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Abstract

Selected nitrate hydrates were characterized using X-ray diffraction, helium pycnometer,
Calvet type calorimeter and simultaneous termogravimeter coupled with differential scanning
calorimeter. Melting and crystallization of all studied nitrate hydrates were observed by
differential scanning calorimeter, and the supercooling (difference between melting
temperature and crystallization temperature) was found to be more than 80, 14 and 37 °C for
calcium nitrate tetrahydrate, cobalt and nickel nitrate hexahydrates, respectively. Those salts
were mixed with selected nucleating agents to supress supercooling, and then tested under
repeating of heating-cooling cycles. Calcium nitrate tetrahydrate showed reversible liquid —
solid process with addition of CaO, Ca(OH)2, BaO, Ba(OH)2.8H-0, graphite and graphene but
the supercooling remains too high, and the enthalpy change significantly decreased. In the
case of cobalt nitrate hexahydrate, the CaO, Ba(OH)2.8H,0 and graphite is the most effective
nucleating agent in amount of 1 mass%. The supercooling of nickel nitrate hexahydrate was
effectively reduced by addition of CaO, Sr(OH). and graphite. The cobalt and nickel nitrates
were tested with combination of two nucleating agents (1:1). The best results were obtained
for composites with addition of 1 mass% of nucleating agent mixture consisting of both
graphite and Ba(OH)..8H>O for cobalt nitrate hexahydrate, and CaO with Mg(OH). for

nickel nitrate hexahydrate.
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Introduction

Inorganic salt hydrates are intensively studied for their ability to store/release quite a high
amount of heat during their phase-change, i.e. melting and crystallisation, occurred in low and
medium temperature ranges [1-3]. The main advantage of this kind of material is a small
volume change associated to solid — liquid phase change, high amount of heat, good thermal
conductivity and lower cost. However, there are also disadvantages as an occurrence of
supercooling (temperature of melting during charging is higher than temperature of
crystallization during discharging), phase separation and corrosion of metal
containers/capsules [4-7].

When the phase-change materials (PCMs) are heated above the melting point followed by
cooling down, then the crystallization cannot occur. Then the observed supercooling can
reach values of order of units or even tens of Kelvin. Thus, the effectivity of
charging/discharging process at temperature close to the melting temperature is significantly
reduces by supercooling and this undesired effect had to be avoided as was published for
several salt hydrates [8-10]. However, the suppression of supercooling needs to be solved
mainly if we want the PCM working temperature to be within a narrow range around the
melting point. There are several approaches to reduce supercooling, which are predominantly
associated with primary heterogeneous nucleation; i.e. nucleation at the surface of foreign
bodies such as surface of heat exchanger or container, suspended particles (nucleating agents)
or bubbles. [2, 8, 11-13] However, the value of supercooling can be also affected by cooling
rate, which is related to the rate of heat transfer from the system. [9, 14]. The addition of seed
particles of supercooled material can be used (i.e. secondary nucleation) as well as initiation
of crystallization by physical mechanisms as agitation, friction, shock waves or ultrasonic
vibration [11, 15]. On the other side, the supercooling may also be an advantage, when
supercooled PCM is stable for a long time at ambient temperature and we can initiate
discharging process only when needed (as can be charging during the summer time and
discharging in winter). In this case, high stability of PCM in supercooled state is the key for
practical application [3, 14, 16]. Crystallization and stability in the supercooled state are
related to the nucleation process followed by growth of crystals. Thus, understanding of
factors and methods to control both these processes is a fundamental to advance thermal

energy storage technology. [8, 9, 17].



The congruently melting salt hydrates are preferably tested as phase change materials (PCMs)
but also incongruently melted salt hydrates are tested and show reversibility of the process.
However, unsuccessful crystallization of colourless salt Ca(NO3)..4H20 (referred as CaNT in
following text) cooled below its melting point (42-47 °C [1, 18-25] etc. see Table 1) more
than 30 °C [18, 22, 26] was published. Nevertheless, red crystalline cobalt nitrate hexahydrate
(reffered as CoNH in following text) with melting point of 55-60 °C [20, 27-29], and green
crystalline nickel nitrate hexahydrate (reffered as NiNH in following text) melting at 54-57 °C
[20, 27, 28, 30-33,] belong to incongruently melting salts leading to formation of hexahydrate
melt/solution and solidification of cobalt nitrate tetrahydrate [34] or nickel nitrate tetrahydrate
[35], respectively. Because of decreasing storage efficiency caused by formation of lower
hydrated salts and consequently disabling of repeating of heating-cooling cycle the
incongruent melting hydrates usually requires testing of pure salt in mixture with
stabilizing/nucleating compounds, such in case of CaCl,-6H.O, CH3COONa-3H-0 [1, 23].

All three salts belong to group of medium thermal range applicable phase change material.
The published melting temperature (Tm), enthalpy of fusion (AwsH), specific heat capacity
(cp"), density in solid state ( p (") and possible supercooling (AT= Tm- Tc) are listed in Table
1. Data summarised in this table declare that in literature can be found several values of Tm
and AfsH but there is only little information about crystallization and even less about
crystallization behaviour during repeated temperature cycles. [12, 17, 36, 37].

This work contributes to studies of repeated melting-crystallization process of three
incongruently melting salt hydrates (CaNT, CoNH and NiNH), tests of nucleating agents with
different crystal lattice system to supress supercooling and evaluation of ability and stability
of these salts for use in thermal energy storage area. The melting as well as crystallization was

evaluated for all tested samples.

Experimental

Calcium nitrate tetrahydrate (Ca(NOs)2-4H20) (Penta, 99.0% purity), cobalt nitrate
hexahydrate (Co(NOz3)2-6H20) (Sigma — Aldrich, 99.0% purity) and nickel nitrate
hexahydrate (Ni(NOs).-6H20) (Penta, 99.0% purity) were of an analytical reagent grade and
stored at room conditions. Their structures were checked by X-ray diffraction analysis
performed at 25 °C on diffractometer MiniFlex600 (Rigaku) and the diffraction pattern sheets
from the International Centre for Diffraction Data (ICDD) Powder Difraction File (PDF-2)
were used. The density of salts hydrates was determined using helium pycnometer

Autopycnometer 1320 (Micromeritics) working at laboratory temperature. The heat capacity



was determined using Calvet type calorimeter C80 (Setaram) and the stepwise method [38,
39] with the accuracy of 1 %. Any pre-treatment of the samples (as drying of humidity) was
not performed before their characterisation to specify their properties in the form in which
they are used for accumulation ability tests.

The thermal properties of salt hydrates were characterised using simultaneous
thermogravimeter with differential scanning calorimeter TG-DSC Labsys (Setaram). The
sample amount ca. 30 mg in corundum crucible was measured in the temperature range of 25
-300 °C (up to 400 °C only for NiNH), heating rate of 2 K min™ was apply and the argon
atmosphere with flow of 50 ml min™ was used. The setting of temperature and the heat flow
of equipment was calibrated using pure metals.

Nucleating agent, alone or in the form of a mixture of two of them, were tested to
supress supercooling observed in pure CaNT, CoNH or NiNH. Nucleating agents AIO(OH)
(Bohmite, >94%, Sasol), BaO (97%, Aldrich), Ba(OH)2.8H,O (>98%, Lachner), BaCOs
(=299%, Penta), CaO (>97%, Penta), Ca(OH)2 (>96%, Lachner), CaCOz (>99%, Penta), MgO
(=98%, Penta), Mg(OH)2 (=99%, Sigma-Aldrich), MgCOs (basic, 84%, Lachner), Sr(OH)
(=294%, Aldrich), SrCO3 (99%, Penta), graphite (98 %, 200 mesh ultrafine, Jinkuancheng
Carbon), graphene (98 %, 1-5 layer, Graphene Epoxies) and TiO2 (RGX, Precheza) were all
in analytical purity. The mixtures of salt hydrate with nucleating agent were prepared in solid
state by weighting the appropriate amount of components into agate mortar (approximately
0.5 g of the mixture), and mixed for 3 min. All prepared mixtures of CaNT were dry during
the mixing but the mixtures prepared using CoNH or NiNH started to be slightly wet during
mixing.

Calorimetric measurements were taken using a DSC Pyris 1 (Perkin-Elmer) with an
Intracooler 2P. The calorimeter was calibrated using melting temperature of pure metals (Hg,
Ga, In, Sn, Pb and Zn) and the enthalpy change was calibrated using the heat of fusion of
indium. Three salt hydrates, either pure or as a mixture with other substance, were tested in
temperature range from -20 to 80 °C using the heating and cooling rate of 10 K min?t in a
closed aluminium crucible in the atmosphere of dry nitrogen with a flow rate of 20 ml min™.
The sample mass was ca. 12 mg. Firstly, the pure salts for determination of supercooling and
then their mixture with 1 mass% of each nucleating agent were tested during four
heating/cooling cycles (called as fast cycles in following parts). The extrapolation of the onset
temperatures was used to determine the melting, Tm, and crystallization, Tcr, temperatures

(evaluation is similar to that illustrated in Fig. 1 of Ref. [6]). The heat of fusion AssH, and the



heat of crystallization, AcrH, were calculated from the area of DSC peaks (if there is any
additional effect the enthalpy change was evaluated too as AyH for heating scan and AyHc) for
cooling scan). To evaluate the sample ability for thermal energy storage, the average values of
Tm, Ter, AfusH and AcrH were calculated without the results for the first cycle for all DSC cycle
tests because of the different character of the sample compare to later scans. Separated
crystals melts during the first heating and consequently the compact sample is formed during
the first cooling, thus, a homogeneous compact sample was formed for the next steps. Based
on the high value of enthalpy changes together with the low value of supercooling, AT, the
promising mixtures were selected as well as combination of effective nucleating agents were
suggested. Afterwards, the best compositions were also tested using slow heating/cooling rate
of 2 K min in four cycles (called as slow cycles in following parts). Subsequently, the
compositions of CoNH and NiNH with the 1 mass% of the mixtures of two nucleating agents
(both nucleating agents were mixed in ratio 1:1 in solid) were tested using again four fast

cycles and the best two compositions for each salt were tested using fifty fast cycles.

Results and discussion

X-ray analysis confirmed that the studied salt hydrates correspond to single crystalline
phase as PDF file for CaNT (00-026-1406), CoNH (00-025-1219) and NiNH (00-025-0577).
The density of all salt hydrates is solid state were determined as well as heat capacity of
CoNH and NiNH. The results are summarised in Table 1 together with literature data. The
value of melting temperature, the enthalpy of fusion and the supercooling were determined
from the first heating/cooling DSC scans. All experimental values given in Table 1
correspond well to literature data except value of supercooling. Experimental value of AT for
CaNT is significantly higher than published one and in the case of CoNH and NiNH the value

was not found in literature.

Thermogravimetry

The TG/DSC analysis up to 300 °C of all studied salt hydrates was done using samples
without any pre-treatment to characterise the samples in the form used for accumulation
ability tests. In the case of calcium nitrate tetrahydrate the TG-DSC curve similar to that
published by Vollmer and Ayers [40] and Badica et al. [41] was obtained as can be seen in
Fig. 1A. The first endothermic effect started at 46 °C corresponds to incongruent melting and

formation of liquid solution containing a-Ca(NO3)2-2H>O and Ca(NOs)2-3H20 [40] with the



enthalpy change of 101 J g*. The second significant endothermic effect starts at 150 °C and
reflect the liquid solution boiling overlapping with decomposition of calcium nitrate hydrates
finished at temperature of 220 °C [41] with overall enthalpy change of 350 J g. In the
temperature range of 66 - 80 °C there is a small endothermic effect also observed by Vollmer
and Ayers [40] with the enthalpy change of 6 J g which is probably connected with the
transformation to di- and trihydrate salts. The mass loss (ca. 31 %) observed in the measured
temperature range corresponds to water vaporization, which starts slowly during the melting
of CaNT as the first step up to 150 °C followed by other two steps' processes up to 220 °C.
Slightly different mechanism was described by Brockner et al [35] using TG data obtained
under quasi-isothermal conditions in the temperature range where the dehydration of
tetrahydrate into trihydrate is considered followed by formation of Ca(NOz).-2.5H.0 and
finally Ca(NOs). at 220 °C. The comparison of experimental total mass loss up to 220 °C with
the results published by Vollmer and Ayers [40] leads to 4 % of the difference but comparison
with data published by Brockner et al [35] leads only to 0.7 % of difference. However, the
theoretical mass loss of CaNT dehydration into Ca(NO3z)2 is 30.5 %, thus only 0.5 %
corresponds to humidity of CaNT sample used in this study (0.5% is within the experimental

error limit).
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Fig. 1: TG/DSC experimental curves for A) CaNT, B) CoNH and C) NiNH measured in argon
atmosphere and heating rate of 2 K min

The TG-DSC technique applied to CoNH in the temperature range up to 300 °C shows
several overlapping effects as is illustrated in Fig. 1B. This complicated behaviour can be
explained when the overlapping peaks can be separated which was done by Ehrhardt et al [34]
using quasi-isothermal conditions. They found (heating rate between the quasi-isothermal
steps was 0.6 K min™) that dehydration of CoNH into tetrahydrate starts at temperature about
35 °C that is below the melting temperature. The dehydration process continuously goes
through dihydrate into anhydrous cobalt(Il) nitrate which should be finished up to 120 °C.
Heating of sample to higher temperature caused thermal decomposition and formation of
cobalt oxides Co,03 and Co304 in inert atmosphere [34]. However, the dehydration of
dihydrate can be accompanied by formation of cobalt(lll) oxonitrate followed by its
decomposition into cobalt(I1) nitrate (effects observed in the temperature range of ca. 100-130
°C in Ref. [34]). The theoretical mass loss of CoNH dehydration into Co(NO3)2 is 37.1 %,
which is comparable with our total mass loss up to 206 °C (37.2 %). However, concerning the
complicated character of dehydration of CoNH and expecting that the humidity of the sample
will leave during the first mass loss step we can suppose that the humidity of CoNH sample
used in this study is below 2 %. The experimental DSC data reveals several endothermic
effects and the temperature corresponding to the maximum of the main peaks is given in Fig.
1B. As can be seen the effects significantly overlapped which caused that there is no clear
zero line in the temperature range of 59 — 270 °C. Thus, the area of the peak used to
determine the enthalpy change of reaction is only rough estimation (peak baseline follows the
line before and after evaluated peak). The first endothermic effect started at 59 °C
corresponds to incongruent melting with the enthalpy change of 70 J g. Nevertheless,
simultaneously the dehydration process started, so the effect in the temperature range of 78-
91 °C with the enthalpy change of 6 J g* and effect in the temperature range of 172 — 193 °C
with the enthalpy change of 28 J g can be attributed to dehydration. On the other hand, the
sharp effect started at 209 °C and overlapped with broader effect finished at 271 °C with
overall enthalpy change of 347 J g* reflecting the formation of cobalt oxides mentioned
above.

TG-DSC data of NiNH show complicated behaviour similar to CoNH as can be seen
in Fig. 1C but the temperature range of experiment had to be increased to 400 °C. The
dehydration of NiNH goes through tetra- and dihydrate. However, Brockner et al [35] showed



(using TG data obtained under quasi-isothermal conditions) that dehydration process does not
lead to anhydrous Ni(NO3)2 but Ni(NOs)(OH)2-H20 is formed and at higher temperature (ca.
190-250 °C) decomposed to nickel oxides Ni2Os, Ni3O4 and NiO. The theoretical mass loss of
NiNH dehydration into Ni(NO3)2 is 37.2 %, but it cannot be compared with experimental TG
data because the anhydrous form is not formed. Nevertheless, the experimental total mass loss
up to 247 °C is 42.8 %. Expecting that the humidity of the sample will leave during the first
mass loss step, which is only 1% up to 56 °C, we can suppose that the humidity of NiNH
sample used in this study is about 1 %. The DSC scan shows several endothermic peaks but
their zero line is more clear comparing to CoNH in Fig. 1B. The first endothermic effect
started at 54 °C and corresponds to incongruent melting with enthalpy change of 111 J g.
The second effect with sharp maximum followed by broad part is at temperature range of 84 —
133 °C with enthalpy change of 116 J g*. Very broad peak appears in the temperature range
of 135 — 212 °C giving the enthalpy change of 146 J g™.In the range of 212-246 °C another
peak appears consisting of several smaller effects. The main sharp effect gives the overall
enthalpy change of 166 J g*. The last endothermic effect in the temperature range of 246-332
°C with enthalpy change of 574 J g* relates to formation of NiO [35].

Fast DSC measurements of pure salt hydrates
DSC experiments of pure salt hydrates provided the temperature and enthalpy of
fusion and verified supercooling. These basic values for the pure salts are listed in Table 1

together with published data.

Table 1 The melting temperature, enthalpy of fusion, specific heat capacity, density in solid
state and supercooling of CaNT, CoNH and NiNH. Tm, AnsH a AT were determined from our

data shown in this work from the first heating-cooling cycle.

Salt Tm AfusH Co' 208 AT Ref.
/°C 13g? 13 gtK? /g mit /°C

CaNT 42 140.2 - - - [23]
42.5 131.7 - - - [18]
42.6 121.6 - - - [24]
42.6 140 1.46 - - [42]

42.7 125.8 - - - [20]




42.7 136.4 - - - [21]

42.9 144.4 1.43% - >34 [22]
44.0 155 1.08%° - - [25]
47 142.3 - - - [19]
47 152.9 - - - [1]
- - 1.66%° - - [43]
47 153 - - 65 [13]
- - - 1.820% - [44]
44 138 1.478%°  2.01+0.02% >80 This work
CoNH  55-56 - - - - [27]
55.5-57 128- - - - [20]
142.9
57 - - - - [28]
~60 - - - - [29]
- - 1.082 1.883% - [44]
- - 1.56% - - [45]
56 140 1.6823° 2.04+0.05% 14 This work
NiNH 54 - - - - [30]
54 - - - - [33]
56.7 - - - - [28]
56.7 - - - - [31]
56.7 168 - - - [20]
56.7 - - 2.05 - [46]
56.8- - - - - [32]
57.0
- - 1.08 2.050%° - [44]
- - 1.98%° - - [45]
- - 1.435 - - [43]
57 165 1.771%° 2.20+0.04% 37 This work

The DSC curves of the four cycles of pure hydrated salts are illustrated in Fig. 2 for CONH
(B) and NiNH (C) but only of the two cycles for CaNT (A). As can be seen if Fig. 2A, no

crystallization reflects on following DSC cooling curve when CaNT sample was melted.



Thus, only melting temperature of 43.6 °C was evaluated and the enthalpy of fusion 137.9J g
! was determined from the first heating scan. From the temperature range tested (cooling was
finally done down to -45 °C) we can consider that the supercooling is higher than 80 °C. For
CoNH the melting temperature is 56.1 °C and the enthalpy of fusion is 140 J g* for the first
heating scan, for NiNH it is 57.0 °C and 165 J g, respectively. In the first cycle, the
crystallization starts at 42.6 °C with the enthalpy of crystallization of -130 J g™ for CoNH,
and 20.2 °C with -108 J g* for NiNH. . Repeating of the charging-discharging cycles leads to
insignificant change of Tm, Ter, ArsH, AcgH but the values for the first cycle are always
different comparing to following cycles. The supercooling determined from the first and last
cycle is 14 °C and 25 °C for CoNH and 37 °C and 20 °C for NiNH. Hence, AT can increase
with the number of cycles (Fig. 2B) or decrease (Fig. 2C) but still it is very high for any
application in accumulation of thermal energy of pure CoNH and NiNH.
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Fig. 2 DSC curves of the first and second cycle for A) CaNT, and up to the fourth cycle for
pure: B) CoNH and C) NiNH at heating rate of 10 K min™.



During the first heating of CoNH we can observe melting peak starting slowly at temperature
about 52 °C, then sharp fast increase at about 56 °C following by decreasing part of the peak
with shoulder close to the maximum of the peak and end of the peak at temperature about 64
°C. During the subsequent cycles the melting peak is broader and lower, and its increasing
part is shifted a bit to lower temperature and the enthalpy change slightly decreases.
Moreover, during the repetition of the cycles there is an indication of additional peak
appearing in temperature range of 65-70 °C (2B) with the enthalpy change as low as 0.7 J g*.
This effect corresponds to that observed at Fig. 1B and can be connected with formation of
tetrahydrate according the thermogravimetry data mentioned above. Occurrence of this peak
can negatively influence observed melting and indicates that more thermal cycles of pure
CoNH lead to more complex character of endothermic reactions during heating. The
crystallization starts during the first cooling scan at temperature about 44 °C but for the
following scans it shifts to lower temperature about 35 °C and is narrower (see Fig. 2B) and
the enthalpy change is slightly lower comparing to the first cycle. The average supercooling
from the second to the fourth cycle is 21.0 + 2.2 °C and the average values of enthalpy
changes during heating AHh and cooling AHc are given in Fig. 6. The values of AHh and AHc¢
are in this work obtained as a sum of any endothermic effects observed at heating (as AHn =
AruisH + AvH where AwH corresponds to any transformation) and exothermic effects at cooling
scan (as AHc = AciH + AvH o), respectively.

The melting peak of NiNH is even more complex comparing to CoNH as is illustrated in Fig.
2C. During the first heating scan the narrow melting peak occurs but with plateau instead of
sharp maximum. The next scans show small shift of the peak towards lower temperature and
partial separation of observed processes with considerable shoulder on the increasing part of
DSC peak. The enthalpy change of melting is for the first cycle slightly higher comparing to
further cycles. The crystallization during the first cooling scan starts at temperature of 22 °C
but with increasing number of cycles is shifted towards higher temperature as is 34 °C for the
fourth scan. The enthalpy of crystallization is for the first cycle slightly lower compares to
further cycles, which can be attributed to more complex character of process for consecutive
cycles. However, this complexity helps to shift crystallization to higher temperature and thus
a bit decreases the supercooling. Nevertheless, the changes in Tm and T¢ result to the
supercooling as high as 25.4 £ 5.9 °C. The average values of enthalpy changes during heating
AHh and cooling AH¢ from 2" - 4" cycles are given in Fig. 8. The shape of DSC peaks
showed complex character of tested salts caused by formation of salts with different degree of



hydration as well as some other effects occurred especially with addition of nucleating agent

(which will be discussed later).

DSC measurements of the salt hydrates with 1 mass% of one nucleating agent

The supercooling observed for tested salt hydrates as well as complicated character of
melting tried to be suppressed using nucleation agents. Firstly, the only one nucleating agent
was mixed with CaNT, CoNH or NiNH and the reversibility and accumulation ability of these
mixtures were tested during four fast cycles. The average value of Tm, Ter, AHR and AH¢ from
the second to the fourth cycle was determined and the results are shown in Fig. 3, 6 and 8 for
CaNT, CoNH and NiNH. In an effort to obtain the high value of enthalpy changes together
with very low supercooling fifteen nucleating agents were mixed with studied nitrate
hydrates. The used nucleating agents can be divided into six groups according to crystal
structure (The lattice systems and parameters originate from the database of the International
Centre for Diffraction Data Powder Diffraction File, PDF-2). The group of cubic system
covers BaO, CaO and MgO. The tetragonal system is presented in the rutile crystals. All
carbonates and AIO(OH) belong to orthorhombic group. Barium hydroxide octahydrate
crystalizes in monoclinic system. The crystal unit of Ca(OH)2 is in trigonal system. The last
group forming hexagonal system in Mg(OH)., graphite and graphene. The isotypic material
with tested salt hydrates is the most promising, but non-isotypic material with suitable cell

parameters can facilitate epitaxial crystal growth.
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of pure CaNT and average values from the 2", 3" and 4™ cycles for mixtures of CaNT with
addition of 1mass% of nucleating agent.
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Fig. 4: DSC curves of A) the 1t cycle of CaNT and the 4" cycle of its mixtures with 1 mass%
of selected nucleating agent only for heating and B) the 1% and the 4™ cycle of mixture with 1
mass% of graphite for heating and cooling.

In the case of CaNT no reversible charging-discharging process was observed similarly to
pure CaNT for mixtures with addition of 1 mass% of AIO(OH), BaCOs, CaCOs, MgO,
Mg(OH)., MgCOs, Sr(OH)2, SrCOz and TiO> even if the tested temperature range goes down
to -30 °C. However, reversible process was observed for mixtures with addition of 1 mass%
of CaO, Ca(OH); BaO, Ba(OH)..8H:0, graphite and graphene. Unfortunately, the
reversibility of () — (s) transformation is not optimal as can be seen in Fig. 4 because the
exothermic effects do not occur during the cooling but at the beginning of the following
heating scan (see Fig. 4A). The only exception is the mixture with graphite (see Fig. 4B)
where the exothermic effect occurred during the cooling down below -10 °C. However, the
enthalpy of melting is significantly lower when cycles are repeated except the mixture with
graphene. The reason is that the sample is not fully crystalline solid. This behaviour was
directly observed by testing higher amount of the composite in closed glassy flask in the
course of repeated temperature cycles (applied temperature range from -20 to 60 °C using the
water baths). The visual evaluation showed that the mixture of solid and liquid phase is
formed during heating and consequent cooling. When this mixture stands at room temperature

for several hours, it became fully solidified phase identified as CaNT by X-ray diffraction



(formation of any lower hydrate in solid state was not confirmed). The average values of AH,
AH¢ and AT are given in Fig. 3. Unfortunately, these results declare that any of the tested
nucleating agents do not successfully supress supercooling which remains in the range of 38 —
57 °C.

The illustration of selected DSC scans of CoNH and its mixtures with 1 mass% of
nucleating agents is given in Fig. 5A for heating and Fig. 5B for cooling of the fourth cycle.
Concerning the occurrence of the small endothermic peak at temperature above the melting of
CoNH, the occurrence of this peak can be found for mixtures with addition of CaO, graphene
or BaO. The significant increase of this small effect can be observed for mixtures with
addition of TiO2, graphite and even more for CaCOz and AIO(OH). The position of the main
melting peak in temperature is for all mixtures and pure CoNH almost the same. However, the
peak is shifted a bit toward lower temperature for mixture with SrCO3 and on the contrary is
shifted toward higher temperature for mixture with MgO, Mg(OH)., BaCOz and Ca(OH)a.
The height of the main melting peak is even higher for mixture with CaCOg3 than for pure
CoNH. For other mixtures the main melting peak is lower and its maximum is broader
comparing to pure CoNH. The melting peak is the lowest for the mixture with SrCOsg,
Mg(OH)2, MgO, Ca(OH). and Sr(OH).. During the cooling of pure CoNH or its mixtures
with nucleating agent the crystallization was observed. The crystallization peak of pure CoNH
is narrow and sharp as can be seen in Fig. 5B. The similar shape was observed for mixture
with graphene, AIO(OH) and CaCOs. The crystallization peak for mixtures with other
nucleating agents shows lower peak but still narrow. However, the lower crystallization peak
and broad maximum was observed for the mixtures with MgO, TiO2, Ca(OH)., Mg(OH). but
in that case the peaks were simultaneously shifted to higher temperature (see Fig. 5B).
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Fig. 5: DSC scans of the 4™ cycle for CONH and its mixtures with 1 mass% of selected

nucleating agent for A) heating and B) cooling.

Taking in mind the shape of the melting and crystallization peaks as well as the values of the
enthalpy changes and supercooling (Fig. 6), the best accumulation ability is provided by
mixtures of CoNH with 1 mass% of non-isotypic nucleators as CaO and graphite. The last
auspicious agent is isotypic Ba(OH)..8H20. These promising mixtures were further tested by
the slow four cycles using the heating/cooling rate of 2 K min™. This slow rate is closer to real
conditions comparing to fast DSC cycles using the rate as high as 10 K min. The comparison
of characteristic parameters for fast and slow cycles is given in Table 2. The melting
temperature is not significantly affected by the change of heating/cooling rate and Ter
changing only a bit comparing to the rate of 10 K min™. Enthalpy change of heating is for
lower heating rate higher comparing to higher rate except mixture with CaO. The
supercooling is lower with lower heating rate only for mixture with CaO. The other mixtures
provide AT values similar for both tested rates, excluding use of graphite, which caused

increase of the supercooling.
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Fig. 6: Enthalpy change on heating, AHn, and cooling, AHc, and reached supercooling, AT,
average from the 2", 3@ and 4" cycles of pure CoNH and mixtures of CoNH with addition of
1mass% of nucleating agent. The legend in bold emphasizes the best mixtures.

Table 2 The value of melting temperature (Tm), enthalpy change during heating (AHn),
temperature of crystallization (Tc), enthalpy change during cooling (AH¢) and
supercooling (AT) of pure CoNH and CoNH with addition of 1 mass% of nucleating



agent. An average values were calculated from the 2"- 4" cycles of fast as well as slow

N
1

cycles.

Nucleating rate Tm /°C AHh /gt  Ter/°C AHc /J gt AT /°C

agent /K mint

none 10 545+01 1375+09 335+22 -1206+3.0 21.0x+22
2 55.7+0.1 1556+12 334+33 -12563+19 223%+25

CaO 10 541+01 121.5+03 43.7+03 -1223+0.2 104+0.3
2 53.1+£01 111.1+45 450+£05 -1178+03 81+0.5

Ba(OH).. 10 545+01 1269+10 431+06 -1264+03 115+0.6

8H20 2 55.1+0.1 1493+14 440+33 -1281+12 111+34

graphite 10 547+01 1296+08 440+£09 -1325+03 10.7%£0.9
2 546+01 155.1+59 416+45 -1334+21 13.0%£45
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Fig. 7 DSC scans of the 4™ cycle for NiNH and its
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As was mentioned above and illustrated in Fig. 2C, the heating scan of NiNH gives complex

endothermic effect connected with melting of NiNH and probably also with the formation of

lower salt hydrate (in agreement with the result of thermogravimetry results shown in Fig.



1C). The selected DSC scans of NiNH and its mixtures with 1 mass% of nucleating agents are
given in Fig. 7A for heating and Fig. 7B for cooling of the fourth cycle. At the heating, the
noticeable shoulder on the increasing part of the peak similar to that observed for the pure
NiNH was also obtained for mixtures with majority of tested nucleating agents. However, the
mixture with addition of BaO or Sr(COz)2 showed plateau instead of maximum of the peak
and no indication of shoulder on the effect. The simple main peak was observed for mixture
with AIO(OH) with the additional small endothermic affect occurred at higher temperature
similarly as was observed for the same nucleating agent mixed with CoNH. Probably part of
the melted acidic nitrate can react with alkaline Bohmite. The temperature corresponding to
the maximum of endothermic peak on DSC heating scans is for all tested nucleating agents
almost the same within the 5°C range as is seen in Fig. 7A. The height of the main
endothermic peak is similar to that of pure NiNH for all tested nucleating agents. Only
mixture with graphene provided a bit higher peak and even higher show the mixture with
BaCOs or TiO.. The illustration of exothermic effect of crystallization obtained during the
cooling of the samples is given in Fig. 7B. Pure NiNH shows single sharp peak and similar
behaviour was observed for mixture with majority of tested nucleating agents. The shoulder
on decreasing part of the peak was observed for mixture with AIO(OH), graphene, TiO2 and
SrCOs. Significantly broader crystallization peak showed mixture with Mg(OH). and even
indication of shoulder on increasing part of the peak was observed for mixture with graphite.
The temperature corresponding to the beginning of crystallization peak as well as maximum
of the peak differs depending on nucleation agent added to NiNH and change within the range
of 15 °C (see Fig. 7B).
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Fig. 8: Enthalpy change on heating, AHn, and cooling, AHc, and reached supercooling, AT,
average from the 2", 3@ and 4™ cycles of pure NiNH and mixtures of NiNH with addition of
1 mass% of nucleating agent. The legend in bold emphasizes the best mixtures.

Taking into account the shape of the melting and crystallization peaks as well as the values of
the enthalpy changes together with supercooling (Fig. 8), the best accumulation ability shows
mixtures of NiNH with 1 mass% of epitaxial nucleating materials (PDF-2 database) including
CaO (cubic crystals with lattice parameter a = 4.8 A), graphite (hexagonal crystals with a, b =
2.5 A and ¢ = 9.1 A) or Sr(OH), (orthorhombic, a = 6.1, b = 9.9 A and ¢ = 3.9 A). These
promising mixtures were more thoroughly tested in the slow four cycles using the
heating/cooling rate of 2 K min. The comparison of characteristic parameters for fast and
slow cycles is given in Table 3. The application of lower rate caused that the melting
temperature shifts of ca. 2 °C to lower temperature and T increased a bit. Thus, the
supercooling decreases for lower rate for pure NiNH and all three tested nucleating agents and
the minimum value was obtained for mixture with addition of graphite. The enthalpy change
of heating is slightly lower for lower rate for NiNH and addition of CaO whereas is a bit
higher for addition of Sr(OH)2 and graphite. The enthalpy change of cooling is for lower rate
a bit lower for mixture with CaO, but other samples showed higher value in comparison with
rate of 10 K min™.

Table 3. The value of melting temperature (Tm), enthalpy change during heating (AHn),
temperature of crystallization (T¢), enthalpy change during cooling (AH¢) and
supercooling (AT) of pure NiNH and NiNH with addition of 1 mass% of nucleating agent.
An average values were calculated from the 2"- 4™ cycles of fast as well as slow cycles.

Nucleating rate Tm/°C AHhJ gt T /°C AH:/J g AT /°C

agent /K min-t

none 10 540+0.2 1545+22 332+47 -1158+24 20.8+46
2 525401 1492+17 370+£16 -1188+06 155+16

CaO 10 504+04 1138+17 384+£03 -956+05 12.0+£0.7
2 48.6£0.2 99.7+5.0 40.7+0.2 -90.3+04 8.0+£0.3

Sr(OH): 10 55.0+£0.1 1226+11 441+11 -97.3+1.0 112+1.0
2 527+1.2 1295+34 422+04 -111.2+09 105+16

graphite 10 54.7+01 1247+06 40.7+0.7 -1179+03 139%+0.8



2 525+0.1 1487+11 46.7+24 -116.0+03 58+23

DSC measurements of the salt hydrates with 1 mass% of mixture of two nucleating agents
The supercooling observed in composites formed by addition of one nucleating agent
is about 10 °C and still it is too high for practical applications. That is why the mixtures
consisting of two promising nucleating agents were tested. The results for composites with
CoNH are given in Fig. 9 and for NiNH in Fig. 10. In the case of CoNH based samples, the
addition of nucleating agents’ mixture does not significantly reduce the enthalpy change for
heating or cooling compared to pure CoNH, but effectively reduce the supercooling. The best
results with AT equal to 6 °C and 5 °C were obtained for mixture with addition of graphite —

MgO and graphite — Ba(OH)2.8H.0, respectively.
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Fig. 9 Enthalpy change on heating, AHh, and cooling, AHc, and reached supercooling, AT,
average from the 2", 3 and 4" cycles of pure CONH and mixtures of CONH with addition of
1 mass% of mixture of two nucleating agents. The legend in bold emphasizes the best
mixtures.
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Fig. 10: Enthalpy change on heating, AHx, and cooling, AHc, and reached supercooling, AT,
average from the 2", 3@ and 4" cycles of pure NiNH and mixtures of NiNH with addition of
1 mass% of mixture of two nucleating agents. The legend in bold emphasizes the best
mixtures.

In the case of NiNH based samples (Fig. 10), the addition of nucleating agents’ mixture
slightly reduces the enthalpy change for heating and mainly for cooling compared to pure
NiNH. However, in all cases the addition of nucleating agents’ mixture effectively reduce the
supercooling which is only 5 °C for BaO-Mg(OH). and CaO-Mg(OH)2 mixtures and 7 °C for
mixture with Ba(OH)..8H20 -Mg(OH)a.

Nevertheless, the practical application of PCM requires material that is stable within a large
number of cycles. That is why the best compositions given in bold in Fig. 9 and 10 were
tested using fifty fast cycles and the results are summarised in Table 4. In the case of CoNH
and its mixture with graphite — MgO, the low supercooling was kept until the tenth cycle, but
then increased to 10 °C and this value remained until the fiftieth cycle. The increase of
supercooling is caused by shift of crystallization towards lower temperature. Similarly, the
mixture of CoNH with addition of graphite — Ba(OH)2.8H2.O behaved, but the increase of
supercooling occurred around the fifteenth cycle and its value remained lower. Therefore, this
is the best composition with the lowest supercooling value for CoNH. A similar increase in
supercooling with a larger number of cycles was observed for NiNH, where supercooling
increased since the tenth cycle for mixture with BaO-Mg(OH)2, whereas with admixture of

Ca0O-Mg(OH): the low value is maintained until the fortieth cycle and even then the value is



not very high. Thus, the mixture of NiNH with CaO-Mg(OH)2 gives the best results stable
within the fifty cycles.
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Fig. 11: DSC curves for the tenth, thirtieth and fiftieth cycle for mixture of A) CoNH with 1
mass% of graphite-Ba(OH)2-8 H>0 and B) NiNH with 1 mass% of CaO-Mg(OH)a.

Table 4. The value of melting temperature (Tm), enthalpy change during heating (AHh),
temperature of crystallization (Tcr), enthalpy change during cooling (AH¢) and supercooling
(AT) of CoNH and NiNH with addition of 1 mass% of mixture of two nucleating agents. An
average values were calculated from the 2"- 50" cycles of fast cycles.

Composition Tm/°C AHN I gt Ter /°C AH: /3 g? AT /°C

CoNH + 0.5 % graphite  545+0.2 1209+22 443+25 -1134+06 10.2+27
+ 0.5 % MgO

CoNH + 0.5 % graphite 54.3+0.2 1205+15 465+27 -1119+0.7 7.9+25
+ 0.5 % Ba(OH)2.8H20

NiNH + 0.5 % BaO + 50.0+0.5 1165+1.1 37.1+36 -89.6+04 129+32
0.5 % Mg(OH):

NiNH + 05 % CaO + 427+05 108.7+12 379+15 -822+03 48+19
0.5 % Mg(OH):

Conclusion

Pure CaNT under heating showed melting at 44 °C and the enthalpy change of fusion is 138 J
gL. During cooling, no reversible (1) — (s) process was observed in the case of CaNT so we
can consider that the supercooling is higher than 80 °C. Addition of nucleating agent to CaNT

in some cases caused reversibility in (I) — (s) process, but the partial crystallization started



only at the beginning of the heating scan and then consequent melting gave only small
enthalpy of fusion. Nevertheless, the addition of nucleating agent into CaNT in some cases
reduced the supercooling, but only to 50 °C. Pure CoNH and NiNH under heating showed
melting at 56 °C with enthalpy change of 140 J g and 57 °C and 165 J g, respectively.
During the cooling of CoNH and NiNH the crystallization temperature is 43 °C with the
enthalpy change of -130 J g and 20 °C with -108 J g, respectively. Addition of tested
nucleating agents into CoNH and NiNH led to decreasing of supercooling except for
AIO(OH), graphene, TiO2 and CaCOs. However, addition of one nucleating agent into CoNH
led to supressing supercooling to 8 °C for MgO and 10 °C for CaO. On the other hand, the
addition of one nucleating agent was not so effective for NiNH samples where the lowest
supercooling was 11 °C for Sr(OH)2 and 12 °C for CaO. Finally, CONH and NiNH in mixture
with two nucleating agents provided the supercooling less than 5 °C for composites of CoNH
+ 0.5 mass% of graphite + 0.5 mass% of Ba(OH)2.8H20, and NiNH + 0.5 mass% of CaO +
0.5 mass% of Mg(OH).. These two mixtures are also the best stable compositions of longer

testing over fifty cycles.
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