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METAL NITRATE BASED COMPOSITIONS FOR USE AS PHASE CHANGE MATERIALS

Field of the Invention

The present invention relates to metal nitrate hydrates as phase-change materials (PCMs).
More specifically, the present invention relates to metal nitrate hydrates as PCMs with

additives to overcome sub-cooling.

Background to the Invention

Latent heat storage makes use of a first-order phase change (solid-to-solid, solid-to-liquid,
liquid-to-gas) to store heat energy. On first heating the material will exhibit sensible heat
storage: the temperature rises in accordance with the material's specific heat capacity as heat
is absorbed. The temperature then remains constant at a certain point when heat energy is
absorbed as the phase transition occurs. Once the phase change has taken place the
temperature will rise again, as sensible heat storage occurs in the new phase. The advantage
over sensible heat storage is that a similar or greater amount of heat can be stored over a

much smaller temperature range, and in a smaller volume.

Any material with a high heat of transformation can be used for latent-heat storage, but due to
engineering and practicality, certain systems are more feasible to operate than others. Solid-
to-solid phase transitions are relatively rare, and liquid-to-gas phase changes have an
associated large volume change and therefore present substantial engineering challenges.

The majority of PCMs exploited for heat storage exhibit a solid-to-liquid transition. As the solid
melts it stores heat — latent heat of fusion (AHf) — and when the liquid freezes it releases the

stored heat.

In this field, metal nitrate hydrates are a class of PCMs which may be exploited. They are
generally low cost, in many cases non-toxic and typically exhibit large latent heats of fusion.
However, there exist issues which must be overcome for their application. As is typical for salt
hydrates, metal nitrate hydrates exhibit sub-cooling, the phenomenon whereby a material may
remain in a liquid state below its melting point without spontaneous crystallisation. The solution
remains kinetically trapped in a metastable state; however, crystallisation may be achieved

via the introduction of a nucleation centre.
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Nucleation is the initiation process that leads to the formation of a solid phase as molecules,
atoms or ions arrange themselves into a continuous superstructure. The initial nucleation
centre provides a site upon which dissolved or molten material at the solid/liquid interface can
be arranged, and thus the crystal grows. The nucleation process can either occur in the bulk

liquid or on a specific surface.

Nucleation centres can be introduced deliberately. Addition of a like crystallite, also known as
seeding, provides a nucleation site and can in some cases influence the crystal habit of the
crystal that forms. Nucleation centres can also be formed from physical processes, such as
sonication. Specific agents, other than the material in question, with a specific surface
chemistry or morphology may also induce nucleation, typically referred to as nucleation

agents.

However, for many metal nitrate hydrates, no nucleation agents are known by which the
problem of sub-cooling may be addressed. Furthermore, crystallisation of such materials may
proceed slowly, limiting the thermal power output (rate of heat release from the crystallisation

process).

Nucleation agents are largely specific to the materials to which they provide suppression of
sub-cooling, and in some cases agents can be found in another crystalline material with similar

chemistry, lattice structures and a higher melting point.

Another issue is the range of different melting and crystallisation temperatures exhibited by
metal nitrate hydrates, which are wide ranging and may be at points which are inopportune for

certain applications.

It is an object of at least one aspect of the present invention to obviate or mitigate at least one

or more of the aforementioned problems.

It is a further object of the present invention to provide an improved PCM where minimal or no

sub-cooling is exhibited.

Itis a further object of the present invention to provide a PCM which may be reliably thermally

cycled repeatedly between solid and liquid forms.
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Itis a further object of the present invention to provide a PCM which may be reliably thermally
cycled repeatedly between solid and liquid forms, where the crystallisation rate is increased

by physical means such as, but not limited to, agitation or the application of ultrasound.

Itis a further object of the present invention to provide a PCM where the temperature of the
melting and crystallisation transitions are depressed or tuned or selectable by blending of more
than one metal nitrate and/or metal nitrate hydrate components, or addition of another

compound that has a melting point depressant effect.

Summary of the Invention

The present invention relates to the use of combinations of metal nitrates and hydrates thereof
with other metal nitrate hydrates and/or metal nitrates as PCMs. These materials are

potentially inexpensive and typically melt congruently, two crucial properties of a good PCM.

The present invention also relates to metal nitrate hydrates as phase change materials
(PCMs). As discussed in more detail below the metal nitrate hydrate PCMs containing group

Il metal nitrates may function as nucleation agents.

The present invention of all relates to the combination of multiple chemical species in the PCM

formulation which act together to induce nucleation of metal nitrate PCMs.

The present invention also relates to physical mechanisms by which nucleation of metal nitrate

hydrate based PCMs and crystallisation rate increased are disclosed.

According to the first aspect of the invention there is provided PCM compositions where a
metal nitrate hydrate based PCM is improved to give reduced or no sub-cooling.

For these reasons, the metal nitrate hydrate based PCMs described in the present invention
have a wide variety of potential applications in different industries. By way of non-limiting
example, the disclosed PCMs may be used for temperature control or thermal buffering in
buildings. They may also be used to heat up water or other fluids, or as a method by which
rapid cooling of a hot material down to a non-harmful temperature may be achieved. Some of
the PCMs disclosed herein exhibit sub-ambient melting transitions and therefore may be used
for process cooling, refrigeration and air conditioning applications. Due to the potential of the
phase change temperatures of the nitrate based PCMs to be depressed and tuned as

described herein, charging of the PCM using cheap, efficient low temperature heat pumps can
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be achieved. Therefore, the present invention is a key candidate for supplying low emission,

low cost heating and cooling solutions.

However, for successful application of metal nitrate based PCMs the issue of sub-cooling must

be overcome.

It has been found that metal nitrate based PCMs may be self-nucleated with crystals of the
metal nitrate hydrate in question e.g. crystals of calcium nitrate tetrahydrate may be used as
a nucleating agent for a calcium nitrate tetrahydrate based PCM, in a process known as
seeding. This has been found to avoid sub-cooling, although this method requires seeding
after every melting transition as the seed crystals also melt when the material is recharged.
Alternatively, it can be that the entirety of the solid calcium nitrate tetrahydrate is never melted,
and therefore there are always seed crystals present, but this method may be unreliable and

lead to compromised designs.

There are a range of scenarios by which nucleation via seeding may occur. It is disclosed
herein that a thin metal plate such as a disc with indentations (e.g. machined grooves) may
be used to initiate crystallisation in a sub-cooled melt by retaining a seed crystal under high
pressure in said indentations (e.g. grooves). By ejecting said crystal a nucleation point is
produced, and crystallisation of the bulk material may proceed. It is disclosed that this process
can be performed on repeated charge-discharge cycles and thereby a fully cyclable PCM

system is achieved.

The present invention also relates to a method of overcoming sub-cooling with the addition of

a heterogeneous nucleating agent.

A further disclosure in the present invention are group Il nitrate hydrates and combinations of
group Il nitrates which may be used as nucleation agents. Materials such as strontium nitrate,
magnesium nitrate or barium nitrate are herein disclosed to be effective nucleation agents for

metal nitrate hydrate based PCMs.

The present invention also includes physical means by which the crystallisation rate of a PCM
based on one or more metal nitrate hydrates may be increased, such as agitation,
recirculation, pumping, sonication, or combinations thereof. These methods are used to break
growing crystallites into more numerous smaller crystallites, providing a greater surface area

for further crystal growth, and to disperse such particles throughout the PCM.
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A preferred embodiment of the present invention is a composition containing calcium nitrate
tetrahydrate with the additives strontium nitrate and/or magnesium nitrate, or any of their
respective hydrates, by which a fully cyclable PCM that exhibits minimal sub-cooling can be
obtained. An extension to the embodiment is to substitute strontium with barium, which is

chemically very similar.

The present invention also relates to a range of PCMs based on metal nitrate hydrates wherein
the melting transition temperature of the PCM is tuned by the addition of at least one other
metal nitrate or hydrate thereof. Thereby a variety of different PCMs where the operational
temperature range may be altered as required are disclosed. A further disclosure as part of
the present invention is the effective nucleation of such melting point depressed PCMs with

the nucleation agents disclosed as part of this invention.

According to a second aspect of the present invention there is provided use of metal nitrates
or metal nitrate hydrates as phase change materials (PCMs) with a nucleation agent based

on group |l metal nitrates or metal nitrate hydrates.

The nucleation may be achieved by a seeding process (i.e. addition of crystals of the same

chemical identity as a component of the PCM) to overcome subcooling.

The nucleation agent may be a nitrate salt with more than one distinct cation.

The nucleation agent may be comprised of one or more group Il metal nitrate(s) and/or metal

nitrate hydrate(s).

The PCM may the nucleated with a nucleating agent that is kept at high pressure (e.g. above
atmospheric pressure) during the melting process.

The nucleation agent may be a crystal of one or more components of the PCM that has been
kept solid above its melting point by being in a region of high pressure in cracks on the surface

of a metal sample.

The metal sample may, for example, be a thin metal disc with machined grooves which may

be flexed to release the nucleation agent into the bulk PCM.

The nucleation agent may be comprised of a group |l metal nitrate such as magnesium nitrate

or any hydrate form thereof.
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The nucleation agent may be comprised of a group |l metal nitrate such as strontium nitrate

or any hydrate form thereof.

The nucleation agent may be comprised of a group Il metal nitrate such as calcium nitrate or

any hydrate form thereof.

The nucleation agent may be comprised of a group Il metal nitrate such as barium nitrate or
any hydrate form thereof.
The nucleation agent may be a combination of two or more group Il metal nitrates, including

any combination of anhydrous and hydrated forms thereof.

The nucleation agent may be a combination of strontium nitrate and magnesium nitrate or any

hydrate forms thereof.

The nucleation agent may be a combination of calcium nitrate and magnesium nitrate or any

hydrate forms thereof.

The nucleation agent may be a combination of magnesium nitrate and barium nitrate or any

hydrate forms thereof.

The nucleation agent may be a combination of strontium nitrate and barium nitrate or any

hydrate forms thereof.

The nucleation agent may be a combination of strontium nitrate, barium nitrate and
magnesium nitrate or any hydrate forms thereof.

The nucleation agent AB present at a concentration which is above the solubility limit in the
bulk PCM.

The nucleation agent may be present in at least about 5%, about 1% or about 0.1% by weight
of the PCM.

According to third aspect of the present invention there is provided a PCM comprised of;
at least one metal nitrate hydrate selected from any one of or a combination of a list

comprised of:
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lithium nitrate, sodium nitrate, potassium nitrate, calcium nitrate, barium nitrate,
scandium nitrate, zinc nitrate, copper nitrate, iron nitrate, manganese nitrate, chromium
nitrate, strontium nitrate, silver nitrate, yttrium nitrate, zirconium nitrate, titanium nitrate,
any lanthanide metal nitrate, ammonium nitrate, aluminium nitrate, bismuth nitrate,
gallium nitrate, magnesium nitrate, lead nitrate;
and/or any hydrate form thereof;

and a nucleation agent as defined herein.

The PCM aside from the nucleation agent may be a mixture of more than one metal nitrate

and/or metal nitrate hydrate.

The PCM may have a melting temperature lower than that of each chosen component

individually.

Typically, by altering the amounts of the chosen metal nitrates and/or hydrates thereof, the

melting point of the PCM is capable of being tuned to a specific point within a range of values.

The PCM may be a eutectic mixture of the chosen components.

The PCM may be a binary, ternary or quaternary eutectic mixture of the chosen components.

The PCM may be comprised of; between about 98% and 99.6% by weight of at least one
metal nitrate hydrate, between about 0.2% and 1% by weight strontium nitrate or any hydrate

thereof and between about 0.2% and 1% by weight magnesium nitrate or any hydrate thereof.

The PCM may be comprised of: between about 0% and 99.8% by weight calcium nitrate
tetrahydrate; between about 0% and 1% by weight strontium nitrate tetrahydrate; between
about 0% and 1% by weight magnesium nitrate hexahydrate; between about 0% and 1% by
weight barium nitrate; between about 0% and 99.8% by weight lithium nitrate trihydrate;
between 0% and 50% by weight manganese nitrate tetrahydrate; between about 0% and
99.8% by weight manganese nitrate hexahydrate; between about 0% and 99.8 % by weight
zinc nitrate hexahydrate; between about 0% and 99.8% by weight copper nitrate hexahydrate;
between about 0% and 40% by weight copper nitrate trihydrate; between about 0% and 40%
by weight copper nitrate hemipentahydrate; between about 0% and 92.8% by weight iron
nitrate nonahydrate; between about 0% and 10 % by weight sodium nitrate; and between

about 0% and 30 % by weight potassium nitrate.
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The PCM may be comprised of, about 99.2% by weight calcium nitrate tetrahydrate, about
0.4% by weight strontium nitrate tetrahydrate and about 0.4% by weight magnesium nitrate

hexahydrate.

The PCM may be comprised of; about 99.3% by weight calcium nitrate tetrahydrate, about

0.3% by weight barium nitrate and about 0.4% by weight magnesium nitrate hexahydrate.

The PCM may be comprised of, about 99.4% by weight calcium nitrate tetrahydrate, about
0.3% by weight strontium nitrate and about 0.3% by weight magnesium nitrate dihydrate.

The PCM may be comprised of, about 57.2% by weight calcium nitrate tetrahydrate, about
42.0% by weight lithium nitrate trihydrate, about 0.4% by weight magnesium nitrate

hexahydrate and about 0.4% by weight strontium nitrate tetrahydrate.

The PCM may be comprised of, about 40.0% by weight calcium nitrate tetrahydrate, about
29.4% by weight lithium nitrate trihydrate, about 29.8% by weight copper nitrate hexahydrate,
about 0.4% by weight magnesium nitrate hexahydrate and about 0.4% by weight strontium

nitrate tetrahydrate.

The PCM may be comprised of; about 32.1% by weight calcium nitrate tetrahydrate, about
23.5% by weight lithium nitrate trihydrate, about 23.8% by weight copper nitrate hexahydrate,
about 19.8% by weight zinc nitrate hexahydrate, about 0.4% by weight magnesium nitrate

hexahydrate and about 0.4% by weight strontium nitrate tetrahydrate.

The PCM AB comprised of; about 24.0% by weight calcium nitrate tetrahydrate, about 17.6%
by weight lithium nitrate trinydrate, about 17.9% by weight copper nitrate hexahydrate, about
39.7% by weight manganese nitrate hexahydrate, about 0.4% by weight magnesium nitrate

hexahydrate and about 0.4% by weight strontium nitrate tetrahydrate.

The PCM may be comprised of, about 39.7% by weight calcium nitrate tetrahydrate, about
59.5% by weight copper nitrate hexahydrate, about 0.4% by weight strontium nitrate

tetrahydrate and about 0.4% by weight magnesium nitrate hexahydrate.

The PCM may be comprised of, about 59.5% by weight calcium nitrate tetrahydrate, about
39.7% by weight zinc nitrate hexahydrate, about 0.4% by weight strontium nitrate tetrahydrate

and about 0.4% by weight magnesium nitrate hexahydrate.
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The PCM may be comprised of; about 44.6% by weight calcium nitrate tetrahydrate, about
54.6% by weight iron nitrate nonahydrate, about 0.4% by weight strontium nitrate tetrahydrate

and about 0.4% by weight magnesium nitrate hexahydrate.

The PCM may the comprised of, about 69.4% by weight zinc nitrate hexahydrate, about 29.8%
by weight lithium nitrate trihydrate, about 0.4% by weight strontium nitrate tetrahydrate and

about 0.4% by weight magnesium nitrate hexahydrate.

The PCM may be comprised of; about 39.7% by weight iron nitrate nonahydrate, about 34.1%
by weight calcium nitrate tetrahydrate, about 25.4% by weight lithium nitrate trihydrate, about
0.4% by weight magnesium nitrate hexahydrate and about 0.4% by weight strontium nitrate

tetrahydrate.

The PCM may be comprised of; about 14.7% by weight manganese nitrate hexahydrate, about
83.3% by weight zinc nitrate hexahydrate, about 1% by weight strontium nitrate and about 1%

by weight barium nitrate.

According to fourth aspect of the present invention there is provided a method of increasing
the rate of crystallisation of a PCM according to any preceding claim by mechanical
manipulation of nucleation centres including agitation, recirculation, pumping, sonication, or

combinations thereof.

One or more growing crystallites may be dispersed throughout the PCM.

A nucleation agent may be dispersed throughout the PCM.

One or more growing crystallites may be divided into a greater number of smaller crystallites.

According to fifth aspect of the present invention there is provided a method of preparing a
PCM as defined herein and as defined in any of the first to fourth aspects comprising:
providing at least one metal nitrate hydrate and at least one other metal nitrate and/or
metal nitrate hydrate, and
heating the mixture above the melting transition temperature of one or more of the

components and stirring to form a single pourable liquid.
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An anhydrous metal nitrate and/or a metal nitrate hydrate of a lower hydration number than is
desired in the final PCM composition may be used in place of one or more metal nitrate

hydrate(s) with the addition of an amount of water to give the final PCM composition.

A metal nitrate hydrate with a higher hydration number than is desired in the PCM composition
may be used, and the excess water removed by or saturated with one or more anhydrous

metal nitrate(s) and/or lower hydrate metal nitrate salt(s) to give the final PCM composition.
A metal nitrate solution may be used, and the excess water removed or saturated with one or
more anhydrous metal nitrate(s) and/or lower hydrate metal nitrate salt(s) to give the final PCM

composition.

The metal nitrate and/or metal nitrate hydrate may have been synthesised or produced by

reaction.

The PCM may be formed by neutralisation of nitric acid by the corresponding basic metal salt

in the presence of the correct amount of water to achieve a specific composition.
The PCM may be formed by neutralisation of nitric acid by the corresponding metal bases in
the presence of excess water which is then removed or saturated with one or more anhydrous

metal nitrate(s) and/or lower hydrate metal nitrate salt(s) to give the final PCM composition.

Any anion other than nitrate may be removed by ion exchange, or precipitation with an

appropriate metal salt followed by physical separation.

Description of the Figures

The invention will now be described with reference to the following Figures in which:

Figure 1 is a representation of a bag filled with calcium tetrahydrate with a flexible metal disk

located therein according to an embodiment of the present invention.

Figure 2 shows crystal growth from a nucleation centre created by flexing a metal disk located

therein according to an embodiment of the present invention.
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Figure 3 is a representation of the bag shown in Figure 1 where a metal disk has been flexed
to initiate nucleation of the calcium nitrate tetrahydrate to provide a temperature rise to 42.3 °C

at the point of nucleation.

Figure 4 is a representation of the bag shown in Figure 2 where the temperature has risen to

around 43 °C after the material is allowed to fully crystallise.

Figure 5 shows a vial of molten salt containing two crystals of strontium nitrate tetrahydrate
(circled) according to a further embodiment of the present invention.

Figure 6 shows a comparison of vials containing calcium nitrate tetrahydrate, calcium nitrate
tetrahydrate and nucleators A and B individually, and a vial of calcium nitrate tetrahydrate
containing both nucleator A and nucleator B together at ambient conditions. In this figure,
nucleator A and B are defined as magnesium nitrate hexahydrate and strontium nitrate

tetrahydrate respectively.

Figure 7 shows initial thermal cycles of a sample of pure calcium nitrate tetrahydrate and a
sample of calcium nitrate tetrahydrate containing the magnesium nitrate hexahydrate and

strontium nitrate tetrahydrate nucleation agents.

Figure 8 shows the same samples as defined in Figure 6 after around 200 hours of thermal

cycling.

Figure 9 shows a charge and discharge cycle of a heat battery filled with a PCM as disclosed

in the present invention.

Figure 10 shows two charge and discharge cycles of a heat battery filled with a PCM consisting

only of calcium nitrate tetrahydrate.

Figure 11 shows two charge and discharge cycles of the same heat battery as was charged
and discharged in Figure 10 after the addition of strontium nitrate tetrahydrate and magnesium

nitrate hexahydrate nucleation agents.

Figures 12 & 13 show thermal cycles of calcium nitrate tetrahydrate containing various

amounts of zinc nitrate hexahydrate.
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Figure 14 shows a thermal cycle of one particular calcium nitrate tetrahydrate sample
containing zinc nitrate hexahydrate and a nucleation agent in a 3-layer calorimetry set up.

Note should be given to the axis break on the x-axis.

Figure 15 shows a thermal cycle of a particular composition of calcium nitrate tetrahydrate

containing lithium nitrate trihydrate without any nucleation agent in a 3-layer calorimetry set

up.

Figure 16 shows a thermal cycle of a particular composition of calcium nitrate tetrahydrate

containing lithium nitrate trihydrate with a nucleation agent in a 3-layer calorimetry set up.

Figures 17-19 show example thermal cycles of calcium nitrate tetrahydrate containing various

amounts of copper nitrate hexahydrate.

Figure 20 shows a thermal cycle of a particular composition of calcium nitrate tetrahydrate

containing copper nitrate hexahydrate with a nucleation agent in a 3-layer calorimetry set up.

Figures 21 & 22 shows thermal cycles of manganese nitrate hexahydrate containing various

amounts of zinc nitrate hexahydrate.

Figure 23 shows a thermal cycle of a particular composition of zinc nitrate hexahydrate

containing manganese nitrate hexahydrate with a nucleation agent in a 3-layer calorimetry set

up.

Detailed Description

The present invention relates to the use of metal nitrates as a PCM. In particular, the present
invention relates to a metal nitrate hydrate containing one or more metal nitrates, or hydrates
thereof, as a PCM.

Metal nitrate hydrates are known to have melting points in a broad range from near ambient
upwards, and generally high latent heats of fusion. The inventors have unexpectedly found
that these attributes are highly attractive for use as a PCM as these materials are typically
inexpensive and melt congruently (i.e. forms only a single homogeneous liquid phase upon
melting). However, many of such metal nitrate hydrates sub-cool. Therefore, the disclosed
invention describes PCM compositions where nucleation occurs due to the introduction of a

nucleation agent additive, as well as methods by which such an additive may be introduced
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into the PCM. Thereby the inventors disclose PCMs which may be thermally cycled between

charged and discharged states repeatedly with reliable crystallisation on each cycle.

In addition to providing various reliable nucleation agents for metal nitrate based PCMs, a
number of melting point depressed metal nitrate based PCMs are disclosed herein. Selecting
from a number of metal nitrates and their corresponding hydrates, the present invention
discloses PCMs with melting transitions as low as, for example, 3 °C. The disclosed PCM
compositions are comprised of a metal nitrate hydrate and at least one other metal nitrate
and/or hydrate thereof, and a nucleation agent as disclosed herein.

For an additive to be a successful melting point depressor of a PCM, it should have the

following properties:

e A common ion (e.g. NO3)
e Similar density to the main component of the PCM
e Similar pH to the main component of the PCM

e Soluble in the main component of the PCM

The suitability of a range of metal nitrates and metal nitrate hydrates is herein established as

a suitable, tuneable melting point depressor for metal nitrate hydrates.

The materials disclosed for this purpose are, for example, selected from any one of or
combination of the following: lithium nitrate, sodium nitrate, potassium nitrate, calcium nitrate,
barium nitrate, scandium nitrate, zinc nitrate, copper nitrate, iron nitrate, manganese nitrate,
chromium nitrate, silver nitrate, yttrium nitrate, zirconium nitrate, titanium nitrate, any
lanthanide metal nitrate, ammonium nitrate, aluminium nitrate, bismuth nitrate, gallium nitrate,
or any hydrate thereof. Wherein any of these metal nitrates and/or hydrates thereof may be
used alone or as a mixture with one or more others from said list, with a nucleation agent as

disclosed herein.

Several metal nitrates and their hydrates are known to the inventors as being PCMs, melting
point depression agents and/or nucleation agents, however they are disregarded due to their
hazardous nature. These materials are beryllium nitrate, cadmium nitrate, nickel nitrate, cobalt

nitrate, mercury nitrate and any actinide nitrate, or any hydrate thereof.
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The present inventors have found that it is possible to induce nucleation in metal nitrate

hydrates where sub-cooling occurs so that they may be used as fully thermally cyclable PCMs.

A system comprised of a metal nitrate hydrate may be nucleated with crystals of itself i.e.
crystals of the solid form of that metal nitrate hydrate. The present application describes a
method of overcoming sub-cooling in metal nitrate hydrates by using seeding i.e. addition of

crystals of calcium nitrate tetrahydrate to a sub-cooled melt of calcium nitrate tetrahydrate.

On appreciating this, the present invention describes methods of adding seed crystals to the

system to initiate crystallisation.

A thin metal plate (e.g. a disk) with indentations (e.g. grooves such as machined grooves)
which may be flexed back and forth may be used in the presence of a metal nitrate hydrate to
produce seed crystals. It is believed that crystallites in the cracks of the machined grooves are
under high pressure and therefore do not melt during the heating step where the bulk becomes
molten. When the disc is flexed, the crystallites are ejected into the bulk, giving nucleation

centres from which further crystal growth can occur rapidly.

The inventors have found that flexing such a disc in contact with crystalline metal nitrate
hydrates may be used to load crystallites into the aforementioned machined grooves in the

disc, which then may be subsequently used to provide nucleation sites.

Thus, encapsulation of metal nitrate hydrates in a container fitted with a flexible piece of metal
with grooves capable of maintaining crystallites at sufficient local pressure within the grooves

gives a route to nucleation by in situ seed crystal release.

The present invention also discloses heterogeneous nucleation agents for metal nitrate
hydrates, defined as a material which is in the solid phase at the temperatures around the
melting transition temperature of the bulk PCM. It is disclosed herein that while the individual
metal nitrate or hydrate thereof may not act as a nucleation agent, when two or more of such
species are present then a PCM which reliably nucleates with minimal or no sub-cooling is

obtained.

It has been found that the combination of more than one metal nitrate hydrate or anhydrous
metal nitrate provides a successful nucleation agent for the metal nitrate hydrates and metal

nitrate hydrates with melting point depression agents. It would generally be expected that any
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additive acting as a heterogenous nucleator should work alone, but surprisingly, the individual

nitrates or hydrates thereof do not nucleate the PCM but work only when combined.

Without wishing to be bound to any particular theory, it is suggested herein that the
combination of magnesium and strontium nitrates with calcium nitrate forms a trimetallic
complex comprised of strontium-magnesium-calcium nitrate. It is known that an analogous
trimetallic phosphate species exists (CAS number: 61114-28-1). The inventors suggest that
such a trimetallic species may form with nitrate anions and that this species is the active
nucleation agent for the disclosed metal nitrate based PCMs. Formation of this species in the
disclosed PCM formulations may occur when a pair of cations is added to a saturated calcium
nitrate solution.

An alternative theory is that one cation alters the crystal surface or faces of crystallites of the

other when submerged in a nitrate solution, such as molten calcium nitrate tetrahydrate.

In the present invention it is established that group Il metal nitrates and their respective
hydrates may be effective nucleation agents for metal nitrate based PCMs. Typically group Il
nitrates may be purchasable as the metal nitrate hydrates or anhydrous metal nitrates. These
materials are known to have different crystal structures and typically form with different particle
sizes and dimensions, and thus will behave differently as nucleation agents. By hydration or
recrystallisation a chosen metal nitrate or hydrate thereof may be converted to a different
hydrate or anhydrous form, thereby arriving at different potential nucleation agents for metal
nitrate based PCMs.

Slow crystallisation of PCMs has been found to limit the thermal output power of an energy
storage system comprised of said PCM. An aspect of the present invention is to overcome
this issue by the application of a variety of methods to break the growing crystallites into a
multitude of smaller crystallites, disperse crystallites throughout the PCM, and disperse the
nucleator throughout the PCM. Methods such as agitation, recirculation, pumping, sonication,
or combinations thereof are disclosed as part of the present invention as solutions to slow

crystallisation of metal nitrate based PCMs.

A further aspect of the present invention is the preparation methods of PCMs based on metal

nitrate hydrates containing melting point depressors and/or effective nucleation agents.

The PCM formulations disclosed in the present invention may be prepared by reaction of metal

ion precursors with a source of nitrate ions, where the metal precursors may be metal oxides,
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metal carbonates, metal hydroxides, a metal salt bearing an anion other than nitrate, or

combination thereof.

The PCM formulations disclosed in the present invention may be prepared by addition of a
commercially available metal nitrate hydrate or anhydrous metal nitrate, or by the combination

of an anhydrous metal nitrate and an amount of water required to give a metal nitrate hydrate.

Where required in an anhydrous form, metal nitrate hydrates may be dehydrated by heating,
under reduced pressure, dehydrated in situ (i.e. within the PCM) or combination thereof to

give the anhydrous salt for use in the disclosed PCM formulations.

Where a metal salt bearing an anion other than nitrate is used to prepare the PCMs disclosed
herein, removal of the original anion may be achieved by ion exchange or precipitation with
an appropriate metal nitrate which would give an insoluble product which may be removed by

physical means.

Below are given non-limiting examples of the present invention:

Example 1

Figure 1 depicts a representation of a bag generally designated 10 filled with calcium
tetrahydrate with a flexible metal disk 12 located therein. The flexible metal disk 12 has a
number of surface grooves.

In such a system, after heat-sealing, re-melting and allowing a pouch to cool to room
temperature, crystallisation can be achieved by flexing the metal disk 12, giving a nucleation
centre in the vicinity of the metal disk 12 as shown in Figure 2.

Heat release may be tracked using a thermal imaging camera as shown in Figures 3 and 4.
In Figure 3, the nucleation of the calcium nitrate tetrahydrate (Ca(NOz)2-4H>0) has been
initiated by the flexing of the metal disk. In the area where crystals are formed the temperature

rises to 42.3 °C.

In Figure 3, the temperature has risen to 42.8-42.9 °C on full crystallisation of the pouch.
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The inventors find that the contents of the bag may be re-melted several times and crystallised
reliably by this method, and thereby provide a technique for initiating the crystallisation of

calcium nitrate tetrahydrate.

Example 2

Strontium nitrate is easily available in anhydrous form, and the tetrahydrate can be formed by

recrystallising saturated solutions from water at low temperatures.

Addition of strontium nitrate tetrahydrate to a vial of sub-cooled calcium nitrate tetrahydrate

did not result in crystallisation.

Figure 5 shows a vial 20 of molten salt containing two crystals of strontium nitrate tetrahydrate

(circled). It can clearly be seen that no crystallisation has taken place.

However, it is found that addition of magnesium nitrate hexahydrate to this mixture of calcium
nitrate tetrahydrate and crystals of strontium nitrate tetrahydrate causes nucleation of the

calcium nitrate tetrahydrate.

Figure 6 shows a comparison of vials containing calcium nitrate tetrahydrate and each of the
nucleation agents individually, as well as both nucleation agents together at a temperature
below the freezing transition temperature of calcium nitrate tetrahydrate. Clearly, both the vial
of pure calcium nitrate tetrahydrate (30), and calcium nitrate tetrahydrate containing only
magnesium nitrate hexahydrate (A) (40) or strontium nitrate tetrahydrate (B) (50) are seen to
be sub-cooled. However, the vial containing calcium nitrate tetrahydrate and both A and B (60)
nucleation agents can be seen to have crystallised.

This combination of magnesium nitrate hexahydrate and strontium nitrate tetrahydrate is found
to be repeatably thermally cyclable, reliably crystallising where a sample of pure calcium
nitrate tetrahydrate, or calcium nitrate tetrahydrate containing only one of the two components

of the nucleation agent, would sub-cool without nucleation.

Figure 7 shows initial thermal cycles of a sample of pure calcium nitrate tetrahydrate and a
sample of calcium nitrate tetrahydrate containing the magnesium nitrate hexahydrate and
strontium nitrate tetrahydrate nucleation agents. No nucleation of the pure calcium nitrate
tetrahydrate is observed, wheras a crystallisation plateau and subsequent melting transition

can be seen in the sample containing the nucleators disclosed herein.
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Figure 8 shows the same samples as defined in Figure 6 after around 200 hours of thermal
cycling. No change in the melting and crystallisation plateaus is noted between the cycles
shown and those shown in Figure 7. The nucleation agents disclosed in the present invention

are therefore found to be effective over prolonged thermal cycling.

Example 3

An amount of calcium carbonate was added to nitric acid solution such that about a 1:2 molar
ratio of calcium ions and nitrate ions was achieved. The nitric acid solution concentration was
chosen such that the total water content in the final mixture matched the composition of
calcium nitrate tetrahydrate (around 30 wt% water), taking into account the water of
neutralisation produced by the reaction. An amount of anhydrous strontium nitrate and an
amount of water corresponding to about 4 equivalents with respect to the strontium nitrate
were then added with stirring. An amount of commercial magnesium nitrate hexahydrate was

then added to give the final PCM composition.

Example 4

A PCM comprised of calcium nitrate tetrahydrate, strontium nitrate tetrahydrate and
magnesium nitrate hexahydrate was introduced into a heat battery apparatus fitted with a heat
exchanger with inlet and outlet pipes via which a heat transfer fluid may be circulated through
the battery. The PCM was then thermally cycled by circulating heated or cooled heat transfer
fluid through the heat exchanger, and the energy determined by measuring the flow rate and

temperature of the inlet and outlet of the heat exchanger.

Figure 9 shows a standard charge and discharge cycle of the heat battery-PCM set up. On
charging a plateau at around 43 °C can be noted and upon passing a cold heat transfer fluid
through the heat exchanger to discharge crystallisation occurs giving a crystallisation plateau
at around 35 °C.

Example 5

A similar heat battery set up to that described in Example 4 was prepared, but filled with pure
calcium nitrate tetrahydrate. Figure 10 shows two charge and discharge cycles of this heat
battery. It was found that, on discharging, the material would sub-cool down to around 27 °C,

after which point nucleation occurred, producing around a 30 °C plateau temperature.
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Nucleation was driven by a seed crystal present in the battery, as the bulk PCM was not

completely molten before discharging began.

Strontium nitrate tetrahydrate and magnesium nitrate hexahydrate were then added to the
battery and the test repeated. The charge and discharge profiles of the battery after nucleation
agent addition is shown in Figure 11. The temperature at which the PCM nucleated was found
to rise to about 31 °C, and the plateau temperature was found to rise to 35 °C. It is hereby
demonstrated that the addition of nucleation agents to calcium nitrate tetrahydrate is an
effective method by which the nucleation and crystallisation performance of the PCM is

improved.

Example 6

Starting from the hexahydrate form of zinc nitrate and the tetrahydrate form of calcium nitrate:
amounts of zinc nitrate hexahydrate ranging from about 5% to 50% by weight of the total
sample weight into an amount of calcium nitrate tetrahydrate to balance were mixed together.
The mixture of nitrate hydrates was heated about 2 - 5 °C above the melting transition
temperature of calcium nitrate tetrahydrate (around 43 °C). Maintaining this temperature, the
mixture was stirred until a clear, colourless, homogeneous liquid is obtained. The liquid was
then transferred to a control thermal cycling apparatus and repeatedly cooled and heated while

logging the internal temperature using a thermocouple.

An example thermal cycle is given in Figures 12 & 13.

Nucleation of the PCM mixture may be initiated by low temperatures, as is the case in Figures
12 & 13, seeding, or by addition of a nucleation agent. On addition of a few crystals of
magnesium nitrate hexahydrate and strontium nitrate tetrahydrate, nucleation was initiated in
the sub-cooled melt. The eutectic mixture of calcium nitrate tetrahydrate and zinc nitrate
tetrahydrate containing the magnesium nitrate hexahydrate-strontium nitrate tetrahydrate
nucleator was prepared and added to a plastic pouch which was subsequently sealed and
placed into a 3-layer calorimetry set up and thermally cycled.

An example thermal cycle is given in Figure 14.

Minimal sub-cooling was observed in the presence of the nucleation agent.
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Thereby several PCM compositions comprised of calcium nitrate tetrahydrate and zinc nitrate

hexahydrate are identified, and the degree of melting point depression achieved quantified.

Example 7

Starting from anhydrous lithium nitrate and the tetrahydrate form of calcium nitrate: to
anhydrous lithium nitrate was added water such that the trihydrate composition (56.79%
LiNOs, 43.91% H20) was obtained. An amount of calcium nitrate tetrahydrate was added to
this material such that the resulting PCM contained between about 40% and 95% calcium
nitrate tetrahydrate and lithium nitrate trihydrate to balance. The mixture of nitrate hydrates
was heated about 2 - 5 °C above the melting transition temperature of calcium nitrate
tetrahydrate (around 43 °C). Maintaining this temperature, the mixture was stirred until a clear,
colourless, homogeneous liquid is obtained. The liquid was then transferred to a plastic pouch
which was subsequently sealed and placed into a 3-layer calorimetry set up and thermally

cycled.

An example thermal cycle of one particular PCM composition is given in Figure 15.

On addition of a few crystals of magnesium nitrate hexahydrate and strontium nitrate
tetrahydrate, nucleation was initiated in the sub-cooled melt, without the need to cool to
dramatically low temperatures. An example thermal cycle after addition of the nucleation agent
is given in Figure 16. A clear reduction in the subcooling is noted on addition of the nucleation

agent.

Using this method, the melting/crystallisation temperature and energy densities of a range of
materials comprised of calcium nitrate tetrahydrate and lithium nitrate trihydrate are obtained.

Example 8

Starting from the hemipentahydrate form of copper nitrate and calcium nitrate tetrahydrate: to
copper nitrate hemipentahydrate was added water such that upon addition of the full amount
of water the composition of copper nitrate hexahydrate (63.44% Cu(NOs)2, 36.53% H.0) was
obtained. An amount of calcium nitrate tetrahydrate was added to this material such that the
resulting PCM contained between about 20% and 95% calcium nitrate tetrahydrate and copper
nitrate hexahydrate. The mixture of nitrate hydrates was heated about 2 - 5 °C above the
melting transition temperature of calcium nitrate tetrahydrate (around 43 °C). Maintaining this

temperature, the mixture was stirred until a clear, blue, homogeneous liquid is obtained. The
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liquid was then transferred to a control thermal cycling apparatus and repeatedly cooled and
heated while logging the internal temperature using a thermocouple. Nucleation of the PCM

mixture may be initiated by low temperatures, seeding, or by addition of a nucleation agent.

Example thermal cycles are given in Figure 17-19.

On addition of a few crystals of magnesium nitrate hexahydrate and strontium nitrate
tetrahydrate, nucleation was initiated in the sub-cooled melt. The liquid was then transferred
to a plastic pouch which was subsequently sealed and placed into a 3-layer calorimetry set up

and thermally cycled.

An example thermal cycle of the PCM containing the nucleation agents is given in Figure 20.

Little sub-cooling was noted.

Thereby several PCM compositions comprised of calcium nitrate tetrahydrate and copper
nitrate hexahydrate are identified, and the degree of melting point depression achieved

quantified.

Example 9

Starting from the tetrahydrate form of manganese nitrate and zinc nitrate hexahydrate: to
manganese nitrate tetrahydrate was added water such that upon addition of the full amount of
water the composition of manganese nitrate hexahydrate (62.37% Mn(NOs)2, 37.63% H-0)
was obtained. An amount of zinc nitrate hexahydrate was added to this material such that the
resulting PCM contained between about 15% and 85% zinc nitrate hexahydrate with
manganese nitrate hexahydrate to balance. The mixture of nitrate hydrates was heated to
around 40 °C. Maintaining this temperature, the mixture was stirred until a clear, slightly pink,
homogeneous liquid is obtained. The liquid was then transferred to a control thermal cycling
apparatus and repeatedly cooled and heated while logging the internal temperature using a
thermocouple. Nucleation of the PCM mixture may be initiated by low temperatures, seeding,

or by addition of a nucleation agent.

An example thermal cycle without nucleation agents is given in Figures 21 & 22. In this case,
while the melting transition remained approximately flat across all the samples, a variation in

the melting point as achieved.
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Thereby several PCM compositions comprised of manganese nitrate hexahydrate and zinc
nitrate hexahydrate are identified, and the degree of melting point depression achieved

quantified.

To overcome sub-cooling, a nucleation agent based on the combination of magnesium,
strontium and barium nitrates were added to a sample of one combination of manganese
nitrate hexahydrate and zinc nitrate hexahydrate (sample 23). The resulting PCM was then
thermally cycled using a 3-layer calorimetry set up. The thermal cycle data is given in Figure
23. Little sub-cooling was noted, in stark contrast from the pure sample 23 as detailed in Figure
21. Thereby itis established that the combination of magnesium, strontium and barium nitrates
are effective nucleators for blended zinc nitrate hexahydrate and manganese nitrate
hexahydrate PCMs.

Whilst specific embodiments of the present invention have been described above, it will be
appreciated that departures from the described embodiments may still fall within the scope of
the present invention. For example, any suitable type of combination of metal nitrates or metal
nitrate hydrates may be used. Moreover, any suitable type of group Il metal nitrates or metal

nitrate hydrates may be used as a nucleation agent.
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CLAIMS

1.

10.

11.

Use of metal nitrates or metal nitrate hydrates as phase change materials (PCMs) with

a nucleation agent based on group Il metal nitrates or metal nitrate hydrates.

Use according to claim 1, wherein nucleation is achieved by a seeding process (i.e.
addition of crystals of the same chemical identity as a component of the PCM) to

overcome subcooling.

Use according to any preceding claim, wherein the nucleation agent is a nitrate salt

with more than one distinct cation.

Use according to any preceding claim, wherein the nucleation agent is comprised of
one or more group Il metal nitrate(s) and/or metal nitrate hydrate(s).

Use according to any preceding claim, where the PCM is nucleated with a nucleating

agent that is kept at high pressure during the melting process.

A method of nucleation according to claim 5, wherein the nucleation agent is a crystal
of one or more components of the PCM that has been kept solid above its melting point

by being in a region of high pressure in cracks on the surface of a metal sample.

A method of nucleation according to any of claims 5 and 6, wherein a thin metal disc

with machined grooves is flexed to release the nucleation agent into the bulk PCM.

Use according to any preceding claim, wherein the nucleation agent comprised of a

group Il metal nitrate is magnesium nitrate or any hydrate form thereof.

Use according to any preceding claim, wherein the nucleation agent comprised of a
group Il metal nitrate is strontium nitrate or any hydrate form thereof.

Use according to any preceding claim, wherein the nucleation agent comprised of a
group Il metal nitrate is calcium nitrate or any hydrate form thereof.

Use according to any preceding claim, wherein the nucleation agent comprised of a

group |l metal nitrate is barium nitrate or any hydrate form thereof.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

24

Use according to any preceding claim, wherein the nucleation agent is a combination
of two or more group |l metal nitrates, including any combination of anhydrous and

hydrated forms thereof.

Use according to any preceding claim, wherein the nucleation agent is a combination

of strontium nitrate and magnesium nitrate or any hydrate forms thereof.

Use according to any preceding claim, wherein the nucleation agent is a combination
of calcium nitrate and magnesium nitrate or any hydrate forms thereof.

Use according to any preceding claim, wherein the nucleation agent is a combination

of magnesium nitrate and barium nitrate or any hydrate forms thereof.

Use according to any preceding claim, wherein the nucleation agent is a combination

of strontium nitrate and barium nitrate or any hydrate forms thereof.

Use according to any preceding claim, wherein the nucleation agent is a combination

of strontium nitrate, barium nitrate and magnesium nitrate or any hydrate forms thereof.

Use according to any claim, wherein the nucleation agent is present at a concentration
which is above the solubility limit in the bulk PCM.

Use according to any preceding claim wherein the nucleation agent is present in at
least about 0.1% by weight of the PCM.

A PCM comprised of;
at least one metal nitrate hydrate selected from any one of or a combination of
a list comprised of:
lithium nitrate, sodium nitrate, potassium nitrate, calcium nitrate, barium nitrate,
scandium nitrate, zinc nitrate, copper nitrate, iron nitrate, manganese nitrate,
chromium nitrate, strontium nitrate, silver nitrate, yttrium nitrate, zirconium
nitrate, titanium nitrate, any lanthanide metal nitrate, ammonium nitrate,
aluminium nitrate, bismuth nitrate, gallium nitrate, magnesium nitrate, lead
nitrate,
and/or any hydrate form thereof;

and a nucleation agent according to any preceding claim.
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22.

23.

24

25.

26.

27.

28.

25

A PCM according to claim 20, wherein the PCM aside from the nucleation agent is a

mixture of more than one metal nitrate and/or metal nitrate hydrate.

A PCM according to any of claims 20 and 21, wherein the PCM has a melting

temperature lower than that of each chosen component individually.

A PCM according to any of claims 20 to 22, wherein by altering the amounts of the
chosen metal nitrates and/or hydrates thereof, the melting point of the PCM is capable
of being tuned to a specific point within a range of values.

. A PCM according to any of claims 20 to 23, wherein the PCM is a eutectic mixture of

the chosen components.

A PCM according to any of claims 20 to 24, wherein the PCM is a binary, ternary or

quaternary eutectic mixture of the chosen components.

A PCM according to any of claims 20 to 25, wherein the PCM is comprised of; between
about 98% and 99.6% by weight of at least one metal nitrate hydrate, between about
0.2% and 1% by weight strontium nitrate or any hydrate thereof and between about

0.2% and 1% by weight magnesium nitrate or any hydrate thereof.

A PCM according to any of claims 20 to 26, wherein the PCM is comprised of: between
about 0% and 99.8% by weight calcium nitrate tetrahydrate; between about 0% and
1% by weight strontium nitrate tetrahydrate; between about 0% and 1% by weight
magnesium nitrate hexahydrate; between about 0% and 1% by weight barium nitrate;
between about 0% and 99.8% by weight lithium nitrate trihydrate; between 0% and
50% by weight manganese nitrate tetrahydrate; between about 0% and 99.8% by
weight manganese nitrate hexahydrate; between about 0% and 99.8 % by weight zinc
nitrate hexahydrate; between about 0% and 99.8% by weight copper nitrate
hexahydrate; between about 0% and 40% by weight copper nitrate trihydrate; between
about 0% and 40% by weight copper nitrate hemipentahydrate; between about 0% and
99.8% by weight iron nitrate nonahydrate; between about 0% and 10 % by weight

sodium nitrate; and between about 0% and 30 % by weight potassium nitrate.

A PCM according to any of claims 20 to 27, wherein the PCM is comprised of, about
99.2% by weight calcium nitrate tetrahydrate, about 0.4% by weight strontium nitrate

tetrahydrate and about 0.4% by weight magnesium nitrate hexahydrate.
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30.

31.

32.

33.

34.

35.

26

A PCM according to any of claims 20 to 28, wherein the PCM is comprised of, about
99.3% by weight calcium nitrate tetrahydrate, about 0.3% by weight barium nitrate and

about 0.4% by weight magnesium nitrate hexahydrate.

A PCM according to any of claims 20 to 29, wherein the PCM is comprised of; about
99.4% by weight calcium nitrate tetrahydrate, about 0.3% by weight strontium nitrate

and about 0.3% by weight magnesium nitrate dihydrate.

A PCM according to any of claims 20 to 31, wherein the PCM is comprised of; about
57.2% by weight calcium nitrate tetrahydrate, about 42.0% by weight lithium nitrate
trihydrate, about 0.4% by weight magnesium nitrate hexahydrate and about 0.4% by

weight strontium nitrate tetrahydrate.

A PCM according to any of claims 20 to 31, wherein the PCM is comprised of; about
40.0% by weight calcium nitrate tetrahydrate, about 29.4% by weight lithium nitrate
trihydrate, about 29.8% by weight copper nitrate hexahydrate, about 0.4% by weight
magnesium nitrate hexahydrate and about 0.4% by weight strontium nitrate

tetrahydrate.

A PCM according to any of claims 20 to 32, wherein the PCM is comprised of; about
32.1% by weight calcium nitrate tetrahydrate, about 23.5% by weight lithium nitrate
trinydrate, about 23.8% by weight copper nitrate hexahydrate, about 19.8% by weight
zinc nitrate hexahydrate, about 0.4% by weight magnesium nitrate hexahydrate and

about 0.4% by weight strontium nitrate tetrahydrate.

A PCM according to any of claims 20 to 33, wherein the PCM is comprised of; about
24.0% by weight calcium nitrate tetrahydrate, about 17.6% by weight lithium nitrate
trinydrate, about 17.9% by weight copper nitrate hexahydrate, about 39.7% by weight
manganese nitrate hexahydrate, about 0.4% by weight magnesium nitrate

hexahydrate and about 0.4% by weight strontium nitrate tetrahydrate.

A PCM according to any of claims 20 to 34, wherein the PCM is comprised of, about
39.7% by weight calcium nitrate tetrahydrate, about 59.5% by weight copper nitrate
hexahydrate, about 0.4% by weight strontium nitrate tetrahydrate and about 0.4% by

weight magnesium nitrate hexahydrate.
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40.

41.

42.

43.
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A PCM according to any of claims 20 to 35, wherein the PCM is comprised of, about
59.5% by weight calcium nitrate tetrahydrate, about 39.7% by weight zinc nitrate
hexahydrate, about 0.4% by weight strontium nitrate tetrahydrate and about 0.4% by

weight magnesium nitrate hexahydrate.

A PCM according to any of claims 20 to 36, wherein the PCM is comprised of, about
44 6% by weight calcium nitrate tetrahydrate, about 54.6% by weight iron nitrate
nonahydrate, about 0.4% by weight strontium nitrate tetrahydrate and about 0.4% by
weight magnesium nitrate hexahydrate.

A PCM according to any of claims 20 to 37, wherein the PCM is comprised of; about
69.4% by weight zinc nitrate hexahydrate, about 29.8% by weight lithium nitrate
trihydrate, about 0.4% by weight strontium nitrate tetrahydrate and about 0.4% by

weight magnesium nitrate hexahydrate.

A PCM according to any of claims 20 to 38, wherein the PCM is comprised of; about
39.7% by weight iron nitrate nonahydrate, about 34.1% by weight calcium nitrate
tetrahydrate, about 25.4% by weight lithium nitrate trihydrate, about 0.4% by weight
magnesium nitrate hexahydrate and about 0.4% by weight strontium nitrate
tetrahydrate.

A PCM according to any of claims 20 to 39, wherein the PCM is comprised of, about
14.7% by weight manganese nitrate hexahydrate, about 83.3% by weight zinc nitrate
hexahydrate, about 1% by weight strontium nitrate and about 1% by weight barium

nitrate.

A method of increasing the rate of crystallisation of a PCM according to any preceding
claim by mechanical manipulation of nucleation centres including agitation,

recirculation, pumping, sonication, or combinations thereof.

A method of increasing the rate of crystallisation according to claim 41 where one or

more growing crystallites are dispersed throughout the PCM.

A method of increasing the rate of crystallisation according to any of claims 41 and 42

where a nucleation agent is dispersed throughout the PCM.
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48.

49.

50.

51.
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A method of increasing the rate of crystallisation according to any of claims 41 to 43
where one or more growing crystallites are divided into a greater number of smaller

crystallites.

A method of preparing a PCM according to any of claims 20 to 40 comprising:
providing at least one metal nitrate hydrate and at least one other metal nitrate
and/or metal nitrate hydrate, and
heating the mixture above the melting transition temperature of one or more of
the components and stirring to form a single pourable liquid.

A method of preparing a PCM according to claim 45, wherein an anhydrous metal
nitrate and/or a metal nitrate hydrate of a lower hydration number than is desired in the
final PCM composition is used in place of one or more metal nitrate hydrate(s) with the

addition of an amount of water to give the final PCM composition.

A method of preparing a PCM according to any of claims 45 and 46, wherein a metal
nitrate hydrate with a higher hydration number than is desired in the PCM composition
is used, and the excess water removed by or saturated with one or more anhydrous
metal nitrate(s) and/or lower hydrate metal nitrate salt(s) to give the final PCM

composition.

A method of preparing a PCM according to any of claims 45 to 47, wherein a metal
nitrate solution is used, and the excess water removed or saturated with one or more
anhydrous metal nitrate(s) and/or lower hydrate metal nitrate salt(s) to give the final
PCM composition.

A method of preparing a PCM according to any of claims 45 to 48, wherein the metal

nitrate and/or metal nitrate hydrate has been synthesised or produced by reaction.

A method of preparing a PCM according to any of claims 45 to 49, wherein the PCM
is formed by neutralisation of nitric acid by the corresponding basic metal salt in the

presence of the correct amount of water to achieve a specific composition.

A method of preparing a PCM according to any of claims 45 to 50, wherein the PCM
is formed by neutralisation of nitric acid by the corresponding metal bases in the

presence of excess water which is then removed or saturated with one or more
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anhydrous metal nitrate(s) and/or lower hydrate metal nitrate salt(s) to give the final

PCM composition.

52. A method of preparing a PCM according to any of claims 45 to 51, wherein any anion
other than nitrate is removed by ion exchange, or precipitation with an appropriate

metal salt followed by physical separation.



