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Long-term thermal energy storage balances the seasonal variations in renewable energy supply and demand, but
applied storage concepts require improved performance in efficiency, reliability and capacity. In principle,
supercooling and cold-crystallization offer a way to store heat for an extensive amount of time. In this approach,
crystallization behaviour of the material governs the storage performance, as it directly relates to optimal effi-
ciency, length of the storage period and heat release properties. This work explains the unique cold-
crystallization behaviour of erythritol in cross-linked sodium polyacrylate. To this end, isothermal cold-
crystallization was measured experimentally and analysed with the Avrami equation. Although the cold-
crystallization rate constant follows the Arrhenius equation, it drastically decreases near the glass transition
region and diverges from the equation. Thermal history also influences the cold-crystallization behaviour. In-
creases in cooling end-temperature reduce the subsequent crystallization time and promote metastable poly-
morph formation. These findings stem from the peculiar energy landscape of erythritol in cross-linked sodium
polyacrylate. The landscape is classified as kinetically strong and thermodynamically fragile, which facilitates
long-term thermal energy storage. Consistent supercooling and cold-crystallization behaviour of the material
enables predicting the time-dependent crystallization rate at different temperatures. This confirms applicability
of the two-stage Arrhenius-VFT model for temperature dependence and supports storage design in real-life

applications.

1. Introduction

Implementation of renewable energy sources is challenged by large
diurnal and seasonal variations. As a result, energy storages are
exploited to obtain efficient renewable energy systems. Long-term
thermal energy storage (TES) captures otherwise wasted excess energy
streams from an energy abundant period, storing the energy for weeks to
months. When high demand emerges, the energy is released as heat.
Such sustainable technology benefits countries with large seasonal
variations in energy production and demand.

The main challenges of long-term TES are related to the heat losses
and storing the enormous volumes of collected energy [1,2]. Typically,
long-term TES technologies are installed underground and operate by
the means of sensible heat, for instance, heating and cooling water as a
storage medium. Storage volume can be reduced by applying phase
change materials (PCMs) with high energy densities. PCMs store and
release large amounts of heat during phases change of melting and so-
lidification. PCMs large-scale use is still limited as they suffer from
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drawbacks, such as shorter durability compared sensible TES and low
thermal conductivity impeding the charging and discharging of the
strorage [3-5]. In addition to PCMs, thermochemical storages have
shown great potential in long-term TES, as they offer minimal heat losses
and the largest energy density among the three described methods.
However, thermochemical TES is still at a laboratory scale and must
overcome hurdles in material development and system design, such high
cost and poor heat and mass transfer [6,7].

Supercooling of a PCM can be exploited to minimize heat losses
during the storage stage [8]. This phenomenon occurs when a PCM re-
mains in a liquid phase below the equilibrium melting temperature (T},).
If crystallization is avoided in the supercooled state, the latent heat of
melting can be stored for as long as needed. In fact, supercooling TES has
been applied in heating pads, where sodium acetate trihydrate (SAT)
stores the latent heat of melting while supercooling [9]. SAT shows a
large melting heat and an appropriate melting temperature for domestic
TES applications [10]. Similarly, polyols, such as erythritol and xylitol,
possess suitable melting properties for TES applications and experience
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large supercooling degrees [11].

However, the drawback of the supercooled TES materials is that the
metastability of the supercooled state hinders the reliability and appli-
cability of the storage. Factors, such as rough edges, pressure differ-
ences, incongruent melting and mechanical stress can initiate
spontaneous crystallization, releasing the stored heat prematurely [8,
12]. The probability of nucleation also increases by the volume of the
material. This has been evidenced for SAT, as laboratory scale TES
systems regularly released the latent prematurely [13,14], yet research
on overcoming the metastability of SAT continues [14]. Polyols suffer
from the same drawback as well. On the other hand, materials such as
xylitol, can show stable supercooling, but suffer from low crystallization
rates that result in inadequate heat release rates [15]. Absence of a
simple and a reliable initiation method for the heat release can also
complicate the large-scale usage of the supercooled TES [16].

Exploiting glass transition and cold-crystallization solves the im-
pediments of the supercooled TES materials. If the supercooled material
is further cooled without crystallization, it will vitrify and form an
amorphous solid (or glass) below the glass transition temperature (Tg).
In the glassy state, molecules are unable to relax to a crystal structure
within experimental times. In fact, already in the deeply supercooled
state (Tg<T < 1.2T; (K)) crystallization time can increase significantly
and enable reliable long-term TES [17]. During re-heating of such sys-
tem, molecules can overcome the energy barrier of relaxation to a crystal
structure and induce crystallization. Herein, this process of crystalliza-
tion caused by re-heating from glassy or supercooled state is referred as
cold-crystallization. The principle of supercooling and cold-crystallizing
TES has been demonstrated in a milligram scale by using
metal-complexes [18], structurally confined polyols [19,20], and
polyol-polymer mixtures [21,22].

Typically, PCMs spontaneously crystallize during supercooling, but
sugar alcohols, such as erythritol and xylitol, can experience large de-
grees of supercooling and even vitrify upon further cooling [11,23,24].
Additives, such as polymers and cross-linking agents, can adjust super-
cooling, vitrification and cold-crystallization properties of the active
storage material. For example, erythritol within ionically cross-linked
polyvinyl alcohol exhibited stable supercooling, shape-stability and
high melting and cold-crystallization heat up to 266 J/g and 157 J/g,
respectively [22]. Moreover, 160 g samples of erythritol in cross-linked
sodium polyacrylate demonstrated exceptional TES capability by storing
the melting heat without reduction for at least three months in the
supercooled state (0 °C-10 °C) [17]. At higher storage temperatures, the
material slowly crystallized, gradually releasing the stored heat from a
day to month time scale.

As evidenced by the challenges and the operational principle, crys-
tallization (nucleation and crystal growth) governs the functionality of
supercooled TES. Particularly for the cold-crystallizing materials, stor-
age temperatures above the glass transition induce slow cold-
crystallization, and influence the optimal storage temperature and
time. Whereas, cold-crystallization at higher temperatures directly cor-
relates to the heat release rate. This necessitates the investigation of
cold-crystallization characteristics which can improve the design and
predict the operation of a supercooled TES system. Characterization of
the supercooling and the cold-crystallization behaviour is not straight-
forward. Vitrification can be regarded as an interplay between the
characteristic time for crystallization and structural relaxation. The
temperature dependence of the crystallization time results from the
competition between growth kinetics and thermodynamic driving force
for nucleation, causing the crystallization time to first decrease, then to
increase with the degree of supercooling [25]. On the other hand, the
structural relaxation time demonstrates a steep increase with the extent
of supercooling, eventually becoming so large that crystallization cannot
occur within the experimental time frame, meaning that the material has
vitrified. The relaxation time correlates to the viscosity of the material,
which can deviate between the glass-forming materials. For example,
according to the strong-fragile classification [26], the viscosity of
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kinetically strong liquids, such as SiO, display Arrhenius-type temper-
ature dependence in a wide temperature range. Whereas, fragile liquids,
such as glycerol, deviate significantly from the Arrhenius behaviour
[27]. One way to analyse the conversion degree from melt to solid phase
is by applying the Avrami equation [28,29]: « =1 — exp( — Kt"). This
equation describes the phase change kinetics in stretched exponential
function form, which can be applied in diverse kinetic investigations. It
is particularly used to analyse polymer crystallization, as it can yield
useful information about mechanisms of the macromolecule crystalli-
zation; especially for the simple cases, such as spherulite crystallization
with constant crystal growth rate [30].

Herein, we explain exceptional TES capability of erythritol in cross-
linked sodium polyacrylate matrix (CCM) by analysing its cold-
crystallization behaviour. To this end, the structure of CCM was exam-
ined using optical microscope, SEM and XRD, and thermal durability
was measured with TGA. The crystallization kinetics was explored by
measuring isothermal cold-crystallization in the supercooled region
from 1.1T, to 1.3T, (K) with a differential scanning calorimetry (DSC).
The DSC data was modelled with the Avrami equation, exhibiting an
excellent fit. Successful Avrami analysis resulted in the crystallization
rate constants (k.) at varying temperatures, which showed Arrhenius-
type temperature dependence and a drastic divergence from the rela-
tionship, when glass transition region was approached. Furthermore,
measurements revealed that the thermal history prior cold-
crystallization significantly influences the crystallization rate and the
formation of the metastable polymorph of CCM.

2. Materials and methods
2.1. Material preparation

CCM consisted of erythritol in a cross-linked sodium polyacrylate
network, which is prepared following the method described by Puup-
ponen and Seppala [21]. The polymer network was prepared in aqueous
erythritol (technical grade, supplied by Suomen Luontaistukku Ltd.
Finland) by polymerizing acrylic acid (assay >99%, supplied by Merck).
Acrylic acid was first neutralized with sodium hydroxide (assay >99%,
supplied by VWR Chemicals), then polymerization was initiated by
adding 0.1 wt% potassium persulfate (assay >98%, supplied by VWR
Chemicals). The molar neutralization degree was 100%. Cross-linking of
sodium polyacrylate was accomplished using 2 wt% of ethylene dime-
thacrylate (assay >97.5%, supplied by Merck).

The properties and crystallization behaviour of CCM can be adjusted
by altering the composition. In order to evaluate the impact of the
composition on the crystallization behaviour, three compositions were
prepared with varied mass fractions of erythritol: CCM-75, CCM-80 and
CCM-85 containing 75 wt%, 80 wt% and 85 wt% of erythritol. The
amount of sodium polyacrylate was 22.9 wt%, 17.9 wt% and 12.9 wt%,
respectively.

2.2. Characterization methods

Cold-crystallization rate of CCM was measured under isothermal
conditions using differential scanning calorimetry (Netzsch DSC204F1
Phoenix DSC). Since the crystallization rate strongly depends on tem-
perature, CCM samples were crystallized in the temperature range from
0 °C to 65 °C with 5 °C intervals, corresponding the range from 1.1T; to
1.3T, (K). DSC Program 1 consisted of four steps. First, the measurement
sample was melted at 135 °C, followed by cooling to —60 °C at 5 K/min.
Then, the heating step of 20 K/min increased the sample temperature to
the isothermal cold-crystallization temperature. Lastly, isothermal step
from one to 15 h maintained the temperature of the sample at a constant
level until the cold-crystallization was fully completed. For each
isothermal crystallization temperature, the described program was
completed at least two twice. The influence of the erythritol-polymer
ratio was revealed using three CCM samples with different
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compositions. The sample masses were 25.00 + 0.06 mg.

As the cold-crystallization rate abruptly reduced in the deeply
supercooled state (T,<T < 1.2T, (K)), conventional DSC measurement
loses accuracy. Therefore, Program 2 estimated the crystallization rate
for CCM-80 in the deeply supercooled state at 0 °C, 5 °C and 10 °C by
using DSC and a thermal chamber. Program 2 followed DSC Program 1
until the isothermal cold-crystallization temperature was reached, after
which the sample was quickly removed from DSC and placed in a
thermal chamber. Temperature of the chamber was maintained at 0 +
0.1°C,5+0.1°Cand 10 + 0.1 °C. After a specified crystallization period
(tiso) from 6 h to 12 days, the sample was quickly placed inside DSC to
measure cold-crystallization heat (AH,.) and temperature (T,.) during a
heating step of 0.5 K/min. Undergoing Program 2 yielded the progress of
crystallization only at the time t = t;,. In comparison, Program 1 esti-
mated the progress of crystallization for the entire crystallization pro-
cess. Therefore, Program 2 was repeated at least five times with different
crystallization period at each temperature. To determine thermophys-
ical properties of CCM, melting heat (AH,;) and temperature (T;,) and
cold-crystallization heat and temperature were measured in DSC using
0.5 K/min heating and cooling steps between —60 °C and 135 °C
without a storage period. The glass transition temperature (T;) was
determined from the transition mid-point during 0.5 K/min, 5 K/min,
10 K/min and 20 K/min heating rate.

Further characterization of CCM was conducted with CCM-80, as it
represents the average of the tested compositions. The amorphous to
crystalline structure was analysed using Rigaku SmartLab X-ray
diffractometer, where Linkam heating-cooling stage (HFSX-350-GI)
controlled the temperature of the sample under a nitrogen atmosphere.
The XRD measurement began by melting the sample at 150 °C, and then
cooling it to —120 °C, to reach glassy state. Next, the temperature was
increased stepwise (—30 °C, 35 °C, 45 °C and 65 °C), to observe cold-
crystallization.

The morphology of CCM-80 was investigated using scanning electron
microscope (JEOL JSM-7500FA) with 1.5 kV acceleration voltage. A
powder sample was prepared by melting the sample at 130 °C, cooling it
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to —20 °C and then cold-crystallizing at 50 °C. Lastly, the sample was
ground in a mortar. Furthermore, polarized optical microscope (Leica
DM4500) imaged isothermal cold-crystallization of CCM-80. During
cold-crystallization, constant temperature was maintained with Linkam
heating stage. In addition, thermogravimetric analyser (TA TGA Q500)
estimated the decomposition temperature in the range from room tem-
perature to 900 °C with 10 K/min heating, to determine the operational
temperature range of CCM-80.

3. Results and discussion
3.1. Crystal morphology

Isothermal cold-crystallization process of CCM-80 was imaged using
polarized microscope at 50 °C. The sample was first melted at 130 °C,
and cooled to —20 °C. Thereafter, it was re-heated and maintained
isothermally at 50 °C until cold-crystallization was completed. Fig. 1
shows images of the crystallization process. At the beginning, crystals
grew freely, forming spherical crystals (Fig. 1A). As the crystallization
progressed, spherical growth were limited by other crystals (Fig. 1C),
eventually filling the entire imaged area (Fig. 1D). In the early stage of
crystallization (Fig. 1A), crystals displayed a faint dark Maltese cross,
which is characteristic for a spherulite under polarized light [31].
Similarly, spherulitic crystals have been observed in pure erythritol,
when it is crystallized at high supercooling degrees [32] and during
re-heating from the glassy state [23]. These findings confirm the
spherical crystal growth of CCM under the tested environment. How-
ever, the crystals are not perfectly spherical, especially at the later stages
of crystallization, as depicted in Fig. 1B.

Furthermore, the surface morphology of CCM-80 and erythritol was
imaged with scanning electron microscope, shown in Fig. 2. While bulk
erythritol displays smooth surface in SEM images (Fig. 2A), CCM-80’s
images reveal fibrillar-type surface structure of the crystal (Fig. 2B).
These crystal structures originate from the center of the crystal growing
in radial direction, as observed in optical microscope images (Fig. 1).

S Tadat

iy 4363 (0N B

Fig. 1. Polarized optical microscope images of CCM-80s spherical cold-crystallization, when the sample was melted at 130 °C, cooled to —20 °C and cold-

crystallized at 50 °C. The images from A to D were recorded at 5 min intervals.
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Fig. 2. Scanning electron microscope images of pure erythritol (A) and CCM-80 (B-D). Images A and B depict the difference in the surface morphology of erythritol
and CCM, while C and D illustrate CCM’s surface from a different orientation of the crystal growth.

Similar type of spherulitic growth has been observed under SEM imaging
when polyethylene glycol mixed with polyurethane cold-crystallized
[33]. In addition to fibrillar structure, SEM images also revealed
network-type structural pattern (Fig. 2D). The difference in Fig. 2C and
D can be explained by the orientation of the imaged CCM particles,
which yielded images perpendicular and parallel to the direction of
crystal growth. These crystallization patterns of CCM-80 indicate a ho-
mogenous spread of the erythritol in the polymeric matrix. The ho-
mogenous polymer structure inhibits the mobility of the crystallizing
erythritol, causing the fibrillar-type crystal morphology and imperfect
spherical growth. Indeed, spherical crystallization of polymers and
polymer blends can be limited by the self-diffusion of the crystallizing
material, as its molecular movement is restricted by the interactions of
the stagnant material’s molecules [34].

3.2. Isothermal cold-crystallization

As differential scanning calorimetry (DSC) measures heat flow, the
effect of nucleation and crystal growth cannot be separately observed.
Nevertheless, their simultaneous effect on crystallization can be
described by the Avrami equation [28,29], which can be presented as in
Eq. (1) and Eq. (2).

a=1—exp(—Kt") (€]
log[ — In(1—a(z))]=nlogt+ log K 2)
(l(f) — XC(t)pl (3)

pe—X(t)(p. —p)

Here, t is the time from the beginning of the crystallization (s), K a
parameter dependent on the nucleation rate and the growth rate and na
parameter describing the type of nucleation and the dimensionality of
the crystallization process, also referred to as Avrami index. The con-
version degree from liquid to crystal phase, a(t), is defined as the volume
fraction of the crystal phase. It is calculated by Eq. (3), where p is density
(kg/m>) and X, (t) is the mass fraction of crystal phase measured by DSC.
Subscript [ refers to the liquid and c to the crystal phase.

Eq. (2) can be fitted to the conversion degree data to form an Avrami
plot, in which log[—In(1 —a(t))] is against log t. This enables graphical
determination of the parameters K and n from the interception and the
slope of the fitted line. Fig. 3 illustrates the Avrami plot for selected
temperatures of the tested compositions. In Fig. 3C, slow cold-
crystallization of CCM-80 was measured at low temperatures using
DSC program 2.

The Avrami equation has received criticism due to its simple
formulation, as parameters K and n might change as the crystallization
process progresses [31,35]. Nonetheless, the Avrami equation has
shown validity in computer simulation and experimental work, and it
can reveal useful information of the crystallization process, especially
for simple nucleation and crystal growth cases [30,31]. Our previous
work showed that CCM-80 corresponds to Avrami equation in a wide
conversion degree range from 0.05 to 0.80 [36]. In this work, we use the
same conversion degree range for the analysis and expand the analysed
compositions and temperature range.

As indicated by Fig. 3, crystallization behaviour of CCM samples
corresponds to Eq. (2). The coefficient of determination (R?) for the
fitted Eq. (2) varies mainly around 0.9990 ranging from 0.9954 to
0.99998 for all the measurements with DSC Program 1. In contrast, R
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Fig. 3. Avrami plots for CCM-75 (A), CCM-85 (B) and CCM-80 (C). CCM-80 was measured also at 0 °C, 5 °C and 10 °C using Program 2.

value of 0.9990 or larger is proposed to indicate very good fit in the
Avrami plot [30]. Therefore, all CCM compositions show consistent
crystallization behaviour in the large conversion degree range from 0.05
to 0.80. Fig. 3C shows the Avrami plot for CCM-80, when crystallization
occurred also in the deeply supercooled state (0 °C, 5 °C and 10 °C). The
linear trend of the data points indicates that crystallization mechanism
does not change during crystallization, similar to measurements at
higher temperatures. The data from DSC Program 2 shows larger de-
viations from the fitted lines, compared to continuous DSC measure-
ments (DSC Program 1) as evidenced by the R? values of 0.993, 0.995
and 0.995 for 0 °C, 5 °C and 10 °C, respectively. This could be caused by
the different measurement method, where factors such as stochastic
nature of crystallization and uniform chamber temperature deviate the
results.

Since the parameter n (Avrami index) is dependent on the mecha-
nisms of nucleation and crystal growth, it can reveal helpful information
on the nature of the crystallization. In DSC Program 1 measurements,
values of n scatter around 2.5 (Fig. S1) with average values of 2.49 +
0.19, 2.17 + 0.15 and 2.42 + 0.10 for CCM-75, CCM-80 and CCM-85,
respectively. Theoretically, Avrami equation yields n = 2.5 for the
case of constant nucleation rate and three-dimensional spherical crystal
growth with growth rate depending on the square root of time (diffu-
sion-controlled growth). This appears reasonable, as DSC samples are
three-dimensional and spherical crystal were observed with optical
microscope (Fig. 1). Similarly, equivalent value could be achieved by
other crystallization cases, for example by axialitic crystallization aided
by heterogenous nucleation [30]. CCM-80 appears to yield lower values
than CCM-75 and CCM-85 which can be caused by number of factors.
First, the stochastic nature of crystallization causes some deviations in
the crystallization of CCM-80, such as imperfect spherical growth dis-
played under optical microscope (Fig. 1). Secondly, impurities and
preferred nucleation sites can also induce secondary nucleation
reducing Avrami index in the range from 0 to 1 [37]. CCM-80’s high
number of thermal cycles may also influence the crystallization

behaviour. Nonetheless, Avrami index is consistent with the tested CCMs
and corresponds to the value around 2.5 reported previously for CCM
with similar composition [36].

Crystallization of CCM-80 was also analysed in the deeply super-
cooled state (Tg<T < 1.2T; (K)) at 0 °C, 5 °C and 10 °C. These tem-
peratures yielded Avrami index of around 1.23, 1.43 and 1.52, which are
illustrated as smaller slopes of the Avrami fit in Fig. 3C. The decreasing
trend of Avrami index indicates an increasing dominance of nucleation
compared to crystal growth. This is supported by bulk scale measure-
ments, as CCM forms numerous millimetre-scale crystals at 0 °C and
fewer larger crystals at 5 °C [17]. The reduction in Avrami index appears
to behave linearly and begin at the cross-over to deeply supercooled
region at below 1.2T; (25 °C for CCM-80). Intriguingly, below this
temperature CCM-80 shows further changes in crystallization behav-
iour, which are discussed in the following sections.

3.3. Temperature dependence of cold-crystallization

In order to analyse the temperature dependence of the crystallization
rate, parameter K is transformed to crystallization rate constant: k, =

K7 (s1). The dependence can be then described applying Arrhenius
equation:

—E,
ke = koxexp ( RT ) (©)]

where R is the universal gas constant (J/K-mol) and E, (J/mol) and ko
(1/s) are fitting parameters. Here, the parameter E, expresses the acti-
vation energy for cold-crystallization. When In(k.) is plotted against
1/T, the fitting parameters can be defined from the slope —E,/R and
interception at In (ko).

Fig. 4 depicts the temperature dependence of the crystallization rate
constant of CCM samples when the temperature is scaled by T,. The k.
shows linear temperature dependence following Arrhenius equation, for
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Fig. 4. Comparison of the temperature dependence of the crystallization rate
constant (k) for the tested CCM samples.

which fitting parameters are listed in Table 1. Tested compositions
behave similarly, as their values of E, result around 100 kJ/mol. This
corresponds with the observations made in the Avrami equation analysis
(Fig. 3). As erythritol content of CCM decreases, the crystallization rate
at constant temperature significantly reduces. This is expected as com-
positions with less erythritol contain larger amount of polymer, leading
to increased molecular interactions between the erythritol and the
polymer, and manifesting as higher glass transition temperature (Tg) and
stability. The T, scaling in Fig. 4 also shows that CCM-80 and CCM-75
have overlapping values, while CCM-85 deviates from the two. There-
fore, it appears that the crystallization rate of CCM could be character-
ized using T, in the erythritol fraction range from 75 wt% to 80 wt%.
The different behaviour of CCM-85 could be caused by a significant
increase of erythritol’s molecular mobility in the composition with a
small polymer-to-erythritol ratio. Erythritol within sodium polyacrylate
matrix can exist in free, freezing-bound or non-freezing bound states.
Free erythritol, if exists, melts and crystallizes as pure erythritol, while
freezing-bound erythritol is under moderate influence of the polymer
and is still capable of phase transition. In contrast, non-freezing-bound
erythritol is strongly influenced by the polymer and is incapable of
phase transition. Because CCM did not show phase transition at the
melting temperature of pure erythritol (T,,~119 °C), freezing-bound
erythritol melts and crystallizes in CCM. The mass fraction of freezing-
bound erythritol can be calculated as By = AHyccm/(Wery * AHp ry)-
Consequently, CCM-85 yields By ~0.83, which is higher value compared
to CCM-80 (0.64) and CCM-75 (0.53). This increment implies an
increased mobility, as less erythritol is strongly influenced by the

Table 1

Thermophysical properties and fitting parameters of Arrhenius equation. Ty is
defined from the mid-point of glass transition during 5 K/min heating step, while
other thermophysical properties during 0.5 K/min heating step. Values of E,
include standard error.

Thermophysical properties Arrhenius
parameters
T AHp, T AH, T, m E, [kJ/  In(ko)
[K] [J/g] [K] [J/g] [K] mol]
CCM- 379 162 330 113 261 16.1 981+ 28.0
75 0.9
CCM- 380 183 311 130 249 15.8 101.4 31.2
80 +25
CCM- 384 245 290 135 240 156 989+ 32.7

85 2.3

Solar Energy Materials and Solar Cells 230 (2021) 111273

polymer matrix.

Thermophysical properties of CCM are also listed in Table 1. Melting
heat is a key parameter of CCM, as it describes the long-term TES ca-
pacity. It ranges from 162 J/g to 245 J/g, which yield energy densities of
approximately 230 MJ/m® and 350 MJ/m®, when density of CCM-80
(1430 kg/m®) is used [17]. For comparison, the same energy density
is achieved by increasing water temperature by 55 °C and 85 °C,
respectively. This places CCM in the mid-range of low and medium
temperature phase change materials, which typically range from 100 to
500 MJ/m? [4]. In principle, entire melting heat could be discharged, if
crystallization occurred at the melting temperature. However, as
cold-crystallization begins in a supercooled state, dischargeable heat

T
obeys equation AH,. = AHp, — [(Cp; — Cps)dT, where C,; and Cp; are

Tec

the specific heat capacities for liquid and solid state, respectively.
Consequently, dischargeable heat reduces as the cold-crystallization
temperature decreases. The reduction in the latent heat can be illus-
trated by the ratio of cold-crystallization and melting heat, AH../AHp, i.
e. the efficiency of the latent heat storage. It ranges from 0.55 to 0.71 for
CCM in the DSC environment of this work. This efficiency could be
increased, if CCM is cold-crystallized at higher temperature, for
example, by faster heating during initiation of cold-crystallization.
Storage efficiency among other storage performance indicators of CCM
are analysed in detail in our previous work [17].

3.4. Kinetic fragility

When temperature of the supercooled liquid decreases, the viscosity
increases abruptly, especially when approaching the glass transition
region. This viscous slowdown can be characterized by the concept of
liquid fragility. Viscosity of kinetically strong liquids follow Arrhenius-
type temperature dependence and kinetically fragile liquids deviate
from the Arrhenius behaviour [27,38]. The deviation can be quantified
by the kinetic fragility parameter, m, which is defined in Eq. (5) and Eq.
(6) [38].

_ dlog x _ E, )
a [ T,In 10
T )7 =1,
E, dloggqg
Zs i 6
R dlog(1/T,) ©

where x is a dynamic variable, such as viscosity or relaxation time and E,
activation energy at glass transition temperature. Fragility values typi-
cally range from 16 to 200, where small values indicate strong and large
values fragile behaviour [38,39]. CCM yields m ~16, categorizing it as
kinetically strong liquid. This is consistent with similar CCM composi-
tions and polyvinyl alcohol-erythritol mixtures, which have demon-
strated small kinetic fragility values in the range from 14 to 20 [21,22].
Determination of Eg is illustrated in Fig. S2.

Fig. 5 shows the crystallization rate constant of CCM-80 in the tested
temperature range. Arrhenius equation accurately estimates k. until
0.00353 1/K (10 °C), but drastically overestimates the values above it,
that is below 10 °C. Therefore, the transition to non-Arrhenius behav-
iour occurs at around 10 °C, which equals 1.14T, for CCM-80. Diver-
gence of the kinetic properties from the Arrhenius relation is well-known
in the realm of glass-forming liquids. This behaviour is typically
described applying the Vogel-Fulcher-Tammann (VFT) equation [27].
The VFT equation can be formulated for the crystallization rate constant
as Eq (7).

B
k. = k,xexp (T —7 ) @)
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Fig. 5. Crystallization rate constants of CCM-80 with Arrhenius and VFT fit-
tings. VFT (T < 10 °C) refers to a curve which was fitted to the data at 0.00353
1/K and above.
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where k., B and T; are fitting parameters. In this study, crystallization
rate constant is the relevant dynamic variable in the VFT equation,
which also resembles Arrhenius equation. If T, equals zero, the equation
yields the Arrhenius equation. Furthermore, VFT equation relates to
kinetic fragility through the kinetic fragility parameter, as formulated in
Eq. (8) [38,39]. VFT equation has successfully described the
non-Arrhenius behaviour of numerous glass-forming liquids for decades.
For example, VFT equation accurately predicts the viscosity behaviour
of sorbitol and glycerol, even at temperatures close to T, [40,41].
However, the equation has shown to breakdown for some materials
when approached to glass transition temperature [25,42].

As shown in Fig. 5, VFT equation shows better correspondence to k.
compared to the Arrhenius equation. However, it fails to accurately fit
the crystallization data at low temperatures, as k. is underestimated at
0.00353 1/K (10 °C) and overestimated at 0.00366 1,/K (0 °C). The best
fit of VFT equation yields fitting parameter values described in Table 2.
Consequently, fragility parameter based on VFT fitting results in m = 45,
which is larger than the one calculated by Eq. (5) (m = 16). Therefore,
the crystallization rate cannot be accurately modelled using Arrhenius
or VFT equation unless the temperature range is divided in sections.
When the analysed range is limited to T < 10 °C, VFT shows corre-
spondence to k. with the fitting parameters listed in Table 2. In this case,
m equals 71, which is similar to the fragilities of hydrogen bonded or-
ganics with T in the same temperature range as CCM-80 [39]. In fact,
hydrogen bonding liquids show peculiar behaviour, for example alco-
hols display intermediate kinetic fragility, but large thermodynamic
fragility. Thermodynamic fragility can be defined as the ratio of liquid
and glassy state specific heat capacity at Ty (C,1/Cp,) [26,27]. Typically,
strong glass formers yield small ratio of C,;/Cp,~1.1, whereas fragile
liquids have larger values. Similarly, CCM-80 has large thermodynamic

Table 2
Fitting parameters of VFT equation for the tested temperature range and below
10°C (3.53 10 ... 3.66 10 1/K).

Temperature range [1/K] In(k;) B[K] T, [K]

3.14103 ... 3.66 10° 8.21 2180 176
3.53103 ... 3.66 103 15.50 2680 185
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fragility of C,;/C,,~1.8, categorizing it as thermodynamically fragile
liquid. Therefore, CCM-80 demonstrates kinetically strong and ther-
modynamically fragile behaviour. This means that CCM-80 displays a
unique energy landscape, which consists of many low-energy configu-
rations, such as a fragile liquid, but the barriers between the minima are
high, such as a strong liquid [26]. Erythritol’s conformational flexibility
and strong ion-dipole forces between the polymer and the erythritol
generate this unique energy landscape. It provides conditions for stable
supercooling and slow crystallization rates in the deeply supercooled
state (Ty<T < 1.2T, (K)), enabling long-term storing of the latent heat.

To contextualize these results, a material system samples its entire
energy landscape at sufficiently high temperatures, during which ma-
jority of the sampled energy minima are shallow. Therefore, the acti-
vation energy for structural relaxation displays temperature
independent behaviour. However, as the system is cooled to deeply
supercooled region, kinetic energy decreases and dynamics become
influenced by the energy landscape. Consequently, the activation energy
begins to increase during cooling. Furthermore, decoupling of trans-
lational diffusion and viscosity, and rotational and translational diffu-
sion occurs below around 1.2T, [43]. These changes in dynamics explain
qualitatively the steep change in the crystallization rate constant from
Arrhenius type to VFT type temperature dependence at 1.14T,. In
addition, change in crystallization mechanism was observed in Section
3.2, as the Avrami index begins to decrease at around 1.2T, (~25 °C for
CCM-80) indicating increasing dominance of nucleation over crystal
growth. It appears that CCM’s kinetically strong and thermodynamically
fragile behaviour facilitates this type of change in the temperature
dependence of the crystallization. Therefore, viscosity and diffusion
ought to exhibit changes in their temperature dependence at around
1.14Tg, as well. Crystallization is influenced by several factors from
material’s dynamic properties to mechanism of nucleation and crystal
growth. For example, the crystal growth rate has shown decoupling from
viscosity close to glass transition region, and this decoupling appeared to
increase with the fragility of the material, in a way that strong liquids
remained coupled [44]. Crystal growth time of glycerol (m ~50) has also
indicated decoupling from self-diffusion coefficient near T, [45]. These
types of decouplings, depending on the extent, ought to influence CCM’s
cold-crystallization. Further investigation on the kinetics at the deeply
supercooled state, for example by measuring the viscosity of CCM, ought
to reveal more of the interplay between the dynamic properties and
crystallization behaviour.

The behaviour of the rate constant, k., indicates that it can be
modelled using two-stages in a way that Arrhenius equation (Table 1)
estimates k. above 10 °C and VFT equation (Table 2) below 10 °C. In
order to verify the applicability of this two-stage model, we used it to
calculate the conversion degree and the heat flow of CCM-80’s
isothermal cold-crystallization, and compared the calculations to the
measured data. The conversion degree was calculated with Eq. (1),
where k. is estimated using the two-stage model and the Avrami index,
n, is obtained from Avrami analysis in Section 3.2. Below 10 °C linear
interpolation was used to determine n (see Section 3.2). Fig. 6 plots
conversion degree model and data and the heat flow during CCM-80’s
isothermal cold-crystallization. Sample was cooled to —60 °C before
cold-crystallization. The calculated curves for 0 °C, 5 °C and 10 °C,
shown in Fig. 6A, coincide with the data resulting in R? values above
0.994. In addition, a predicted curve at 7 °C corresponds to a DSC
measurement at the same temperature, confirming accurate results
predicted by VFT model and linear interpolation of Avrami index. As
DSC measures heat flow, we ought to compare the modelled and the
measured heat flow curves during isothermal cold-crystallization. Dif-
ferentiation of Eq. (1) yields the heat flow over time for isothermal cold-
crystallization, which is exemplified in Fig. 6B. The heat flow curves
were calculated using Avrami indices defined in Section 3.2 and k.
values from Arrhenius equation (Table 1). As a result, the modelled heat
flow curves correspond to the measurement data with R values ranging
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Fig. 6. (A) Conversion degree of CCM-80 at constant
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from 0.960 to 0.997. In Fig. 6B, R? values are 0.981, 0.992 and 0.997 for
35 °C, 40 °C and 45 °C, respectively. Some deviations between the
modelled and the measured curves ought to occur because of the sto-
chastic nature of crystallization. Nonetheless, the two-stage model co-
incides with the conversion degree and the heat flow data of cold-
crystallization, verifying the applicability of the two-stage model and
Avrami equation for describing the isothermal crystallization rate of
CCM-80. In the future, the two-stage model and Avrami equation can be
used to predict the crystallization rate at the storage temperature and in
the beginning of the heat release. Predictability of CCM’s cold-
crystallization rate is essential for applications, as it enables deter-
mining suitable storage temperature and time, as well as the maximum
heat release rates in the beginning of the storage discharge. Conversion
degree and heat flow shown in Fig. 6 depict the accuracy of the
modelling in reasonable experimental time scale. In a TES application,
appropriate thermal history and storage temperature would be used to
enable efficient storage for several months. An analysis on the time
evolution of CCM’s dischargeable heat with a suitable temperature
history for long-term TES can be found in a previously conducted
investigation [17].

3.5. Polymorphism

Erythritol has two known polymorphs, the stable form is polymorph I
(T;n~119 °C), and metastable is polymorph II (T,,~105 °C). In principle,
both polymorphs can form when erythritol is crystallized from a deeply
supercooled state [23]. Nevertheless, CCM indicated formation of the
stable polymorph I, exhibiting a single melting peak and consistent IR
band in accordance to bulk erythritol [21]. Fig. 7 depicts the XRD
spectra of bulk erythritol and CCM-80 at room temperature and during
cold-crystallization. Comparison of CCM-80 and bulk erythritol under
XRD (Fig. 7A) and FTIR (Fig. S3) confirm that CCM-80 crystallized into
stable polymorph I at room temperature, as the corresponding peaks
coincide. CCM-80 displayed lower peak intensities in Fig. 7A, especially
at 20 = 14.5, 19.5 and 20.1°, which are the characteristic peaks of
erythritol [46]. The decreased peak intensities are caused by the exis-
tence of non-freezing bound erythritol, which does not melt or crystal-
lize. As explained in Section 3.3, the freezing-bound erythritol has a
value of 0.64, which contributes to the peak intensities.

Fig. 7B depicts the XRD spectra of CCM-80 at several temperatures,
when the sample was liquid at 150, °C cooled to —120 °C and heated in a
stepwise manner. CCM-80 showed no signs of crystal phase after the
cooling to glassy sate, confirming a stable supercooling. During the
subsequent heating, a crystal phase began to form at 35 °C, and at higher
scanning temperatures crystallization was completed. Emerged peaks
correspond to that of bulk erythritol (Fig. 7A), confirming crystallization
to polymorph L.
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Fig. 7. (A) X-ray diffraction spectra of CCM-80 and erythritol at room tem-
perature. (B) Crystallization profile of CCM-80 under in-situ temperature X-ray
diffraction measurement. The sample was melted at 150 °C, then cooled to
—120 °C. Consequent heating was conducted stepwise for scanning the sample.
The peak at 20 = 29.5° (scans at 150 °C, —120 °C and —30 °C) corresponds to
silicon wafer underneath the sample, as the sample was in a melted or a glassy
state. (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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However, DSC measurements with CCM-80 indicated that poly-
morph II can form under certain circumstances. Among the cooling end-
temperatures in DSC measurements (—60 °C, —28 °C, —10 °C, —5 °C and
0 °C), polymorph I emerged only when cooled to 0 °C. Fig. 8 illustrates
the occurrence and DSC thermographs of the polymorphs when the
cooling end-temperature was 0 °C. The polymorph formations in Fig. 8A
imply that T, below 50 °C favours polymorph I, while polymorph II
becomes increasingly frequent at 50 °C and higher. These results indi-
cate that the probability of forming metastable polymorph II increases
under higher cooling end-temperatures and higher cold-crystallization
temperatures. On the other hand, CCM did not crystallize at all in
some of the cycles when it was cooled to 0 °C. At lower cooling tem-
peratures, CCM crystallized every time. Therefore, increasing the cool-
ing end-temperature appears to also inhibit crystal formation after
subsequent heating. Nevertheless, the bulk scale of 160 g CCM showed
tendency to crystallize every time, when re-heated from 0 °C [17].

The DSC thermograph of the melting process depicted in Fig. 8B
yielded a melting heat and temperature of 177 J/g and 107 °C for
polymorph I, and 141 J/g and 92 °C for polymorph II. These melting
temperatures of CCM showed the same temperature difference between
the polymorphs as erythritol, confirming that CCM can crystallize to the
two known erythritol polymorphs. Reduced melting temperatures of the
two polymorphs for CCM is caused by the presence of non-freezing-
bound erythritol in the system (see Section 3.3).

As illustrated in Fig. 9, The crystallization rate of polymorph II is
slower than polymorph I. For example, at 50 °C polymorph II crystallizes
in approximately 4 h, while polymorph I in approximately 1 h, when the
cooling end-temperature was 0 °C. By comparing the crystallization rate
of polymorph I and polymorph II, the specific polymorphs formation
could be deduced during DSC measurements. As the crystallization rates
matched the corresponding melting temperatures of polymorph I and II,
no solid-solid transformation occurred in DSC measurements. In the
work of Lopes Jesus et al. [23], pure erythritol showed transformation
from polymorph II to polymorph I between the crystallization and
melting temperature of polymorph II. The unique behaviour of CCM, can
be explained by the strong intermolecular interactions between the
polymer and erythritol. These interactions slow down the molecular
movement, causing prolonged transformation durations. Time period in
DSC measurements were not sufficient for the solid-solid trans-
formation. However, given longer time periods, the transformation
ought to occur.

Erythritol molecules experience conformational flexibility, causing
numerous possible molecular conformations [47]. For example, meso--
erythritol has shown to adopt two conformations in the crystal structure
[48], as well as indicated existence of a third conformation in an
experimental work [23]. This can affect the cold-crystallization of CCM
in two ways. First, the crystallization tendency can decrease, as the

~

I Polymorph | e);o ‘ Po‘lymolrph II

~6F Il Polymorph 11 |4 151 Polymorph II 1

5 [ INo crystallization g

o5 £

5 s

g4 E 1

<] 2

59 &

5 =

22 $£05¢

=

Z1

0 0 AN TR I T

50 60 70 80 90 100 110 120 130

A) Tee (°C) B) Temperature (°C)

Fig. 8. (A) Occurrence of the stable polymorph I, the metastable polymorph II
and no crystallization at different crystallization temperatures. Sample was
cooled to 0 °C prior crystallization. (B) DSC thermograph of CCM-80’s melting
peaks when it was crystallized to metastable polymorph I (blue) and stable
polymorph II (red). (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. 9. The effect of polymorphism and cooling end-temperature on the
isothermal crystallization time of CCM-80 at 50 °C. Cooling end-temperature
are indicated in parentheses.

suitable molecular conformation must be sampled for the certain crystal
structure to occur. Molecules must also reorient themselves to the
crystallizing conformation, impeding the crystallization process [49].
Consequently, polymorph II crystallizes slower and requires higher en-
ergy level than polymorph I to form, because the conformations of the
stable polymorph I are more likely to exist than those of polymorph II.
Secondly, it is probable that polymorphs I and II are a consequence of
the existence of numerous possible molecular conformations. Therefore,
increasing the cold-crystallization and cooling end-temperature would
increase the probability of sampling suitable conformations for poly-
morph IL

Polymorphism increases operational unreliability of CCM by altering
the heat release and melting behaviour. Nonetheless, results indicate
that crystallization to polymorph II is a rare event that requires the
lowest cooling temperature of 0 °C or higher for the studied composi-
tion. In conclusion, crystallization temperature of approximately 50 °C
is needed for repetitive formation of polymorph II in DSC measurements.
Scaling up the sample size from milligram to gram scale might also in-
fluence the occurrence of polymorph II, as no indication of the formation
of polymorph II was been observed in previous studies of CCM [17,21].
Therefore, the impact of polymorph II appears to be minimal in the bulk
scale operation, yet should not be ruled out.

3.6. Thermal history

The effect of thermal history on isothermal cold-crystallization of
CCM-80 was investigated by calculating crystallization rate constant (k.)
based on Avrami analysis (Section 3.2.), and cooling the sample to
—60 °C, —28 °C, —10 °C, —5 °C and 0 °C before cold-crystallization.
These temperatures relate to glass transition region, since CCM-80 is
in the glassy state at —60 °C, middle of vitrification at —28 °C, beginning
of vitrification at —10 °C and supercooled at —5 °C and 0 °C, as illus-
trated in Fig. S4.

As shown in Fig. 10, thermal history tests revealed that the crystal-
lization rate constant is dependent on the cooling end-temperature. As
polymorph II was infrequent and its crystallization rate was slow (see
Fig. 9), we analysed the cold-crystallization rate of the dominant poly-
morph I in detail. As evidenced by Fig. 10, k. decreases at a given
crystallization temperature when the cooling end-temperature in-
creases. This type of reduction in the crystallization rate appears unin-
tuitive, because crystallization takes place at the same temperature (T.),
where for example viscosity should be constant. Nonetheless, this phe-
nomenon could relate to the conformational flexibility of erythritol, as
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Fig. 10. The impact of cooling end-temperature on the cold-crystallization rate
constant (k.) of CCM-80 at constant cold-crystallization temperatures (T¢).

discussed in Section 3.5. When material vitrifies, molecules begin to
display short-range periodicity, which is characteristic for a glassy sys-
tem. As the system becomes more arrested, molecules might prefer the
conformations for crystal polymorph I in CCM, or the conformations that
are similar. As the cooling end-temperature is increased, more thermal
energy is available for sampling more conformations. Therefore, lower
cooling temperatures expedite cold-crystallization, since more preferred
crystal conformations exist at the initial stage. This would explain the
slowdown of CCM’s crystallization rate, when cooling was ended at
—10°C-0 °C. The slowdown is evidenced in Fig. 10, where the values of
k. with cooling end-temperature above —10 °C begin to show significant
reductions compared to the values of k., with cooling to —28 °C and
—60 °C. Vitrification of CCM-80 begins at around —10 °C (Fig. S4).

We demonstrated the impact of the cooling end-temperature to the
cold-crystallization rate also in bulk scale of 100 g, which is shown in the
time-lapse video provided in the supplementary information. Fig. 11
summarizes bulk scale cold-crystallization process, where cooling to low
temperatures as —20 °C has a significant incremental effect on the
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subsequent cold-crystallization rate at the room temperature (~20 °C).
The crystallization times at the room temperature were approximately 8
h, 1 d, 3d and 10 d for the cooling end-temperatures of —20 °C, 0 °C,
10 °C and 20 °C, respectively. An accurate estimation of the crystalli-
zation time based on the images is challenging, yet they demonstrate the
impact of the cooling end-temperature evidently. Lower cooling end-
temperature also reduces the size and increases the number of the
crystals, implying increasing dominance of the nucleation over the
crystal growth. Crystallization temperature of 20 °C was used to
demonstrate CCM’s crystallization behaviour in an appropriate experi-
mental time scale. In a TES application, long-term storage would be
conducted at lower temperatures, for example 0-10 °C, to prevent heat
loss because of crystallization [17]. Nonetheless, the impact of the
cooling end-temperature should be considered in the TES applications,
and could act as an adjustable parameter to optimize the storage con-
ditions and heat release of CCM. For example, CCM could be first cooled
to a low temperature, then heated to the storage temperature. Thus, the
stored heat can be released faster and at lower temperatures compared
to directly cooling CCM to the storage temperature. Whereas, the
disadvantage of this method is the need for additional cooling and a
reduction of the efficient storage time, as crystallization occurs faster
also at the storage temperature.

In addition, thermogravimetric analysis (TGA) was conducted for
CCM-80, to determine the durability of the material. Fig. S5 illustrates
the TGA analysis for CCM-80 and erythritol. Decomposition of CCM-80
begins at around 150 °C, and plateaus when 80% of the mass is lost. This
corresponds to the mass fraction of erythritol. At approximately 450 °C,
mass loss increases, as sodium polyacrylate decomposes. Therefore,
CCM-80’s maximum operational temperature limits to around 150 °C,
which is in the same range as erythritol. This confirms the stability of
CCM under the operational temperature range that was up to 130 °C. As
erythritol is the main component in CCM, these results indicate that
other CCM composition have similar operational temperature range.

4. Conclusions
This work discovers the phenomena behind the unique long-term

TES capability of erythritol in cross-linked sodium polyacrylate (CCM)
and demonstrates predictability of the material’s cold-crystallization

Fig. 11. Cold-crystallization of bulk CCM-80 samples (100 g) at the room temperature (T,mp ~20 °C). Prior crystallization, samples were melted at 130 °C, and

cooled and stored at T¢oo) = —20 °C, 0 °C, 10 °C or 20 °C for 12 h.

10
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behaviour. Three CCM compositions with erythritol mass fractions of 75
wt%, 80 wt% and 85 wt% were investigated, because erythritol-to-
polymer fraction changes the cold-crystallization and TES properties.
Optical microscopy revealed spherical cold-crystallization of CCM.
Furthermore, cold-crystallization of all CCM compositions followed the
Avrami equation in the tested temperature range from 1.1T; to 1.3T,
(K), which enables modelling and prediction of CCM’s cold-
crystallization rate.

We found that the temperature dependence of the crystallization rate
constant follows Arrhenius equation from 1.14T, to 1.3T,. Below 1.14T,,
the rate constant drastically decreases, diverging from the equation. The
VFT equation also failed to accurately model the entire temperature
range, yet it fit the data below 1.14Ty, indicating that a two-stage model
can predict the crystallization rate of CCM. In the future, the two-stage
Arrhenius-VFT model could be used to estimate heat release rates and
efficient storage periods at different temperatures, which are crucial
parameters for a reliable CCM based TES. The drastic reduction of the
rate constant is one of the key characteristics of CCM, as it enables
effective long-term TES at a practical temperature level of 0 °C and
higher. Practical storage temperature level is essential for efficient TES
operation, because external cooling can be minimized during the storage
period. From a physical perspective, behaviour of the rate constant can
be qualitatively understood by the transition to energy-landscape
influenced behaviour below 1.2T,. CCM’s strong ion-dipole forces be-
tween the polymer and erythritol constitute a peculiar energy-landscape
which can be categorized as kinetically strong and thermodynamically
fragile. This explains CCM’s exceptional supercooling stability and cold-
crystallization behaviour for efficient storing of heat for several months.

Thermal history below 1.2T, also influenced the crystallization
characteristics of CCM. Erythritol’s metastable polymorph II formed
during isothermal cold-crystallization that was preceded by cooling to
0 °C. In contrast, polymorph II was not observed in any other of the
cooling end-temperatures in DSC (from —60 °C to 0 °C), XRD and FTIR.
Moreover, isothermal cold-crystallization time of the stable polymorph I
doubled, when cooling end-temperature was increased from —60 °C to
0 °C. This is a significant finding in terms of CCM based TES operation,
since the cooling end-temperature, that is typically the storage tem-
perature, influences the cold-crystallization rate during the following
heat release stage. The cooling end-temperature acts as an adjustable
parameter for operation of CCM based TES. For example, increased heat
release rates are achieved by decreasing the cooling end-temperature
prior the storage stage. The findings in this work reveal physical na-
ture of using cold-crystallization for predictable long-term TES, for-
warding efficient exploitation of renewable energy sources.
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