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Abstract

The rapid growth in renewable energy brings significant challenges in managing
the mismatch between intermittent supply and demand. Thermal energy
storage (TES) provides a potentially highly effective solution to address such
challenges. As one of three TES methods, thermochemical energy storage
(TCS) has attracted increasing attention due to its high energy density, good
scalability, and suitability for long-term energy storage. This thesis concerns
TCS materials and devices, two crucially important aspects for bringing the TCS
technology to real-world applications. The focus of the work is the use of
hydratable salt as the TCS material for low-to-medium-temperature storage of
solar heat. Such TCS store the thermal energy in chemical bonds of inorganic
salts in anhydrous state, and release heat from the gas-solid reaction with water
absorbed in those salts. It is one of the most promising types of TCS for its
favourable thermochemical properties and low cost. However, pure salt has
insufficient stability due to deliquesces, coalesce, and caking, resulting to a
significant degradation in reactivity after cycles. It is thus essential to be
enhanced by forming composites. The salt-based composites are being
developed at an early stage, focusing mainly on the study of “salt-in-matrix”

structures, which the salt fill the continue pores in a porous matrix. However,



the existing structure has barriers to increasing energy density above
1000kJ/kg and improving stability. In addition, most of those composites are
designed for the packed-bed device, which lacks the flexibility of
charging/discharging, and has an unfavourable flow resistance in the cases of
large storage capacity and high airflow rate. So far, it is still challenging to find
an effective solution for TCS with high density, highly flexible, and high power.
This forms the major motivation of this research.

This PhD study aims to address the gaps in hydratable salt-based composite
by developing an encapsulation of salt. The key novelties lie in the incorporation
of solar-absorbing materials in encapsulated salt manufactured via optimized
water-in-oil (W/O) Pickering emulsions. The use of Pickering emulsions as the
template to manufacture the functional materials is an emerging technology,
benefiting from the tailorable, facile, robust, and potentially scale-up. This work
brings a fundamental understanding of Pickering emulsions, especially using
commercial raw materials. A general method to manufacture encapsulation of
hydratable salt is successfully developed. To the best of my knowledge, this
work is the first report of the encapsulated salt with size adjustable from the
nanoscale to microscale and energy storage density above 1700kJ/kg. Notably,
this work first demonstrates the use of encapsulated salt in fluidized bed device.
Furthermore, the integration of solar harvesting ability to encapsulate salt is

also achieved for the first time in this work. All the innovations in this work



develop a breakthrough solution towards an advanced TCS with high energy
density, large storage capacity, high flexibility, and the capability of storing
renewable energy.

Both fundamental and experimental work was performed in this work, with the
experimental including lab-scale demonstrations and some of the highlights are
summarized in the following:

®* The formation mechanism of Pickering emulsions with hydrophobic
fumed silica nanoparticles is studied, which explains how the
nanoparticle is adsorbed at the W/O interface to stabilize the emulsion
and what is the preferable conditions for W/O emulsions.

e A comprehensive study is carried out on the W/O Pickering emulsions
as a template for tailoring the structure of the capsules and establishing
a relationship between emulsion and encapsulation sizes.

e The size effect on the thermal performance of the encapsulated salt is
studied, and a performance index is proposed to evaluate the efficiency
of the encapsulation.

e Upon optimization, nanoscale encapsulated salt is found to have
superior reactive kinetics, high-energy density, and good stability.

e The fluidised bed device demonstrates the fluidisation of encapsulated
salt, showing higher thermal performance and more flexibility compared

to the conventional packed beds.



e The introduction of solar-absorbing materials to the encapsulated salt is
shown to significantly improve the solar absorption of the materials.

e The solar charging device with the solar absorption-enhanced
encapsulated salt demonstrates the directly coupled TCS and renewable
energy, realising the solar direct charging, long-term storage with zero

loss, and on-demand discharging to supply instant warm air.
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1 Introduction

1.1 Background

Approximately 90% of the world’s energy use today involves the production or
manipulation of thermal energy over a wide range of temperatures. Currently,
thermal energy is mainly supplied by fossil fuels, which are also the dominant
source of carbon emissions. The decarbonisation of thermal energy, therefore,
represents one of the biggest challenges for achieving the net-zero target
around 2050 [1]. Rising to the challenge, recent years have seen the urgent
need for low-emission energy transition, and the demands of advancing the

ability to transport, store, convert and efficiently utilize thermal energy [2].

With the accelerating trend of energy transition from fossils to renewables
(Figure 1-1 from [3]), energy storage is essential for coping with the supply-
demand mismatches by smoothing the fluctuating generation. The frequencies
of fluctuations are in the range of minute to seasonal, determined by the natures
of different renewable energy and the flexible demand. The preliminary results
of a recent study by the Royal Society suggest the need for short-, medium-,
and long-term energy storage technologies [4], distinguished by the storage
duration of minutes-to-hours, days-to-weeks, and months-to-seasons,
respectively. For the UK alone, a future renewable-energy dominant energy
system requires ~100-120GW/100-200GWh, ~100-130GW/2-6TWh and ~70-
80GW/~35-40TWh for short-, medium- and long-term storage, respectively. A
significant amount of work addresses short-term energy storage e.g., lithium-

ion & sodium-ion batteries, supercapacitors, and flywheels [5]; a much smaller
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amount of effort has been made on medium- and long-term energy storage [6].
For medium- and long-term energy storage technologies with high economic
efficiency, it is essentially to provide a long-duration (10-100hours)
charging/discharging at an appropriate power [7], [8]. Therefore, it has been
seen the emerging attention on energy storage technologies for long-term

storage with affordable large capacity.

12 10.8 TW

54TW
(Targeted)

4 31TW U D_
{1'. -

™
@

(Currenp_.,;_

Historical Projected based on targets
W Hydropower m Onshore wind Offshore wind Solar PV
mCSP Bioenergy m Geothermal Other

Figure 1-1 Total energy supply of low emissions sources in the Net Zero

Emissions by 2050 Scenario (NZE).

Thermal energy storage (TES) has several advantages including high
scalability, no geographical/geological constraints, and cost-effectiveness, thus,
has the potential to meet the requirements for long-duration large-capacity
energy storage [9]. Compared to the total energy storage installations of
200GW/700GWh (2021 data from [10]), the currently installed and projected
TES are only ~20GWh around the world (see Figure 1-2, be cited from [11]), far

behind other energy storage technologies.
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Figure 1-2 Global TES installation by September 2022 (statistics by LDES

council).

Most of those TES are sensible heat storage (SHS) and latent heat storage
(LHS), which have limitations in storage term due to spontaneous heat
dissipation. So far, the developed TES is challenged by medium- and long-term
energy storage. As another TES technology, thermochemical heat storage
(TCS) is particularly suitable for high-capacity, large-scale, and long-term
energy storage. The TCS technology is based on reversible reactions and/or
sorption processes. This work concerns the TCS with inorganic hydratable salts,
with the charging/discharging process based on solid-gas reactions with
sorption and the charging temperatures below ~150°C. The advantages of such
a technology include high energy density, low raw material cost, and zero
energy loss during storage. However, the technical challenges of this type of

technology have been and remain associated with TCS materials and devices,
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particularly poor mass transfer in solid grains, and low heat generation rate in
devices. In terms of materials, lots of work has been reported in the literature
on the development of composites of salt hydrates. So far, the literature work
has been concentrated on “salt-in-matrix” composites, where the salt is filled in
a porous host material. This structure is characterised by connecting macro-,
meso- and micro-pores to maintain the size of the salt particles. However, its
apparent drawbacks are the slow mass transfer due to the tortuous flow path in
the porous host medium and the possibility of salt leakage from the open pores.
An alternative composite is the encapsulation of salt, confining salt particles
within a shell. This structure not only helps to improve mass transfer by reducing
and confining the diffusion length inside salt particles but also by providing
additional paths for moisture diffusion outside the encapsulation. Besides, this
structure provides good stability as well as the flexibility to be integrated into
various devices. Little has been done in this area, which forms a motivation of

this work.

Another rationale for this work is that the working temperature range of salt
hydrate based TCS materials matches well that of solar heat harvested by non-
or low- concentrated solar systems (Figure 1-3, be cited from [12]), making the

salt hydrate based TCS a natural choice for this type of applications.
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Figure 1-3 a) The Austrian solar district heating system in Friesach, with a
capacity of 4.1MWth flat plate solar collector (non-concentrated), was installed
in 2021. b) Parabolic trough collectors (low-concentrated) installed at Comercial

Forrajera de Lagos (COMFOSA) in Mexico

Furthermore, conventional solar heat systems use solar receivers to collect
thermal energy [13] and a heat transfer fluid (HTF) [14] to carry the collected
heat to a separate storage device [15]. The use of thermochemical storage can
potentially reduce the system complexity, improve the system efficiency and
make the system suitable for long-duration and long-term heat storage. These

form additional motivation of this work.

1.2 Aims and objectives

The aim of this PhD work is to develop an encapsulated inorganic salt-based
technology with an enhanced charging/discharging performance to
thermochemically store solar heat. The focus is on the encapsulation method,
fabrication and characterisation of the encapsulated salt, optimisation of the
performance of the encapsulated salt, and demonstration of the use of the
encapsulated salt for large-capacity system and storing solar energy. The

specific objectives are:

1) To identify the research gap in the current material research for inorganic

salt-based sorption thermochemical energy storage technologies.

2) To understand the method for encapsulating inorganic salt.

3) To optimise the thermal performance of encapsulated salt.
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4) To demonstrate the fluidisable encapsulated salt for a flexible long-duration

energy storage

5) To integrate the encapsulated salt storage with the solar energy input.

1.3 The structure of this thesis

This thesis consists of eight chapters of which:

Chapter 1 introduces the background, thermochemical heat storage using
encapsulated salt, and the integration with solar heat system, and presents
the aim and outline of the thesis.

Chapter 2 overviews the fundamentals, developments, and state-of-art in
thermochemical energy storage technologies, especially in sorption-based
thermochemical heat storage technology using inorganic salt. It is given in
a comprehensive review, covering the principles/concepts, inorganic
salts/composite materials, and devices/systems.

Chapter 3 studies the method for encapsulating salt, focusing on the
encapsulation from the Pickering emulsions, and experimentally discovers
the formation mechanism of water-in-oil (W/O) Pickering emulsions
containing hydrophobic fumed silica nanoparticles as the Pickering particle.
Chapter 4 investigates the effects of the protocol on the W/O Pickering
emulsions containing a high volume of salt, especially sorts out the
measures for tailoring the size of the droplet in Pickering emulsions.

Chapter 5 discovers and optimises the thermal performance of
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encapsulated salt with the geometries on a multi-scale.

Chapter 6 describes a novel technology for using the encapsulated salt in
a fluidised-bed reactor, realising a flexible TCS with high-performance.
Chapter 7 describes a lab-scale devices using a solar absorption enhanced
encapsulated salt, demonstrating the potential of storing renewable energy
with the developed TCS materials.

Chapter 8 concludes the findings, and contributions of this thesis, and

provides recommendations for future work.
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2 Literature review

This chapter carries out a comprehensive review of thermochemical energy

storage technologies, covering the concepts, the materials, and the

devices/systems. The chapter is organized as follows.

® Section 2.1 introduces the fundamentals and development of
thermochemical energy storage, especially thermochemical heat storage
technologies.

® Section 2.2 reviews the advanced thermochemical heat storage technology
concerned in this thesis, which is the chemical absorption of water in
inorganic salt via hydration/dehydration.

® Section 2.3 presents the developments and state-of-the-art composite
materials used in thermochemical energy storage with hydratable salt.

® Section 2.4 presents the related thermochemical energy storage

device/system, especially for storing solar heat.

Page 8 of 259



2.1 Thermochemical energy storage technologies

2.1.1 Fundamentals of Thermal energy storage (TES)

Thermal energy storage is the essential technology to cop the mismatch
between renewable energy production and demand. Thermochemical
energy/heat storage (TCS) is one of three thermal energy storage technologies,
which the others are sensible heat storage (SHS) and latent heat storage (LHS)

[16], [17]. The following table summarises and compares the main features of

these technologies:

Table 2-1 Three technologies of thermal energy storage.

SHS LHS TCS
Reversible
Fundamentals Temper_atur Phase change reaction
e gradient
[18] Q = mC,AT Q= mAthase change A+ AH.<— B +C
P Q = XngAH,
~150 J/g
. (AT =
Energy density 100°C) ~200 J/g >1000 J/g
[19], [20] ~ 200 300 to 500 MJ/m® 500 to 3000 MJ/m3
MJ/m3
Operating -150 to 0 0
temperature [21] 800°C -150 to 600°C 20 to 1000°C
Storage term Hours to Hours to days Hours to months
[21] days
Operating
duration Hours Hours Hours to days
(capacity) [21]
Water Phase change Metal Oxides,
. ' material (PCM): inorganic salt,
Materials sand, rocks, : .
organic, molten salt, SOz, silica gel,
cermet .
hydrated salt zeolite,
Materials Cost
(Based on Low High Mid
energy)
System Cost Low Low High
Development Demonstrati  Large prototype - Concept needs
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stage on — Commercial (TRL validation — pre-

(by 2020) [22] Commercial 5-9) commercial
(TRL 8-9) prototype (TRL 3-
7)

Compared to the SHS and LHS, the TCS is the lately developed, but the most
promising technology for thermal energy storage. The TCS have a high
gravimetric energy storage density (GSD) based on pure material. It is
approximately an order of magnitude over SHS, and two times higher over LHS
[23]. This superiority of TCS makes a cost-competitive in large-capacity energy
storage for a long-duration charging/discharging. Differing to the spontaneous
heat dissipation in SHS and LHS, TCS benefits energy loss-free during storage,
thus TCS become a potential solution for medium- and long-term energy
storage. An extra advantage of TCS is the controllable charging/discharging,
allowing the flexible schedule for storing intermittent energy. In a summary, all
the benefits make the TCS showing a great potential for long-term seasonal
energy storage [24]-[28], and renewable energy storage such as solar heat

[29]-[32].

2.1.2 The concepts of thermochemical energy storage

The TCS is based on storing chemical energy making use of the reversible
endothermic/exothermic reactions [18]. This concept of TCS technology was
first proposed fundamentally by Goldstein in 1961 [33]. He analysed several
candidate reactions for storing heat and figured out the thermodynamic
relationship to determine the amount of heat generated from a thermochemical

reaction, as below:
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AG = AH — TAS Equation 2-1

This describes the relationship between Gibbs free energy AG , reaction
enthalpy change AH, the reaction temperature T, and the entropy change AS.
The positive AG represent the reaction is going forward and become zero in
case of at equilibrium. The reactive enthalpy change, as well as the stored heat,
is determined by a product of equilibrium temperature and entropy change
(AH = T*AS). It is favourable that a reaction with high temperature and large
entropy change [34]. Therefore, most of the practical TCS reactions are carried
out in the form of decomposition reactions from a condensed matter and

producing gases, as illustrated by:

Asolid or liquid + AH «— Bsolid or liquid or gas + Cgas Equation 2-2

Where the A and B are the in the discharged and charged TCS material (TCM),
respectively. For charging process, the thermal energy input brings A to a
temperature above T*, triggering the forward reaction. The production C can be
extracted from the reaction. The energy is stored as chemical potential in B,
which is stored separately from C. Discharging then accounts for the reversible
process, in which C are introduced to B at T < T* and recombined to release

thermal energy.

2.1.3 The developments of thermochemical energy storage

In 1977, Ervin first reviewed the existing studies of the TCS at that time [35] and

discussed the serval reactions, such as alkaline earth metals halides salts/NH3,
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alkaline earth metals oxides/H20 or CO2, metals oxides redox, SO3/SOz,
NH3/NH4HSO4 cycle, and reforming-methanation cycle. Most of them are well-
known decomposition reactions, that service the high-temperature (>300°C)
solar heat storage. In following years, many early-stage studies among
materials characterization [36], reactor design [37], and system modelling [38]
were carried out. In the 1980s, the first few proof-of-concept experiments were
designed and some devices/facilities were installed, including the 20kW test rig
for catalysed SO3/SOz2 cycle by McCrary [39], a 1.6kW high-temperature solar
reactor for SO3/SOz2 cycle by De Maria [40], and a 110L packed bed-based test
rig for Ca(OH)2/Ca0O by Fuijii [41]. Although all the prototypes successfully
demonstrated the feasibility of TCS, the measured energy storage density was
far below the theoretical values. Besides, those TCS systems were complicated
that large in floor space and were not robust due to the devices always
damaged by the TCM corrosion.

Besides the TCS for high-temperature, another simple concept was proposed
by Close in the same period, that adsorption is a method of storing heat in mid-
and low temperature [42], [43]. It is most readily achieved by introducing water
vapour as the adsorbate to the porous sorbent, such as silica gel, zeolite. The
heat is generated by the water vapour condenses from the humid air and water
molecular bonds at the surface of solid sorbent. His study demonstrated that
the dry warm air with a temperature lift of around 10°C was obtained at the

outlet of the packed bed with a volume of 0.1m?3 [44]. In the following years, to
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examine candidate materials for adsorption energy storage, another
experimental study was designed and conducted by Shigeishi [45], who also
discussed the possibility of using zeolite molecular sieves as the adsorbent.
The measurements showed the highest heat of adsorption is around 531J/g in
zeolite 13X, which initially regenerated at 110°C for 48 hours and adsorbed 0.12
g/gdry sorbent Water in discharging. Moreover, other researchers proposed using
chabazitic tuff in place of the expensive synthetic zeolite [46]. This mineral is a
kind of natural zeolite rock distributed in Italy. That rock was measured in-house,
and the result showed a 193J/gdry sorbent Or 268MJ/m?3 in energy storage density
when operating between 20°C to 80°C. In their following studies, they pointed
out that the thermal performance is highly dependent on the geometry of the
material [47]. Moreover, they tested the first heat pump with solid adsorption
energy storage for domestic heating [48]. Beyond silica gel and zeolite, other
commercial materials were also considered at that time, including activated
alumina (~329J/gdry sorbent), anhydrous calcium sulphate (~292J/gdry sorbent) [49]
and ettringite (CasAl(OH)6)2(S04)3:26H20 (997J/Qdry sorent) [50]. Those
theoretical energy storage densities are several times higher than in SHS and
LHS materials. However, the major disadvantages were the high cost and large
temperature hysteresis between discharge/charge.

As another principle besides adsorption on a solid surface, energy storage by
absorption in bulk or liquid was proposed [51], [52]. Such systems generate
exothermic reactive heat by a sorbent absorbing another working fluid [53]. One

Page 13 of 259



successful case was shown as the low-temperature liquidised CaCl2/NH3 TCS
integrated vapour compression heat pump by Riffat [54]. The use of liquidised
CaClz sorbent improves the heat and mass transfer, but the problems of salt
crystallization and corrosion were significantly reducing the system reliability.
Another example system of using salt-absorbing working fluid (NH3) to form a
complex compound is demonstrated by Rockenfeller [55]. Because salt
absorption is slow in a solid-gas reaction, which is typically limited by mass
diffusion. To enhance the mass transfer, they dispersed the salt particles in an
immiscible organic solvent to form a slurry. The demonstration proved the
potential of scale-up, but the challenge had been and remains in the design and
optimization of material and reactor.

In the following decade of the 1990s, a new concept of storing low-temperature
energy by reversible hydration reactions with the solid salts was proposed.
Selvidge compared an inorganic salt LiBr with the sorbents materials listed
above [56] and found it has a heat of hydration overcome 600J/gsorbent, Which
was two times higher than the tested zeolites 13X at the same regenerated
condition of 350°C and 24 hours. Levitskij [57] presented a screening study of
salts for heat storage systems with hydration/dehydration, in which systems are
so-called “chemical heat accumulators (CHA)”. In his study, there were 10
candidate salts, which have a specific enthalpy of dehydration between
50kJ/molwater to 70kJ/molwater, and corresponding water loss capability from 1 to
7mol/molsat. The result shows the MgSO4-7H20 and MgCl2-6H20 positioned at

Page 14 of 259



the highest and the second in the heat of dehydration, which are 4162J/gary salt
and 3405J/gadry satt, respectively.
As for that time, most of the mechanisms and reactions subjected to

thermochemical energy storage had been proposed, as summarised below.

Metal oxides (low valency) /
Redox { Metal oxides (high valency)

(O2) SO,/
SO,

Carbonation Metal oxides/
(COy) Metal carbonate

Anhydrous salt /
Hydrated salt (solid)

Salt solution (concentrated) /
Hydration Salt solution (diluted)

(H,0) Metal oxides /
Metal hydroxide

Sulfuric acid (concentrated) /
Sulfuric acid (diluted)

Salt/

Ammonia Ammoniate salt
(NH;) Acid /

Ammonium salt

Thermochemical heat storage
[

— N,/ NH; (via Haber-Bosch)

CO,/
Hydrogenation CH, (via reforming)
(Ho) Metal /
Metal hydrides
0,/
H,O (via fuel cell and electrolysis)

Figure 2-1 The most studied TCS reactions, classified by reaction principle.

In this thesis, the focus is on the solid hydratable salt based TCS with sorption.
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This is the lately proposed concept among all the TCS techniques. The
advantage of this kind of reaction contains high energy density, uses of
abundant material, and a suitable temperature for low-grade heat sources, such
as solar heat. In the following section, a review of this type of TCS is given in

detail.

2.2 The sorption TCS with hydratable salt

2.2.1 Terminology

In the literatures, the use of the expressions “thermochemical energy/heat
storage”, “sorption heat storage”, “‘chemical storage” and
“hydration/dehydration heat storage” differs from one author to another and
might be confusing to the audients. Thus, a short discussion of terminology is
given in first. Here, as shown in Figure 2-2, we suggests a principle-based
terminology, which inherits the classification by N'Tsoukpoe [58]. There are two
types of major catalogues: “the chemical energy storage” in the first column,
and “the sorption heat storage” in the last row. Chemical energy storage
involves either electricity, chemicals, or heat as the product. In this study,
attention is given to chemical heat storage, which is further divided into

thermochemical heat storage with sorption and without sorption.
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Figure 2-2 Classification of chemical storage and sorption heat storage.

From another aspect, sorption heat storage is defined as a sorption/desorption
process to store thermal energy during the binding of a gas or a vapour (sorbate)
by a substance in another condensed state (solid or liquid) [59]. The major types
of sorption are adsorption and absorption, classified by where the sorption
takes place. The former is regarding the sorption on the surface, and the latter

is the sorption inside the bulk. Depending on the major difference in attractive
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forces, this sorption phenomenon is categorized into: a thermo-physical
(physisorption), a thermo-chemical (chemisorption) [60], [61]. A comparison of

those sorption is listed below.

Table 2-2 Comparison of physisorption and chemisorption

Physisorption Chemisorption
Sorption Intermolecular force: van der Chemical bonds rupture and
force Waals force (vdW), formation: lonic bond,
electrostatic force, hydrogen coordination bond, hydrogen
bond bond
Typlc_al Multilayer absorption on the Bulk absorption in
sorption .
site surface, condensation in pores monomolecular
Sorptlgn Depends on the specific Depends on volume
capacity surface area
Sorption High Low
rate
Sorption .
heat Low High
Cycle
stability Good Poor
Materials Silica gel, Zeolite, Metal- Inoraanic salt
organic frameworks (MOFs) 9

The physisorption is the simplest sorption phenomena, which is mainly
contributed by attractive van der Waals (vdW) forces. Typically, the sorbates
are adsorbed on the surface of the sorbent, so-called “physical adsorption”.
Another physisorption is the absorption of vapour in liquid in a specific cavity,
such as water condensation in the pores of zeolite, which is called “physical
absorption”. The nature of physisorption energy storage is the reversible
conversions between heat and intermolecular potential, which is approximately

described by the Lennard-Jones (L-J) potential [62], as written in:

r

V() = 4e [(%)12 — (3)6] Equation 2-3
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Where the € is the depth of the potential well, r is the distance between two
interacting particles, and o is the distance at which the particle-particle potential
energy V(r) is zero. In the right hand of L-J potential, the first term (o/7)? is
regarding the short-range repulsive force caused by Pauli’'s exclusion principle
between their electrons, and another term (o /7)® represents the long-range
vdW attractive force.

A general result of L-J potential is shown in Figure 2-3a. When a molecule is
approaching the surface of the sorbent from the position at the red dot, they
spontaneously fall into an energy well (blue dot), which is distanced from the
surface in a few Angstroms to a few nanometres. The amount of released heat
is therefore equal to the decreased energy potential. Figure 2-3b presents an
example of the total heat of physisorption according to the water uptake in
Zeolite 13X [59], including binding energy on surface and condensation energy
in pores. One can see the binding energy of adsorbates on the sorbent surface
as well as the change of energy potential € in Figure 2-3a, decreases to zero at
a critical water uptake. It is indicating that all the surface area is occupied by
the adsorbates. Additional capillary condensation energy, regarding the phase
change latent heat between vapour and liquid water, is shown as a constant
value in the dashed zone of Figure 2-3b. The water uptake reaches the
maximum at ~0.3gwater/gsorbent, Which is slightly higher than the critical water
uptake, indicating the exceeded condensation in zeolite until all the pores are

fully filled [63]. Such porous materials are often used as physical absorbents.
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The key indicators of those materials are the specific surface area and specific

pore volumes, which determines the sorption capacity and sorption rate.
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C ~
2 c
- 0 2
. S 4000
> e
5 3
o ge]
c 2000 4
L € <
o
-1 i T T T T -'t_“‘ 0 T T T
0 1 2 3 4 5 2 0.0 0.1 0.2 0.3
Distance (nm) Water uptake (gwater/gsorbent)

Figure 2-3 Energy potential change and heat of adsorption during physical
adsorption, a) Lennard-Jones (L-J) potential and b) Total heat of physisorption

according to the water uptake in Zeolite 13X.

On the other hand, chemisorption is a complex process, which has a major
difference in the bonding force between sorbent and adsorbate/absorbate. For
the formation of chemical bonds in chemisorption, the activation energy E, is
essential for trigging the reactions [64], as illustrated in Figure 2-4.
Chemisorption is typically an absorption, which takes part in monomolecular
rather than in multi-layers on the surface like physisorption. This is
accomplished by the chemisorbed atom jumping in the subsurface layer and
finally diffusing on the interstitial sites through the sorbent lattice [65], see the
fluctuated red curve in the sorbent part of Figure 2-4. When the chemisorbed
molecular has a lower energy potential than the gaseous molecular, the

sorption is thus exothermic and has a reaction enthalpy at AH,.. Benefited from
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the high formation energy of chemical bonds and all the molecular participate
in the reaction, chemisorption has a large amount of heat generated/stored and
high sorption capacity, which is superior to physical sorbents [61]. However, the
chemical absorption is usually limited in sorption rate as well as heat generate

rate, due to slow penetration of absorbate deep into the sorbent [66].

Sorbent Interface Gas

exothermic

AH,

physiosorbed
|

| chemisorbed
_ | |
d—»
Distance (nm)

Energy Potential
T

Figure 2-4 One-dimensional energy potential of chemisorption (chemical

absorption).

In summary, generally suggested by many authors, both physisorption and
chemisorption are belonging to thermochemical heat storage [67]-[69]. But
strictly, only chemical reactions involved in heat storage are defined as
thermochemical heat storage [58], [70], [71]. In this study, the latter is
suggested, and attention is given to a specific thermochemical heat storage
technology, which employs the solid hydratable salt as a chemical absorbent

and operates in hydration/dehydration reactions.
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2.2.2 Inorganic salts as the chemisorption materials

Among the candidate materials in chemisorption energy storage, the inorganic
salt hydrates have a low operating temperature, which is promising for solar
energy storage and supply for domestic demand [72]. Ideally, a salt-based
sorption thermochemical heat storage is based on a pair of reversible gas-solid
reactions, in which the forward reaction involves crystallized salt in a solid state
reacting with water vapour and then transforming into a hydrated salt crystal,

as given in the equation below:

Temperature,
Pressure

Salt(s) + xH,0(g) Salt - x(H,0)(s) + AH, Equation 2-4

The reaction enthalpy AH, is independent of the reaction pathway, only related
to the change in potential energies of two lattices, the anhydrous and the
hydrated. Taking CaClz as an example, Figure 2-5 presents the crystallographic
structures of those crystals. One can see the intensive difference, not only the
crystal system changed from orthorhombic (anhydrous) to monoclinic
(hydrated), but also the lattice constant increased. Those changes induce
considerable lattice volume expansion and the corresponding reduction in
lattice energy potential. The potential change is the basis of the chemical

energy stored in the crystals.
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X Axis Y Axis Z Axis

Figure 2-5 Crystallographic structures changed from CaCl2[73] to CaClz-6H20
[74]; dark grey-Ca, green-Cl, red-O, white-H; The dash lines in CaC2:6H20

represent hydrogen bonds.

Unfortunately, the lattice potential energy is hard to be measured directly, the
most conventional estimation method is to follow the Born-Haber cycle [75], as

illustrated in Figure 2-6.
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Figure 2-6 estimates the lattice enthalpy Up,r of anhydrous (n =0) and

hydrated salt based on Born-Haber cycle.

In the Born-Haber cycle, the values of each thermodynamic term must be
determined in advance and the calculation is different in case by case. It is
difficult to employ this approach in a high-volume screening for candidate
hydratable salts for thermochemical heat storage. To avoid elaborate
computation, Jenkins et al., developed a series of methods to estimate the
lattice energy of salts, including the full-lattice evaluation of the electrostatic
energy [76] and method of estimation from crystals data [77], [78]. The latter
estimation was performed by solving the linear generalized equation with the
minimum crystal structure data, which contains cell constants and

thermochemical radii of ions [77]. For estimating the lattice energy potential of
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hydrated salt from a known anhydrous, an alternative method was produced by
fitting the thermodynamic data of 342 hydrate salts [79]. The fitted model
predicts the energy potential change by n6,(H,0). Where n is the number of
water molecules in hydrated state and the corresponding reaction energy
0y (H,0) = 54.3 kJ]/mol. The table below lists the results from the different

methods mentioned above.

Table 2-3 Estimated lattice enthalpy of CaClz by the different models, values
in brackets is the enthalpy change from anhydrous salt.

Lattice enthalpy Upor in kd/mol
CaClz CaCl2:2H20 | CaCl2:4H20 | CaCl2:6H20
Born-Haber 29392 2352 2470 2575
cycle (120) (238) (343)
Full-scale
: 2320 2396 2481
computational[7 2159
6] (161) (237) (322)
Crystal data- 2202 2312 2420 2529
based model[78] (110) (218) (327)
Fitted model[79] 2932 2341 2449 2558
(109) (217) (326)

The estimations of the fitted model are in good agreement with the result from
the Born-Haber cycle, the difference is within 4%. For a pure CaCl2 operates
between anhydrous and hexahydrate at room temperature, the theoretical
energy potential is averaged at 329.5 kJ/mol, referring to a GSD at 2968
J/Qanhydrous (1504 J/ghydrated) and a volumetric storage density (VSD) at 6.38
GJim® (2,57 GJ/m® for hydrated salt). Furthermore, an extensive
thermodynamic table of hydrated salt was produced by Glaser [80]. As sorted
by the energy density from the largest to the smallest, Ce(SO4)2, Na2COs,

Na2HPO4, MgCl2, NasPO4, AICI3, Na2SiOs, Na2S04, MgSO4, and CaCl2 have
Page 25 of 259



listed ahead of others and all have the GSD above 3000J/ganhydrous. INn another
study, the state-of-art theoretical framework for salts screening is conducted
from a high-throughput first-principles computations [81]. A total of 163 hydrates
and 40 hydroxides with known crystal structures were examined in this study.
The result of this screening is shown in Figure 2-7. For hydration/dehydration
pairs working below 200°C, most of the high energy density materials were
sorted out, namely KF-4H20 (2.1MJ/kg, 3.0 GJ/m3), AlF3-9H20 (2.0 MJ/kg, 3.1
GJ/m3), MgCl2-6H20 (2.0 MJ/kg, 3.1 GJ/m3), CaCl2>-6H20 (1.6 MJ/kg, 2.9
GJ/m3), and CaBr2-9H20 (1.6 MJ/kg, 3.1 GJ/m3). However, in this study, one

shortcoming is the sulfates and nitrates were not included.
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Figure 2-7 Screening the hydrated substrates for TCS, reproduced from [81].

Although energy density is a crucial performance of the TCM, it is not the only
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criterion, especially in practice. Considering the safety issue, thermodynamic
measurements, and suitability for the application, N'Tsoukpoe et al., designed
a multi-step framework for screening low-temperature thermochemical heat
storage [72]. Two salts hydrated, namely SrBr2:6H20 and LaCls-7H20, were
selected as the most promising salts for the working condition of charging
around 110°C and discharging at 60°C. Moreover, Donkers [82] reported a
comprehensive evaluation of salt hydrates for seasonal heat storage. Among
all the candidates, K2COs has the less point of concern but is unfavourable in
energy density. Unfortunately, under the various conditions (cost, safety,
stability, kinetic) that have been considered, it was concluded that no pure salt
can satisfy the realistic application of domestic heating. In a recent screening
study, salts were sorted for the determined operating conditions [83]. The initial
shortlist, which contains five salts, was produced by matching the application
weather conditions with the phase diagrams of salts and psychrometric charts.
Then, thermogravimetric analysis was carried out to examine the reaction
reversibility and kinetic of each salt. As a result, in addition to common TCS
salts (such as MgSO4:7H20, MgCl2:6H20, SrBr2:6H20), it suggests the
NasP0O4-12H20 and SrCl2-6H20 are also promising materials, which both have
the high energy densities. But NasPOs4 is possibly to be unstable during the
thermal cycles and SrCl2 is pricey.

A summary is given in the table below, listing the candidate pure salts for
thermochemical heat storage. The benefits and concerns are also outlined.
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Table 2-4 Summary of the candidate salts for thermochemical energy storage

Properties
Salts hy_d rated (By lower Benefits Concerns
pair hydrated)
NasPOa4 / p=1.62 g/cm?3 High energy cycling unstable
NasPO4-12H20 | AH~=4033 J/g density, low cost [83]
[80] [83]
Na2S-0.5H20 / p=1.43 g/cm3 High energy Corrosive [86],
Na2S-5H20 AH=3408 J/g density, low cost safety [87],
[84] [85] degradation in air
[85]
MgSOQa4 / p=2.66 g/cm?3 High energy High full
MgSO4-7H20 AH=3607 J/g density [71], [83] dehydration
[80] temperature
(~275°C) [88],
slow kinetic [89]—
[91]
CaClz/ p=2.15 g/cm3 Low charging Deliquesces [94],
CaClz2:-6H20 AH=3413 J/g temperature [92], corrosive [92],
[80] chemically robust | slow kinetic [92]
[93]
MgCl2-2H20 / p=1.90 g/cm3 High energy Thermally
MgCl2-6H20 AH=2646 J/g density, low cost unstable
[80] [95] (hydrolysis >120°
C) [85]
SrCl2 / p=3.05 g/cm?3 High energy High full
SrCl2-6H20 AH=2137 J/g density[83], dehydration
[80] chemically robust | temperature, high
[96] cost [83]
LaCls / p=3.84 g/cm?3 High energy High cost [72]
LaCls-7H20 AH=1635 J/g density [81],
[80] suitable discharge
temperature [72]
SrBr2 / p=4.22 g/cm?3 High energy cycling unstable
SrBrz-:6H20 AH=1464 J/g density [72], [83] | [83], Caking [97],
[80] high cost [83]
K2COs / p=2.43 g/cm?3 Chemically robust Low energy
K2C03:1.5H20 | AH=714 J/g [80] [85], [98] density and
specific output
power [85]

2.2.3 Material issues limiting the thermal performances

Although the sorted pure salts show attractive theoretical performance, a
considerable gap is existing between lab measurements and practical.
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Regardless of the consideration of economical and operation conditions, in the
level of the material, the major challenges of the salts remain on the slow mass
transfer, and cycling instabilities, resulting in a considerable degradation in
reaction kinetic and a reduction in energy storage capacity.

In hydrations, as well as discharging the TCM, water vapour must diffuse into
the deep of salt grains. The corresponding mass transfer routine on a different
scale is illustrated in Figure 2-8. The absorbate vapour starts convectively
flowing through the surface of the grain with an eventual skin resistance [99],
followed by diffuses in the macropores between the primary particles. The
adsorbate reaches the surface of the primary particles and diffuses in the
micropores before the adsorption at the surface. The diffusion in such
micropores is in the Knudsen regime. Then, the absorbate molecular is
captured by a specific surface group or active ions on the solid surface,
regarding selective adsorption, as presented by the blue dot in Figure 2-8.
Moreover, for chemical absorption, the absorbate must diffuse in the solid

phase and move to the final position, as represented by the dash lines.
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Figure 2-8 lllustration of mass transfer routines in solid absorption, reproduced

from [99].

Ostrovskii [100] analysed the diffusion limiting step in adsorption and concluded
that diffusion in deliquesced salt solution layer, which forms near the external
surface of a granule, is the major limitation before absorbate molecular
approach the inner surface of the sorbent. For the following absorption, the
mass transfer in solid crystals was studied by Molecular Dynamic (MD)
simulation [101], [102]. The estimated mass diffusivity of H20 in a perfect MgCl2
lattice [103] was far smaller than in solution and in air, as shown in Figure 2-9.
In addition, the simulations indicated that the diffusivity is increased by one time

in the presence of vacancy defects or element dopants [104]. By the combined
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experimental [105] and theoretical [106] studies, it was confirmed that the
cracks on the grain surface, and pores or voids inside the grains, which are all
induced by the cycle, have an strong improvement in mass transfer. However,
it is very difficult to improve the intrinsic diffusivity of pure salt by many orders

of magnitude.
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Figure 2-9 Intrinsic mass diffusivity of H20 in air, in MgClz solution[107] and in
perfect MgClz crystal [103].

Accompanying the absorbate adsorbed and diffusion in the solid, the hydration
reaction takes place at the transfer quench [108], where the hydrated crystal
forms. The crystal transformation is suggested to be achieved via two possible
routines [109], as illustrated in Figure 2-10. The first routine is via solid-to-solid
transforming, which is happened in the specific conditions zone of vapour
pressure and temperature near the phase transition curve. This is so-called a
metastable zone, which has a width of about 10°C at a constant vapour
pressure. In this zone, the reaction rate is according to classical homogeneous

nucleation, which is slow and kinetic is possibly hindered in the worst case [110].
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Such a condition can be avoided by increasing the vapour pressure and thus
leading to solution-mediated recrystallization (routine II), which has fast

diffusion and reaction kinetics [111].

Routine Il

Routine |

direct solid-solid transforming

B

Hydrated salt
crystal

Anhydrous
salt crystal a

Figure 2-10 Two possible pathways of hydration: (I) a direct solid—solid

transition; (ll) a solution-mediated transition, reproduced from [109].

When the vapour pressure increased beyond a critical value, the deliquescence
happens in inorganic salt [112], especially in salts containing high hygroscopic
cation, such as Ca?*, Zn?*, Li*, and Mg?*. The photo images in Figure 2-11
clearly show the salts deliquesce after being exposed to a humid environment

and became a solution.
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Figure 2-11 Photos of salt after hydration for 24 hours in an atmosphere of 22°C

and 60%RH [113].

The deliquesced salt solution has a very high concentration of free ions, which
is corrosive to the metals. Commonly heat exchanger materials, such as carbon
steel [114], stainless steel [115], copper, and aluminium [86], all show poor
tolerance against salt corrosion.

In the following dehydration, referring to the energy charging process, the
reaction is conducted in three possible ways as illustrated in Figure 2-12 [116]:
A) when the melting point of hydrated salt is higher than the charging reaction
temperature, the solid-to-solid transformation takes place; B) when it has a
lower melting temperature, the crystal firstly melts into solution follow by a
solution-mediate dry out; and C) When charging the salt from deliquesced
solution, the solution will be boiling, and the new phase is crystallised from
solution. The latter two processes B and C are commonly in practical conditions,
however, they showed a slowly kinetic due to a crystalized layer formed firstly
at the solid-gas interface, as shown in case B of Figure 2-12. Such a layer is
dense and lacks porosity, which dramatically hinders water penetration and

slows the charging process.
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Figure 2-12 The photo images and schemes show the dehydration of

MgCl2-6H20 on a heating plate [116].

In a summary, pure salts as solid thermochemical heat storage materials are
facing many drawbacks and are very challenging to be used directly. It is very
necessary to develop composite materials, which have not only improved mass

and heat transfer but also better stability.

2.3 Composite materials for enhancing the thermal performance

2.3.1 Overview

For enhancing the performance of pure salt, the most promising technology is
making a composite. So far, there are two kinds of composites have been
developed, namely “salt-in-matrix” and “encapsulated salt”. The former was
proposed earlier, so a large number of studies have been published. A

comprehensive review is given in the following for both of these technologies.
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2.3.2 Salt-in-matrix

The salt-in-matrix is a composite material in that hygroscopic salts were filled
and confined in the voids of a porous host matrix. The matrix plays a role to
provide a pathway for mass diffusion and the salt plays another role as the
absorber to capture the sorbate. The operation principle of the salt-in-matrix
working cycle is illustrated in Figure 2-13a [117]. A typical composite operates
in 3 steps. Step 1 is the charging as same as the desorption process whereby
the thermal energy is used to regenerate, form salt crystallization, and induce
the chemical structure change. Step 2 is the storing process through which the
anhydrous salt in step 1 is stored away from humidity air. Step 3 is the
discharging that recovers the energy through physisorption, chemisorption, and
absorption in salt. The corresponding theoretical thermodynamic cycle is
presented in Figure 2-13b [118], including a heat up and isobaric process from
@ to @ regarding the charging step 1, followed by a cool down (3 to @) for
recovery sensible heat, the storage is maintaining at point @, until the

discharging takes place and follow the processes from @ to @D via ®.
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Figure 2-13 The principle of salt-in-matrix materials: a) lllustration of the

charging-discharging cycle; b) Theoretical thermodynamic cycle presented in

P-T diagram.

The prototype of salt-in-matrix materials was first proposed by Levitskij [57],

who filled the porous host matrix (silica gel) with hygroscopic salt (CaClz). The

composite structure was confirmed by the X-ray powder diffraction, which
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indicated an average salt crystal size of 15nm [119]. The predicted energy
density of the composite was up to 2000J/gdry composite at the maximum salt mass
fraction of 63%. However, in the best experimental result, the mass fraction of
CaCl2 was about 33%. In a further kinetic study [120], an improved mass
transfer, as well as a fast conversion rate in composite, was measured by a 10-
fold greater rate than in bulk salt. To optimise the composite, the effects of pore
structures and salt content were studied and found they can significantly
change the mass transfer behaviour in a packed bed [121]. In the case of the
large void between matrix grains and the small size of grains, the sorption
equilibrium inside grains is immediately reached. The sharp sorption front was
formed in bed and appears in an “S-shape” water content distribution along the
penetration depth. In the opposite case, it is shown a uniform water content
distribution in bed, which the rate is limited by intragrain Knudsen diffusion in
the meso- and micro-pores [100]. The salt confined in the intragrain pores play
an important role in water absorption capacity as well as the amount of heat
generated. When the salt content is high, a dense layer is formed in the
intragrain pores, the water transport in the salt layer becomes the major
resistance nevertheless the pore structures.

Another drawback of these composites is kinetic reduction during discharging
in high vapour pressure conditions. Once the salt begins to be deliquesced in
pores, the water transportation becomes slower through the formed solution,

this was supported by both experimental and theoretical evidence [100].
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Moreover, the leakage might occur in high humidity conditions, resulting in salt
loss after cycles.

Great numbers of salt-in-matrix materials were developed by combining TCM
salts with the different matrixes. The tables below list these composites, which

are sorted by matrix materials.
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Table 2-5 The composites of “salt-in-matrix’

Matrix Salts References
cacl [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133]
a2 [134] [135] [136] [137]
Silica gel MgSO4 [138] [138] [135]
LiBr [135] [137]
LiCl [139] [140] [137]
Active carbon CL?ngZ Hgg% [125] [139]
CaClz [141] [142] [143] [135]
Zeolite MgSO4 [144] [145] [118] [146] [143] [135]
LiBr [135]
CaClz [147] [135]
MgCl2 [148]
MgSOq4 [135]
Vermiculite LiBr [135]
SrBr2 [149]
LiCl [139]
K2CO3 [150] [148]
. CaClz [121][132] [151] [152] [153]
Porous alumina LiCl [154] [140]
Expanded graphite }Zacccl)z Hgg} [156] [157]
Aerogel/hydrogel I\é%%% Egg} [161]
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In a summary, the salt-in-matrix is an efficient design for improving mass
transfer as well as reaction kinetics. The method used to prepare the
composites is facile and using low-cost porous materials as the matrix will be
further helped in scale-up. However, those composites have some drawbacks,
such as kinetic hindrance by salt deliquescing-induced clogging in pores, slow
mass transfer when the salt mass fraction increased, and cycle degradation by

possible salt leakage.

2.3.3 Encapsulated salt

An alternative structure beyond the salt-in-matrix is the encapsulation of salt
particles into the capsules, which provide a permanent shell for an individual
salt particle. Differing from the salt-in-matrix, the capsule can prevent the salt
particle from leaking to the outside and merging with another particle. A well-
designed encapsulated salt should have a thermally stable and chemical
inertness shell, which should be mechanically stable and semi-permeability to
vapour reactant [162]. The idealised encapsulation should have an inner void
for hydration-induced grain expansion and avoid stress damage [163]. However,
there is a very limited study focusing on encapsulated salt for TCS.

One of the smallest structures of encapsulated salts that have ever been
reported is confining the salts in metal-organic frameworks (MOFs), which offer
void space with diameters from 5A up to 3.4nm [164], as shown in Figure 2-14a.

By vacuum or infiltration impregnation, the thermochemical salt, such as CaClz
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and LiCl, were successfully encapsulated in UiO-66(Zr), MIL-100 serials and
MIL-101 serials [165]. The salt loading has reached at highest of 62%wt with
MIL-101(Cr), leading to an experimental energy storage density of 1746+72J/g
[164]. However, the shell in these encapsulations is highly mesoporous, which
means the salt is possible to leak out of the frameworks. So, be strict, it is not

a completed encapsulation.

Figure 2-14 Reported encapsulated salt capsules material at the different size

scales.

For the encapsulation in the nanoscale, Li et al., [166] and Shkatulov [167]

developed their protocol to fill the salt into prefabricated hollow spheres. In both
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cases, the hard template was used to build an empty hollow sphere at first,
followed by filling the salt from solution soaking. The result of Shkatulov’s
LiCI@HS is given in the TEM image in Figure 2-14b, which shows the capsules
have a diameter of ~365nm and wall thickness at 50nm. The energy storage
density is 750J/g (45% of pure LiCl) in this case, which is limited by the
unfavourable salt loading ratio caused by the low solubility of salt in water.

For a larger encapsulation in the microns level, for example in Figure 2-14c,
Yang et al., designed a method to fabricate the hollow silica spheres from the
soft emulsion template [168]. Solid silica shell was derived from binding the
amphiphilic polyethylene glycol modified hyper-branched polyethoxysiloxane,
which was initially distributed at the water/oil interface and played the role of
emulsifier. Then, the salt was filled into the hollow sphere by vacuum
impregnation. The composite successfully showed a form-stable ability after
exposure to the humidity atmosphere. But the thermal performance was not
measured in this study.

An encapsulated composite with a very high salt mass fraction is fabricated by
enlarging the ratio between the diameter and shell thickness. As demonstrated
by van Ravensteijn [169], the millimetres-sized K2CO3 particle was coated by a
~10um thick polymer shell (as shown in Figure 2-14d) in a fluidised bed coater,
which has the advantage to produce kg-level materials per batch. The result
shows an extremely high salt loading rate at 97% in total mass and good
mechanical strength when using moderately cross-linked and high-molecular-
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weight cellulose-based polymers. However, the permeability of coating was
measured at ~10-"'g/(Pa-s'm), which is under the expectation to provide
enough power for heating tap water (must be greater than ~10-"%g/(Pa-s-m)). A
similar large-size encapsulation case was given by encapsulating CaClz by
ethyl cellulose via spray dry [170]. Although the encapsulation showed good
stability in long-term exposure to a high-humidity environment, the salt content
was as low as 29% in the total mass, resulting in a low energy density [147].
Another group of unique encapsulated salt-in-matrix composites employing
CaClz as TCM was designed and fabricated by Wei et al., [171], [172] The CaClz
salt was filled in the expanded perlite matrix or coal tar matrix, then the salt-in-
matrix were encapsulated by pyrolyzed carbon. The final composites were the
black powder in a few millimetres, which has a desorption enthalpy at 1698J/gary
sorbent and 1295J/gdry sorbent, for expanded perlite and coal tar, respectively. With
the help of the porous matrix with decades of micron-size pores, vapour mass
transfer and heat generation rate inside encapsulation were significantly
improved. But the heat transfer between encapsulation and airflow is
insufficient due to the powder size being large.

The salt encapsulation can also learn from the encapsulations for other
purposes. As a referrable case, Afflerbach et al., [162] developed an oxidic
ceramic-based shell for encapsulating the 1-4mm CaO/Ca(OH)2 particles,
which are involved in high-temperature hydration TCS. This encapsulation has
a ~150um sintered shell, which is semi-permeable to water vapour due to the

Page 43 of 259



presence of pores. An enhanced mechanical strength was also designed by
introducing particle additives to the shell [173]. As a result, an energy density
of 576J/g (~40% of pure CaO) and good thermomechanical performance has
been reached.

In the recent decade, there are many techniques for encapsulating hydrated
salt as phase change material (for LHS) were developed and reviewed [174]—
[178]. Differing from the techniques for TCS, the encapsulations are designed
to permanently preserve the substrate inside, which the shell is always
impermeable. Among all the fabrication protocols, emulsion-templated
encapsulation is one of the most usually used methods in this catalogue. As the
schematic illustration shown in Figure 2-15, the process involves a template of
the PCM solution (melted salt hydrates) droplet dispersed in another immiscible
continuous liquid phase. The droplets are stabled by the emulsifiers, which
could be molecules [179]-[181] or nanoparticles [182], [183]. Then, the shell is
formed at the interface between two phases, typically via interfacial
polymerization [184]-[186] or directly-assembly [187] in some other cases.
Finally, the product is collected from the dispersions containing salt capsules,

by drying the solvent or filtering.

PCM droplet
. Monomer Encapsulation
+o B+ B9
Emulsion Polymerization
Emulsifier
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Figure 2-15 Schematic illustration of emulsion-templated in-situ polymerization

for encapsulating the PCMs.

2.4 Thermochemical storage system for solar heat

2.4.1 System and reactors design

As an illustration in Figure 2-16, a reactor is necessary for the hydration and
dehydration of TCM salt to take place. There are two types of reactors: storage
integrated reactor (a, b) or a separate reactor from reactant/sorbent storage
tank (c, d) [188]. The integrated reactor is often used for solid TCM, which saves
the transportation of materials. But the disadvantage of such a reactor is it has
a larger sensible thermal mass, which requires the whole reactor content to be
heated up before dehydration (charging) occurs. In contrast, for a separate
reactor, it is possible to heat only the required amount of TCM, thereby making

the discharging process much more efficient.
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Figure 2-16 Configurations of the thermochemical heat storage systems,

reproduced from [189].

The systems configurations are categorized into the open cycle (a, ¢) and
closed cycle (b, d) [189], [190]. The former refers to a system consisting of a
sorbate flow that plays the role of heat transfer fluid [191], [192]. In the latter
system, a heat thermal fluid separated from the working pair is used for heat
transfer [193]-[195]. Typically, with equivalent geometries and conditions, open
systems show higher specific power than closed systems [196] and higher
energy efficiency [190]. But, a unique feature of the closed system is it works
as a temperature booster, which outputs a higher temperature than charging by
increasing the reactant vapour pressure [195], [197].

When the focus is on low-temperature salt sorption heat storage for domestic

space heating, the open system is recommended [198], [199]. The open
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systems benefit from easy management and have the feasibility to be
integrated into the existing HVAC (Heating Ventilation and Air Conditioning)
system. The table below lists many experimental works of open sorption heat

storage.

Table 2-6 open system for sorption heat storage

Materials Facility Features

SrBrz and | Porous fixed bed

H20, Mass: 450-600 g (in 5 modules,
SrBrz-in- | parallel connected)

Vermiculit | Energy density: 430-460 kWh m3
e and Operating temperature: 20-80°C
H20 [200] | Power:0.002-0.007 W g
Discharging duration: ~100 hrs

CaClz-in- | Porous fixed bed (CaCl2
Vermiculit | composite)

e and Mass: 531 g

H20, Energy density: 160 kWh m-3
Zeolite Temperature: 20-120°C

and H20, | Power: 0.09(avg.) 0.18 (peak) W
Silica gel | g™

and H20 | Discharging duration: 5 hrs

[201]

Activated | Porous fixed bed

alumina Mass: 6,521g (in 2 modules,

and H20O | series connected)

[199] Energy density: 191 kWh m-3
Operating temperature: 20-110°C
(Discharging-Charging)

Power: 0.04 (peak) W g
Discharge duration: 13 hrs
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Zeolite Porous fixed bed

and H20 | Mass: 80,000 g (in 2 modules,
[202] parallel or series connected)
Energy density: 100-200 kWh m-3
Operating temperature: 20-180°C
Power: 0.0275 W g

Duration: 6 hrs

Zeolite Porous fixed bed
and H20 | Mass: 170,000 g (in 4 modules,
[203] parallel connected)

Energy density: 198 kWh m-
(based on material)

Operating temperature: 10-190°C
Power: 0.005 (avg.) W g’
Discharge duration: 10 hrs

SrBr2 and | Porous fixed bed

H20 [204] | Mass: 400,000 g (in 9 modules,
parallel connected)

Thermal storage energy density:
388 (based on materials) kWh m3
Temperature: 25-82°C

Power: 0.002 (peak) W g
Discharge duration: 70 hrs

It is found that the specific power in most of the results is very low, which is
much lower than other thermal storage technologies (typically 0.05 to 0.2W g’
in SHS and LHS [205]). It was suggested that the power is limited by the poor
moisture mass transfer in the porous fixed bed. One possible way to improve
the mass transfer is using a moisture distributor inside the reactor, such as the

design by Casey and Aydin [206], [207], which is shown in Figure 2-17.
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Figure 2-17 The experiments of “open-sorption pipe”.

In this device and system, the use of CaClz-in-Vermiculite and H20 (in moist air)
as working pair allows the operation temperatures between 20 and 80°C. By
introducing a perforated pipe as a gas distributor in the middle of the reactor
[206], the average specific discharge power increased from 0.09W/g [201] to
0.11W/g. Notably, the output temperature was increased by 10°C to the
benchmark case [207], leading to warm air up to 50°C in the outlet.

Besides the reported open fixed bed reactor, there are a few studies gave
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examples of moving bed devices [97], [208], [209]. Compared to the fixed bed,
the moving bed has less TCM content staying in the reactor during
charging/discharge, thus it has a faster temperature response and smaller
pressure drop [210]. However, the materials issues were highlighted in the
experimental study [97], mainly linked to the unstable solid flowing containing
a large amount of caked pure salt and voids under the moist air. The moving
bed employing composite as energy storage materials has not been reported
yet.

As the vapour content fed to the TCM is often limited by the saturated vapour
pressure of moist air, it is also possible to increase the system discharge power
by increasing the mass flow rate. Accordingly, the pressure drops across the
bed increases, which is undesired from the view of the practice. To further
improve system performance, a fluidised bed reactor was proposed in many
studies [188], [211]-[213]. The fluidised bed features a lower pressure drop
than the fixed bed under the same flow rate, as shown in Figure 2-18a. It also

features enhanced heat and mass transfer due to the strong mixing of particles.
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Figure 2-18 Basic of fluidised bed, the pressure drops according to flow regimes
[214].

There is a rare case that studied the fluidised sorption thermochemical energy
storage experimentally. A prototype fluidised bed containing at most 245g salt-
in-silica gel as TCM was carried out by Skrylnyk et al., [215], as shown in Figure
2-19. The reactor consists of a cylinder of 4.5 litres in volume and 0.05m? in
flow area. The maximum specific power reached at 0.4W/g (0.3 W/g on avg.)
when using CaClz-in-Silica gel and moist air (30°C, vapour pressure at 16.1
mbar) flows at 215L/min (~0.07m/s). This study predicted the result of the up-
scaled reactor. It is shown that the feasible energy storage densities are ranging
from 50 to 90kWh/m3, which was predicted to have a discharge thermal power

at TkW.
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Figure 2-19 The TCS fluidised bed reactor prototype.

2.4.2 Coupled sorption heat storage with solar heat harvesting

There is a large volume of published literature studying the thermochemical
energy storage of medium- and high-temperature solar heat [15], [216],
especially focusing on particle-like materials handled by the fluidised bed
reactors [211], [212], [217]-[220] and solar directly received by TCM [221]-
[224]. However, for the low-temperature solar heat below 150°C, there is less
attention is given. As mentioned before, the sorption heat storage by salts is

suitable for storing low-temperature solar heat, due to the charging temperature
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matching solar heat harvested by a non- or low-concentration system. Moreover,
a theoretical study shows it is feasible to store solar heat by sorption
technologies for a domestic dwelling in the UK[27]. It is also possible for inter-
seasonal storage. The existing research on this aspect is mainly related to
concept design [67], [225], [226] and experiments for decoupled TCS without
solar input [200], [227]-[229]. So far, however, there has been little discussion

about coupled TCS and solar harvesting.

2.5 Summary of the literature review

In this chapter, literature on the topics of thermochemical energy storage,
sorption heat storage, and the materials and systems for sorption heat storage
have been comprehensively reviewed. The focus is on identifying the
challenges in using solid salt as the sorbent to store thermal energy harvested
from solar via absorption processing and gas-solid reaction. The drawbacks at
both the materials level and devices/systems level have been sorted out and
discussed. The following observations are drawn:

1) Among all the three types of thermal energy storage technologies,
thermochemical heat storage has the highest energy storage density, is
energy loss-free during storage, and has the flexibility to discharge energy
on demand. Thermochemical energy storage with absorption in solid salt is
the lately developed and most promising technology in this catalogue.

2) The performance of salt-based thermochemical energy storage is typically
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3)

4)

limited by the poor mass and heat transfer in solids. A possible way to
enhance the performance is to form composites.

The composites of thermochemical salt are catalogued as “salt-in-matrix”
and “encapsulated salt”. The existing studies mostly talked about the former.
There has been little quantitative analysis of the latter.

The low- and non-concentrated solar system provides solar heat below
150°C, matching the charging temperature of TCS with sorption in salt
hydrates. The existing study is mainly focusing on the TCS system
individually. Very little is known about the coupled solar harvesting and TCS

system in those conditions.
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3. Formation of the W/O Pickering emulsion for

encapsulating thermochemical salt

This chapter develops a Pickering emulsion template for encapsulating
thermochemical salt and discusses the factors that affect the formation of the
emulsions. Section 3.1 introduces the background and basics of Pickering
emulsion. Section 3.2 describes the materials and experimental method.
Section 3.3 discusses the result of experimental findings, focusing on how the
nanoparticle assembled on the W/O interface. Section 3.4 concludes the

findings in this chapter.
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3.1. Introduction

Encapsulated salt is an emerging material for low-temperature thermochemical
energy storage with sorption. Such materials combine conventional inorganic
salt with chemical absorption in a highly tailored geometry to improve kinetic
and stability. However, there are significant challenges in the fabrication of
materials, particularly in terms of facile, low cost, and scalable. This chapter
concerns a technology for fabricating the encapsulated salt from a Pickering
emulsion template. A short review of the most relevant concepts and works is

given in the following.

Solid particles stabilised physical barrier
|

Surfactant ? Nanocrystals/
nanofibres

Nanospheres = Macromolecules

Emulsion | 1

\& / \ Pickering 'emulsions /

Figure 3-1 Schematic representation of surfactant stabilised emulsion and solid

nanoparticle stabilised Pickering emulsions [230].

The “Pickering Emulsion” is a particle-stabilised emulsion consisting of one
liquid dispersed in another immiscible liquid, as represented in Figure 3-1. The

solid particle packed on the interface forms a physical barrier and prevents the
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droplet from coalescence with another [230]. This point helps the Pickering
emulsion overcome the thermodynamically unstable behaviour, which is
unfavourable and be hardly avoided in the traditional molecular-stabilised
emulsion [231]. Typically, the Pickering emulsion has superior stability to
maintain the geometry [232]. Hence, such emulsions have drawn considerable

attention in templated growth of functional materials [233]-[235].

Air or oil
6
Water
Air or oil
Air or oll A
Water
Water

Figure 3-2 Position of the particle at a fluid-water interface for different contact
angles 8 and the corresponding positioning of the particle at a curved fluid-

water interface [236].

Likely to the conventional molecular-stabilised emulsion, the Pickering
emulsions are generally classified into two types: Water-in-Oil as known as W/O,
and QOil-in-Water (O/W). Emulsion types are believed to be determined in some
way by the bond position of the particle at the fluid-fluid interface [237]. As
shown in Figure 3-2, when it has a three-phase contact angle 6 <90°, the

particle is hydrophilic and stabilizes O/W emulsions, whereas is hydrophobic
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with a 8 >90° for stabilising W/O emulsions. Those nanoparticles are closely or
loosely packed in the interface and there are crevices or gaps between them.
The chemical reaction can take place at the fluid-fluid interface in such crevices
to grow solid substrate at a controlled rate and structure. Those features make
the Pickering emulsions feasible to play a role as a template for encapsulation
[238], [239].

There were many reports of encapsulation from Pickering emulsions. Radulova
et al. reported a core-in-shell structure encapsulation of oils and fragrances
from hydrophilic silica particles-stabilised O/W Pickering emulsion [240]. By
thermally fusing the poly(glycidyl methacrylate) (PGMA) or polystyrene (PS)-
stabilised O/W Pickering emulsion, microencapsulation containing organic
phase change materials was demonstrated by Yin et al. [241]. Schoth et al.
[182] presented a method to prepare nanocapsules from W/O Pickering
emulsion, and demonstrated the encapsulation of inorganic salt as cargo. In the
same way, Graham et al. [183] developed an all-silica encapsulation of
inorganic salt-based phase change material, which was used for latent heat
storage. Therefore, for encapsulating thermochemical salt, it is possible to
design an appreciable W/O Pickering emulsion system and then develop a
reaction to grow a continuous shell and bind the particle at the interfaces.

In this chapter, the target is to design water-in-oil (W/O) Pickering emulsions
stabilised by low-cost nanoparticles as a novel encapsulation system. Firstly,
the screening of nanoparticles and emulsification protocol was conducted. Then,
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the chemical reaction conditions for encapsulation were experimentally studied.
Meanwhile, it was found that a geometry and pH-based behaviour of particle
adsorption. Furthermore, in-depth, the interfacial experimental and theoretical
study explained the adsorption behaviour of nanoparticles in the fluid-fluid

interface, which was also linked to the structure of Pickering emulsions.

3.2. Experimental section

3.2.1. Materials

Two kinds of silica nanoparticles were used in this study, both kindly provided
by EVONIK. One of the nanoparticles was the hydrophilic fumed silica Aerosil
A200, which has a primary particle diameter of 12nm, a specific area of 175-
225m?/g (BET), and density of Si-OH is around 1.8/nm? on its surface [242].
The other one was Aerosil R972 Pharma (R972), which is a hydrophobic fumed
silica post-treated with dimethyldichlorosilane. As illustrated in Figure 3-3, the
treatment results in most of the original Si-OH groups being replaced by Si-CHs
groups, and thus the total Si-OH density on the surface of only ~0.5/nm? [243],
[244]. This nanoparticle has a specific surface of 90-130m?/g (BET) and a larger

primary particle diameter of 16nm [245].
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Figure 3-3 Synthetic silica nanoparticle with the different functional groups on

the surface via flame pyrolysis [243], [244].

Cyclohexane (CeH12, 99%) was purchased from GREAGENT. Hydrogen
chloride (HCI, 36%w/w in H20), Sodium hydroxide (NaOH, 99%) were
purchased from ALADDIN. Tetraethyl orthosilicate (TEOS, SiCsH2004, 98%)
was purchased from ENERGY CHEMICAL. Gellan gum (CAS:71010-52-1,99%)
powder was purchased from MACKLIN. Water was obtained from a lab

purification system, which has an electrical resistivity above 18 MQ/cm.

3.2.2. Preparation and characterizations of the nanoparticle and

suspensions

The nanoparticle suspensions were prepared by sonication dispersion [246]—
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[248]. Typically, 160mg nanoparticle was added into 20ml cyclohexane, then
processed in a sonication device (SCIENTZ IID, 20kHz, full power 600W, 6 mm
diameter tip, China) for 2 hours (500W power used, 2s/8s on/off duty cycle) in
an ice bath.

The size of the nanoparticle was measured by Dynamics Light Scattering (DLS)
technique (BROOKHAVEN Instruments Bl-ZetaPALS, United States). For each
sample, the measurements were repeated 3 times.

The raw nanoparticle and suspension were spread on a silicon wafer and then
coated by a ~2nm platinum in a sputter. The sample was then observed with a
scanning electron microscope (TESCAN Mira3, operating at 15kV, image mixed
by in-beam SE and SE signal).

The surface groups on the nanoparticles, Aerosil A200 and Aerosil R972
Pharma, were examined by using Fourier-transform infrared spectroscopy (FT-
IR). The measurements were performed on a spectrometer (BRUKER Vertex
70v, Germany) equipped with an attenuated total reflectance (ATR) module.
The nanoparticle powder was dried in an oven at 200°C and pelleted to a size
of approximately (Diameter)8*(Height)2mm. The measurement was carried out
under either atmospheric or vacuum (~100 Pa) conditions to avoid the influence
of moisture in optical path and to enhance the signal of possible -OH group.
The rheological properties of the suspensions were measured by a rheometer
(NETZSCH Kinexus lab+, United Kingdoms) with a rotator-cup geometry (DG
26.7) at 25°C. A viscosity test with a linear shear rate table was firstly conducted,
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with the shear rates running from 0.1/s to 1000/s. An oscillation test was
performed in the following, with the sweep amplitude varied from 0.1% to 100%

at a constant frequency of 1Hz.
3.2.3. Study for the formation of a Pickering emulsion

The most conventional way of producing Pickering emulsion is to
simultaneously emulsify a suspension of nanoparticles and another immiscible
liquid, as illustrated by the route 1 in Figure 3-4. In the emulsification, the strong
mechanical pressure forces the nanoparticles flowing towards the established
W/O interfaces, which is also generated by mechanics. This results in the

nanoparticles being adsorbed at the interface.
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Figure 3-4 Two kinds of emulsification route to create micro-emulsions.

However, to produce a micro-emulsion, it is essential to apply a stronger
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mechanical stirring, for example using sonication, to create the drops below
microns. Such strong mechanical forces makes it difficult to determine the other
weaker interactions, like electrostatic and van der Waals between the
nanoparticles and the drops. Therefore, we intend to use another route with a
step-by-step emulsification to study the behaviour of nanoparticles dominated
by the weak forces. This route is modified from the original proposal by Larson-
Smith [249] and is illustrated as the route 2 in Figure 3-4. The bare
water/cyclohexane emulsion was prepared by sonication processing the
mixture of 100uL water and 10mL cyclohexane (1% by volume) for 5 mins
(500W power used, 10s/10s on/off duty cycle). The droplet size of as-prepared
emulsion was measured by DLS immediately. After a standing of 30 mins, the
emulsion was observed under a Confocal Laser Scanning Microscope (CLSM,
LEICA sp8, 485nm laser, Germany) with use of a dye (Rhodamine B, 5ug/mL
water). As the dye may influence the interface, the Pickering emulsion was
prepared on the base of the bare water/cyclohexane emulsion without the use
of dye. The nanoparticle suspension was immediately added to these bare
emulsions with different preparation conditions, followed by a slight hand swing

to mix them well.

3.2.4. Fabrication of the empty silica encapsulation from emulsion

The direct observation of micro- and nano-emulsions is challenged by the

spatial resolution limitations of the optical microscope, and without the dye
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which is necessarily used for fluorescence imaging and super-resolution
microscopy. Therefore, we proposed a new technique to observe the fine
emulsion by reaction-consolidating a dilute emulsion, and then observing the
consolidated structures under a SEM. This method is also illustrated in Figure
3-4. The consolidated emulsions were formed by slowly growing a continuous
silica layer on the surface of aqueous droplets in W/O emulsions [183], [250]—
[252], involving the TEOS hydrolysis, condensation, and fix the nanoparticles.
The pH of the aqueous phase was adjusted by 1M HCI or 1M NaOH to pH=2

or pH=12, to catalyse the hydrolysis.

3.2.5. Study for the Interactions between nanoparticle and W/O interface

Several nanoparticle-interface studies at different scales have been carried out
to provide further evidence for this self-assembly behaviour of nanoparticles at
the W/O interface.

The sessile drop technique was used to measure the contact angles of water
(with different pH) on the nanoparticle aggregates in macroscale. The
measurements were taken place on a thick film of nanoparticle spread on a
silica wafer or a pressed pellet of nanoparticle.

For determining the dynamic of nanoparticle interacted with the bare W/O
interface, pendant drop experiment was carried out by hanging a 30uL water
drop in cyclohexane with/without dispersed nanoparticle. The Worthington

number in experiment is approximately at 0.55, which is sufficient for a good
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result [253]. The dynamic interfacial tension was analysed by solving the
Laplace-Young equation with the geometry from the continually captured optical
images (Biolin Scientific Theta Flex, stainless steel needle with inner diameter
at 0.8mm, United States). All measurements were carried out in a gas-tight
glass cuvette of dimensions 10 mm x 10 mm x 30 mm. As a result, the volume
change of drop was less than £5% during the measurement. Besides, the static
interfacial tension of water/cyclohexane was measured by using Wilhelmy plate
method in a force tensiometer (KRUSS K100, platinum plate, Germany).

Contact angles of individual nanoparticle at the interface was determined by
using Gel Trapping Technique (GTT) [254]-[256]. As illustrated by Figure 3-5,
the technique relies on gelling the aqueous phase with a non-adsorbing gelling
agent, which allows the liquid interface with the adsorbed particles to be
replicated with curable polydimethylsiloxane (PDMS). The PDMS replica
consists of the liquid interface with the partially embedded particles. The
particles position and orientation at the original interface is measured by

observation at a very high resolution with a SEM.
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Figure 3-5 Schematic diagram of the gel trapping technique “GTT” for

measuring contact angles of a nanoparticle at an oil-water interface.

For measuring the surface electrical charge of nanoparticles, the Phase
Analysis Light Scattering (PALS) technique[257] was employed, which is
eligible for determining the electrophoretic mobilities of a weakly charged colloid
in nonpolar media. The R972 nanoparticle was dispersed in ethanol or
cyclohexane at a concentration of 8mg/ml. The suspensions were measured by
a zeta potential analyser (BROOKHAVEN Instruments Bl-ZetaPALS, United
States) equipped with a palladium electrode at 25°C. In the ethanol case, the
standard voltage of 4.0V (1100V/m) with a frequency at 10 Hz was applied to
the electrode. In another case, the applied voltage increased up to 12V
(3300V/m) and 2Hz was used for obtaining reproducible results. The

measurements were repeated nine times in each case.
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3.3. Result and discussion

In this part, the results and discussions are structured in the five parts: a) the
basic characterization of the nanoparticle and the suspension; b) a screening
for the protocol of preparing emulsion; c) the detailed results of nanoparticle
interacting with the bare emulsion interface; d) a size-selective self-assembly
behaviour of nanoparticle is presented; e) the interaction between hydrophobic

nanoparticles and bare water droplets is analysed in DLVO framework.

3.3.1. Nanoparticle and suspensions

In Figure 3-6a and b, the high-resolution SEM images clearly show the
morphology of nanoparticles. The size of the nanoparticle is in consistency with
the data provided by the manufacturer and the value in the references. One can
see the primary particle is an irregular sphere and intensively aggregated. The
large aggregates are unfavourable for forming the Pickering emulsions. Thus,
it is necessary to be broken, e.g., by sonication dispensing. Furthermore, the
major difference between the studied nanoparticle is in the wettability, which is
differing from the functional group on the surface. The A200 silica nanoparticle
is hydrophilic due to the existence of Si-OH, as evidenced by the FT-IR peak
around 970cm-" (Figure 3-6¢), regarding its stretch vibration. These results also
match those observed in earlier studies [258]. In another case of R972, the Si-
OH peak nearly vanishes. Unfortunately, the hydrophobic group Si-(CH3)n,

which was supposed to be presented at around 800cm-' and 1260cm-! in the
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infrared absorption spectrum [259], is hard to be recognized from the

overlapped Si-O vibration peaks.
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Figure 3-6 The SEM images of the nanoparticles a) R972 and b) A200. c) The

FT-IR spectrum of the nanoparticles.

The effect of sonication dispensing was quantitatively examined by the DLS, as
the result is shown in Figure 3-7. Due to the de-aggregated of large
agglomerate, the median size of the nanoparticle decreased from ~5um to

~Tum.
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Figure 3-7 Size of raw and sonication dispersed R972 nanoparticle measured

by DLS.

Moreover, the morphology of raw and dispersed nanoparticles is compared in
Figure 3-8. One can see most of the large clusters in the raw materials (Figure
3-8a) were broken into aggregates (Figure 3-8b). The aggregates (insertion of
Figure 3-8b) are the minimal unbroken unit of silica nanoparticles. It consists of
decades of primary nanoparticles and has a branched rod-like shape with a
diameter of around 50nm and a length of 200-300nm. Those values are

consistent with those reported in the references [260], [261].
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Figure 3-8 SEM images of raw and dispersed R972 nanoparticle.

In Figure 3-9, the suspension containing 10mg/ml raw and dispersed
nanoparticles is compared in rheological behaviour. In the linear test result
(Figure 3-9a), both suspensions show the shear thinning behaviour, which is
explained by the particle re-orientation according to shear force and the
breakup of the large agglomerates. The viscosity of suspensions is also in
agreement with those reported in reference [262]. In the oscillation result
(Figure 3-9b), a linear viscoelastic area from deformation rate vy =0.1% to 3%
was determined, suggesting a gel-like behaviour in this condition, attributed to
the 3-D network structure of the silica aggregates. With increased the vy, both
suspensions show a transition of G’ (storage modulus) dropping below G” (loss
modulus), referring to the destruction of the network. One can see a larger G’
and a delayed transition in raw nanoparticle suspension, as the result of the

stronger network made of silica agglomerates.
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Figure 3-9 Rheological study of suspensions, a) linear test and b) oscillation
test.
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3.3.2. Screening the protocol of encapsulating from emulsion

The encapsulation protocol was considered as two parts: the formation of W/O
emulsion, and the growth of shell on the interface. For the former, there were
two factors were further studied: the effect of particles wettability, and the
orientation of the particles adsorbing to the interface (particle approaching the
interface from the water side or oil side). The experimental conditions and

results are listed below.

Table 3-1 The conditions and results of emulsions preparation protocol

Sample | Aqua phase | Oily phase Result
A200 in .
1 Water Cyclohexane No emulsion
2 Water A200 in O/W Emulsion
Cyclohexane
3 Water R972 in W/O Emulsion
Cyclohexane
4 R972 in Cvclohexane Unable to be
Water y dispersed in water

The prepared emulsions are presented in Figure 3-10. For the successfully
emulsified samples 2 and 3, it clearly showed that the emulsion type (W/O or
O/W) is strongly related to particle wettability. These results corroborate the
findings in the previous studies [237], [263], [264]. However, while dispersed in
the aqua phase, the hydrophilic nanoparticle is unable to be adsorbed on the
interface to form a stable emulsion. As the lack of further detailed experimental
results, the reason for this is not clear but a possible explanation is due to

electrical repulsion between nanoparticle and interface [265], [266]. As a result,
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for encapsulating the thermochemical salt, the W/O emulsion (sample 3) is the

only candidate as the template.

Figure 3-10 Photo images of prepared emulsions.

Returning to the topic of shell growth, a well-known sol-gel reaction of siloxane
hydrolysis [267]-[271] was proposed in this study. The silica encapsulation from
bare W/O emulsion was studied, as the result is shown in Figure 3-11. The fresh
emulsion prepared via sonication had a mean diameter of 258nm, which is
close to the reported value [272]. In the following, the droplet was coalescing
after 30mins, until the merged droplet sedimented on the bottom of the glass
vial and stopped moving. This is evidenced by the large droplet observed with
CLSM, see Figure 3-11b. After the TEOS was introduced, the continuous silica
(SiO2) shell formed at the position of the interface, and the encapsulation
inherited the sphere geometry from the droplet (Figure 3-11c). The composition

of the SiO2 was further confirmed by the EDX result (Figure 3-11d).
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Figure 3-11 Result of silica encapsulation from bare W/O emulsion, a) the size
distribution of fresh emulsion, b) the CLSM image of the emulsion after settling
for 30 mins, c) the SEM image of silica encapsulation, d) the Energy-dispersive
X-ray spectroscopy (EDX) colour mixed elements mapping of silica
encapsulation, blue for carbon (substrate was carbon tape), yellow for silicon

and red for oxygen.

The encapsulation from the Pickering emulsion was prepared by introducing
the same amount of TEOS to the selected W/O Pickering emulsion in the same
water and oil volume. For comparing the encapsulation with those from bare
emulsions, vigorous shaking was employed to generate a droplet with a similar
size in Pickering emulsion. The encapsulation from the Pickering emulsion

containing the aqueous phase with different pH is presented in Figure 3-12. In
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the condition of pH=2, the desired encapsulation was formed with the
nanoparticle-stabilised interface. In other results, it is surprising that the
nanoparticle was outside the droplet, and formed “honeycomb-like” aggregates,

which trapped the drops only.

Figure 3-12 The SEM images of encapsulation from the aqueous phase with

different pH, a) pH=2, b) pH=7, c) pH=12.

3.3.3. Assembly behaviour of hydrophobic nanoparticle to W/O interface

Figure 3-13 shows a full picture of the encapsulations. A drop-size-related
nanoparticle absorption is observed in the SEM images. One can see a little
nanoparticle attached to the small encapsulation (Figure 3-13b). In contrast, for
the drops larger than 2um (Figure 3-13c), intensive nanoparticles were found
on the surface of the drops. Those nanoparticles were partially embedded in
the silica layer (see the insertion in Figure 3-13c), indicating that the absorption

of nanoparticles in the W/O interface was originally existing in the emulsion.
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Figure 3-13 a) The SEM image of encapsulations from Pickering emulsion
containing aqua phase with pH=2, 10mg nanoparticle in 10mL oil for 100uL

water, b) zoomed-in image of the small droplet, c) the large droplet.

This point is also confirmed by the high-resolution CLSM image of the emulsion
(Figure 3-14). The shape and position of the W/O interface were identified from
the bright field image. Furthermore, as labelled by Rhodamine B, the absorption
of nanoparticles in the W/O interface is observed in the laser-induced

fluorescence (LIF) image (Figure 3-14b).
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Oil-Cyclohexane

Oil-Cyclohexane

Figure 3-14 Images captured with CLSM, a) the bright field image b) laser-
induced fluorescence (LIF) imaging, the nanoparticle and interface were

labelled by Rhodamine B.

The drop-size-related nanoparticle absorption was also observed in the
emulsions with the increased number of nanoparticles (see Figure 3-15). This
suggests that the attractive force between nanoparticles and water drops is
geometry related, while the concentration of nanoparticles may contribute a

little.

Figure 3-15 encapsulations from Pickering emulsion with high nanoparticle
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concentration, 100mg nanoparticle in 10mL oil for 100uL water, a) Low-

magnification, b) High-magnification SEM image.

3.3.4. Interactions between nanoparticles and droplets

Multi-scale studies have been carried out to determine the interaction of
nanoparticles with water droplets, with the aim of understanding the underlying
mechanisms of the above phenomena.

In Figure 3-16, the results of the sessile drop measurement confirmed the
hydrophobic wettability of the nanoparticle, in which the contact angle was 130-
140°. Besides, it was supposed that the pH may take a major effect on the
attachment of nanoparticles to the interface, leading to the different structures
of encapsulation as mentioned in Figure 3-12. Consequently, it was expected
to be detected a monotonous increase in contact angle according to the pH
grow up. Unfortunately, such a trend was not recognized in the measurement
results. It is probably due to the surface roughness-induced uncertainty being

considerable.
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Figure 3-16 Sessile drop measurement for determining the contact angle of
nanoparticle aggregates.

Therefore, for obtaining a more convincing result, the three-phase contact angle
of the induvial nanoparticle was further measured by “GTT” with SEM, as shown

in Figure 3-17.
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Figure 3-17 “GTT” measurement for the three-phase contact angle of individual
nanoparticle, a) observation configuration, b) SEM image with tilt angle at 15°,

C) SEM image with tilt angle at 30°.
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Generally, the SEM images show two types of absorbed particles: the small
nanoparticle (in white circle) have a typical contact angle above 120°, and the
large agglomerates (see particles in yellow circle) have most of their body
immersed in the water side (contact angle less than 90°).

Alternatively, by monitoring the interfacial tension, pendant drop is a useful
technique to study the dynamic of the spontaneous adhesion of nanoparticles
to the W/O interface. As the result shown in Figure 3-18a, compared to the initial
image, the shape of the water drop was elongated at the end of the

measurement, due to the interfacial tension change.
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Figure 3-18 Pendant drop measurement for dynamic absorption of nanoparticle

to the W/O interface

In Figure 3-18b of the logarithmic profiles of dynamic interfacial tension, all the
cases show that there has been a continuous reduction in interfacial tension,
possibly due to residual impurities [253] or mutual dissolving of cyclohexane
and wate [273], [274]. Particularly, in the nanoparticle-involved cases (dark blue
and dark red curves), there was an additional sharp reduction starting at ~300s
to ~400s, whereas the curves are smoothing in the no nanoparticle cases (light
blue and light red). It is suggesting that the nanoparticle was rapidly absorbed
in the W/O interface during this period. This dynamic agrees with typical three-
regime absorption progress reported in the literature [275], as labelled in Figure
3-18b. In regime I, the interfacial tension was not appreciably reduced, because
it was dominated by the bare W/O interfacial behaviour and initial condition. In
regime I, the nanoparticle starts to be absorbed in the interface, and causes
an accelerated decrease in tension at a rate of —(E;/A) dN,/dt, where the
(Eq/A) is the absorbed energy of nanoparticle in a specific area and dN,, /dt is
the absorption rate of nanoparticles [276]. This regime ended with the
nanoparticle monolayer saturation in the interface, as illustrated in Figure 3-19a.
In the last regime lll, the nanoparticle was gelation or aggregated in and near
the interface, resulting in a slower reduction in interfacial tension. Surprisingly,
the interfacial tension is found to gradually reach a plateau in the case of pH=7

water with the nanoparticle, and the final value was higher than the bare W/O
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interfacial tension of 43.8N/m (measured by tensiometer). It is probably
because the nanoparticle may finally aggregate near the interface without
contacting with the absorbed nanoparticle or interface, rather than keep
absorbing in the interface. These aggregates were positioned where the
subjected forces were balanced, and blocked the absorption of nanoparticles
to the interface, as illustrated in Figure 3-19b. This structure can be also proved
by the consolidated morphologies as mentioned above (Figure 3-12b and c), in
which the water drop was separated from the surrounding nanoparticle
aggregates. Moreover, the present findings are consistent with other research
which identified a similar network structure in O/W emulsion [277].
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Figure 3-19 The illustration of nanoparticle-interface interactions: a) the typical

progress with water (pH=2), b) the proposed progress with water (pH=7 or 12)

3.3.5. Determining the DLVO contributions to assembling
In this section, a semi-quantitative investigation employing the Derjaguin—
Landau—Verwey—Overbeek (DLVO) theory [278], [279] was conducted to gain

insight into the experimentally observed phenomena. This is achieved by
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evaluating the energy potential of a single primary nanoparticle, as illustrated

in Figure 3-20.

electrical double layer

Oil, e,

Figure 3-20 The physical model for the DLVO framework.

We consider a simple model including a spheric water droplet with a radius R,
surrounded by the continuous oil phase, and a spheric nanoparticle with a
radius R, located in oil phase. The gapped distance between the nanoparticle
and water drop is given by h = z—R,, — R,, Where z is the centre-to-centre
distance. Two interactions are considered in this framework, namely van der
Waals force (F,4y) and electrostatic force (Fzs). We hypothesised the particle
is ion-impenetrable, while the water droplet is ion-penetrable. Both water/oil
interface and nanoparticle/oil interface can possess the electric charge. It is
thus proposed that the electrostatic force arises from the accumulation of the
electrical double layer force (coulomb force) between water droplet and
nanoparticle, and the image force [280]. The image force is an electrostatic
interaction that occurs between an excess charge in a dielectric discontinuity

field and the induced "image charge". This image charge refers to the induced
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surface charge caused by polarization [281]. Be specific, an electric charge in
a dielectric medium induces polarization in its surrounding environment. This
polarization results in a surface charge density at the interface between
dielectric media with varying dielectric properties. The electric field resulting
from the surface charge density is commonly referred to as the reaction field.
In our case, the reaction field in a medium can be understood as originating
from nonreal “image charges” within a fictive homogeneous system. However,
the image effect is typically ignored and has only been considered in a limited
number of studies [282]. But in this study, due to a huge dielectric difference
between water and oil, we believe this effect should be important. Therefore,
the total DLVO potential is written in [266]:

Wprvo(h) = Wyaw (h) + Weouiomp () + Winage (h)) Equation 3-1
Which includes the van der Waals energy W,,;, and the electrostatic energy in
the bracket.
In the first, the van der Waals interaction was evaluated by using the Hamaker
approximation of the sphere-sphere geometry [283], in which the energy

potential at centre-to-centre distance z is given in:

2
. _ Aim/am RywRp RywRp 1 ZZ—(RW+Rp)
WvdW(Z' RW'Rp) - = [ > Z > 7T = I’lﬁ
3 z2—(Rw+Rp)”  z2—(Rw—Rp)” 2 z2—(Rw—Rp)

Equation 3-2

And the corresponding van der Waals force is:

Fvaw(Z: Ry, Rp) = W Equation 3-3
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The nonretarded Hamaker constant A,,,,,,, was estimated based on the
classical Lifshitz theory [284], including the contributions from static dielectric

frequency and the UV-visible frequency.

A __ 3kgT (Ep—6m> (Ew—fm) 3hv, (ng-n%)(ng-n%)
im/2m ~
4 \éptém/ \ewtem 8v2 \/n%,+n,2n\/n‘2,v+n,2n<\/nzz,+n,2n+\/nﬁ,+n,zn)
Equation 3-4

In the condition of static dielectric constants €,, = 78.5 > €, = 3.8 > ¢, = 2.03,
the first static term was estimated at 0.89 x 10721 J. Moreover, for the latter term,
there were n, = 1.448 > n, = 1.426 > n,, = 1.333. By roughly assuming they
have the same absorption frequency v, at 3 x 10'° s™!, the total Hamaker
constant was thus A;,,/2,, = 0.35 x 107%1J, which leads to a weak attractive
van der Waals force.

Alternatively, the Hamaker constant can be estimated by the combining law

[285], [286], which is

Avmjzm ~ (VA1 = Amm)(VAzz = Amm) ~ Equation 3-5

This simple method gives a negative result of Hamaker constant A, /,,, at
—0.81 x 10721, suggesting a repulsive van der Waals force, which is opposite
from that of Lifshitz's theory.

We then proceeded to quantify the electrostatic forces by firstly determining the
surface charge density on a nanoparticle. The result of the PALS measurement
in Figure 3-21 shows the presence of a negative charge on the nanoparticle
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when dispersed in oil. It is shown that there is a zeta potential {;, of -30mV in
ethanol and a larger value of -100mV in cyclohexane. This result is consisting
of a previous measurement of 650 nm silica microspheres in ethanol [287],
which gave the ¢, at -44 mV corresponding with surface charge density at

approximate —1.4 x 10~ C/m?.
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Figure 3-21 Zeta potentials of R972 nanoparticles in ethanol and cyclohexane
(both with a concentration at 8mg/ml), also the result of the water drops in

cyclohexane as a reference.

To estimate the charge density on the surface of nanoparticle, we employed the
semi-empirical equation proposed by Loeb, Overbeek, and Wiersema [288] and
using the reference of charge density on the shear plane (where the potential

is Zeta potential ¢) [289]. Such the relationship is given as:
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07 = €mé€p kZ";eT k [2 sinh (g Z) + %tanh G Z)] Equation 3-6

Where a is the particle radius, { = e{/kyT is the dimensionless zeta potential,
Z is the valency of the counterions in media, here assume to be 1, and k~!is

the Debye screening length in media, which is defined as:

1 1 . i
k" = NPT Equation 3-7

Where the N, is Avogadro constant, c, is the electrolyte concentration in mol/L,

and A is Bjerrum length of the media, which is given as:

Ag = e Equation 3-8

- 4meregkpT

For cyclohexane at 25°C, the A5 is 27nm. The concentration of electrolytes was
estimated following the method used by Royall [290] and Linden [291]. The

concentration of the free ions in the solvent is related to the conductivity through:
s =— Equation 3-9

where ¢, is the concentration in mol/m3 of fully dissolved electrolytes, A° (in
m?S /mol) is the limiting molar conductance of electrolyte in a particular solvent,
and D is the electrical conductivity of solvent, which was 3 x 10~7 S/m for
cyclohexane measured by PALS. There should be noticed that the electrical
conductivity for pure cyclohexane is 7 x 1071 S/m [292]. The rise of
conductivity should be contributed by the soluble impurity contained in the

commercial reagent. Then, Walden'’s rule [293] was used to estimate the A° in
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proportion to the viscosity  of the solvent to another known solvent, as follows:
Ay = A9, Equation 3-10

Here, ethanol (n = 1.08 mPa-S and A° = 88.9 cm?S/mol) was used as the
reference solvent [291]. By taking the viscosity of cyclohexane at 0.89 mPa - S,
it conducted A° = 107.9 cm?S/mol for cyclohexane used in this study. By taking
this into Equation 3-9, it leads to an ion strength of ¢, = 2.8 x 1078 mol /L. Thus,
the Debye screening length is ~297nm for the cyclohexane in this study. Taking
this result back to o; = €€ kZL:k [2 sinh (g Z) + %tanh (% Z)] Equation
3-6Equation 3-6 and assuming the dissolved ion is monovalent, therefore, the
surface charge density of a single silica nanoparticle is o, = —1.8 X 107* € /m?,
regarding to the nanoparticle diameter of 16nm and zeta potential of -100mV in
cyclohexane.

With these basic, we can estimate the electrostatic energy potential. Since the
nanoparticles were assembled from the oil, which is lower in dielectric, the
image effect is always attractive, regardless of the sign of the surface charge
on the nanoparticles [265], but is repulsive when the particles are initially
dispersed in the water phase [265], [266]. As modelled by Danov [265], this
image energy between a sphere nanoparticle with a diameter R,, and a planer

interface was estimated analytically by following equation:
Wimace = . Fds = —2F2 Equation 3-11
image = J,, Fds = w quation 3-

Where the accumulated charge Q carried by a nanoparticle is assumed to be
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constant at 4moR;; (charges on the surface), and f, w are the dimensionless
functions accounting for the geometry effect. We determine these functions (f,
w) by interpolating the table of numerical result derived by Danov [265].

The last interaction considered in the DLVO theory is Coulomb force within the
overlapping electrical double layers of a nanoparticle and a water drop. Two
well-known quantitative models had been considered but are not suitable. The
first is the Hogg-Healy-Fuerstenau (HHF) model [294], [295], which is
appropriate for all kh, large kR > 5, but low surface potential (<25mV) [296].
The another model is linear superposition approximation (LSA) method [297],
which is accurate for kh > 1 and kR > 10. However, the nanoparticle in this
case has a very small k~1~297nm and high surface potential (~100mV).
Particularly, when considering the range of h - 0 and without the charge
regulation, both model lead to an always attractive (or repulsive) result
regardless the signs of surface potential [284]. These points were by
Israelachvili as the results of “dangerous assumption” [284]. Therefore, we
believe that neither the HHF model nor the LSA method is appropriate for this
case. Alternatively, due to a very low electrolyte concentration, it is possible to
neglect the effect of the electrical double layer. Consequently, an assumption
was made to neglect the effects of the electrical double layer [298]. The
nanoparticle was considered as a point charge with Q = 4nR§ap and was
moving in the electrostatic field induced by the surface potential of water droplet,
as the energy potential of this nanoparticle is:
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Weoutomp (h) = Q¢(h) = 47TR;2)0'p % Equation 3-12

Where the y,, is the potential on the surface of water drop. As recently
modelled by Uematsu and Ohshima [299], vy, is determined by the net charge
and surface charge carried by a water droplet. The net charge depends on how
these droplet was created [300], as in the previous cases of the droplet being
injected from the plastic pipette, it typically carries a positive net charge [301]-
[303]. However, this case differs from those, the droplets were created under
sonication, which was generated from a vibrating metal horn. To best of our
knowledge, there are no relevant evidence determining that the sign or amount
of the net charge in such conditions. Moreover, our zeta-potential measurement
on neutral water droplet (see Figure 3-21) exhibits that it probably carried the
negative net charges, but, with a considerable uncertainty. Therefore, we
supposed that the water drop with a neutral pH is slightly negatively charged to
ay,, of -70.4mV.

Furthermore, we analysed the DLVO effects on a single primary particle (R, is
8nm) when approaching to a water droplet with a relatively large size of R, =
500nm. The results are shown by the solid lines and dash green line of Figure
3-22.

The van der Waals interactions are short-range, which is responsible for the
behaviour of the gapped distance within a few nanometres and are in the range
between —1.1kzT (attractive, estimated from Lifshitz theory, see as solid blue

line) to 2.6k T (repulsive, from combined law, see as solid red line). As a result
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of the weak screening effect (long Debye length) in oil with such a low dielectric,
the electrostatic forces show a long-range influence up to several hundred
nanometres. Conversely, the image force contributes to an attractive short-
range potential of up to —8.6k;zT near the interface, but its strength rapidly

diminishes as the gap distance increases.
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Figure 3-22 The estimated DLVO contributions of a nanoparticle with a diameter

at 16nm approaching to a spheric water drops with a diameter of 1000nm.

The total energy potential (represented by the green dashed line) exhibits a
repulsive energy barrier of 1.1kzT at a gapped distance of approximately 95nm,
primarily due to the significant repulsive Coulomb force. As a result, the
nanoparticles remain at a distance from the water drop. However, the amplitude
of the barrier is only slightly higher than the thermal energy (kzT). Consequently,
there is a possibility that minor flow-induced fluctuations (or gravity) could

overcome this barrier, allowing a small number of nanoparticles to cross it and
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reach the interface. This scenario is depicted in Figure 3-23a. Alternatively,
when the surface charges of the water drop are neutralised by lowering the pH,
the influence of the Coulomb force can be eliminated. Consequently, in the case
of the attractive van der Waals force, as depicted by the red dashed line in
Figure 3-22 and illustrated by Figure 3-23b, a majority of nanoparticles can
approach the water drop closely and potentially be absorbed by the W/O
interface. This point can explain the experimental finding in Figure 3-12a, also

the self-assemble behaviour of nanoparticle shown in Figure 3-18.

Figure 3-23 Behaviour of nanoparticles near a water drop with the different

charged surfaces.

3.4. Conclusion

For screening the protocol for encapsulating salt using W/O Pickering emulsion
as a template, experimental and theoretical work has been carried out. The
findings include:

1) An appreciable W/O Pickering emulsion is developed when using

hydrophobic fumed silica nanoparticles dispersed in oil and then mixed with
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2)

3)

4)

5)

water. On other hand, an O/W Pickering emulsion can be made from
hydrophobic nanoparticles dispersed in oil and mixed with water.

By introducing a Sol-Gel reaction, the encapsulation is successfully
prepared from the water phase with low pH (pH=2). In the other conditions
(pH=7 and pH=12), a highly aggregated nanoparticles network was found,
indicating that the nanoparticle was not adsorbed in the W/O interface.

In low pH conditions, nanoparticles prefer to be adsorbed on the large water
droplet (>~2um).

The interfacial study confirmed the existence of different behaviour of
hydrophobic nanoparticles adsorbed on the water droplet. For the water
droplet with pH=2, the nanoparticle show a spontaneous absorption and is
finally absorbed in the interface. For the water with normal pH, the
nanoparticle is attracted by the water droplet but finally stays at positions
close to the water droplet, which does not change the W/O interfacial
tension.

Those phenomena can be explained by the DLVO theory, which considers
van der Waals force, Coulomb force, and image force. The nanoparticle is
electrical charged, which is experimentally confirmed. The image force is
attractive, leading to the nanoparticle self-assembled to a water drop. The
Coulomb force can be repulsive, and thus push the nanoparticle away from

the drop.
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4 Tailored Pickering emulsions for encapsulating salt

This chapter develops the Pickering emulsions for encapsulating
thermochemical salt, the focus is on how to tailor the geometry and structure of
Pickering emulsions. Section 4.1 introduces the background and demand for
encapsulated thermochemical salt with a tailored structure. Section 4.2
describes the materials and experimental method. Section 4.3 discusses the
measures for tailoring the geometry of Pickering emulsions. Section 4.4

concludes the findings in this chapter.
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4.1 Introduction

As one of three kinds of thermal energy storage technologies, thermochemical
heat storage (TCS) is the least developed but the most promising one to provide
a high energy density and a loss-free way for heat storage over a long duration.
For a TCS working at low temperatures (typically <150°C), salt hydrates exhibit
great advantages, including high theoretical energy density [19], [72], [81],
affordable [304]-[306], and feasibility for scale-up to kW/MWh level [203].

The principle of such a TCS is employing a pair of reversible chemical sorption
reactions between water vapour and absorbent salt. In a thermal
discharging/salt hydration reaction, the absorption of water by an anhydrous
salt (or lower hydrate) is accompanied by the release of heat and the formation
of a higher hydrated salt, while the reversed process for thermal charging/salt
dehydration is endothermic. However, such a reaction in the solid salt grains
owns many drawbacks, e.g. a slow kinetic due to poor mass transfer of water
molecules from the gains surface into the core [90], and the performance
degradation after cycles due to geometry instability of pure compounds [197],
[307]. The most popular approach so far is to fill the salt hydrate in the pores of
a matrix material [61], [308], e.g. mesoporous materials [148], [150], aerogel
[161], MOF [164], that serves as a successful scaffold for stabilizing the
geometry. However, the vapour transport pathways are still limited in those

structures [309] and are fundamentally difficult to be increased or expanded. To
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improve water transportation and maintain the geometry at the same time, an
alternative way is making an encapsulated salt, so-called a “salt capsule”,
where the salt particles are permanently confined in a predefined space inside
a compartment individually from each other. The benefits associated with such
an encapsulation include preventing the merging of the salt particles and
providing high porosity pathways for vapour diffusion. The moisture diffusion
onto the salt particles will be efficient from the convective flow around the
capsules, and reaction kinetic benefits from the decreased penetration length
in confined solid grains. These capsules should be present in a free-flow
powder macroscopic. Potential usage of such a powder material is processed
in the fluidized-bed reactors [212], [219], [220], [226], [310]-[312]. In this case.
the mass transfer, as well as reaction kinetics, will be further enhanced by
intensive powder mixing, leading to output magnitudes higher thermal power
than the salt-in-matrix materials packed in a fixed-bed reactor.

However, there are challenges in designing such an encapsulated salt, not only
in the fabrication method but also in engineering the performance. To date,
there is very limited research working on encapsulated salt for thermochemical
energy storage. One successful case is given in filling the salt into the hollow
silica capsules derived from a polymer aggregates template [167], which
fabricated the capsules with 365nm diameter and realized an energy density of
1100J/g (96MJ/m?3). But, this protocol lacks size-adjustable ability [313]. Another
case was presented in a similar way that filling the salt into the 100 ym diameter
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hollow capsules made of PEG-PEOS assembled in an emulsion template [168].
However, the inefficient filling of salt is a shortage in this protocol.

As the thermochemical performance is strongly dependent on geometry [99],
[130], [314], it is necessary to develop an encapsulation method with the
capability of geometry tailoring. Here, we presented a facile method to fabricate
the salt capsule, employing a Pickering emulsion template covering a very wide
range of geometry and encapsulating salt in one pot. This chapter is aimed to
bring a compensative study of the Pickering template and gives a practical
guideline to create an encapsulated salt with tailored geometry from microscale
to nanoscale. That result draws a full picture of the design-guided fabrication of

encapsulated salt-based TCS materials.

4.2 Experimental section

4.2.1 Materials

Calcium chloride dihydrate (CaClz2-2H20, 99%), sodium chloride (NaCl, 99%),
sodium hydroxide (NaOH,99%), and tetraethyl orthosilicate (TEOS, 99%) were
purchased from Energy Chemical (www.energy-chemical.com, China).
Cyclohexane (CsH12, 99%) was purchased from Greagent. Hydrogen chloride
(HCI, 36%w/w in H20), and rhodamine B (AR) were purchased from Aladdin
(www.aladdin-e.com, China). Ultrapure Water was obtained from a lab
purification system, which has a >18MQ/cm resistivity. Hydrophobic fumed

silica nanoparticle Aerosil R972 Pharma was kindly donated by Evonik.
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4.2.2 Emulsions preparation

Fumed silica nanoparticle was dispersed in cyclohexane by sonication (Scientz,
[ID 20kHz, 200W, 6mm standard horn). Then, the salt and rhodamine B (5ug/ml)
were dissolved in water. The pH of the aqueous solution was adjusted by 1M
HCIl or 1M NaOH and was examined by the pH tester. The aqueous solution
was added to the oil suspension, followed by emulsification. Two kinds of
emulsification devices were employed in this study, a rotor-stator mixer
providing shear-force mixing (Figure 4-1a), and a piezoelectric generator
providing the sonication implosion (Figure 4-1b). The former device consists of
a rotor with 6.9mm in outside diameter and a stator with 7.3mm in internal
diameter. The sonication device has a 6mm outside diameter amplitude
transformer, which can deliver a maximum of 600W power for emulsification.
For all samples, the volume of nanoparticle suspension and water solution was
fixed at 20mL and 1mL, respectively. The emulsification processing time was
constant at 3 mins for all cases. All the samples were placed in the ice bath

during the emulsification.
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Figure 4-1 lllustration of emulsification devices and principles: a) rotor-stator

mixer [315]; b) sonication [316].

4.2.3 Encapsulations from Pickering emulsions

The encapsulation was obtained by adding TEOS(1mL) to the emulsions. As

the TEOS has no solubility in water, the reaction will take place in the interface.
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There are four steps in the reaction, as illustrated in Figure 4-2. The reaction
was lasting for 24 hours. The production was collected by slowly drying the wet
gel in a fumed cabinet.
(FHydrolysis]
=S8i—-OR+H,0 « =Si—OH+ROH. (D
[Alcohol condensation]
=S8i—-OR+ =Si-OH e =8i-0-Si=+ROH. (2)
[Water condensation]
=Si—-OH+ =Si-OH e =S8i—-0-8Si=+H,0. (3)
[Overall reaction]
Si(OR)4 +2H,0 ~2S$i0, | +4ROH. (4)

where R is C,Hs.

Figure 4-2 Hydrolysis-Condensation reaction of TEOS for encapsulation [269].

4.2.4 Morphology characterizations

A confocal scanning laser microscope (LEICA DMi8, with 20X and 40X
objective lens, 532nm laser) was used to observe the samples of emulsion. The
emulsion was dyed by adding Rhodamine B into the water phase (5ug/mL water)
before emulsification. The fluorescence signal was induced by the laser with a
wavelength of 532nm and was collected at wavelengths between 580nm-
620nm. For consolidated samples, images were taken under SEM (TESCAN

MIRAS3) operated at 10kV. The samples were coated by Pt for 10mA and 90s
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before measurements.

4.3 Result and discussion

4.3.1 Effect of particle dosage and emulsification energy on emulsions

The samples made from different NP dosages and different shear energies of
emulsification were observed under Confocal Laser Scanning Microscope
(CLSM), the results are shown in Figure 4-3. In all the cases, water droplets
were identified clearly, and the intensive fluorescent signal near the W/O
interface was detected. The images in the first row present the samples
prepared under a constant low shear rate at 2800rpm. By increasing the NP
dosage from 10mg to 100mg with the same water volume of 1mL, the droplet
size in different emulsions remained in a similar range of 10um to 50um with a
mean value of about 30um. Exceed silica NP outside the droplets was observed
in the samples with 50mg NP and 100mg NP. Those NPs formed the
aggregated network and provided an extra spatial barrier to avoid aqueous
droplets merging. When the applied emulsification energy increased, smaller
droplets were created, as shown according to the images in each column.
Comparing all the samples prepared at different energy with the same 10mg
NP, the droplet sizes have the closed mean value, but a border range was
shown in the sample prepared from the high shear force. It indicates the created
W/O interfacial area matches the number of particles, and that all the particles

are adsorbed in the interface in the same density. In other cases of 50mg NP
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and 100mg NP, increased emulsification energy resulted in a decrease in drop

size and less dissociated nanoparticles.

Nanoparticle dosage

ubiH

Emulsification energy
992BLI9jul Ul uoljesjuaduod dpdiuedoueN

MO|

Pickering-stabilised Structure network-stabilised

Figure 4-3 CSLM images of W/O emulsions prepared with different conditions.
From the first to the third row are the emulsions of 1ml water in 20mL
Cyclohexane with 10mg R972 NP, 50mg NP, and 100mg NP, respectively.
Different colours represent the different emulsification: green is for emulsified
by rotor-stator at 2800 rpm (linear velocity at ~1.0m/s), blue is 8000 rpm

(~2.8m/s) and red is sonicated at 500W, respectively.

Besides, some stable ellipsoidal droplets were observed in moderate shear rate
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and high particle concentration cases, see the zoomed insertion of the image
in Figure 4-3e. The droplet deformation was caused by the large number of
particles intensively jamming in the W/O interface [317], [318] and stabilising
the interface. Meanwhile, the shear flow was insufficient to further break up this
droplet [319]. In contrast, a typical surfactant-stabilised droplet will restore to
the sphere after a short relaxation period [320].

As shown in Figure 4-4, the minimum size of the droplets was in sonicated
samples, which was 9.5um, 1.6um and 1.4um, for 10mg/ml, 50mg/ml and
100mg/ml samples, respectively. By fitting in the lognormal distributions, the
mean size of those emulsions was 19.2um, 3.6um, and 2.6um, for the

corresponding 10mg/ml to 100mg/ml samples.
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Figure 4-4 Size distributions of droplets in emulsions, fitted in lognormal

distributions.

In addition, the inter-droplet spacing was larger in the emulsions with smaller
droplets. This was evidenced by the obvious expansion in the volume of the

emulsion after a long duration of settling (see Figure 4-5). It may be linked to

—— 50 mg/ml, 2800RPM
— — -50 mg/ml, 8000RPM
- - - - 50 mg/ml, Sonication

10 100
Size (um)

- | - - 100 mg/ml, Sonication
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10 100
Size (um)
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the droplet size distribution becoming narrow [321]. Moreover, it is possible to
be associated with different microscopic structures. It was observed that the
branched clusters containing dozens of droplets formed in sonicated samples
(see Figure 4-3h and k). The droplets were assembled by sharing a monolayer
of the particles at interfaces between a pair of neighboured droplets [322], [323].
This cluster has a gel-like ability [324], leading to a free-standing structure and
decreased packing density, which results in a larger volume of the emulsion

(sonicated sample in Figure 4-5).

2800rpm  8000rpm  Sonication

Figure 4-5 Photo Images of emulsions prepared by different emulsification
conditions. From left to right is processed at 2800rpm in the rotor-stator mixer,
at 8000rpm in the same mixer, and sonication with 500W. The NP dosage was

constant at 50mg/ml and the water volume was also the same.

4.3.2 Stability of Pickering emulsions

Moreover, the stability of the Pickering emulsion template was examined by
comparing the CLSM images of the pristine emulsions and the emulsions
stored for a week, see Figure 4-6. A minor change was found in morphology

and size distribution. The above behaviours highlight the ability of wide
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geometric manipulation and long-term stability of the Pickering emulsion, which

benefits it playing the role of the template.

Pristine After a week

NP 10mg
2800RPM

NP 50mg
8000RPM

NP 100mg
Sonication

Figure 4-6 CLSM images of pristine emulsions and aged after a week.
4.3.3 Influence of Rhodamine B

The emulsion structures were possibly influenced by RhB. As the structure is

shown in Figure 4-7, the RhB has both excellent solubilities in water due to
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hydrophilic groups (marked in the blue circle) and highly lipophilic (functional
groups in the red circle) [325]. It is suggested that the RhB should play a role
as a surfactant [326], which co-stabilises the emulsion structure accompanying
the nanoparticle. We also found that some of the RhB can diffuse into the oily
phase, adsorbing on silica nanoparticle and labelling it. Despite the influence of
RhB, to the best of our knowledge, the use of dye is the only feasible method

to observe living emulsion on the microscale.

Figure 4-7 The chemical structure of Rhodamine B.

4.3.4 Encapsulation from the emulsions

With the stable emulsion templates, the hollow capsules were derived from
interfacial polymerization, which consolidates the interface stabilised by the
Pickering particles. Firstly, the emulsions and encapsulation prepared with RhB
are shown in Figure 4-8. In all the cases, water droplets were identified from
the LSCM images, appear in clusters and have similar droplet sizes. In the SEM
images, one can see that continuous layers were successfully formed to

consolidate the emulsion in all cases. However, there are differences in detailed
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structure. In cases of pH=2 and pH=12, the consolidated structure inherited the
original geometry of the emulsions, either in round droplet morphology or size.
However, the case of pH at 2 shows the maximum coverage of silica
nanoparticles attached to the interface, nearly fully covered, indicating the
capsules were derived from a classical Pickering-stabilised emulsion. Another
sample with a pH of 12 shows a weakly covered surface on the droplets. The
nanoparticles may be failed to be absorbed in the W/O interface due to the
repulsive electrostatic interaction [327] between the negatively charged droplet
in -OH rich condition [328] and a likely charged particle. In the neutral pH case,
it is seeming that the major part of silica NP was agglomerated in the continuous
phase that trapped water droplets and only a few of NP were adsorbed in the
interface, which was a typical network-stabilised emulsion reported in previous

studies [277], [329], [330].

Figure 4-8 CLSM images of the Pickering emulsion template and corresponding

SEM images of the consolidated encapsulations. The NP dosage was
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200mg/ml (mass of NP to the volume of water), and the water-to-oil volumetric
ratio is 1:20, from left to right column is the sample prepared from water with

pH=2, 7, 12, respectively.

The morphologies of consolidated capsules prepared without RhB are
presented in Figure 4-9. The larger droplets were obtained from the emulsions
of nanoparticles solely involved (without RhB). In the condition of the pH at 2,
the round capsule structure was obtained with massive silica nanoparticle
aggregates attached to the surface, consisting of the RhB-involved case. The
mean diameter is 2.17um by directly measured from the SEM image. In the
pH=12 case, the cluster of capsules was also identified, but most of them were
broken. This was different from those without RhB. It was a result of the different
chemical structures of O-Si-O polymer, which was catalysed by different pH.
Stiffness three-dimensional O-Si-O polymer tended to be derived from TEOS
hydrolysed in alkalinity conditions [268], leading to the capsule collapse and
breaking during drying from the wet gel. In contrast, the fine network of long-
chain O-Si-O polymer derived from the acidic catalysed reaction has a better
strength to keep the complete capsules. In addition, comparing the RhB-
involved case of pH at 12, it should be informed that RhB was conserved inside

the shell and strengthened the shell.
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Figure 4-9 SEM images of capsules prepared from emulsions without RhB, a)
water phase was adjusted to pH=2, and b) pH=12. The NP dosage is consisting

of 200mg/ml (mass of NP to the volume of water).

However, among the cases of pH=4, 7, and 10 (Figure 4-10), it is hard to
distinguish any characteristic structure. They are all irregular agglomerates of
NP. It is possibly related to the insufficient catalyst and network structures

formed in the emulsions.

Figure 4-10 SEM images of encapsulations from emulsions containing water at

pH=4, 7, and 10 (without RhB).

4.3.5 Pickering and network structures of the emulsions

The above results suggested there were two kinds of structure in the emulsions,

namely Pickering and network. Those structures can be also distinguished by
Page 109 of 259



the macroscopic observations (see Figure 4-11). It was found that the sample
at pH=7 had the lowest volume in both emulsion and packed capsules. The
reduction in the volume of pH=7 emulsion is preferred to be caused by the close

packing of unabsorbed NP in the continuous phase.

Emulsions Packed Capsules

Figure 4-11 Photo images of emulsions containing water phase with different
pH (left to right 2,7,12. The NP dosage was constant at 200mg/ml and the

water-to-oil ratio is 1:25 in volume.
4.3.6 Nanoparticle dosage effect on the size of the droplet

Assuming all the NP is absorbed in the interface with a constant concentration,
the total mass of NP determines the total interface area. This accumulated
surface area of the spheric droplets with the size in a log-normal size

distribution is given in [331]:

6V
#33(lna)2

S= Equation 4-1

Where S and V are the total surface area and volume of droplets, u is the

number-median diameter and o is the geometric standard deviation. We
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assumed all the particles, that have a total mass m, are adsorbed in the
interface with the concentration in the interface is Cyp@interface = m/S (in unit
mg/um?). Then a relationship between nanoparticle dosage and number-

median diameter can be derived as below

\4 6CNp@interface
n= m e3(lno)?

Equation 4-2

In conditions of emulsification by sonication, the size of samples with different
NP dosages (to the same volume of water phase) have a similar standard

deviation 0~0.35.
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Figure 4-12 Fitting for capsule sizes prepared from pH=2 emulsions. The value

in the legend represents the NP dosage (mg/mL water volume)

The statistics for the size of droplets prepared from different NP dosages as
shown in Figure 4-12. By fitting the data using Equation 4-2, the concentration
of NP in the interface was estimated at Cyp@interface~8.8 X 10~ mg/um?. By
taking the values back to the Equation 4-2, it conducted a simple linear

relationship between the mean diameter of droplets and nanoparticle dosage
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as u = 498.6V/m.

4.3.7 Salt effect on structure of encapsulation

Figure 4-13 SEM images of consolidated structure from emulsions containing
different salt solutions as water phase: a) 1mM NacCl, b) 1M NaCl, c) 4M NacCl,
and d) 1M CaClz. The NP dosage was constant at 200mg/ml and the pH was

constant at 7.

The salt effect on encapsulation was studied. By solely adding different salt to
the aqueous phase without changing the pH and adding a surfactant, we found
that the consolidated structures (Figure 4-13) were not encapsulation,
regardless of the salt valences and concentration. It is likely to be the result of
the previous case of pH at 7 without RhB, that the drops were embedded in an
NP aggregated network. It is suggested that the NP were aggregated outside

the water droplet rather than absorbed in the W/O interface as illustrated by
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Figure 4-14a.

a)

Figure 4-14 lllustration of a) Network (pH=7) and b) Pickering (pH=2) type
emulsions, and SEM images of capsules derived from the corresponding
emulsion template, the NP dosage is 400mg/ml, and the water phase contains

1M NaCl.

Surprisingly, when the pH of the salty solution was adjusted to 2, both the
structures of emulsion and consolidated changed to expected encapsulation,
as shown in Figure 4-14b. The emulsion structure is the Pickering type, in which
the NP is strongly absorbed in the interface. It is probably due to the NP surface
conditions being changed by the H*, which came from the aqueous solution
during the strong mixing. Consequently, the NP was easily attracted by and

bonded at the W/O interface.

4.3.8 Salt effect on the encapsulation sizes

In addition, we found there was a considerable reduction in the diameter of
capsules prepared from brine water. As shown in Figure 4-15, there is a ~29%

diameter reduction for 1M NaCl as water phase and a ~48% reduction for
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saturated 9M CaClz solution. The most explanation for this was preferred to the
build-up of osmotic pressure to suppress the Ostwald ripening [332], [333].
However, in Pickering emulsion, due to the existence of a particle barrier on the
droplet, there is no chance for two droplets to get in touch and exchange the

water phase. Thus, Ostwald ripening may contribute a little to the droplet size

change.
2.0
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Figure 4-15 Size distribution of capsules prepared from different water phases

with a constant 400mg/ml NP dosage

To explain this, we proposed another mechanism that a slight change of particle
wettability in the brine/oil interface may be dominated the droplet size reduction.
It was concluded from the calculation below.

From the thermodynamic point of view, we wrote the surface Gibbs free energy
AG of formation of a W/O Pickering emulsion while neglecting the entropy as

[334]:

AG = ng(AwoYwo — NpyTRZVwo (1 + cos 6)?) Equation 4-3
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Where, N, is the total number of droplets in the system, A4,,, is the surface area
of a droplet, y,,, is the interfacial tension of two fluids, N, is the number of NPs
attached in the interface of an individual droplet, R, is the radius of an NP, and
6 is the three-phase contact angle. In a system containing a constant volume
of liquid, that V = 4/3 N;mR3 and a total number of NP C = NgN, are all in
constant. We assumed the NP covered the interface by a constant
concentration . Thus, in an individual droplet, by the geometric relationship,

there is an expression for the number of NP:

2
~ MAwo _ 41Rg Equation 4-4

P~ mRr2 R2
And the number of droplets is conducted from the conservation of volume:

_ 3Vg

4= Tmr3 Equation 4-5

By combining the above equations, it becomes:
C = NyN, = ;;;gg Equation 4-6

On other hand, the surface area of a droplet is:
Ay, = 47RZ = 4n(%)2/3 Equation 4-7

Taking Equation 4-6 and Equation 4-7 into Equation 4-3, it transformed into an

equation based on droplet radius and particle three-phase contact angle:

AG ZV Ywo C”R;%Pwo (1 + cos 9)2 Equation 4-8
d
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Finally, it became:

R, = 3VYwo
d 7 AG+CTRZ Yy (1+c0s 0)2
pYwo cos6)

Equation 4-9

Due to the change in Gibbs free energy being dependent on the energy input
during the emulsifying, we assume there is the same AG under the same
treatment conditions (time and treatment power) for all the emulsions in this
study. The target remains on finding how other parameters effect on R;.
Therefore, we performed a parametric study for all the combinations of the
possible AG, 6 and C.

As the size of the droplet is in a narrow distribution, we can assume they have
the same size with a radius at R;, which neglects the distribution profile. The
nanoparticle used in this emulsion existed in the smallest unit of an aggregate,
which is not able to be further crushed. Each aggregate is highly branched and
contains dozens of primary particles, which are connected by the sintered neck
[261]. This picture of particle aggregates absorbed in the interface is illustrated
by Figure 4-16. For the total number of absorbed particles C, we only account
the primary particles absorbed in the interface rather than the number of

aggregates, also see Figure 4-16.
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Figure 4-16 The illustration of the nanoparticle absorbed in the W/O interface.
The particle size is therefore corresponding to the size of the primary particle,
which has a radius of R, = 8nm. Other values of the parameters in our system

are listed below.

Table 4-1 parameters used in calculation.

Parameter Range Comments
v 1 ml 0.055 mol of water
Ry 200 to 1000 nm
R, 8 nm For the primary particle of a silica

aggregate

The ratio is from weakly covered to dense
covered, due to the spital steric of the
packed hard sphere, the largest value is
assumed to be 0.7 as in the very close pack
condition. However, the coverage is far low
than 0.7 in a realistic case.

This Is the bare Water/Cyclohexane
interfacial tension.

Ywo 50.2 mN/m For Brine/Cyclohexane, there should be a
lift of less than 1.5 mN/m for 1M NaCl [335],
which contributes a little to the result.

0 90° to 180° For hydrophobic particles used in this study

n 0.01t0 0.7

Firstly, for all the possible combinations of n and R,;, the total number of
nanoparticles C was estimated by Equation 4-6, as the result shown in Figure

4-17.
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Figure 4-17 NP concentration C on interface estimated from all the possible

conditions.

The result shows the total number of absorbed nanoparticles was possibly in
the range of 1.4 x 10 to 5.2 x 10'®. By fixing the number of absorbed
nanoparticles, then based on Equation 4-8, we can estimate the Gibbs free
energy according to contact angle and droplet size.

For the case of minimum particles absorbed in the interface Figure 4-18a, the
change in contact angle affects a little of the droplet radius. In the particle
maximum absorbed case, the graph shows that there has been a gradual fall
in the droplet radius due to decreases in contact angle when the Gibbs free

energy ranged from 0.1J to 0.4J.
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Figure 4-18 The relationship between droplet radius and particle wettability with
the number of absorbed particles is fixed, the Gibbs free energy is labelled on
the lines, unit in J/ml for water. a) the number of absorbed fixed at the lowest

C = 1.4 x 10, and b) fixed at the highest € = 5.2 x 10?°.

In the same way, the Gibbs free energy was also estimated when the particle
contact angle was fixed. The droplet radius in the emulsions with different
energy and the number of absorbed particles are shown in Figure 4-19. In the
case of a contact angle at 120°, it is possible for the droplet radius to decrease
from 0.5um to 0.3um by following the lines of AG around 0.3J. However, the
corresponding increases in the number of absorbed particles should be greater
than two orders of magnitude. In another case of a contact angle at 135°, it
does not found that any contour lines covering the desired decreases in droplet
radius.
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Figure 4-19 The relationship between droplet radius and the number of
absorbed particles with particle contact angle is fixed, the Gibbs free energy is
labelled on the lines, unit in J/ml for water. a) the particle contact angle is 120°,

and b) the particle contact angle is 135°.
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The effect of any individual factor, either of contact angle or number of absorbed
nanoparticles, is not significant for reducing the size of the droplets by half. The
decreases in contact angle and increases in the number of absorbed particles
are more likely to take effect together. As an illustration in Figure 4-20, the
introduction of salt to the water may change the wettability of the nanoparticle
(primary particle), and the particle is likely to be rotated to the orientation of
more particles that can be absorbed during the absorption. Consequently, a
slight decrease in contact angle and not much additional particle absorption is

able to produce enough reduction in droplet size.

b
Y Oil :

Qil

Figure 4-20 The illustration of NP absorbed in a bare Water/Qil interface and
Brine/Qil interface, both the number of absorbed particles and contact angle

changed.

4.4 Conclusion

In this study, we discussed how to tailor the geometry of W/O Pickering

emulsions. There are four measurements to reduce the size of droplets in
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emulsions, including increasing emulsification energy, increasing the dosage of
nanoparticles, adding salt to the water phase, and using a surfactant. In this
way, the size of droplets in the emulsion is precisely and continually adjusted
on the nanoscale and microscale. Based on those findings, the encapsulated
salt can be fabricated by introducing a continuous shell derived from TEOS,
which is hydrolysed under an acid condition. The pH also shows a great
influence, not only acting as a catalyst for hydrolysis but also changing the
emulsion structure. A low pH condition is preferred to conduct the desired
capsules, due to the possible change in the wettability of the nanoparticle.

It can be concluded that, with both experimental and theoretical analysis, this
work proposed a facile method to make the encapsulated salt for TCS.
Furthermore, it gives a practical guideline to tailor the structure and geometry

of the Pickering emulsions.
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5 Thermal performance and optimization of

encapsulated salt

This chapter fabricates the encapsulated CaCl2 with various sizes and shell
thicknesses, discusses the thermal performance links to those parameters, with
a special focus on single particle. Section 5.1 introduces the background of
encapsulated thermochemical salt. Section 5.2 describes the materials and
experimental method. Section 5.3 presents and discusses the relationship
between thermal performance and size of encapsulation. Section 5.4 concludes
the findings in this chapter. These findings can be used to guide and select the

best-suitable encapsulated salt for the specific applications.
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5.1 Introduction

Salt sorption-based thermochemical heat storage (TCS) is an emerging
technology for long-duration thermal storage [67]. This technology relies on
reversible dehydration/hydration reactions, regarding thermally charging and
discharging for heat. For charging as well as dehydration of salt hydrates, the
water molecules is being released through chemical bonds breaking and
transported to the ambient through the crystal lattice [90], [336]. For the
discharging/hydration, the vapour water condenses on the surface of the solid
sorbent and diffuses into the lattice accompanying the reaction [106], [108].
Those reactions are the solid-gas reaction [337], which involves the coupled
mass and heat transfer and thus has the diversity kinetic. It is suggested that
the reaction rate are always limited by the slow mass transfer in the solid [130],
[307]. The mass transfer can be improved by an optimised geometry of solid
sorbent [314]. In practice, sorbent is used in the form of powder, pellets,
granules, or bricks. These various sizes and shapes strongly influence the
performances, including energy storage density, specific power and thermal
efficiency [99]. For salt as a sorbent, it is promising that confining salt grains
sizes by encapsulation. Based on the previous studies, the salt was
successfully encapsulated from the well-designed Pickering emulsions. In this
chapter, the aim is to optimise the geometry of encapsulated salt for better

thermal performance. Both the effect of shell thickness and encapsulation size

Page 123 of 259



on thermal performance is studied. A framework to evaluate the performance

of encapsulated salt is proposed in the following.

5.2 Experimental section

5.2.1 Materials

Calcium chloride dihydrate (CaCl2-2H20, 99%), and tetraethyl orthosilicate
(TEOS, 99%) were purchased from Energy Chemical (www.energy-
chemical.com, China). Cyclohexane (CsH12, 99%) was purchased from
Greagent. Hydrogen chloride (HCI, 36%w/w in H20) was purchased from
Aladdin (www.aladdin-e.com, China). Ultrapure Water was obtained from a lab
purification system, which has a >18MQ/cm resistivity. Hydrophobic fumed

silica nanoparticle Aerosil R972 Pharma was kindly donated by Evonik.

5.2.2 Fabrication of encapsulated CaCl2

Fumed silica nanoparticle was dispersed in 20mL cyclohexane by sonication
(Scientz, [ID 20kHz, 200W, 6mm standard tip) in a concentration. The CaCl2
was dissolved in water at a mass fraction of ~40%wt, followed by adjusting the
pH to 2 by 1M HCI. The aqueous solution was added to the oil suspension,
followed by emulsification taking place in an ice bath. For all samples, the
amount of cyclohexane and the aqueous solution was fixed at 20mL and 1 mL,
respectively. For emulsification, sonication (6mm, 600W) was used, and the

emulsification time was constant at 3 mins for all cases. The diameter of
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encapsulation was tailored by changing the amount of fumed silica
nanoparticles. The shell thickness was increased by adding more TEOS. The

list of encapsulated CaClz is presented below.

Table 5-1 Studied encapsulated CaClz.

Samples Preparation conditions
(Diameter-shell CaClz2 aqueous | Fumed Cyclohexane | TEOS
thickness) solution (mL) silica (mg) | (mL) (mL)
800nm-25nm 0.5 250 20 0.5
800nm-50nm 0.5 250 20 1.0
800nm-100nm 0.5 250 20 2.0
8000nm-250nm 1.0 50 20 1.2

5.2.3 Morphology characterization

SEM images were taken under SEM (TESCAN MIRA3) operated at 10kV. The
samples were coated by Pt for 10mA and 90s before measurements. STEM
images were taken under a transmission electron microscope (FEI, Talos
F200X G2) in Scanning-TEM (STEM) mode with HAADF (High-angle annular
dark field) detector. Energy-dispersive X-ray spectroscopy (EDX) mappings

were also acquired in STEM mode.

5.2.4 Thermal performance characterized by STA

Simultaneous Thermal Analysis (STA) was performed in a Netzsch STA 449 F1
Jupiter equipped with an S-Type thermocouple. As the profile shown in Figure

5-1, the sample was initially standing under moist air until saturation, followed
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by the STA switch to dry air flow and heat up for dehydration. The dehydration
was until 140°C and lasted for 30mins on the elevated temperature before the
sample cooled down. The hydration took place by switching to moist air when
the sample was stable at 30°C. The dry or moist air flow was purged as a
reactive gas, which flowed at 80SCCM. The protective gas was Ar2, which
flowed at 100SCCM. The humidity of moist air was measured by an in-pipe
humidity sensor, which was maintained at 85+3% and 29.5+0.5°C,
corresponding to a vapour pressure of around 1800Pa. The samples were
exposed in a fume cabinet condition (~25°C, 80%RH) for a week to reach the
same hydrated state. The samples were carefully weighted at 5.15+0.05mg for

each measurement, to avoid the influence of the mass [338].
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Figure 5-1 temperature and airflow profile used in STA.

5.2.5 Dynamic vapour sorption

The dynamic vapour sorption measurement (DVS) was taken place in a mass-
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based vapour sorption analyzer (Beishide, BSD-DVS) at 30°C. The isotherm
vapour pressure-jump schemes were used for measurement, as shown in
Figure 5-2. The samples were absorbing water at a constant vapour pressure
stage until saturation, and then the vapour pressure increased to the next stage.
The stages were set to P/Po=0.1, 0.2, 0.3, 0.5, 0.7 of the saturation vapour
pressure (Po) of 4243Pa at 30°C. The samples were carefully weighted at

10x1mg to avoid the influence of the mass.
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Figure 5-2 The profile of pressure-jumping DVS measurement and the result of

pure CaClz (solid symbol).
5.3 Result and discussion

5.3.1 Effect of shell thickness on thermal performance

The fabricated encapsulated CaClz with a diameter of ~800nm are shown in
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Figure 5-3. The capsules were uniform spheres and has the same size
distribution among each sample. There was no salt grain was identified outside

the capsules, suggesting the encapsulation was successful.

Figure 5-3 SEM images of encapsulated CaClz with ~800nm diameter and shell

thickness of (a) 25nm, (b) 50nm, (c) 100nm.
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The encapsulation structure was further confirmed by STEM-HAADF images in
Figure 5-4. There was a significant void inside the encapsulation, due to the
volume shrink of salt grain crystallised from the precursor salty solution. The
shell thickness was directly measured from the STEM-EDX mapping (see
insertions of Figure 5-4a, c, e). The result confirmed the shell thickness was

consistent with the designed value of ~25nm, ~50nm and ~100nm.
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Figure 5-4 STEM-HAADF images and STA of the encapsulated CaClz with

~800nm diameter and shell thickness at (a, b) 25nm, (c, d) 50nm, (e, f) 100nm.
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The insertion in a, ¢, and e is the EDX colour-mixed mapping of the local shell,

blue represents the elements of Ca and Cl, and red is for Si and O.

In the STA result (Figure 5-4b, d, and f), thermal charging, as well as
dehydration, was taking place accompanied by water dried out from the
hydrated salt, giving the peaks of endothermic (red). The peaks are composed
of three overlayed parts, referring to the transition from the initial deliquesced
state to CaCl2:6H20, followed by CaCl2:6H20 to CaClz2-2H20, ends with
CaCl2-:2H20 to anhydrous CaClz. Then the temperature was coming back to
30°C to store energy for a short duration. The following discharging, enabled
by purging moisture, gave the exothermic peaks (orange) with a lower enthalpy
(compared to the charging), at 1137J/g, 1042J/g, and 735J/g for the 25nm,
50nm, and 100nm samples, respectively. The mass fraction of anhydrous CaClz
in each dried encapsulation was estimated at 38%, 31% and 22%,
corresponding to the enthalpy of 1238J/g, 1009J/g, and 737J/g, for 25nm, 50nm,
100nm samples, respectively. The degradation of measured specific enthalpy
according to the shell thickness increases agreed with those estimations.
Moreover, the enthalpy differences between endothermic and exothermic were
contributed by the evaporation of exceeded liquid water in the initial discharged
stage.

The dehydration and hydration kinetics were evaluated by the first-order
derivation of mass gain curves (also called difference thermal analysis DTA),
see Figure 5-5. In dehydration (Figure 5-5a), it shows similar characteristics in
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all the samples, including the peak shapes, and the dry-out temperature/time.
In the period of 15 to 45 mins, the dehydration rate shows a higher peak value
in the thinner shell samples, but the onset and peak position was the same. It
suggests that increases in water loss rate were the result of the high mass
fraction of salt rather than the lower diffusivity resistance in thicker shells. The
hydration curves show a similar trend. Therefore, it was indicated that the shell

thickness effect is minor on the nanoscale.
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Figure 5-5 Water uptake kinetic of 800nm capsules with different shell

thicknesses, a) dehydration, b) hydration.

5.3.2 Effect of encapsulation size on thermal performance

The capsules with different diameters were studied in the same way, as the
results are shown in Figure 5-6. By increasing the size of the encapsulation, we
found there were a considerable number of buckling capsules in the 8um
sample. Fortunately, the shell was completed. For unconfined pure CaClz, the
grains merged into a bulk, and numerous pores were observed on the surface.
The thermal performance and kinetic were evaluated by STA. Compared to the
nanoscale encapsulations, the mass change profiles show a delayed dry-out
temperature of 5.8°C (consumed an additional ~3mins, 7% of baseline) for 8um
capsules and 31.0°C (consumed an additional ~15.5mins, 35% of baseline) for
the unconfined salt sample. In the hydrations, the encapsulated salt and raw
salt show the same peak values but a few differences in trends. It is suggested
that vapour diffusion in the air was the rate-limiting process during the initial
period [147]. For the latter long-lasting part, the hydration rate was limited by
the water vapour diffusion of the intra-particle. Surprisingly, we found the
exothermic energy of pure salt was 2464J/g (based on dry mass), which was
only 75% of the 3252J/g enthalpy for fully hydrated to the CaCl2.6H20 from the
anhydrous CaCl2 [339]. It is indicated that a part of the salt was not hydrated
and released heat. However, the accumulated gained mass during hydration

was already higher than the mass difference between the hydrated and
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anhydrous states, suggesting water distribution inside the salt grain was
inhomogeneous. As the result, the diffusion of water molecules was somehow

hindered through the production layer [148], which formed on the outside of the

unreacted grain.
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Figure 5-6 SEM and STA results of CaCl2 capsules with different diameters: a,
b) capsules of 8um mean diameter with ~300nm thick shell, 5.12mg for STA

measurement, and c, d) unconfined pure CaClz, 5.2mg for STA measurement.

The kinetic was studied by the pressure-jumping DVS measurements. As
shown in Figure 5-7, the breakthrough curve of each pressure stage was

compared between different encapsulation sizes.
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Figure 5-7 Breakthrough curves of encapsulated salt and unconfined pure salt

at each P/Po stage in DVS measurement.

In all the pressure stages, the conversion rate degraded according to the

encapsulation size increases. In the high vapour pressure conditions, it took a

long time to equilibria, which links to the increases in specific water uptake. For

an in-depth understanding of the hydration mechanism, the breakthrough

curves were redrawn to the conversion-conversion rate curves, as shown in

Figure 5-8.
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Figure 5-8 the conversion-conversion rate curves of hydration at different

vapour pressure

In Figure 5-8a of P/Po=0.1, the graph shows that there has been a slight
increase in the conversion rate when the conversion was between 0 to 0.2.
There were followed by a gradual fall in the rest range of conversion. This
increase was possible due to the slow nucleation under the low vapour pressure
[108], which was described by the Avrami-Erofeyev model [340]. After the nuclei
formed, the growth of nuclei become fast as well as the conversion rate
increased. The conversion rate reached a peak when the crystals begin to

congest the neighbourhood. Then, the degradation in rate was observed, which
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was controlled by the shrinking of the reaction interface progress toward the
centre of the crystal. In other vapour pressure stages (P/Po=0.2, 0.3 and 0.5),
the figures reveal that there have been steady declines in conversion rate
associated with conversion increases. It indicates a first-order reaction
mechanism, which was described by the Mampel model [341]. This model is a
special case of the Avrami-Erofeyev model, which describes the random
nucleation at the surface of crystals and the isotropic growth of the nuclei from
the surface to the centre. The rate-limiting step takes place at the internal
interface, which is between the unreacted phase and the growing new phase.
In all the conditions, the small encapsulated CaCl2 has the highest conversion

rate. It highlights the effect of confinement on grain size.

5.3.3 Effects of encapsulation on energy storage efficiency

The above findings conclude the effect of encapsulation on thermal
performance. The introduction of a shell reduces the specific reaction enthalpy
of pure salt. However, the confinement effect leads to the improvement of
reaction kinetic both in hydration (discharging) and dehydration (charging). By
simple geometry, it is obvious that a large encapsulation with a thin shell will
have a high reaction enthalpy and high energy storage density. But it has a
drawback of slow dehydration, which require more energy during thermal
charging to maintain the material at elevated temperature. Therefore, it is

necessary to consider how to evaluate the effect of encapsulation from the view
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of thermal energy storage. For the charging process, we suggest a simple

thermal balance relationship to evaluate the efficiency [190]:

stored energy __ MHthermochemical
input energy MCpAT+MHhermochemical M@ free waterH free water+at

ncharging -

Equation 5-1

The numerator represents the thermochemical energy stored in a dry mass m
of encapsulated or pure salt. The denominator is the accumulation of them for
parts. The first part is the sensible heat cost to bring the material to an elevated
temperature AT. The second item is the thermochemical energy as well as the
enthalpy change during losing the bonded water. The following part includes
the energy cost of evaporation (Hree water IS ~2256J/g) of free water in a mass
MQ ree water» F€Qarding the excess water in the STA results. And the last part is
the energy cost to maintain the system temperature against the heat dissipation,
which is the product of power g (a constant related to the system configuration)
and consumed time t. The consumed time depends on dehydration kinetic, in
other words, the conversion rate. We consider an idealized scenario, that the
sensible heat is fully recovered (mC,AT = 0) and there is no exceeding free

water (¢sree water = 0)- Thus, it can be simplified into:

1 .
Ncharging = 14 q - Equation 5-2

}
MAHthermochemical

In this equation, the dehydration conversion time t for a salt particle with a

radius r, is estimated by integrating the conversion rate f(a)da, as t =

f01 f(a)da . The conversion rate of dehydration is approximately described in
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the Linear Driving Force (LDF) model [147], [342]:

d .
d_c: = kdehydration(1 —a) Equation 5-3

Therefore, the full conversion time is:

£ = —In (1-a)
kdehydration

Equation 5-4

To link it to the geometry, the kinetic rate was suggested by the references [343],

[344] as:

DSO
2
Tp

kdehydration =kn, Equation 5-5

Where the k., = Cjeomexp (—Eq/RT) considers the geometry effect Cy,,,, and
the reaction condition effect. Finally, the efficiency of thermal charging is
simplified into:

1

- Equation 5-6

1+ CdehydrationAchermochemical

Ncharging =

Where the Cyenydration = —In (1 — a)q/mky,Ds, is a constant.

For discharging, the reaction is possible to be kinetically hindered in low vapour
pressure conditions [111], [163], [345], and result in degradation in stored
energy. Unfortunately, we found it difficult to be evaluated this effect either in
theoretically or experimentally. Therefore, we assumed the discharging occurs
in a high vapour pressure condition, in which the salt can be fully reacted, and

all stored energy is released (Mgischarging = 1)-
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Besides, the thermochemical energy storage density AHinermochemical 1S
monotonously increased through the encapsulation size increased, we define
Nenergy density = Hencapsutatea/Hpure saie @S the efficiency of encapsulation. The
total efficiency is proposed as 1 = Nenargingldischarginglenergy density - The
physical meaning of this expression is the full-cycle efficiency of encapsulated
salt compared to pure salt. As the result, we predict the total efficiency with

different Cyenyaration, @S shown in Figure 5-9.
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Figure 5-9 The efficiency of encapsulated salt compared to pure salt

For the different conditions represented by different Cyepyaration, the efficiency
reaches the maximum value at 39.7%, 54.4%, and 58.3% in encapsulated salt
with an optimised diameter at ~1.5um, ~7uym, and ~35um, respectively. The
major degradation of the efficiency is the energy storage density loss due to the
participated mass of the shell in the encapsulation structure. Therefore, the

areas for further research should be focused on developing a better material
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for shells.

5.4 Conclusion

In this study, we discussed the thermal performances of different encapsulated
salt. By increasing the thickness of the shell, we found the influences on
reaction kinetic are negligible, and the rate-limiting process has been and
remains on the moisture diffusion outside the encapsulation. On the other hand,
the encapsulation with increased diameter presented a considerable
degradation in dehydration kinetic. Determined by STA, an additional 7% time
consumed was found in the encapsulated salt with a diameter of 8um,
compared to the 800nm encapsulation as the baseline. For unconfined pure
salt, there was an extra increase in dry-out temperature and time. The kinetic
of those salts are studied by DVS in the following. In the hydration process, the
smaller encapsulated salt always has a higher conversion rate. It highlights the
effect of encapsulation on the improvement of the reaction kinetics. In large
unconfined pure salt particles, the hydration kinetic was hindered in low vapour
pressure conditions, leading to uncompleted heat discharging.

To evaluate the performance of the encapsulated salt, we suggested a total
efficiency, by combining the encapsulation efficiency, charging efficiency, and
discharging efficiency. The result gives in a monotonous descent for pure salt
according to the 2" power of particle radius. For encapsulated salt, considering

the encapsulation efficiency is in the opposite trend, we concluded the
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maximum efficiency of encapsulated CaClz should be reached at a diameter
range of ~1.5-35um. It is suggesting that the efficiency can be further improved
by alternating to a stronger shell material and concentrated salt solution. The
corresponding optimised size should be changed in those conditions. In
conclusion, with both experimental and theoretical analysis, this study gives an
in-depth understanding of how to use encapsulated salt from the view of

engineering and application.
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6 Encapsulated salt for thermochemical energy

storage with fluidised bed reactor

This chapter examines the utilization of encapsulated salt in a high-
performance thermochemical energy storage through the use of a fluidized bed
reactor. Section 6.1 introduces the background of sorption-based
thermochemical energy storage. Section 6.2 describes the experimental
method for fabricating and characterising the MicroCaClz, NanoCaClz. Section
6.3 discusses the performance of NanoCaClz, compared to the MicroCaClz and

pure salt. Section 6.4 concludes the finding in this chapter.
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6.1 Introduction

Thermal energy currently accounts for over 50% of the world’s final energy
consumption, predominantly met by fossil fuels. The decarbonisation of thermal
energy, therefore, represents one of the biggest challenges for achieving the
net-zero target around 2050 [1], [2]. The preliminary results of a recent study
by the Royal Society suggest the need for short-, medium-, and long-term
energy storage technologies. For the UK alone, a future renewable-energy
dominant energy system requires ~100-120GW/100-200GWh, ~100-
130GW/2-6TWh and ~70-80GW/~35-40TWh for short-, medium- and long-term
storage, respectively [4]. A significant amount of work addresses short-term
energy storage e.g., lithium-ion & sodium-ion batteries, supercapacitors, and
flywheels [5]; a much smaller amount of effort has been made on the medium-
and long-term energy storage [7], [8]. The current global energy storage
installations are around 200GW, which is insufficient for meeting the needs of
even a relatively small country such as the UK. Thermal energy storage (TES)
has the potential to meet the medium- and long-term energy storage
requirements, particularly thermochemical storage (TCS), one of three TES
technologies. The TCS technology is based on reversible reactions and/or
sorption processes. Taking solid-gas based TCS as an example, it can be

illustrated by:

Asolid + HEAT & Bsolid + Cgas
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The advantages of TCS-based technology include zero energy loss during
storage, making it particularly suitable for long-term applications [67], [84], [225],
[346]; the use of inorganic compounds as the storage material, ensuring cost-
effectiveness [95]; and the provision of high energy density [81], leading to a
compacted system.

This work focuses on sorption-based TCS using hydratable salts as the storage
material aimed for low- and medium-temperature applications (<150°C) [72],
[82]. TCS based on such materials store the heat in chemical bonds of
anhydrous inorganic salts and generates heat by reacting with water vapour.
Several experimental studies have shown the feasibility of the TCS using pure
salts at various scales [204], [206]. However, pure salts present poor structural
stability problems due to deliquescence [112] and caking [347], leading to
significant degradation in the reaction kinetics and energy storage density after
a very small number of thermal cycles [200], [348]. Pure salts are also
unfavourable due to the slow diffusion of water molecules through large solid
grains, which limits the reaction rate and power output [99]. To address the
above challenges associated with pure salts, TCS composites, particularly the
so-called salt-in-matrix, have been proposed. This facilitates small-sized salt
grains dispersed within a matrix, providing an enhanced mass transfer pathway
for water vapour, and improved heat transfer in the reacting bed. Aristov and
Levitskij are among the first to pioneer salt-based composites [57], [349]. Work
in this area has continued since then and the 'salt-in-matrix’ remains an area of
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the TCS research community [350]. The overall performance of such
composites depends on the porous structure of the host matrix [131] and the
amount of salt-occupied volume in the pores [121]. For the former (pore
structure), a recent development has demonstrated the successful use of a
porous host with aligned pores [351]; whereas for the latter, increased content
of salt in the pores makes it possible for deliquesced salt to leak out [117], [142],
[143], [352]. Recent studies [118], [138], [148], [149], [353] have also shown
that high salt content composites experience kinetically hindered hydration due
to stagnant water vapour in the matrix. This results in a mass transfer barrier
which is subject to the pores being narrowed or clogged by the expanding salt.
We propose the use of the salt micro-/nano-encapsulation method to resolve
these challenges. Encapsulation is an effective method of preventing salt
leakage. This effect has been demonstrated in some recent studies on the use
of macro-encapsulation as a skin for bulk salt-in-matrix composites [171], [354],
[355]. Our proposed encapsulation is radically different, characterised by a
structure with individual micro-/nano- salt particles/agglomerates as the core
confined within a water vapour permeable shell, so-called “salt capsules”. In
addition, in our approach there are extra gaps between the capsules, providing
additional channels for water vapour transport, increasing the rate of reaction,
and eliminating the kinetic hindrance. In contrast to salt-in-matrix, our salt
capsules are in the form of fine particles, allowing them to be used in a fluidised

bed reactor within an open/closed TCS system with a separate storage tank.
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[188], [212]. A major advantage of such a system is its high flexibility in
scheduling the charging and discharging processes by supplying the amount of
energy (material) according to the demand/energy input. This configuration also
benefits from a lower pressure drop than a fixed bed reactor at high flow rates
[226], a significant improvement in vapour transport and heat transfer [220], the
provision of high specific power [215] and a high theoretical thermal efficiency
[188]. In addition, storage capacity is scalable and independent of reactor power,
providing further flexibility in system sizing.

However, much less effort has been made into the encapsulation of salt. A few
studies can be found on, for example, the encapsulation of salts at nano- [166],
[167], micro- [128], [168], and macro- [169] scales. These published studies
have employed multi-step protocols that are complicated and expensive.
Crucially, these methods are incapable of achieving size/geometry
manipulation, which is important for optimising the thermal performance of the
TCS [99], [314]. Furthermore, the cost-effective and resource-efficient
production of salt capsules is also a significant obstacle.

Here, we demonstrate an encapsulation strategy for making salt capsules at
the nanoscale and microscale, using low-cost raw materials and a simple
process based on Pickering emulsion. Experiments were performed on the
thermochemical reactions of the fabricated capsules. A significant extent of
enhancement in reaction kinetics was observed. The encapsulated TCS
composite had an energy density of over 1700 kJ/kg, which is approximately
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an order of magnitude greater than that of latent heat storage under similar
temperature conditions. Thermal cycling experiments showed excellent stability
of the TCS composite material. Laboratory-scale experiments demonstrated
the fluidisation of fine salt capsules for the first time, enabling a long-duration

discharge process over 12 hours.

6.2 Experimental section

6.2.1 Materials

Calcium chloride dihydrate (CaCl2-2H20, 99%), Lithium Chloride (LiCl, 99%),
Potassium carbonate (K2COs, 99%), Magnesium sulfate heptahydrate
(MgSO4-7H20, 98%), Tetraethyl orthosilicate (TEOS, 99%) was purchased
from Energy Chemical (www.energy-chemical.com, China). Cyclohexane
(CeH12, 99%) was purchased from Greagent. Hydrogen chloride (HCI, 36%w/w
in H20) and Silica gel were purchased from Aladdin (www.aladdin-e.com,
China). Water was obtained from a lab purification system, which has a >18MQ
resistivity. Hydrophobic fumed silica nanoparticle Aerosil R972 Pharma was

kindly donated by Evonik.

6.2.2 Emulsion template preparation

Typically, a brine-in-oil Pickering emulsion was prepared by dispersing 5 to 20
mg/ml R972 Pharma nanoparticle in cyclohexane. A sonication device (Scientz,

lID 20kHz, 600W) with a 6mm standard horn was used to disperse a batch of
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approximate 20ml suspension for 2 hours (80% power, 4s/4s on/off) in an ice
bath. Then, 1ml salt aqueous solution with pH=2, adjusted by 1M HCI, was
added into the suspension at 30°C. The cloudy microemulsion was obtained by
a further sonication treatment without an ice bath for 10mins (80% power, 8s/4s

on/off)

6.2.3 Fabrication of the NanoCacCl> and MicroCacClz

CaClz2-2H20 was dissolved in water at 50°C to form a saturated solution with a
density of 1.58g/ml (approximately CaCl2 at 0.9g/ml), followed by adding 1M
HCI to adjust the pH to 2, then cooled back to 30°C to form a supercooled
solution. For NanoCaClz, the suspension of 15mg/ml R972 Pharma
nanoparticle in cyclohexane was prepared according to the above protocol.
There was 0.5mg/ml R972 Pharma nanoparticle in cyclohexane for MicroCaCla.
Then, 1ml salt solution was added into the 20ml suspension at 30°C, followed
by emulsification. In the next step, 1ml (for NanoCacClz2) or 0.5ml (for MicroCacClz)
TEOS was added into the prepared emulsion drop by drop, followed by mixing
via handshaking. The emulsion was then held stationary for 12 hours to form
the shell. The product was collected by gently evaporating the oil phase in a

fume cabinet and then in the oven at 120°C.

6.2.4 Fabrication of the composite of CaClz-in-silica gel

The CaCl2-in-silica gel was prepared following the reference [119]. Hydrophilic

silica gel was washed with ethanol, followed by DI water. Then, the silica gel
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was dried in oven at 200°C for 3 days. The treated silica gel was immersed in
CaClz2 aqueous solution and slowly dried in an oven at 60°C. The morphology
of obtained CaCl2-in-silica gel is shown in Figure 6-1. The EDX analysis

confirmed the mass fraction of anhydrous salt was ~50% in the composite.

Figure 6-1 The SEM images and corresponding EDX colour mixed mapping of

CaClz-in-silica gel composite.

6.2.5 Morphology of NanoCaClz capsules

Approximately 10mg of NanoCaCl2 were re-dispersed in 10ml cyclohexane in
a sonication bath for 10mins. A 10uL suspension was then dropped on an SEM
stub with carbon tape. The samples were coated with Pt for 10mA and 60s
before measurements. An SEM (TESCAN MIRA3) was used for the analyses
operated at 20kV and SEM-EDX mappings were captured by an Oxford
Instrument EDX.

TEM micrographs were obtained with Thermo Fisher FEI Talos F200X G2
operated at 200kV. The sample preparation protocol was the same as that for

the SEM analyses. The STEM-EDX mappings were taken by using a Gatan
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EDAX EDX.

6.2.6 XPS study of NanoCaCl2 Capsules

XPS investigation was performed by using a Thermo Fisher ESCALAB Xi+ X-
ray Photoelectron Spectrometer. The powder sample was fixed on carbon tape.
The original surface signal was first collected for calibration using an
adventitious carbon peak at 284.8eV. Then, the sample surface signal was
collected after first cleaning with an Ar ion beam for 2s. The depth profile was
collected by Ar ion beam etching for the 20s. The strength of the ion beam used

was 4.0 keV (about 2.34nm/s for 1Tmm Taz0s).

6.2.7 In-situ XRD and Raman microscopy study

Temperature-controlled XRD was conducted in the 9kW Rigaku SmartLab with
an Anton Paar temperature-controlled stage. The stage was used without a lid
and the powder sample is loaded in a steel holder assembled on the heater.
The heating/cooling rate is 5°C/min. There is 5 mins equilibrium time before
each scan. The test room maintained ~75%RH at 25°C during the experiment.
In-situ Raman testing was measured in a Linkman Stage (THMS600) via Horiba
microscope (LabRAM HR Evolution), and a 532nm laser was used with a 50X

objective lens.

6.2.8 Characterization of kinetic and thermal performance

Simultaneous Thermal Analysis (STA) was performed in a Netzsch STA 449 F1
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Jupiter equipped with an S-Type thermocouple. The nitrogen was purged into
the furnace with a flow rate constant at 80SCCM. The profile of temperature
and gas is shown in Figure 6-2. During the hydration, a homemade humidifier
is used to add moisture to dry nitrogen. The purged wet nitrogen was measured
by an in-pipe sensor ahead of the furnace inlet, which maintained around ~28°C

and ~80%RH during the test.
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Figure 6-2 Temperature and reactive gas profile in STA

Dynamic Vapour Sorption (DVS) was performed with a 3H-2000PS Dynamic
Vapour/Gas Sorption Analyzer (Beishide Instrument Technology (Beijing) Co.,
Ltd.). Samples of similar mass (15mg) were tested in the quartz crucibles at the
same time. The pure salt was ground powder. The samples were first dried at
180°C for 2 hours under a dry nitrogen flow, followed by cooling to 30°C with
the same flow. Water uptake (isothermal sorption) was then measured by
raising the relativity humidity (vapour pressure) in a controlled step-by-step
manner. This is called a "pressure jump test", and the exact procedure has

already been described in Figure 5-2. A cycling test was carried out immediately
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after the first set of pressure jump tests. The condition used for cycling includes:
2.5 hours of hydration at 30°C 90%RH, followed by 1.5 hours of dehydration
around 180°C and 0.5 hours of cooling back to 30°C. The heat rate was 3°C/min
and the cooling rate was 5°C/min. A total of 50 cycles were tested. A further set
of pressure jump tests was performed for the cycled samples. The samples
were not changed during the whole test.

Optical microscopy dynamic observation is carried out on an IKA heating plate
under a Mitutoyo measuring microscope, as the setup is shown in Figure 6-3.
The scale has been carefully calibrated with a standard ruler at the beginning.
The procedure consists of 30 minutes of dehydration at 150°C, and 30 minutes
of hydration at ambient temperature. The environment was maintained at
~28°C and ~60%RH, which allow the salt to reach full deliquescence at ambient

temperature.

Temperature
Humidity Meter

Figure 6-3 Setup of Microscopic dynamic observation.
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Thermogravimetric analysis was performed with a Mettler Toledo TGA2. For
dehydration kinetics, pure CaClz2 and NanoCaClz2 powders were placed in a
fume cabinet for a week to reach a water sorption equilibrium (~22°C, 70-
80%RH). Then, different amounts of the samples were weighed and placed in
70uL crucibles made of aluminium oxide. Measurements were taken from 25°C

to 200°C with a constant ramp of 2.5°C/min under a dry nitrogen atmosphere.

6.2.9 The conversion profile model fitting for reaction kinetic

Sogutoglu et al. [108] suggested three possible rate-limiting processes of the
hydration kinetics: a) nuclei-growth in metastable zone; b) shrinking of
advancement reaction interface; and c) diffusion of water through product layer.
These factors may occur individually or in parallel, depending on the conditions
(e.g., grain size, vapour pressure). These processes can be identified by fitting
the conversion profile to an appropriate reaction model from [356]. The
conversion (reaction) rate can be parameterized in terms of three major
variables: the temperature, T, the extent of conversion, a; the pressure, P as

follows:

da

— =K(T P
= = K(Df@h(P)
In our case, it was isothermal and isobaric thermochemical reaction during the
DVS test at each vapour pressure, K(T) and h(P) are constant. Thus, the

reaction rate is determined by f(a), which is a predefined model describing a

physical mechanism. To simplify the data processing, the integral form equation
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was used to estimate the parameter and fit the curve, as written below:

g(a) =kt
where K is the reaction rate constant and g(a) is the integral of f(a), which
should be a given function of a, as listed in Table 6-1. We tried every model in

the Table and pick the most appropriate model to fit the data.

Table 6-1 Models used in the profile fitting.

Model (Code) Integral form g(a) = kt
1-D diffusion (D1) a?
2-D diffusion (D2) (-l -a)+a
3-D diffusion-Jander (D3) (1-(1—-a)/3)?
Ginstling-Brounshtein (D4) | 1 — (2/3)a — (1 — a)?/3
contracting area (R2) 1-(1—a)/?
contracting volume (R3) 1-(1—a)/3
Avrami-Erofeyev (A2) [—In(1 — a)]*/?
Avrami-Erofeyev (A3) [—In(1 — a)]*/3
Avrami-Erofeyev (A4) [—In(1 — a)]¥/*
First-order (F1) —In(1 - a)
Second-order (F2) [1/(1-a)] -1
Third-order (F3) 1/2)[1—a)2-1

6.2.10 Demonstration of a fluidised bed reactor for NanoCaCl:

The fluidised bed test rig is an open system as shown in Figure 6-4. We used
compressed air from a compressor. A pressure regulator was used to control
the gauge pressure around 50kPa and was connected to a set of dry columns

filled with silica gel to dry the airflow. The dried air flow rate was controlled by a
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flow controller (FCM, max. 50L/min, CKD, Japan). Two switch valves were used
to switch the gas flow between humidify line and bypass. The humidifier
consisted of a 20L stainless steel vessel with a jacketed heater. The
humidification process was achieved by blowing dry air into the water in the
tank and the humidified air flows out of a pipe connected above the water level.
A heater was used to keep the temperature slightly above the ambient

temperature, so that the water continues to evaporate.

Temperature and relative humidity = To
Dryer of gas sensor & transducer Atmosphere
| _ source :

@ Pressure regulator

@ Mass flowrate controller
® Ball valve

@ Pressure transducer
® Lower head of reactor
® Filter paper

@ Reactive bed

Glass reactor

Prasiie © Filter paper

transducer

Pressure | Flow controller = %
regulator

Dry air fro
\ compressor

Figure 6-4 Design of fluidised bed thermochemical test rig.

The reactor consists of a PTFE membrane filter and PTFE head (see Figure
6-5) at the inlet and outlet, and a round borosilicate glass tube as the test
section with an internal diameter of 50 mm and a length of 140 mm. A jacketed
heater is fitted to the outside of the glass tube to provide heat input during the
charging process and to act as a thermal insulator. The reactor can be isolated
to maintain storage state by closing two isolated valves located in the inlet and

outlet of the reactor. The temperature and relative humidity at the inlet and outlet
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are directly measured by the in-pipe sensors. The inlet and outlet vapour
pressures are converted from these data using the saturation vapour pressure
conducted from August-Roche-Magnus equation. A K-type thermocouple is
mounted on the outer wall of the reactor at mid-height to measure the bed
temperature. Due to the thermal resistance of wall, this measured temperature
is slight lower than the bed temperature. The outlet temperature is measured

by a thermocouple inserted in the reactor and above the outlet filter.

Omnipore™ Membrane Filter
(PTFE, hydrophilic, 1.0um pore size, 80% porosity)
Images from Sigma Aldrich: https://www.sigmaaldrich.com/GB/en/product/mm/jawp09025

Mechanical structure of filter fixture and reactor head
1 L]
Cross section view

Silicone flat O-ring
Glass reactor

PTFE membrane filter
Threaded

PTFE head

Filter at outlet after experiment

Air inlet

Figure 6-5 Details of reactor and PTFE membrane filter
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6.3 Result and discussion

6.3.1 Pickering-emulsion templated yolk-shell silica nanocapsules for

thermochemical energy storage

Thermochemical salt capsules were fabricated from the template of size-
tailorable Pickering emulsions containing nanoparticle-stabilised droplets
dispersed in an immiscible liquid. Figure 6-6 illustrates the process. An aqueous
saline droplet covered with hydrophobic nanoparticles (NPs) is suspended in a
continuous oil phase to form the water-in-oil (W/O) emulsion. These NPs are
strongly bound to the W/O interface and exhibit irreversible adsorption [238],
[239], [263]. The NP layer forms a physical barrier between the droplets, making
the droplets stable against coalescence and providing a facile and reproducible

template for encapsulation [182], [251].

B F!y_d r_DEh_oEic_ s_ili;a_
nanoparticle

oil
evaporating
Inverse Pickering & recycling

emulsion template

2
- Adding shell -
B o precursor Salt i.
' capsule \

——
£ J‘- Vapour water
..f{" permeable

Bulk-water-proof
hydrophobic shell

" Aqueous
droplet of

saline
solution

Interfacial
hydrolysis

Figure 6-6 Synthesis pathway, and lllustration of Pickering emulsion templated

encapsulation and structure of the designed capsules.

The type of Pickering emulsion (W/O or O/W) depends on the wettability of the

NPs. For the W/O emulsion, we chose commercial flame pyrogenic
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hydrophobic modified silica NPs (with a massive -Si-CHs group on the surface)
[357] as the Pickering emulsifier. These NPs are aggregates containing many

primary particles of about 16nm in size (see Figure 6-7).

Figure 6-7 SEM and TEM images of R972 Pharma fumed silica nanoparticle.

The wettability of the NPs was confirmed by measuring the contact angles of
water and cyclohexane (oil phase) on the surface covered by the NPs, which

were 152° and 14°, respectively (Figure 6-8).

Figure 6-8 Contact Angle of R972 Pharma coated wafer: a) DI Water; b)
Solution of 20%wt CaClz in Water; c) Cyclohexane; d) Solution of 20%wt CaClz

in Ethanol.
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The type of emulsion is determined by the formation of white sediment at the
bottom after a few minutes of standing, with this bottom layer being the W/O

emulsion and the clear oil phase on the top (Figure 6-9).

Suspension b) W/O Emulsion

Figure 6-9 Photo images of a) Silica NP suspension (15mg/ml in cyclohexane)

and b) inversed emulsion of CaClz aqueous solution in cyclohexane (10%V/v).

Aggregates of NPs adsorb onto the W/O interface and form a nanoscale
homogeneous solid film to stabilise the interface [358]. The area of the
stabilised interface is linearly proportional to the number of NPs. Thus, the
mean diameter of the droplet (D,,.qn) In the emulsion can be adjusted by
changing the NPs dosage (myp) for a given volume of the dispersed phase
(Viwater)- We found that there is a simple relationship of D,,eqn = C * Vipater/Myp»
where C = ~240um-mg/mL when using supersaturated CaCl2 solution as the
water phase. In this way, the droplet diameter can be precisely adjusted from
the micro- to the nano- scale, as shown in the fitted plot with the measured

droplet size in Figure 6-10.
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Figure 6-10 The relation between the size of droplets and nanoparticles dosage,

with the Laser Scanning Confocal Microscopic (LSCM) images of emulsions.

The vapour-permeable shell is essential to allow the thermochemical reaction
to take place within the encapsulation. This shell is formed by the W/O
interfacial polymerisation in the emulsion template. Siloxane is chosen as an
example material in this study. It was formed by hydrolysis of tetraethyl
orthosilicate (TEOS) at the W/O interface in the liquid-occupied interstices
between NP aggregates, as shown by the light grey circle around the capsule
in Figure 6-6. As the layer can grows continuously outwards from the initial
interface, water must diffuse through the formed shell [359], thus leaving very
small channels in the shell to provide vapour permeability for the
thermochemical reaction. Finally, the process is finished by drying the wet gel
suspension, with the organic solvent used in the process recycled for both

economic and environmental considerations.
Page 160 of 259



Several thermochemical salts, including CaClz, LiCl, MgSO4 and K2COs3, were
studied and the results (Figure 6-11) suggest that the protocol could be general.
The salt loading in the capsules depends on their solubility in water, with a high

loading being desirable for an increased energy density.

Figure 6-11 SEM images of different thermochemical salt capsules: a) CaClz;
b) LiCl; c) K2COs; d) MgSOa.

By comparing the energy density of each of the salts (Table 6-2), CaCl2 was
selected for further comprehensive study, due to its high solubility (0.90 moles
of anhydrous per 100 ml water at 30°C) and high reaction enthalpy (total 361

kd/mol from anhydrous to hexahydrate).
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Table 6-2 Estimation of the theoretical energy density of different salt

encapsulated from Pickering emulsions.

The estimated
Solubility . __|energy density
(Anhydrous, Thermochemical Eﬁfﬁ;on of composite
Salt | in moles, at Reactions (kJImcI>OI¥ (based on
307C) anhydrous, in
Jig)
K2CO3+1.5H20 =
K2COs3 0.83 K2CO3-1.5H20 95.5 4675
CaCl2+2H20 = CaClp-2H20| 2369 7222
CaClz| ~ 0.90 CaClz-2H20+4H20 =
CaCly-6H20 124.3 1376.4
MgSO4+7H20 =
MgSOs  0.33 MgSOs 7TH20 335.3 1100.5
LiCl 2.05 LiCl+H20 = LiCI-H20 62.2 903.7
MgCl2+2H20= MgCl2-2H20| 153.1 813.4
MgCl2|  0.59 MaCla. -
gCl2:2H20+4H20=
MgClz-6H20 252.7 1342.6

To load the capsules with more salts, a supercooled solution with a
supersaturated CaClz content was used, the concentration of which was
determined to be ~1.19 mol/100mL of water. There were two kinds of CaClz
capsules prepared for demonstration, with the mean diameters in microscale
(~24um, hereafter referred to as MicroCaClz) and nanoscale (NanoCacClz),
respectively. The prepared NanoCaClz capsules are free-flowing fine powders
and appear to be mono-dispersed as shown in Figure 6-12a. The average
diameter of the capsules is ~700nm (the size distribution is shown in Figure

6-12b
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Figure 6-12 a) Scanning Electronic Microscope (SEM) image of NanoCaClz. b)

Size distribution of as-fabricated NanoCaClz.

The yolk-shell structure in individual nanocapsules was observed under TEM
(Figure 6-13), which is shown filled by the CaClz grains and void. The void offers
space for crystal expansion during hydration (for CaClz, a 30% volume
expansion occurs from anhydrous to hexahydrate), thus reducing possible
stress damage on the shell [163]. The deliquesced CaCl: solutions will absorb
moisture until an equilibrium is reached between the water vapour pressure of
the solution and that of the air. As the result, there is a further 50% expansion
from hexahydrate to the salt solution with a concentration of 19%wt CaCl2
(equilibrium concentration at 25°C, 80% relative humidity, data source from
[360]), which is possible to fulfil the void and result in leakage. This case can
be avoided by controlling the humidity or immediate removal of the reacted
material from the reactor, for example, employ a separate reactor with materials
transport [208], [361]. The shell has outer irregular whiskers partially embedded

in the inner continuous thin layer as shown in the insertion of Figure 6-13. The
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whiskers attached to the shell are composed of the NPs aggregates, providing
a nanoscale roughness hydrophobic structure. The orthosilicate hydrolysed
continuous layer is measured to be ~25nm in thickness and can become thicker

as the TEOS dosage increased.

Figure 6-13 Scanning Transmission Electronic Microscope (STEM) bright-field
image of a single NanoCaCl2 capsule, the insertion is the zoom-out image of

functional silica nanoparticles whisker attached on the shell.

The inherent hydrophobic behaviour can form an air gap to prevent liquid water
from wetting the shell surface, as proved by the contact angle of water on
NanoCaClz in Figure 6-14. Consequently, this unique structure eliminates the
contact between the inner salt and the outer water, thus can minimising the
possibility of salt leakage through ion transport (as illustrated in the insert of

Figure 6-6).
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Figure 6-14 Contact angle of water on NanoCaClo.

To determine the spatial distribution of elements in the nanocapsules, STEM-
EDX mapping is employed. The yolk-shell structure of CaClz-encapsulation is
identified by mapping Si and Ca and the corresponding HAADF image (Figure

6-15).

Figure 6-15 High-angle annular dark-field STEM (HAADF-STEM) with
overlayed Energy-dispersive X-ray spectroscopy (EDX) elemental distribution

mappings (in atom%) for Si and Ca in a single capsule.
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The in-depth XPS characterization of Ca further confirms the structure of the
nanocapsules. By ion etching in XPS, the Ca peak intensities increase with

etching time (Figure 6-16).
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Figure 6-16 X-ray photoelectron spectroscopy (XPS) spectrum of Ca 2p core-

level at different depths (deeper with increased ion etch time).

Moreover, the Cl peak intensities increase according to the Ca, while the Si and
O intensities decrease (Figure 6-17). The carbon peaks was used to calibrate

the bias in binding energy, which is also shown in Figure 6-17.
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Figure 6-17 XPS depth Investigation of other elements in NanoCaClz: a) Si2p;
b) O1s; c) ClI2p; d) C1s.

As Figure 6-18 shows, the detailed analysis of the Si 2p core-level spectrum
describes the chemical structure of the silica on the surface of the shell,
including three kinds: O-Si-O at about 103.5eV, Si(CH3)-O1.5 at about 102.7eV
and Si(CHs3)2-O at about 102.0eV [362], [363]. There are 42.9% of the Si atoms
on the surface that have a covalently bonded -CHs group, which gives the shell

permanent hydrophobicity.
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Figure 6-18 XPS spectrum of Si 2p core-level of the capsule shell.

6.3.2 Thermochemical energy storage in the nanocapsules

Figure 6-19a schematically illustrates a complete thermochemical energy
storage cycle based on NanoCaClz, comprising four states (labelled from @ to
@): charged, storage, discharged, and over-discharged. In the charging
process, crystals of anhydrous solid salt (charged state) are formed by thermal
energy input and held at an elevated temperature, which is accompanied by
crystallization of the grains from the solution and the diffusion of water out of
the hydrated crystal. Conversely, the discharge step includes two processes: a)
for short-term or immediate heat demand, sensible heat is released from hot
anhydrous salt, and b) for long-term application, chemisorption of water in the
anhydrous salt, triggered by reaction with moisture, gives out a large amount of
heat during the transformation to hydrated salt crystal. Between the above two

processes, the cold anhydrous salt can be stored in the charged state for cross-
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seasonal storage by isolating the salt from moisture. Over-discharging can take
place from state @ to O when the inner fully hydrated salt crystal
deliquescence to a solution. It is not expected to happen during discharging
due to no heat generation from taking up excessive moisture, leading to more
energy costs in the subsequent charging step. However, in cases where a high
discharging power is needed, a high vapour pressure reactive flow would be

needed, which makes the deliquescence hard to avoid.
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Figure 6-19 lllustration of a thermochemical energy storage cycle and analysis.
a) lllustration of a thermochemical cycle consisting of 4 states. b) In-situ X-ray
diffraction (XRD) analysis of NanoCaClz in a thermochemical cycle. c) In-situ
Raman Microscope analysis of NanoCaClz in a thermochemical cycle, the scale

in insertion is 20pum.

To prove the thermochemical reaction cycle of NanoCacClz, crystallographic and
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Raman spectroscopic analyses were performed to confirm the above states.
First, in-situ temperature-varying XRD was carried out, and the result for a
dehydration-hydration cycle is presented in Figure 6-19b. The sample was in
the over-discharged state @ initially, referring to the amorphous profile and
followed by heat up. The first peak at 14.6° appears when the temperature
reaches 60°C, which belongs to the {002} plane of CaClz-2H20 [74], indicating
crystallization from the solution during charging. A solid-solid phase change is
observed at 120°C, which is due to the transformation of the dihydrate crystal
to the anhydrous phase, evidenced by the peak at 19.2° for anhydrous CaClz
{110} [364]. This represents the end of the charging phase. As the
characterisation was performed under atmospheric conditions, spontaneous
discharge took place during the cooling down process due to the presence of
water vapour in the atmosphere. The cycle ends when the salt absorbs water
from the injected high-humidity air (25°C and ~75%RH during measurements),
completing the discharge process and returning the salt to its original over-
discharged state.

Temperature-dependent in-situ Raman microscopic analysis was then used to
further examine the changes in the microstructure during the cycle; see Figure
6-19c. The experiment was started from the same over-discharged state @.
The crystallization of CaClz from the solution at around 60°C can be identified
by the Ca-Cl bond at 157cm-" due to B2g and B3g mode stretching [365]. In the
meantime, the -OH bond stretch peak at ~3450cm-" becomes weak, since the
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bulk water dries out, leaving only the bonded water. As the temperature rises,
the -OH bond vanishes at 120°C, suggesting that the salt is fully charged and
transformed to anhydrous CaClz. This is consistent with the XRD data. The
emergence of Ca-Cl and -OH bonds when the salt was cooled down shows that
the salt was absorbing water from the atmosphere forming CaCl2-2H20. This
can be a challenge, particularly for longer-term storage, due to the presence of
moisture leading to discharge, but can be addressed by controlling the storage

environment.

6.3.3 Thermal performance of NanoCacCl:

In an attempt to quantify the energy storage potential of the NanoCaClz,
Simultaneous Thermal Analysis (STA) over a thermochemical cycle was
performed (Figure 6-20). The charging process is made up of 3 overlayed
peaks with a combined endothermic enthalpy of 1774J/g. The discharge
process has an exothermic enthalpy of 1037J/g of hydrated NanoCaClz or

1705J/g of anhydrous NanoCaClx.
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Figure 6-20 Simultaneous Thermal Analysis (STA) of NanoCaClz

The specific energy storage capacity is proportional to the amount of salt loaded,
which is related to the sorption capacity. The water isotherm sorption
behaviours of the encapsulated salts were therefore studied in the isotherm
DVS experiments, as the results are shown in Figure 6-21. Including reference
sorbents, all the CaClz-based composites exhibit the same trend as the pure
CaClz, starting with the water sorption in solid salt below P/P0=0.22, followed
by the absorption in deliquescent liquid. The sorption capacities of
encapsulated salt are 52% and 85% of the pure salt, for NanoCaClz and
MicroCaClz, respectively. These results agree with predictions based on the
reactant usage, also the measured reactive enthalpy of NanoCaCl2 (Figure
6-20). In comparison with the reference sorbents such as CaCl2@GA [161],

CaCl2-UiO-66 [366], MIP-200 and MOF-801 [367], the encapsulated salt has a
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significant enhancement in the sorption capacity below the vapour pressure of
P/P0<0.22. Additionally, upon the optimised geometry of encapsulation, the salt
loading in the capsules has been increased by a considerable extent compared

with that of the state-of-the-art salt-in-matrix composites [161], [368], [369].
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Figure 6-21 Isotherm water sorption capacity of TCS composite materials at
30°C.

To evaluate the reliability of encapsulated CaClz, 50 cycles of
dehydration/hydration were performed in the DVS, as the results are shown in
Figure 6-22. The transient specific water uptake of each salt is normalised by
using its specific sorption capacity at P/Po=0.22 (interpolated from the isotherm
DVS) as a reference. The normalised values are presented as the State of
Charge (SoC). The SoC of 100% represents the fully charged state of
anhydrous, 0% represents the fully discharged state of hexahydrates, and the

negative SoC represent the over-discharging states. The results show the
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conversion rate according to SoC, demonstrating the excellent cyclability of
NanoCaClz in terms of little degradation in kinetics with SoC between 0% and
100%. The hydration behaviour of NanoCaClz conforms to the characteristics
of the process including two steps [340], [370], which are dominated by the
nuclei-formation/growth and diffusion of water near the solid-gas interface [108],
respectively. These steps proceed simultaneously, and the overall rate depends
on the slower. Therefore, the rise of conversion rate before the SoC drop to
~50% can be linked to the process being dominated by the nuclei-related
mechanisms, while the decrease of rate (in SoC<~50%) is limited by
diffusion[148]. A similar profile is observed in the dehydration with the reversed
direction of conversion, indicating that the same mechanisms are in control of
the dehydration. On the other hand, the cycling performance of pure salt was
unstable and degraded over time. This is contributed by the irregular change,
particularly merging, in the geometry of grains/particles, due to lack of
encapsulation confinement. The conversion rate of pure salt is consistently
lower than that of NanoCaClz, likely due to the slower diffusion in larger particles.
Especially, the dehydration profile of pure salt changes to a three-step process.
An extra low-lying constant conversion rate is observed between the SoC range
of 40% to 20%. This is possibly a result of the limited vapour transport through
the crystal crust, which is formed near the skin of particles [371] and has low

porosity.
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Figure 6-22 Dynamic Vapour Sorption (DVS) stability test with 50 cycles of
NanoCacClz and ground pure CaCla.

Further comparisons with MicroCaClz are shown in Figure 6-23. MicroCaCl2
show the intermediate conversion rates between NanoCaClz and pure salt in
both of hydration and dehydration. The cycling stability of MicroCaCl: is also
good and in consistent with that of NanoCaClz. These results demonstrate the

effect of encapsulation to regulate the reaction kinetics and ultimately improve

the stability.
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Figure 6-23 Results of MicroCaCl2 in DVS stability test.
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Further optical microscopy results in Figure 6-24 show the dynamic deformation
of pure CaClz microparticles during a cycle. Due to its deliquescent behaviour,
the initially dispersed salt particles had been migrated and merged to form
larger particles after only one cycle of hydration and dehydration. The below
SEM image shows the low porosity surface of the cycled dehydrated particle,
confirming the presence of the crystal crust as mentioned above, which
negatively impacts the water diffusion and kinetic. These provide microscopic
insight into the kinetic degradation of pure CaClz. In contrast, the morphology
and structure of NanoCaClz show no difference between the initial state (Figure
6-12a) and cycled state (see Figure 6-24b, and the detailed SEM-EDX info is

shown in Figure 6-25).

Initial 2.07
Cycled 2.16

Mass fraction (Ca+ClI:Si)

Figure 6-24 a) Dynamic microscopic images of pure CaClz during a cycle and
SEM Images of cycled pure salt. b) SEM Image of cycle NanoCaCl2 with EDX

guantitative evaluation.
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Figure 6-25 SEM and EDX Images of Fresh and Cycled NanoCaCls.

This is further supported by the dynamic observation on NanoCaClz (Figure
6-26), which shows an unchanging morphology throughout a cycle. Note that
the image is somewhat blurred due to the limited resolution of the optical
microscopes. But the profile of NanoCaCl2 can be still recognised during the

cycle.
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Figure 6-26 Microscopy images during the charging/discharging cycle, a)
NanoCaClz.
However, a slight buckling of MicroCaCl2 was observed during dehydration, but
it returned to its spherical shape during hydration (Figure 6-27). It suggests that
the shell is flexible and can effectively accommodate the volume expansion of
the salt. Crucially, no salt leakage was observed in any of the encapsulated

cases, providing strong evidence of the leakproof effect of the encapsulation

with a continuous siloxane shell.
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Figure 6-27 Microscopic dynamic of MicroCaCla.

6.3.4 Reaction kinetic and mass transfer in capsules

To further evaluate the effect of encapsulation on kinetics, we used a “pressure
jump” DVS experiment to investigate the hydration behaviour at different vapour
pressures. The hydration kinetics focus on the transformation of anhydrous salt
to hexahydrate, which generates heat and occurs at vapour pressures of
P/P0<0.22 at 30°C. Figure 6-28 show that the breakthrough curve for the salts

with vapour pressure jump from P/Po=0 to 0.1 and 0.1 to 0.2, respectively.

Page 179 of 259



1.0 4 P/Pe=0.1 at30°C
0.8 1
& 0.6
e
o ] NanoCaCl,
§ 041 Initial Cycled
© - MicroCaCl,
0.2 4 Initial Cycled
Pure CaCl,
0.0 Initial Cycled
0 60 120 180
Time (min)
1.04P/P,=0.2at30°C
0.8
S 061
@
] NanoCaCl,
& 041 Initial Cycled
© 1 MicroCaCl,
0.2 - Initial Cycled
Pure CaCl,
0.0 - Initial Cycled
""" rrrr I rrr 11 11111
0 60 120 180
Time (min)

Figure 6-28 Hydration breakthrough curves of encapsulated and pure CaClz,

under P/Po jump from

In the former (P/Po from 0.0 to 0.1), the NanoCaClz shows the fastest
conversion, and the start of the differential conversion profile is nuclei-
dominated, which is agree with the results of the DVS cycle test. The other part
of the profile can be fitted with the kinetic model of contracting volume-
dominated (R3) [340] and remains an unchanged rate constant (0.026/min)

after cycles (Figure 6-29). The MicroCaClz and pure salt are fitted with the same

0.0t0 0.1, and 0.1 to 0.2 at 30°C.
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model with the lower rate constants of 0.015/min and 0.013/min, respectively.
However, after cycles, both MicroCaCl: and pure salt demonstrate a
significantly slowed conversion (Figure 6-28a) and a change in their conversion
profile (Figure 6-29), likely due to the merging and deformation of particles. In
the latter condition (Figure 6-28b), the uncycled salts exhibit a decreased
conversion rate corresponding to the increased size of confinement and are all
fitted with the R3 model. After cycles, the hydration profile of salts, pure and
with micro-confinement, changed to the area-contracting model (R2) (Figure
6-29), indicating the change in geometry (sphere/cube to cylinder), which
probably contributes to kinetic degradations between initial and cycled (Figure
6-28b). This outcome, which is related to the effect of particle size and geometry,

is consistent with the predictions from previous theoretical studies [314], [372].
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Figure 6-29 Reaction kinetic of hydration, low vapour pressure.

Besides, the sorption kinetics of over-discharging is also presented in Figure

6-30, which shows the conversion profile can be fitted with the order-based

models. These models illustrate that the decelerating conversions are

associated with the remaining reactant (here is the concentrated saline

solution).
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Figure 6-30 Reaction kinetic of hydration, high vapour pressure.

The enhancement of nano- and micro-encapsulation on dehydration can be

seen in Figure 6-31. With the same mass of salts and a heating rate of

2.5°C/min, the temperatures required for full dehydration of Nano-, Micro-, and

pure CaCl2, is determined to be about 110°C, 140°C, and 170°C respectively.
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The lower temperatures indicate a smaller resistance to water diffusion within
these structures and can vary with different flow rates, humidity levels, and heat

rates.
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Figure 6-31 Dehydration kinetics of encapsulated and pure CaClz with the same

mass of the sample.

Thermogravimetric analyses (TGA) using the different masses of each salt are
performed to characterise the mass transfer behaviour in packed particle
conditions [338]. Compared to the pure salt, the result of reduced temperature
differences in NanoCaCl2 confirms the enhanced vapour transport in the high

macro-porosity gaps between the capsules (Figure 6-32).

Page 183 of 259



100+ NanoCaCl, 100+ Pure CaCl,
90+ 3mg 904 4mg
. 5mg 5mg
= 80 6mg | - 8o 8mg
o 8.5mg < 10mg
f:% 704 10mg E,‘ 701
5 =
@ 601 £ 60
@ z
= 50 . 501
401 AT~6°C v 40 et
P AT~18°C >
o b
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Temperature(°C) Temperature(°C)

Figure 6-32 TGA with different sample mass.

6.3.5 The fluidisation of encapsulated salt

The proposed system for encapsulated salt fine powders consists of a
(separate) reactor and multiple storage tanks for charged or discharged
materials. In such a way, the TCS materials can be transported between them;
see Figure 6-33a for an example. As the benefits of the separate system have
been outlined in the introduction, we will assess their feasibility here. We
conducted a series of laboratory-scale proof-of-concept experiments focusing
on the in-reactor phenomena, including the flowability and charge/discharge
behaviour of the composite materials. A set of highly encouraging results is
shown in Figure 6-33b, demonstrating the fluidisation behaviour of NanoCacClz2
in tens of grams. A minimum fluidisation velocity of ~1.6cm/s is observed (this
velocity is based on a 50mm diameter vessel and a flow rate of ~2L/min), which
is likely to be higher than the results for classical nanoparticles [373], [374]. This
suggests that the nano-encapsulated salt be fluidised in the form of large

agglomerates, with sizes of a few to tens of microns [375], [376]. Further
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experimental results show the presence of multiple fluidisation regimes
including bubbling and turbulence with/without light entrainment. These results
classify the NanoCaCl2 as an “aeratable particle” (Type A in Geldart diagram
[377]), suggesting its suitability for use in most conventional fluidised beds.

Figure 6-33c presents the results of charge/discharge experiments conducted
using fluidised NanoCaCl2, with a starting weight of ~50g (partially hydrated),
and a static bed height of approximately 80mm. During charging, heat is
supplied by a jacketed heater, with the outlet temperature being controlled in
the range of 90-100°C. The result shows the charging is finished within 2 hours
with a dry air flow of 7.4L/min. The maximum dehydration rate is 0.09g/min and
the total amount of dehydrated water is estimated at ~4g. The subsequent
discharge experiments show a peak temperature lift of 7°C at the outlet, with
the peak hydration rate at 0.06g/min. The water absorbed by the bed is
estimated to be ~21g in 12.5 hours of discharging, which reaches 72% of the
fully hydrated water sorption capacity of the materials used (the sorption
capacity of the 46g dehydrated NanoCaCl2 is 27.5g when it is fully hydrated

from anhydrous to hexahydrate).
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Figure 6-33 Application of NanoCaClz. a) A proposed open TCS system with a
fluidised bed reactor and a separate storage tank. b) Fluidisation behaviour of
NanoCaCl2. c) Thermal charging/dehydration and discharging/hydration of

NanoCaCl2 with a lab-scale fluidised-bed reactor.

6.3.6 Evaluation on the overall performance of NanoCacCl2

In Figure 6-34, we compare the performance of NanoCaClz with other TES
materials, including water for sensible heat storage [205], [378], and Phase
Change Materials (PCMs) for latent heat storage [205], [379] with Li-ion
batteries (LIBs) for electrochemical storage as a reference [380], [381] (which

can be further converted to thermal energy via ohmic heating). Our material
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gives the highest specific discharge power of >1.6 kW/kg, which is 60% higher
than the state-of-art LIBs technology, and the highest gravimetric storage
density (GSD) at 0.47kWh/kg, nearly twice of the LIBs. Although the volumetric
storage density (VSD) of NanoCaClz: is slightly lower than the LIBs, it is still an
order of magnitude greater than PCMs and water, showing potential for space-

limited applications such as air-conditioning in electric vehicles [382].
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Figure 6-34 Comparison of state-of-art materials for thermal energy storage

(scale is in logarithmic)

The cost of NanoCaClz, estimated (based on Table 6-3) at ~£3.86/kWh, is
highly competitive (about 1/5"" of the PCMs and 1/20%" of the LIBs) in MWh-
scale systems, such as office building space heating [84], [379] and supply
domestic hot water [383]. The long-duration storage of NanoCaCl: is
comparable to LIBs, allowing for flexible adaption of the storage operational
times [346].
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Table 6-3 Cost Estimation on NanoCaClz

Price Raw Usage Cost
Raw Materials (ton/ton (GPB/ton
(GBP/ton) . .
composite) composite)
Salt 200 0.63 126
NP 1300 0.33 429
Shell Precursor 2300 0.40 920
Organic Solvent 984.9 0.30 303.4
Material Subtotal (GBP/ton) 1778.4
Processing Cost
50
(GBP/ton)
Total Cost (GBP/ton composite) 1828.4

6.4 Conclusion

In summary, we developed a general method for nanoscale encapsulation of
abundant and cheap thermochemical salts in one pot using a Pickering
emulsion template, which differs from strategies reported previously. The nano-
salt capsules show outstanding hydration-dehydration kinetics enabled by a
unique bilayer shell composed of an out layer of silica NP whiskers and a
continuous organosilane inner layer. The whisker-like nanostructure and
intrinsic hydrophobic —CHs groups of the outer layer could prevent the inner salt
from wetting by exterior liquid water through the formation of an air gap, while
providing channels for the mass transfer of water vapour during the
charging/discharging process. By using calcium chloride as an example, we
demonstrate that the NanoCaCl2 possesses several exciting thermal properties,

including a superior specific power with a peak value at ~1.6W/g at 30°C and
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~2100Pa vapour pressure, and a high gravimetric energy storage density of
over 1700J/g based on anhydrous nanocapsules and a low regeneration
temperature of around 85°C. NanoCaCl2 also shows an order of magnitude
performance enhancement over pure CaClz in both water loading and
hydration-dehydration kinetics. Moreover, the nanocapsules with the designed
bilayer shell show excellent cycling stability with no significant degradation for
50 cycles. Furthermore, the heat release rate can be easily modulated on-
demand by tuning flow rate, temperature and pressure.

With the lab-scale fluidised bed device, the fluidisation of encapsulated salt is
demonstrated. A clear transition from stationary to fluidisation was proved not
only by the observation but also the strong evidence from the trend of pressure
drop. It provides support for the feasibility of using the encapsulated salt in a
fluidised bed device, which has a potentially higher heat generation rate than a
conventional packed bed.

The above salient features, plus cost-effectiveness, and easy-to-scaleup at
both materials and device levels, make NanoCaClz a highly promising material
for providing a cost-effective, easy-to-scaleup, and flexible solution to long-

duration thermal energy storage.
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7 Encapsulated salt for solar heat storage

This chapter demonstrates the use of encapsulated salt for directly harvesting
and storing solar heat. Section 7.1 introduces the background. Section 7.2
describes the design of material for enhancing solar absorption and the device.
Section 7.3 presents the result and discusses the experiments. Section 7.4

concludes the findings and suggests future research.
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7.1 Introduction

The motivation of this chapter lies on to design a device for a directly solar
charging the hydratable salt based TCM, which potentially improves the
efficiency of solar harvesting and conversion. The idea of direct solar charging
was originally proposed for high-temperature solar heat storage with oxides
[212], [224], [384]. The advantages consist of efficient photothermal conversion
[385] and rapid heating rates. However, there is a lack of knowledge and related
expertise for the low-temperature solar heat system.

In this chapter, the above gaps are addressed a lab-scale device experiment.
The composite TCS material was also used in a solar heat system,
demonstrating the feasibility of solar charging, long-term storage, and on-
demand discharge. The device is designed for demonstrating the
thermochemical storage of solar heat, using the developed nano encapsulated

salt with enhanced solar absorption.

7.2 Experimental section

7.2.1 Materials

Calcium chloride dihydrate (CaClz-2H20, 99%), Tetraethyl orthosilicate (TEOS,
99%) and Titaniumnitride (TiN, 60nm, 99%) nanoparticle were purchased from
Energy Chemical (www.energy-chemical.com, China). Cyclohexane (CesH12,

99%) was purchased from Greagent. Hydrogen chloride (HCI, 36%w/w in H20)
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and Poly(vinyl alcohol) (PVA, Product No. P139533) were purchased from
Aladdin (www.aladdin-e.com, China). Water was obtained from a lab
purification system, which has a >18MQ resistivity. Hydrophobic fumed silica

nanoparticle Aerosil R972 Pharma was kindly donated by Evonik.

7.2.1 Preparing the Solar-NanoCacClz

The Solar-NanoCaCl2 was prepared by the same protocol with a modification
of the salt solution. 20mg/ml PVA was dissolved in water by stirring around 95°C
followed by cooling to room temperature. As-received TiN nanoparticle with pre-
determined mass was then added to the PVA solution. This was followed by
sonication under similar conditions as the process for preparing the silica
suspension. The obtained suspension was then filtered by a 0.22um PTFE filter
to remove large aggregates. A pre-determined amount of salt was then added
to the suspension for dissolution in a shaker. The following encapsulation
protocol was as same as the NanoCacClz case in Chapter 6. Note that the salt

mass in the aqueous phase is lower than in the NanoCaCl: case.

7.2.2 The solar heat storage device and test rig

The solar heat test rig was an open system, as shown in Figure 7-1. Dry air
from the compressor was used as carrier gas. The flow rate was regulated by
a mass flow controller (1000SCCM, Sevenstar, China). A manual three-way
switch valve was used to switch the gas flow between humidifying line and the

bypass. The humidifier was composed of a 1L glass bottle sealed by silicon
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rubber and the surrounding thermal insulation. There were two isolated valves,
which were positioned at the inlet and outlet of the solar reactor. A solar
simulator (SUN 3000, ABET Technologies) with an AM1.5 filter was used to heat
and charge the solar reactor. A 100mm*100mm aperture (Laser cut aluminium
plate) was installed between the solar simulator and solar reactor to regulate
the irradiation area. The solar irradiation was calibrated by an optical power

meter (10mm sensor, Thorlab) at one standard sun.

Mass flow controller (MFC)

3-ways switch valve

Wash-bottle humidifier

3-ways valve

In-Pipe Temperature and humidity sensor (inlet)
Isolation vale

Solar Simulator

Aperture

Solar thermochemical reactor

Switch valve

In-Pipe Temperature and humidity sensor (outlet)

® !@ @!! ® E@ ®
Dry air from R T e
compressor | Z;...:,.?.?. i .:__.:_; 2 f

To
@ Atmosphere

[ ]

EUEIPVEWEE

e

T1, T2 and T3 are K-type armored thermocouples
inserted in packed bed in the reactor tube.

Figure 7-1 Design of solar thermochemical test rig.

The CAD drawing of the solar thermochemical rector (device) is shown in
Figure 7-2, consisting of cover glass, reactor tube, and a pair of 3D-printed
polylactic acid (PLA) fixtures used to fasten the reflector. The reactor was a
140mm long round quartz tube with an inner diameter of 16mm and a wall

thickness of 2mm. A Polypropylene filter paper (pore size 0.44um) was placed
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at the end of the tube to prevent composite materials from blowing off. The
reflector was made from an aluminium mirror sheet (Miro-SUN, Alanod) and
was bent into a parabolic shape to concentrate the solar irradiation to the
reactor. The concentration ratio is designed to 2.5 times for realising an

essential charging temperature.

Cover Glass (Ultra Clear Float

P / Glass)

M// Thermochemical Reactor (Quartz)

«— Top Fixture (3D-Printed PLA)

/ Reflector (ALANOD MIRO-SUN®)

/ Bottom Fixture (3D-Printed PLA)

l — M4 Screws

Figure 7-2 CAD drawing of the thermochemical solar reactor.

The indoor solar charging test was conducted with a 500SCCM air flow and a
simulated standard sun. The charging was manually stopped once the outlet
vapour pressure reached the inlet. Then the solar reactor was isolated by

turning off the valve. The device was stored for a week. In discharging, the
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same air flow rate was used but switched to flow through the humidifier to
generate moist air. The temperature and vapour pressure at the inlet and outlet
(indexed as T_Inlet, T_Outlet, VP_Inlet and VP_Outlet) were measured by the
humidity sensor, and the temperature of the packed bed (indexed as T_Bed)
was measured by an armoured K-type thermocouple inserted in the middle of
the bed. All the thermocouples used in the test had been calibrated by a
reference K-type couple. The environmental temperature was maintained at

~22°C during the charging and discharging.

7.3 Result and discussion

7.3.1 Encapsulated salt with enhanced solar absorption

The NanoCaClz has a charging temperature compatible with the operational
temperature of a non- or low-concentrated solar thermal system (<150°C),
which can be employed in the domestic solar heating system [82], [198].
However, the NanoCaClz highly reflect solar irradiation. For enhanced solar
absorption, commercial titanium nitride (TiN) NP was incorporated into the
capsules as an additive to the salt solution. The TiN NP had a primary particle
size of 20nm and is in cubic phase which is chemically inert and highly thermally
stable [386].Their morphology is shown in Figure 7-3a, and size distribution is

determined by DLS in Figure 7-3b.
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Figure 7-3 Morphology and size distribution of as-received TiN Nanoparticle a)

SEM images and b) DLS show the size distribution.

However, the as-received TiN nanoparticle is prone to sediment in the salt
solution, a hydrophilic polymer (polyvinyl alcohol) coating was used to modify
the surface of the sonication-dispersed nanoparticle, leading to a well-
dispersed suspension, see Figure 7-4. This strategy is fully compatible with our
protocol of the nano-capsulation method, ensuring that the nanoparticle-based

solar absorber and other potential functional additives can be encapsulated by

our one-pot method.
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Figure 7-4 SEM images of TiN Nanoparticle dispersed in Water, a) 1mg/ml TiN
without PVA; b) 1mg/ml TiN in 30mg/ml PVA; c) 0.1mg/ml TiN in 30mg/ml PVA.

We term the prepared nanocapsules as “Solar-NanoCaCl2”, which has the SEM

images of samples with different TiN dosages shown in Figure 7-5.

Figure 7-5 SEM Image of NanoCaClz with different TiN solar absorber loading,
a), 5mg/ml TiN, b), 20mg/ml TiN.

Figure 7-6 shows the TEM image of Solar-NanoCaClz and corresponding TEM-
EDX mappings of each element. The TiN NP can be seen clearly inside the
capsule and the salt is distributed around it. Although the solar harvesting
performance could be enhanced by introducing more TiN NP, the addition of
excessive TIN NP with PVA thickens the suspension, leading to failed

emulsification.
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Figure 7-6 TEM bright field of as fabricated capsules with TiN solar absorber
(called Solar-NanoCaCl2) and corresponding STEM-EDX mapping.

The optimisation was therefore conducted, which showed that a dosage of
20mg/ml NP was optimal. As shown in Figure 7-7a, the Solar-NanoCaCl:
powder turns darker as the TiN NP dosage increases. The corresponding

absorption spectra over the wavelength from 250 nm to 2500 nm confirms the

Page 198 of 259



enhanced absorption by TiN NP (Figure 7-7b). As the blue spectrum in Figure
7-7b shows, the two typical peaks at 1450nm and 1950nm can be ascribed to
CaCl2[387]. The solar spectrum weighted absorptance of Solar-NanoCaClz can

be enhanced from ca. 3.0% to ca. 51.7% over that span.

a)
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Figure 7-7 Integration of Solar-Charged Thermochemical energy storage. a)
Photo image of NanoCaClz2 and Solar-NanoCaCl2 with 5 and 20 mg/ml TiN

dosage; b), UV-VIS-IR absorptance spectrum of above powders.

7.3.2 Deuvice test for coupled TCS and solar heat harvesting

In the case of indoor demonstration, the simulated operating conditions are chosen to
be realistic. As shown in Figure 7-8, the dehydration temperature of 115°C is required
to fully charge a CaCl, from a starting condition of ~20°C and ~80%RH (vapour
pressure at ~2000Pa). This is significantly higher than the 70°C dehydration required

for the low vapour pressure case, as we showed in the fluidisation test (Chapter 6).
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Figure 7-8 Designed conditions for solar-charging thermochemical storage

processes with Solar-NanoCaCl2

Therefore, we designed a solar device contains a round quartz tube as the
reactor, with a 2.5 times parabolic optical concentrator for achieving such the
charging temperature, as the photo image shown in Figure 7-9 (the test rig and
conditions are described in method section). Roughly 7g of fully hydrated Solar-
NanoCaClz (about 4g upon fully dehydrated) was loaded in the reactor and the
solar charging was conducted under one sun (100mW/cm?, a total of 10W) at

a 500SCCM air flow.
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Figure 7-9 a) Photo of the designed thermochemical solar reactor while tested

under solar irradiation.

Figure 7-10a shows the results of the solar charging, with temperature and
vapour pressure tracked during the experiment. The solar charging
(dehydration) process can be confirmed by measuring the vapour pressure
change between the outlet and inlet. When the bed temperature raised to 120°C,
the vapour pressure at the outlet was higher than the inlet by 4000Pa, indicating
that water was being released from Solar-NanoCaClz. After four hours of solar
irradiation, the outlet vapour pressure dropped back to the inlet level,
suggesting the Solar-NanoCaCl2 had been fully charged. The reactor was then
isolated to prevent undesired thermochemical reactions during storage. The
storage term is dependent on real demands, be that hourly or seasonally. In
this case, after a week of storage, discharging was performed by the
introduction of a humidified air. As Figure 7-10b shows, a 3.5°C temperature lift

was observed with the thermochemical reaction lasting half an hour, which
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ended with the outlet vapour pressure reached the reactive equilibrium
pressure (~500Pa) of CaCl2-6H20 at the test temperature of ~22°C. The heat
release process was rapid, with the heat accumulating in the particle bed and
the vessel in sensible heat form. Such heat can be used to provide warm air in

a continuous manner for more than 12 hours.
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Figure 7-10 a) Temperature and vapour pressure history in solar charging. b)

Temperature and vapour pressure history in discharging.

We also observed that the pressure drops across the bed during both the
hydration and dehydration increased slightly (see Figure 7-11). This was likely
to be due to a slight compact of the particle bed rather than deliquesced solution

clogging.
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Figure 7-11 Pressure drop across reactive bed during a), dehydration and b),

hydration.
7.4 Conclusion

We successfully incorporated TiN NP into the NanoCaClz (the product is so
called “Solar-NanoCaCl2”) for enhancing the harvesting of solar heat. An
enhancement of the solar energy absorption by NanoCaCl2 from 3.0% to 51.7%
at 250-2500nm spectrum under one standard sun was demonstrated.

In the packed bed solar reactor, a temperature up to 120°C is demonstrated
under one-sun irradiation, providing a sufficient condition for dehydration. After

a week of storage, a small amount (7g) of hydrated Solar-NanoCaCl. was

Page 203 of 259



shown to be able to provide a heated air flow with a temperature lift of 3.5°C for
over 2 hours without thermal insulation. This result successfully demonstrates
the designed workflow, including solar charging, long-term storage and on-
demand discharging.

These results demonstrated the feasibility of the solar coupled long-term
thermochemical energy storage using the nano encapsulated composite TCS
material. However, the thermal efficiency is not high in such a small
demonstration device, due to the poor thermal insulation and relatively large
thermal mass of mechanical parts compared to materials. In practical
applications, the thermal power can be boosted by increasing the inlet vapour
pressure and flow rate, and a higher temperature lift can be obtained in a
scaled-up reactor with a better thermal insulation, such as a commercial

evacuated tube solar collector.
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8 Conclusion

This chapter gives a summary of the main conclusions obtained from this work.

Recommendations for the future are also given based on this work.

8.1 Summary of the main conclusions

This works focuses on three aspects associated with the thermochemical heat
storage technology: i) to fundamentally understand the method of
encapsulating thermochemical salt from Pickering emulsion, ii) to develop the
method for tailoring and optimising the thermal performance of encapsulated
salt, iii) to develop the technique to coupled encapsulated salt with solar energy
storage. The following are the main conclusions:

1) The thermochemical heat storage with water vapour sorption in solid salt
has a high density of energy storage. Pure salt has many drawbacks, such
as poor mass transfer and stability, which is due to deliquesced in high
vapour pressure hydration and aggregation in dehydration.

2) The W/O Pickering emulsion is formed by mixing hydrophobic fumed silica
nanoparticles in oil suspensions and the aqueous solution. In the conditions
of low pH in the aqueous solution, the nanoparticle is self-assembled in the
W/O interface from the dispersed in oil. In this system, the major attractive
force is identified, which is the electrostatic image force. The van der Waals

force presents in a repulsive manner and is possible to be balanced with
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3)

4)

the attractive force, resulting in a non-touching adsorbed nanoparticle
surrounding the water droplet.

There are four measurements to decrease the size of droplets in emulsions,
including: increasing emulsification energy, increasing the dosage of
nanoparticles, adding salt to the water phase, and using a surfactant. In
this way, the size of droplets in the emulsion is precisely and continually
adjusted on the nanoscale and microscale. Based on those findings, the
encapsulated salt can be fabricated by introducing a continuous shell
derived from TEOS, which is hydrolysed under an acid condition. The pH
also shows a great influence, not only acting as a catalyst for hydrolysis but
also changing the emulsion structure. A low pH condition is preferred to
conduct the desired capsules, due to the possible change in the wettability
of the nanoparticle.

By increasing the thickness of the shell, we found the influences on reaction
kinetic are negligible, and the rate-limiting process remains on the moisture
diffusion outside the encapsulation. On the other hand, the encapsulation
with increased diameter presented a considerable degradation in
dehydration kinetic. By STA characterisation, an additional 7% time
consumed was found in the encapsulation with a diameter of 8um,
compared to the 800nm encapsulation as the baseline. For unconfined
pure salt, there was an extra increase in dry-out temperature and time. For
hydration as well as discharging, the conversion rate was always higher in
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5)

6)

the smaller encapsulated salt. It highlights the effect of encapsulation on
the improvement of the reaction kinetics. In large unconfined pure salt
particles, the hydration kinetic was hindered in low vapour pressure
conditions, leading to uncompleted heat discharging.

A fluidised bed is an optimised design of the device. It is met by the
fluidisation of encapsulated salt, which provides strong mixing of powder,
low flower resistance and a higher heat generation rate compared to the
conventional packed bed. The fluidisation of the fabricated nano-
encapsulated salt is demonstrated on the lab scale, evidenced by a clear
transition of linear growth-to-plateau in pressure drop according to
increased air velocity.

A general method for nanoscale encapsulation of abundant and cheap
thermochemical salts in one pot using a Pickering emulsion template has
been developed, which differs from strategies reported previously. The
nano-salt capsules show outstanding hydration-dehydration kinetics
enabled by a unique bilayer shell composed of an out layer of silica NP
whiskers and a continuous organosilane inner layer. The whisker-like
nanostructure and intrinsic hydrophobic —CHs groups of the outer layer
could prevent the inner salt from wetting by exterior liquid water through the
formation of an air gap while providing channels for the mass transfer of
water vapour during the charging/discharging process. By using calcium
chloride as an example, we demonstrate that the NanoCaClz possesses

Page 207 of 259



7

8)

several exciting thermal properties, including a superior specific power with
a peak value at ~1.6W/g at 30°C and ~2100Pa vapour pressure, and a high
gravimetric energy storage density of over 1700J/g based on anhydrous
nanocapsules and a low regeneration temperature of around 85°C.
NanoCaClz also shows an order of magnitude performance enhancement
over pure CaClz in both water loading and hydration-dehydration kinetics.
Moreover, the nanocapsules with the designed bilayer shell show excellent
cycling stability with no significant degradation for 50 cycles. Furthermore,
the heat release rate can be easily modulated on-demand by tuning flow
rate, temperature and pressure.

For the first time, the fluidisation of encapsulated salt is demonstrated with
the lab-scale fluidised bed device. A clear transition from stationary to
fluidisation was proved by the observed phenomena. The fluidised charging
and discharging of encapsulated salt has been demonstrated, which has a
potentially higher heat generation rate than a conventional packed bed. It
provides strong support for the feasibility of using the encapsulated salt in
a large-scale commercial fluidised bed reactor.

We further incorporated TiN NP into the NanoCacClz (Solar-NanoCacClz) for
harvesting and storing solar heat. By packing the Solar-NanoCacCl: into a
packed bed-based thermochemical reactor, an enhancement of the solar
energy absorption by NanoCaCl2 from 3.0% to 51.7% at 250-2500nm

spectrum under one standard sun was demonstrated. This led to up to

Page 208 of 259



120°C of charging temperature in the demonstration device. After a week
of storage, a small amount (7g) of hydrated Solar-NanoCaClz charged for
less than 4 hours was shown to be able to provide a heated air flow with a

temperature lift of 3.5°C for over 2 hours without thermal insulation.

8.2 Recommendations & future work

Although some interesting and promising results have been concluded in this

thesis, there are still many areas worth to be further investigated. The

recommendation for future work is as follows:

1)

2)

3)

To screen/develop the shell material for encapsulation. The desired shell
should be light in density, high in mechanical strength, appreciable vapour
permeability and high resistance to liquid water. The silica shell discussed
in this thesis meets a few of those requirements. Essentially, a better shell
material, which is capable of the Pickering emulsion protocol, should be
developed further.

Scale up the manufacturing of encapsulated salt: the method of Pickering
emulsion has shown the potential to scale up and the materials are all
commercially available. It is highly suggested to develop a continuous
production facility for encapsulating the salt. The key challenge should be
the continuous dispensing and emulsification device.

To integrate the encapsulated salt with a direct solar charging fluidised bed

reactor: there has been seen the feasibility of using encapsulated salt in a
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fluidised bed and the use of encapsulated salt with enhanced solar
absorption to store solar heat. It is possible to integrate those two

technologies in a system with a separate storage tank and a fluidised

reactor.
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Appendix: Publications

JOURNAL ARTICLES:

1) Zheng Du, Electrostatic effects on formation of submicron water-in-oil
Pickering emulsions, in preparation.

2) Zheng Du, Tailoring the performance of encapsulated salt for

thermochemical energy storage, in preparation.
3) Zheng Du, Nanoscale encapsulation of hydratable salts for flexible

long-duration thermochemical energy storage, submitted.
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