XRD spectra in Fig. 8 shows a peak shift to higher
26 with increasing PDAC content. This observation indicates increasing
strain in the crystal lattice of the SBM and SBH phase, which can be
estimated with the Halder-Wagner method [43] included in the PDXL2
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Fig. 6. XRD diffractograms of investigated composites with SrBr2 a) monohydrate (COD 1528458) and b) hexahydrate (COD 2003194). The dashed line indicates

graphite 002 peak (COD 9011577), the star indicates NaBr peaks (COD 9007465).
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software. The methodology describes peak broadening with symmetric
Voight function and utilises the relationship between calculated full
width half maximum and lattice distance at given lattice plane to
calculate the average crystallite size and strain. A more detailed analysis
revealed that SBM samples with large amounts of PDAC (0.5-1 g: 5 g
SBH) have approximately 0.12-0.15 + 0.09% strain. Comparatively, the
only composite with SBH that exhibits lattice strain in the order of 0.09
+ 0.04% is SBH_G_PDAC(1).

Further analysis with the aid of the Scherrer formula, which de-
termines the crystallite size based on a full-width half-maximum of a
peak, shows that with the addition of PDAC, the size of primary scat-
tering domains is reduced by approximately 44% with respect to SBH_G
and by approximately 50% with respect to SBM_G, as shown in Fig. 9.
The modification of crystallisation behaviour could cause this by PDAC,
which has been observed in other studies [36]. In all cases, the impact on
the crystallite size is more prominent for SBM than for SBH. Further-
more, a spread in the estimated crystallite size is seen with increased
PDAC content, indicating that various lattice planes might be affected
differently.

To test the theory of preferential binding, in Fig. 10 we compare peak
areas of the most prominent peaks. In most cases, the peak area de-
creases with respect to the SrBry_G composite, which we use as reference
material in this analysis. Therefore, we assume that only peaks with an
area smaller than those of the mean peak area plus/minus the deviation
can be considered severely impacted by the presence of PDAC. In the
case of SBM composites, we observe the strongest impact for (2,0,1) and
(3,0,1) planes. Unfortunately, we cannot draw any clear conclusion from
that observation. For SBH composites, the most affected planes are
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Fig. 8. Magnification of most characteristic peaks of a) SBM and b) SBH composites normalised w.r.t (1,1,2) plane for SBM and (1.1.0) plane for SBH composites.

Corresponding lattice planes are indicated above the peaks.
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(1,1,0) and (1,1,1). The particularly strong effect on (1.1.0) plane is
interesting as this plane comprises in a large degree of Br-atoms, which
can interact with the positively charged groups on PDAC. Nevertheless,
a dedicated study is necessary to understand this crystallographic phe-
nomenon fully.
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3.3. Impact of PDAC on crystal growth

To better evaluate the impact of PDAC on the crystallisation of SBH,
single crystals were grown through evaporation of solution for 90-100
days. An example of the representative crystals is shown in Fig. 11, with
millimetre paper as a backdrop. Pure SBH crystallises as elongated, see-
through needles with a few tens of micrometre in diameter. The addition
of NMP to the base solution results in the growth of very fine needles
thinner and shorter than the needles of pure SBH. It shows that ternary
amines can impact the crystallisation behaviour of SBH even when they
are not existent as polymers. The addition of PDAC to the base solution
resulted in the growth of a large single crystal with a dendritic growth
pattern showing on the bottom of the crystal, which is common in
diffusion limited processes [44].

3.4. Water sorption properties of pure PDAC

To understand the effect PDAC has on the hydration of SBM and its
contribution to the overall water absorption by the composite, the
behaviour of pure PDAC in a relevant p-T window has to be understood.
For this purpose, we have conducted DVS measurements (0-60% RH at
25, 35 and 40 °C) on dry PDAC powder. Fig. 12 shows that pure polymer
exhibits minimal hysteresis between water sorption and desorption and
that it can absorb significant amounts of water per mole monomer
(DADMAC).

From this data, isosteric heat of sorption, gy, can be obtained [45].
Fig. 13 shows that qq varies with the overall water content in the
polymer and is comparable with the values obtained for other highly
hydrophilic polymers [46]. The corresponding Gibbs free energy varies
from 14.25 kJ/mol H5O for the first 0.5 mol H,O/mol DADMAC to 2.99
kJ/mol Hp0 for the third mol HyO/mol DADMAC. For comparison,
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Fig. 10. Peak areas normalised w.r.t SrBry_G vs ideal 20 positions of respective peaks for a) SBM composites and b) SBH composites. Horizontal lines indicate a given
composite’s mean relative peak area, and coloured areas are the standard deviations.

i L B el B
) I
i L1 + Tt
i T )& J}—- 4
qa{u--—-* == —_— Py
i § ——
i IS Ve ++1
" v -
=+ 7L
5§
! : L - :-
! : i + =
+
e i ot ]
s - o L o 3
£ i 1Y LIS [T
o i1l HEEARRI
a L@ g ee e g
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Glasser [47] has calculated the Gibbs free energy for hydration of SBM to
be 15 kJ/mol H20 and the reaction enthalpy to be 57.9 kJ/mol H,0,
showing that the energy involved in binding water to PDAC is compa-
rable to the heat evolved during hydration of SBM. Moreover the
enthalpy change for water absorption by PDAC is lower than hydration
enthalpy of SBH. This means that less energy is lost during water binding
to PDAC than to SBM, which in turn can promote the reaction with the
polymer over salt.

3.5. Impact of PDAC on nucleation and growth

The lowering of the onset temperature for hydration induced by
PDAC indicates inhibition of hydration reaction. Furthermore, the XRD
study has shown that the crystal structure of both SBM and SBH is
modified in the presence of PDAC, suggesting that the polymer impacts
crystal growth, which is further supported by the single crystal growth
study. This section will investigate the role PDAC plays in the overall
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hydration process through two sets of experiments. Firstly, we consider
the impact of CI™ counterion of PDAC on hydration reaction. Secondly,
we explore the nucleation and growth processes occurring in the com-
posite during hydration.

As PDAC is neutralised with Cl-ions, the typical C1 : Br™ ratio present
in the samples varies between 0.02 and 0.16 (see Table 1). Further, the
theoretical equilibrium line between SrCl, di- and monohydrate lies
several degrees above the measured equilibrium of SrBrp hexa-
monohydrate [47]. Therefore, it is conceivable that CI-Br'- ion inter-
action could occur. To probe this possibility, we have synthesised and
characterised a composite consisting of SrCl,-6H20, graphite and PDAC
(3.75g: 1 g: 1 g) identically to SBH-composites. Hydration behaviour for
1-2 transition of the SCH-composite and pure SrCl, (85-30 °C at 9, 12
and 15 mbar) is summarised in Fig. 14. It shows that in all cases, samples
with PDAC (solid lines) exhibit lowering of hydration temperature
compared to pure SCM (dashed lines), as indicated by the arrows. Since
the only anion present in this composite is Cl™, there is no possibility for
ion exchange between salt and polymer. It means that the lower hy-
dration temperature observed in SBH-PDAC composites is not due to
Cl-Sr interaction, as we have observed the same interaction between
SCH and PDAC.

To understand this interaction, we have conducted a more detailed
nucleation and growth study in the SBH-PDAC system. This study was
carried out at isothermal and isobaric conditions close to MSZ of pure
SBH (see red dots in Fig. 3). Two samples, one with PDAC (SBH_G_PDAC
(1)) and one without (SBH_G), were subjected to those measurements.
Firstly, the investigated sample was dehydrated to monohydrate in-situ
(80 °C, 0 mbar). Subsequently, the temperature was lowered to 30 °C
and only after an equilibration period of 30min the water vapour (pyap
= 5 mbar) was introduced to the system (t=0 in Fig. 15). In the first test,
vapour pressure was held fixed throughout the entire measurement
(black curves). In this case, sample without PDAC begins to hydrate after
approximately 45min of the induction period within MSZ. The sample
with PDAC increases in mass rapidly after the water vapour is intro-
duced. However, the mass levels off after 30 min showing a 2% mass
increase with respect to the initial sample mass. This slight mass increase
is partially due to water sorption by PDAC. Based on DVS measurements
of pure PDAC, we expect a mass increase of approximately 1% at those
conditions. However, the presence of salt in the composite might affect
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Fig. 14. First derivative of a mass curve plotted against measured sample
temperature for pure SrCly-H,O (SCM, dashed lines) and SCM_EG_PDAC(1)
composite (solid lines) at a fixed vapour pressure of 9 mbar (black), 12 mbar
(red) and 15 mbar (blue). Arrows indicate a shift in the measured onset of
transition is between SrCl, 1-2 hydrate. (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. 15. Nucleation and growth studies at a fixed temperature of 30 °C and vapour pressure of 5 mbar conducted on a) SBH_G and b)SBH_G_PDAC(1). Black curves
correspond to measurements without a forced nucleation period, while coloured curves correspond to measurements with a forced nucleation period at 8 mbar. This
period is indicated by the coloured zones: red — 20min, blue 60min. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

the sorption properties of PDAC [48]. We, therefore, conclude that no
hydration of SBM is observed within the allocated 4 h.

In the second test (red curves), the sample was conditioned the same
way as in the first measurement. Additionally, after 1 h at 5 mbar, hy-
dration reaction was aided with a 20min nucleation period outside of
MSZ (8 mbar, marked in grey). A rapid mass increase is observed in both
composites at those conditions as they are far from MSZ. When vapour
pressure is reduced back to 5 mbar, the sample without PDAC continues
to hydrate. The hydration rate after nucleation at 8 mbar is comparable
with rates of not nucleated samples. On the contrary, mass uptake for the
sample with PDAC halts completely.

A sample with PDAC was subjected to a third test (blue line) where it
was nucleated for 60min. Once again, after the nucleation period at
elevated vapour pressure, further hydration stops completely when
conditions are returned to MSZ. In all cases, the mass uptake during the
nucleation period outside of MSZ is greater than the water uptake of
PDAC alone thus, a partial conversion from SBM to SBH must have
occurred. Despite that, the hydration reaction does not continue for the
sample with PDAC after returning to MSZ. Those results show that PDAC
impacts the nucleation of SBH and its growth.

3.6. Impact of PDAC on (de)hydration kinetics

With the impact of PDAC on hydration within MSZ evaluated, we
investigated the reaction kinetics of four composites at isobaric and

0.30
T
Y ozsf
E
©
w
o 020
(o]
5
L o5
e}
(o]
2
T o0
=]
= ——SBH_G
0.05 ——SBH_G_PDAC(0.1)
——SBH_G_PDAC(0.5)
— SBH_EG_PDAC(1)
- - -PDAC
0.00 i ) . . )
0 20 40 80 80

t [min]

isothermal conditions, specified in Section 2.3.2. Reaction kinetics are
measured after the initial 10 (de)hydration cycles, to obtain a relatively
stable kinetic. The kinetics measurements follow the same principle as
the nucleation and growth study. Four measurements in two pairs are
conducted at 45 °C. One of the sets is close to equilibrium conditions and
the other further away. The pairs of conditions were defined such that
Peq/Phyd & Pdeh/Peq. In classical nucleation theory, this relationship
describes the driving force.

When hydration is evaluated far from the MSZ (21 mbar, Fig. 16a)
and the driving force is large, the reaction speed is nearly doubled by
adding low amounts of PDAC (0.1 g: 5g SBH). Composites with larger
amounts of PDAC show an initial rapid water uptake by the polymer, but
the salt hydration speed is hampered by 30-40% compared to SBH_G. In
the case of hydration at the edge of MSZ, where the driving force is small
(14 mbar, Fig. 16b), the impact of low amounts of PDAC is negligible.
Higher amounts prevent hydration at those conditions, similar to what
we observed earlier in nucleation and growth studies. The observed
mass uptake is most likely due to water uptake by the polymer, although
the calculated value is twice as high compared to the data obtained with
pure PDAC. In all cases, the induction time is measured at the edge of the
MSZ boundary, and the addition of PDAC prolongs this period.

When investigating the dehydration process far from equilibrium
conditions, we see that low amounts of PDAC have a beneficial impact
on the kinetics, which are nearly doubled, as shown in Fig. 17. However,
PDAC retains some water at the end of the measurement, which can be
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Fig. 16. Isobaric and isothermal hydration at 45 °C and a) 21 mbar and b) 9 mbar partial vapour pressure of SBH_G (black) and SBH_G_PDAC-polymers (coloured)
The dashed plot shows water sorption of pure PDAC at identical conditions. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)



N. Mazur et al.

0.30
——SBH_G

— —— SBH_G_PDAC(0.1)
2 ozs ——SBH_G_PDAC(0.5)
3 —— SBH_G_PDAC(1)
[ ~~—PDAC

w

o 020
o

o
L o015
2

(=]
= |
T o010

]
-

0.05
0.00 | L I L L 1
0 20 40 60 80 100
t [min]

Solar Energy Materials and Solar Cells 238 (2022) 111648

0.30
——SBH_G
— —— SBH_G_PDAC(0.1)
2 oz —— SBH_G_PDAC(0.5)
g —— SBH_G_PDAC(1)
g - - -PDAC
> 020
e}
~
LT oisf
@
(=]
£ l__
T ooty
o
S T . SR, .. . S SR
0.05 |
000 L L L L I

60
t [min]

80 100 120

Fig. 17. Isobaric and isothermal dehydration at 45 °C and a) 8 mbar and b) 9 mbar partial vapour pressure of SBH_G (black) and SBH_G_PDAC-polymers (coloured).
The dashed plot shows water sorption of pure PDAC at identical conditions. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

seen from the elevated end loading. This effect becomes more pro-
nounced with larger amounts of polymer in the composite. Once again,
the retained water content is higher than expected based on pure PDAC
powder measurements. It should be noted that despite prolonged hy-
dration, samples with large PDAC content did not achieve complete
hydration within the allocated time (3 h), which might impact the
measured dehydration speed. In the case of SBH_G_PDAC(0.5), this
speed is comparable with composite without any polymer, while larger
amounts of PDAC slow down the dehydration by 15-20%.

3.7. Kinetics during cycling

Finally, we look back at the hydration kinetics during the initial ten
cycles which were conducted at 30 °C and 12 mbar. From the data
summarised in Fig. 18, we see that all samples present stable hydration
kinetics over at least 10 cycles. The first cycle for SBH G deviates
strongly from the remaining cycles (light grey plot), which is a known
phenomenon amongst some salt hydrates [30,49]. On the contrary,
samples with PDAC exhibit much more stable behaviour from the first
cycle. In all cases a reproducible hydration is observed from at most 8th
cycle confirming good material integrity previously observed by Salviati
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Fig. 18. Measured water content in the samples during pre-cycling. Hydration
conducted at 30 °C and 12 mbar. The colour shades change from light to dark
with increasing number of cycles. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

10

et al. [25].

4. Discussion

As we have mentioned in the introduction, earlier works [31,33]
suggest that phase transitions in salt hydrates with metastable behaviour
advance through the formation of a wetting layer on the surface of the
salt, dissolution of the lower hydrate in that wetting layer followed by
crystallisation of a higher hydrate. The mobility of ions within the
wetting layer is determinant for nucleation and growth, which can be
related to the classical nucleation theory. Should the ionic mobility be
affected, a change in hydration behaviour is expected.

We have shown that, similarly to K2CO3 or CuCly in the study of
Sogiitoglu [31], SrBry exhibits metastability during hydration of its
monohydrate, see Fig. 4. It suggests that hydration of the monohydrate
proceeds similarly and that a solution of SrBrs forms in the process. This
solution is then in intimate contact with other composite components,
which provides several modes of interaction. Both PAANa and CMCNa
are weak anionic polymers [50] that were partially neutralised with
sodium. However, neither of them has shown any interference during
(de)hydration of SBM. This is most likely caused by the partial ion ex-
change of Na' with Sr** ions during preparation, as we discovered
during XRD screening. On the other hand, PDAC is a cationic polymer
with many amine groups and their Cl™ counterions that can interact with
both Sr?* and Br~ ions present in the wetting layer in many ways.

In Section 3.5, we have theorised that a potential conflict could arise
from an interaction between Sr-ions and Cl-ions in the wetting layer.
This could cause a shift in the equilibrium towards the formation of SrCl,
instead of SrBro. Nevertheless, neither this nor the previous study [25]
detected SrCl, hydrates in measured XRD patterns. Further, we have
observed a similar shift in hydration for SCH composite, illustrated in
Fig. 14. It proves that the widening of MSZ during hydration is not due to
Cl-Br ion exchange between PDAC and SrBro, as this effect should not be
present in a composite with only Cl-ions present in the wetting layer.

Nevertheless, the charged groups in PDAC can still interact with the
ions in the wetting layer. This conflict could arise due to the potential
complexation of Br-ions in the wetting layer. In solution, ternary and
quaternary ammonium salts are known for their sequestration proper-
ties and ability to form complexes with a varying stoichiometry of
counterions [51,52]. Such a mechanism could lower the mobility of
Br-ions in the wetting layer and impact the nucleation and growth of
SBH, which define the hydration process. A study investigating in-
teractions between polydiallyldimethylammonium salt halides [53] has
shown that they can bind iodine complexes from water solution.

Consequently, it could be expected that a similar process is possible
for other halides as well. Our nucleation and growth study, presented in
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Fig. 15, shows that large amounts of PDAC impact both processes. The
inhibition of nucleation can be deduced from prolonged induction time
within MSZ, where no hydration was observed for composite with
PDAC. The growth inhibition is demonstrated by a lack of hydration
after the intermediate nucleation period outside of MSZ. Br-
complexation with Cl~ counterions through halogen bonds could
cause both processes, thus suppressing hydration reaction at conditions
within the MSZ, where SBM dissolution is limited.

Further evidence on how PDAC impacts SBH formation is found in
the results of XRD measurements. From those, we can learn that PDAC
influences the crystalline phases of both SBH and SBM. Those effects are
primarily manifested through peak broadening and peak shift to higher
20 with the addition of PDAC. The combination of both effects points
towards increased strain in the crystal structure caused by out of equi-
librium crystal growth [54]. The effect PDAC has on crystal growth is
further demonstrated through its modification of crystal habit, which
manifests itself through varying impact on the peak area of particularly
(1,1,1) and (1,1,0) SBH crystal planes. Such out of equilibrium crystal
growth is well demonstrated by the single crystals in Fig. 11. SBH is not
the only compound whose morphology is affected by the presence of
PDAC. Other studies [36,55] have shown that crystal morphology can
vary due to the addition of PDAC. There it was postulated that polymer
inhibits nucleation and growth of investigated salt. In addition, in an
earlier SEM study by Salviati et al. [25] it has been shown that
increasing PDAC content affects SBH distribution in the graphite matrix.
It was postulated that the polyelectrolyte stabilized SBH crystals and
prevents their aggregation in the matrix.

Finally, through isobaric and isothermal kinetics measurements, we
have shown that small additions of PDAC (0.1 g: 5g SBH) can improve
reaction hydration kinetics away from MSZ. This effect could be
attributed to the hydrophilic properties of PDAC when in small quanti-
ties, it can facilitate water transport within the composite, but the
concentration of amine groups is low enough not to interfere with the
ionic mobility. More considerable additions create a barrier which, in
the case of hydration reaction, will curb the kinetics far from MSZ and
ultimately prevent the reaction from happening when close to MSZ.
During dehydration, we have observed that the composites retain some
water. Those amounts are larger than what is expected from the mea-
surements conducted on pure polymer. We know that the polymer itself
can retain a relatively large quantity of water, and the strength with
which it is bound to the polymer can vary as well. This behaviour can be
further modulated by ions present in the solution [48], which we assume
is happening at those conditions.

5. Conclusions

In this study, we have investigated the impact of polymeric additives
in SBH-G composites on the reaction kinetics of SrBrp. Our investigation
concerning the reaction onset points at 12 mbar vapour pressure have
shown that from the investigated polymers (CMC, PAA and PDAC), only
PDAC lowers the hydration temperature. The magnitude of the shift is
dependent on PDAC content in the composite, and it increases with an
increasing amount of polymer. Investigation of hydration kinetics has
shown that small amounts of polymer can double the reaction speed,
however excessive PDAC content can hamper hydration by 30-40%
compared to SBH_G or even stop it completely.

Evaluation of dehydration behaviour has shown that neither of the
investigated polymers has a significant impact on dehydration temper-
ature, since the observed shifts are within measurement accuracy. The
kinetic measurements show that similarly to hydration, dehydration
speed is nearly doubled by adding small amounts of PDAC and decreases
by 15-20% for larger PDAC contents. Additionally, part of the absorbed
water is retained by PDAC at the end of dehydration.

Our XRD studies have shown that the crystalline nature of SBH and
SBM are maintained in all composites. They also show a reduction of the
primary domain size by 44-50% and an introduction of stress in the
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lattice with an increasing amount of PDAC. The mechanism underlying
those observations is not fully understood at this moment and deserves a
separate investigation.

Our TGA studies show that PDAC lowers hydration temperature due
to a) inhibiting nucleation, which is inferred from measured induction
times and b) hampering crystal growth at conditions where the driving
force is low. The inhibition of nucleation and growth is ascribed to
sequestering properties of ternary amines and the modification of crystal
structure by the polymer. Nevertheless, when scant amounts of PDAC
are present in a composite, the (de)hydration kinetics can be enhanced
provided that the reaction takes place far from the MSZ. The enhanced
kinetics are ascribed to the hydrophilic properties of the PDAC, which at
low concentrations facilitates water transport in the composite.
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