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Abstract

Phase change materials (PCMs) are the materials that use phase transition
process to achieve certain designed functions. In terms of thermal energy storage (TES),
PCMs can be used to store and release thermal energy at a constant temperature through
reversible phase transition. This feature makes them suitable storage medium in TES
and the heat sink in thermal management of electronic devices. Compared to the
common PCMs, like organic compounds and inorganic salts, metals exhibit high
volumetric TES density which is helpful for a compact system, and high thermal
conductivity which enable the fast charge and discharge of thermal energy. However,
the metal PCMs should be encapsulated to avoid corrosion to container, morphology
changes and deterioration of micro and nano scale metal PCMs. This thesis focuses on
the nanostructure design of micro and nano scale Sn-based PCMs on the purpose of
encapsulation of metal PCMs for long-term cyclic stability and morphology control.

In Chapter 1, the research background and objectives of this research are
introduced.

In Chapter 2, silica was selected as the material of the protection shell for Sn
PCM. A facile method was proposed for preparing a silica (SiO2)-based material
containing Sn nanoparticles (NPs) distributed inside for enhancing the thermal cyclic
stability of the inserted Sn NPs. Absorption of a Sn precursor into a mesoporous SiO;
matrix resulted in conynement of the Sn precursor in a mesoporous SiO> matrix.
Hydrogen thermal reduction of the above composite yielded Sn nanoparticles with a
diameter of ca. 30 nm uniformly distributed inside porous SiO2 (p-SiO2) spheres: Sn
NPs@p-SiO». The transformation of the porous SiO- structure for supporting Sn NPs
revealed that the process was closely related to the transformation of the amorphous
hydrolyzed Sn precursor into Sn oxides followed by, probably, the rearrangement of
the SiO2 matrix via its interaction with the melting Sn. This led to the formation of
stable Sn NPs@p-SiO,. The SiO. matrix effectively prevented the coalescence of the
Sn NPs, and the obtained product exhibited negligible changes in melting behavior
during the second to 100th cycle of a freeze-melt cycle test.

In Chapter 3, alumina with higher thermal conductivity compared to silica was
selected as the material of the protection shell. In this part, for the yrst time, alumina-
encapsulated metallic Sn-based PCMs, named Sn@AI.O3, were successfully fabricated
with tunable size (60 nm-2 um) and core-shell structure by a facile process from low-
cost chemicals. The robust fabrication process consists of a surfactant-free
solvothermal synthesis of SnO. spheres, boehmite treatment on SnO. spheres,
calcination in the air, and the ynal hydrogen reduction to transform SnO> to metallic



Sn. The boehmite treatment, in which the penetration of aluminum species into SnO-
spheres played an important role, was found to be responsible for the unique structure
formation of ynal Sn@AI>Os. The understanding of structure formation mechanism
gives the possibilities of a new facile way for the synthesis of metal NPs and particle-
distributed nanostructures. The obtained Sn@AI>O3 particles not only have high PCM
content (92.37 wt%) but also show a stable thermal behavior and morphology during
100 melt- freeze cycles in the air atmosphere, exhibiting the potential of fast thermal
energy storage within the range of 100-300°C.

In Chapter 4, the formation of SnO.@SiO> hollow nanostructures was
demonstrated, for the yrst time, by diffusion of liquid state Sn cores in Sn@SiO> core-
shell NPs and further interaction with SiO> with real-time observation via in situ
transmission electron microscopy (TEM). Based on the in-situ results, a designed
transformation of nanoparticle structure from core-shell Sn@SiO2 to yolk-shell
Sn@SiO; and hollow SnO,@SiO- is demonstrated, showing the controllable structure
from starting core-shell Sn@SiO> NPs via liquid state Sn diffusion in SiO. shell and
further yxing of Sn by interaction with the dangling bond of SiO.. The proposed
approach expands the toolbox for the design and preparation of yolk-shell and hollow
nanostructure, thus provides us a new strategy in fabrication of more complicated
nanostructures, which can not only be applied in PCMs design but also in catalyst,
batteries, etc.

Finally, Chapter 5 is a summary of all the results obtained in each chapter and
prospective for future research in the above areas.
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Figures

Figure 1.1 Solar thermal power plants in Morocco. P3

(@) Noor 1: a parabolic-trough type CSP plant made up of 500,000 arched
mirrors, each about 40 feet off the ground; (b) Noor 3: a tower type CSP plant (in

construction).
Figure 1.2 Process of thermal energy storage in PCMs. P9

In solid-liqguid PCMs, thermal energy is stored without increasing the
temperature of the system at the melting temperature (Tm). During a certain range of
temperature (T, shown as green area), the thermal energy storage capacity of PCM

is much higher than that of sensible heat storage materials.

Figure 1.3 Encapsulated Sn nanoparticles that synthesized by modified polyol
reduction method followed by sol—gel silica encapsulation for advanced heat transfer

and thermal energy storage. P26

TEM image of (a) as-prepared Sn nanoparticles and (b) Sn/SiO2 nanoparticles;
High-resolution TEM images of (c) Sn/SiO. phase change nanoparticles showing
crystalline silica shell with a thick grain boundary between the shell and the Sn core.
(d) Unencapsulated Sn nanoparticles showing amorphous SnOx layer formed on the
surface. TEM images of Sn/SiO, phase change nanoparticles (e) before and (f) after 20

heating and cooling cycles.
Figure 1.4 Synthesis and morphology of Zn@TiO2 and Zn@AI>Os. P28

(A) Experimental procedure for synthesizing Zn/TiO. microparticles and
Zn/Al>;0O3 microparticles, and the insert is a picture showing the synthesized Zn/Al>O3

microparticles. (B) SEM images of (a) pure Zn, (b) Zn/TiOz, and (c) Zn/Al,O3
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microparticles. (d) and (e) TEM cross-sectional images and EDS analysis for Zn/TiO-

and Zn/Al>Os microparticles, respectively.
Figure 1.5 Microencapsulated gallium—indium (Ga-In) liquid metal. P30

SEM images of Ga—In filled capsules at varying size scales. Capsules prepared
(a) at an agitation rate of 1500 rpm (b) at an agitation rate of 2750 rpm and (c) via

sonication.

Figure 1.6 Thermal and mechanical properties of graphite foam/Wood’s alloy

composite for thermal energy storage. P31

SEM image of (a) the unfilled graphite foam (b) the polished surface of the alloy
filled graphite foam. (c) Thermal expansion of the Wood’s alloy, graphite foam, and
graphite foam/Wood’s alloy composite. (d) The compression strength and bending

strength of the composites as a function of the temperature.

Figure 1.7 Metal nanoparticle—carbon matrix composites with tunable melting

temperature as PCMs for TES. P33

The different onset temperatures of the exothermic peaks show the tunable

melting temperature of Pb@C composites.

Figure 1.8 Microencapsulation of Al-Si-based PCM for high-temperature

thermal energy storage. P35

(A) SEM image of Al-Si MEPCM. (B) Cross-section EDS elemental mapping
results of Al-Si MEPCM. (C) DSC curves of MEPCM at the first and after 10 melt-
freeze cycles in air. (D) The changes in the latent heat of MEPCM during melt-freeze
cyclic test. The inset SEM image shows the morphology of MEPCM after 10 melt-freeze

cycles.

Figure 1.9 A microencapsulated Al-Si phase change material with high-

temperature thermal stability and durability over 3000 cycles. P37
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(a) Procedures for the preparation of Al-Si/Al>Os core/shell MEPCM particles.
(b) Evolution of latent heat of MEPCMs with the number of melting—solidification
cycles. Inset shows the SEM images of the MEPCMs after 1000 melting—solidification

cycles.

Figure 1.10 Inorganic microencapsulated core-shell structure of Al-Si alloy

microparticles with silane coupling agent. P39

SEM images of Al-Si alloy microparticles (a) after surface modification and (b)
after surface modification and heating at 400°C. The inset figure in b shows the sketch
of Al-Si/Al,O3 core/shell particles. (c) Reaction mechanism of silane coupling agent

treatment to Al-Si alloy.

Figure 1.11 Facile synthesis of AI@AI2O3 microcapsule via a Ni modified

method for high-temperature thermal energy storage. P41

Figure 1.12 Synthesis of Al-25wt% Si@Al:0:@Cu MEPCMs for high

temperature thermal energy storage. P42

(a) SEM view and schematic of core/shell Al-25 wt% Si@Al.Os@Cu MEPCM
particle. (b) Experimental procedure for Synthesis of Al-25wt% Si@AlO3;@Cu
MEPCM.

Scheme 2.1 Preparation of Sn NPs@p-SiO.. P62

Step 1: Synthesis of p-SiO2 spheres as structure matrix; Step 2: Impregnation
of the Sn precursor; Step 3: Reduction of the Sn precursor inside the SiO. matrix to

obtain Sn NPs embedded into p-SiOx.
Figure 2.1 XRD patterns of Sn NPs@p-SiO>. P63
Sn NPs@p-SiO; (red) and p-SiO2 (blue).

Figure 2.2 Morphology of as-synthesized p-SiOz spheres and Sn NPs@p-SiOs.
P65
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TEM images of (a) as-synthesized p-SiO2 spheres and (b) Sn NPs@p-SiO2, (c)
SAED pattern of Sn NPs@p-SiO», and (d) size histogram of Sn NPs in p-SiOa.

Figure 2.3 XPS image of Sn NPs@p-SiO>. P67

(a) wide scan, (b) and (d) narrow scan of Sn 3d at the particle surface and after
Ar etching to a depth up to 210 nm, respectively, and (c) depth profile for the Sn 3d

region.
Figure 2.4 XPS composition depth profile of Sn@p-SiO.. P68
Composition depth profile: (a) Si and Sn, (b) Sn and SnOs..

Figure 2.5 TG-DTA results of the annealing of the Sn precursor loaded p-SiO-
under 3% H2/N2 gas flow. P71

The mass percentage at 25°C was set as 100%.
Figure 2.6 XRD results of products at different reduction temperatures. P73

Figure 2.7 TEM images of products obtained at different reduction temperatures.

P76

(a) 260°C, (b) 330°C, (c) 360°C, (d) 400°C, (e) 460°C, and (f) 600°C. All inset

scale bars indicate 100 nm.

Figure 2.8 Morphology of calcined p-SiO2 and the products obtained by loading
the Sn precursor into calcined p-SiO2 spheres followed by reduction using 3% H2/N>

gas for 6 h. P77

(a) TEM image of calcined p-SiO>, (b, c) TEM images of the products obtained
by loading the Sn precursor into calcined p-SiO2 spheres followed by reduction using
3% H2/N gas for 6 h, and (d) SAED pattern of the black NP shown in the orange

rectangle in (b), which was assigned to metallic Sn.

Figure 2.9 Illlustration of the formation mechanism of Sn NPs@p-SiO>. P78



(@) Sn21Cl16(OH)1406 and other amorphous Sn precursors were absorbed into
p-SiO2 spheres after the impregnation of the SnCl, precursor; (b) amorphous Sn
precursor was formed after annealing at a temperature below 260°C; (c) crystal Sn
oxides, SnOx where x =1, 2, formed at ca. 330°C with the change in the pore structure
of the p-SiO spheres; (d) SnOx were reduced and Sn NPs formed inside the p-SiO»

spheres with the ability to further expand the pore inside the p-SiO- spheres.
Figure 2.10 Thermal properties of Sn NPs@p-SiO.. P81

(a) DSC results of 100 melt-freeze cycles for Sn NPs@p-SiO-. (b) The enthalpy
of melting vs cycle number. (c) Example of the DSC curve for the 5 cycle in the 220—
245°C range for calculating the enthalpy of melting. (d) Melting temperature of Sn NPs
confined into p-SiO2 (blue empty circles) at each cycle compared to the melting

temperature of bulk Sn (red dashed line).
Figure 2.11 Morphology of Sn NPs@p-SiO- after 20 melt-freeze cycles,. P82

(a) TEM image of Sn NPs@p-SiO- after 20 melt-freeze cycles and (b) particle

size distribution of Sn NPs embedded in p-SiO2 shown in (a).
Scheme 3.1 Synthesis process of Sn@AI>O3 spheres. P92

Step 1: Synthesis of SnO spheres through hydrothermal method; Step 2:
Boehmite treatment and calcination in the air; Step 3: Reduction of the Sn precursor

SnO,@AI0s to obtain Sn@AI,Os.
Figure 3.1 Morphology of as-synthesized Sn@Al>O3 spheres. P96

TEM (a) and SEM (b) images of Sn@AIl>O3 particles. SAED patterns of black
cores inside shell of Sn@AI203 (c) and shell with light contrast (d). (e) XRD pattern of
as-prepared Sn@AIl>O3 particle powder.

Figure 3.2 Morphology of the intermediate SnO.@AIl>03. P103

(@) TEM and (c) SEM image of SnO spheres after boehmite treatment and
calcination (SnO2@AIl203). (b) SAED pattern of the shatter at the surface of SnO;
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spheres (area shown in the red circle in (a)). Cross-section SEM images of (d)
SnO@AI>03 spheres, () SnO2 spheres and (f) Sn@AI>Os sphere. (g) XRD patterns of
the as obtained SnO.@AIl.O3 (red curve) and SnO. sphere after calcined in the air

(green).
Figure 3.3 XPS investigation of SnO>@AIl>0s. P104

(@) XPS wide scan of as synthesized SnO.@AI2Os. (b) XPS narrow scan of as
synthesized SnO.@AI>O3 on Al 2p which can be deconvoluted into two components.

Narrow scan on (c) Al 2p and (d) Sn 3d after Ar etching with different etching depths.
Figure 3.4 Size tunable SnO.@AI>03 and Sn@AI,0s. P105

TEM images of (e-h) Sn@AI.Os with different morphologies (e: Sn@AI20s-
1600, f: Sn@Al;03-600, g: Sn@AIl>03-350, h: Sn@AIl>03-60) reduced from
corresponding (a-d) SnO>@Al:03 (a: SnO@AIl>03-1600, b: SnO.@AI>03-600, c:
SnO,@AI>03-350, h: SnO,@AIl>03-60) prepared using SnO2 with various sizes, i.e. (a)
~1.6 pum, (b) ~600 nm, (c) ~350 nm; (d) ~60 nm. (i-I) The corresponding scheme for

the formation of SNn@AI>Os. All scale bars are 500 nm.
Figure 3.5 Thermal Stability of Sn@AI.Os. P110

(a) Relative melting enthalpy in 100 melt-freeze cycles of Sn@AIl,O3-1600
compared with bulk Sn (eH/&Ho) during melt-freeze cycles (red spheres) where &H
and &Ho are enthalpy of melting of Sn@AI203-1600 and that of bulk Sn respectively.
Relative melting enthalpy of Sn@AIl.03-60 and Sn NPs@p-SiO: are labeled with green
and blue spheres respectively. (b) Onset temperature (Tonset), peak temperature (Tpeak),
offset temperature (Toftset) Of the endothermic peak for each melt-freeze cycle in air
atmosphere in a DSC machine. (c) XRD patterns of Sn@AIl>03-1600 before and after

100 melt-freeze cycles in the air.

Figure 3.6 Morphology comparison of Sn@AI>03-1600 before and after cyclic
test. P111
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Morphology comparison of Sn@AIl>03-1600 in TEM and SEM images before (a,
b) and after (d, €) 100 melt-freeze cycles in the air. (c, f) The SEM images of commercial
Sn powder before and after melt-freeze cycles in the same condition. The scale bar in

(a, d)is 500 nm, in (b, €) is 1 um and that in (c, f) is 20 pm.
Figure 3.7 Supercooling of Sn@AIl20s. P112

DSC curves for melt-freeze cycle of (a) Sn@AIl>03-1600, (b) commercial Sn
powder, showing the existence of supercooling. (al) and (a2) are the enlarged areas

shown by red squares in (a).
Figure 4.1 Morphology of Sn@SiO. before and after heating in TEM. P127

(a, b) TEM image of Sn@SiO> samples, with two different Sn core sizes (a: 20
nm, b: 30 nm) and shell thicknesses (a: 20 nm, b: 8 nm), which are loaded on a tungsten
wire inside a heating holder observed in vacuum at room temperature (25°C),
respectively. (c) The SAED pattern of Sn@SiO2 shown in (a). TEM images of Sh@SiO>
after heating from room temperature (25°C) to 300°C in vacuum performed in a high-
voltage TEM operated in 1000 kV in (d, e) strong electron beam condition (37.3
pA-cm™) and (f) weak beam condition (2.7 pA-cm™), inset: SAED pattern shows as-

formed SnO-. All scale bars are 100 nm.

Figure 4.2 In situ observation of Sn@SiO. at 300°C in vacuum at strong

electron beam condition (37.3 pA-cm'). P129

(a) Random motion and gradual decrease in size of Sn droplets that embed
inside SiO. shell indicate the possible diffusion of Sn at an elevated temperature
(300°C). The blue arrows show the moving direction of Sn droplets according to the
movie. Deformation of SiO> shell structure occurred during observation: (b) breakage
of connected SiO> shell of two Sn@SiO- core-shell particles and (c) connection of two

individual particles are shown (marked with green arrows).

Figure 4.3 In-situ observation of the disappearance of single liquid-state Sn core.
P132
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In situ observation of the disappearance of single liquid-state Sn core in (a)
strong electron beam condition (37.3 pA.cm'™) (mode I: balloon-like liquid-state Sn
layer forms and decreases in thickness due the outward diffusion of Sn into the outside
SiO2 structure, and disappears in seconds) and (b) weak electron beam condition (2.7
pA-cm™) (mode I1: the remained Sn core slowly decreases in size due to the diffusion
of Sn, and gradually disappears) at 300°C in vacuum, respectively. The blue solid line
in (@) and (b) show the outline of remained Sn core during diffusion process. The
position of SiO2 shell in (b) is outlined by a blue dash line. Schematics of two different
diffusion modes: (c) mode | and (d) mode II, illustrating the diffusion process that
shown in (a) and (b). In (c) and (d), the outline of remained Sn core and the thickness
of liquid Sn layer are marked by orange dash lines and green dash lines, respectively.
The white arrows are used for showing diffusion directions (white crosses “x’

represent the arrow directed into the page).
Figure 4.4 Ostwald ripening in SiO2 structure. P136

(a) Disappearance and growth of ultra-small Sn nanodroplets formed after
disappearance of Sn cores during in-situ TEM observation (strong electron beam
condition, 37.3 pA-cm™) at 300°C in vacuum. The change in shape and size of the blue
dash line triangle with vertices a, b and ¢ located at the positions of three typical
particles (to) indicates the shrinkage of SiO. structure during the observation. (b)
Increase in mean diameter and (c) decrease in number of ultra-small Sn nanodroplets
in the observation field throughout the time. The dash lines in (b) and (c) show the

increase and decrease tendency, respectively.

Figure 4.5 Formation of yolk-shell and hollow NPs from Sn@SiO; with

different shell thicknesses but same Sn core. P137

TEM images of (a) Sn nanoparticles used as the cores of Sn@SiO> core-shell
nanoparticles and Sn@SiO> core-shell nanoparticles with the shell thickness of (b) 3.0
nm, (c) 6.8 nm and (d) 29.0 nm, respectively. (e) Size histogram of Sn nanoparticles
and Sn@SiO2 shown in (a-d). (f-k) TEM images of Sn@SiO- core-shell nanoparticles,
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with various shell thickness ((f, i): 3.0 nm, (g, j): 6.8 nm, (h, k): 29.0 nm), after loading
in a sealed Al pan and heating from 25°C to 300°C at a ramping rate of 10°C/min in a

DSC. Scale bars for (a-d) are 20 nm, for (f-h) are 50 nm, and for (i-k) are 100 nm.

Figure 4.6 Formation of yolk-shell and hollow NPs from Sn@SiO. with the

same thicknesses but different sizes of Sn core. P140

(a) After heating in a DSC (loaded in a sealed Al pan and heated from 25°C to
300°C at a ramping rate of 10°C/min), the Sn@SiO2 core-shell nanoparticles are
transformed into yolk-shell (1-15) and hollow nanoparticles (16), showing a gradual
evolution from core-shell to yolk-shell and finally hollow nanoparticles. Sn@SiO core-
shell nanoparticles with the same shell thickness (29.0 nm) but various core diameters
(shown in a-2 as ““d”’) (20~59 nm) are used as starting materials. Scale bar is 40 nm.
(b) Volume ratio between remained Sn core and the original Sn core obtained by
measuring more than 200 particles with various diameters from 13.3 to 59.7 nm. The
increasing ratio of remained Sn core with bigger original core diameter indicate that
Sn@SiO2 NPs with bigger Sn cores will keep more Sn remained after heating, showing
controllable Sn diffusion based on size difference (c) Histogram of volume ratios
between as-formed void and shell which is close to Gaussian distribution. The mean
value of this ratio is 2.74 = 0.58, indicating a possible containing capacity of SiO>

structure for Sn.
Figure 4.7. Element distribution of as obtained hollow NPs. P142

(a) HAADF-STEM image and (b) EDS element mapping images of as-formed
hollow structure in ex-situ TEM observation, showing the distribution of Sn, Si and O,
respectively. (c) The XPS wide scan of Sn@SiO- core-shell nanoparticles before and

after heating.
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Chapter 1.

General Introduction

1.1 Thermal Energy Storage

When we see back to the history of humankind, the discovery of fire helped our
ancestors end up with living the life of savages, thus start the fast development beyond
the natural evolution, making us the dominant species in the earth and creating the
fantastic civilizations. Using fire for cooking is one of the earliest applications for us to
utilize thermal energy, in which the chemical energy contained in the wood is
transformed to thermal energy by combustion, then transfer to food that behaves as the
heating process, thus resulting the rise in temperature of the meat and rice.

Thermal energy participated in the evolution of natural species before the
existence of human beings. The major source of thermal energy is solar radiation which
helps to create the suitable biosphere for all the creatures on the earth, thus naturally
makes them become dependent on the suitable living temperature. As for humans, until
April 2019, the total number of the currently living humans was estimated to have
reached 7.7 billion. This rapid growth of population results in the drastic demands in
energy in the form like electricity, heat and mechanical work, which can be produced
from the energy conversion of various types of resources, including fuel source,
hydropower, nuclear power and emerging renewable energy resources like solar

radiation, biomass, wind power, tide power, geothermal power, etc.



According to the International Energy Agency (IEA), the world power
generation in 2016 was 24.973 TWh, in which the power from coal and natural gas
occupied 38.4% and 23.2%, respectively, of total power generation. * According to this
data, the dominant energy generation comes from burning fossil fuels, which has
resulted in massive emissions of greenhouse gases like COg, thus contributing to the
global warming. In consequence, it has been reported that melting of ice sheet in polar
region, like Greenland, at an increasing rate are happening, potentially causing the
global sea-level rise. 22 On the other prospective, due to the limited reserves and non-
renewable characteristics of fossil fuels, it is at risk for depending on the fossil fuel too
much, learned from the lessons given by the energy crisis in 1970s.

Here, renewable energy resources refer to the resources which can be “renewed”
in a human timescale like what as mentioned above. Among these renewable energies,
the solar thermal power can be directly collected as thermal energy for further
utilizations in a concentrated solar power plant (CSP), which is shown in Figure 1.1.
However, the biggest problem lies in solar energy is the fluctuant availability based on
time and space. On the one hand, big mismatch occurs between the peak hours of energy
demand and consumption, for example, there is a big demand for air condition in a
summer night in tropic area while no solar energy available after sunset. On the other
hand, due to the geographical and climate issues, the distribution of solar energy varies
across the planet. For example, the solar resource in Sahara Desert is much more
abundant than that in Hokkaido island due to the difference in latitude, and much more

abundant than that in Yangtze Plain with the same latitude due to the difference in
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climate. In addition, the currently designed large-scale solar thermal power plants are
set in the remote area while the densest consumption of energy is from urban area with
a large number of populations. This time-space mismatch of demand and supply in solar

thermal energy limits its utilization.

Figure 1.1 Solar thermal power plants in Morocco.

(a) Noor 1: a parabolic-trough type CSP plant made up of 500,000 arched mirrors,
each about 40 feet off the ground; (b) Noor 3: a tower type CSP plant (in
construction). 4°

Thermal energy with high quality if not consumed, simply dissipates into the

environment resulting in the degradation in quality, thus causing wastage. Based on the
3



Carnot’s theory, the efficiency of a heat engine (Carnot’s efficiency) is the theoretical
or maximum fraction of the heat input at high temperature converted to work which can
be calculated as:
(%) =1 :(— x 100%

where Tcoig and Thet refer to the temperatures at which the high temperature
reservoir and cold temperature operate in a heat engine (K), respectively. According to
equation 1, when the thermal energy dissipates into the environment, it means that the
maximum Thot are decreasing to the environment temperature Tcoid, thus resulting in the
decrease of Carnot efficiency d (%). That is to say, thermal energy that dissipates into
environment will be no more useful for conversion to work. Not only for CSP plants,
huge amount high-quality thermal energy is generating in our daily life, like industrial
waste heat, heat from nuclear power plants, etc. Therefore, thermal energy storage
(TES) is a good way for eliminating the mismatch between demand and production of
energy.

Not only for storage, the proper management of thermal energy is another big
issue in modern society. To take mobile phone as an example, heat dissipation is a
problem that must be overcome for the safe operation of mobile phones. Also, good
thermal management can prevent damage to the battery of the mobile phone, increase
battery life, reduce the damage to the high central processing unit (CPU) from high
temperature, and improve the comfort of use. Since the birth of first mobile phone, it
kept being developed towards more compact and lighter device. With the development

of the information and communications technology, the challenges of mobile phone
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cooling are more severe, especially in the new 5G (5th generation wireless systems)
era.

In general, the changes in cooling requirements of 5G mobile phones mainly
come from two aspects: increase in power consumption and changes in mobile phone
structure. In terms of power consumption, the 5G mobile phone will possess a more
powerful processor and the data processing capability will be higher than that of the 4G
mobile phone. As a result, the absolute value of the produced heat will increase sharply,
giving great challenge to heat dissipation of devices. Besides, the structure changes of
the mobile phone put forward higher requirements on the heat dissipation performance.
As the number of 5G antennas increases and the penetration of electromagnetic waves
becomes weaker, the material of the mobile phone body turns toward non-metallic,
which requires an additional heat dissipation design. In addition, with the progress in
chip manufacturing, the mobile phone has become more and more compact, this also
increases the difficulty of thermal management. Therefore, due to feature of PCMs that
latent heat can be stored at a constant temperature, suitable PCMs can be used as heat

sinks that can absorb the heat produced from chips.

1.1.1 Classification of Thermal Energy Storage

In general, thermal energy storage can be achieved by sensible heat storage,
latent heat storage, and chemical heat storage. ® Sensible heat storage (SHS) is achieved
by raising temperature of a liquid or solid, like water, thermal oils, molten salts,

concrete blocks, etc. through conventional heat transfer, like radiation, conduction and



convection. The amount of stored thermal energy (sensible heat) is determined by the
temperature change, mass and speciyc heat capacity (Cp) of the storage medium, which

can be expressed as

where Q is the thermal energy stored (J), m is the mass (kg), C, is the speciyc
heat capacity (J-kg"-K™) and T; and Tr are the initial and final temperature during heat
charging process (K), respectively. When releasing thermal energy, the temperature of
SHS materials decreases. Materials for SHS should be thermally stable within working
temperature range, low cost (except for some special applications, like liquid metals,
etc.) and low toxic. As an intrinsic characteristic of SHS, the temperature change during
heat charge and discharge processes puts a big limitation for the applications. Also,
compared to other techniques, SHS performs relatively low thermal energy storage
density within a narrow temperature range, making the system hard to be compact in
temperature-sensible conditions.

Latent heat storage (LHS) realizes the high-density thermal energy storage by
absorbing energy at a constant temperature, which is used for contributing to the phase
change of the thermal energy storage medium. Based on the type of phase change, LHS
can be divided into solid-solid LHS and liquid-solid LHS. Due to the phase change
characteristic, latent heat storage materials are also called phase change materials

(PCMs), which will be introduced in the next part.



Chemical heat storage (CHS) uses reversible chemical reactions to achieve
high-density thermal energy storage. ’ During charge and discharge process, the energy
stored and released by breaking and forming chemical bonds. Thanks to the reversibility
of designed chemical reactions, the stored heat can be released controllably through the
chemical reactions. In general, the chemical reactions for CHS should have moderate
reaction temperature and good reversibility without side reactions. In addition,
materials for CHS should be non-toxic, non-corrosive, non-flammable, non-explosive
and stable during the storage and transportation. Compared to other TES methods, CHS
exhibits the highest energy storage density and good durability for transportation and
long-time storage. Take MgH2/Mg system as an example, this CHS system uses the
reversible reaction below:

MgH +®0 P 3Mg+H
where 'O refers to the thermal energy stored by conducting the reaction.

Nevertheless, main drawbacks of CHS lies in the chemical reactions involved.
For MgH2/Mg system, due to the necessity of H. storage and slow reaction Kinetics,
strict reaction conditions are required. Meanwhile, operating pressure should be
controlled (50-100 bar). In addition, the sintering of Mg is also a big problem for this
CHS system. & All these limitations make CHS methods a long way to practical

applications.

1.2 Phase Change Materials



Phase change or phase transition, as one of the most common phenomena that
occurs every second in our planet, was used to describe transitions between solid,
liquid, gaseous states as well as plasma of matters. For example, the melting of the ice
and the evaporation of water are the typical solid-liquid phase change and liquid-gas
phase change, respectively. Also, the martensitic transformation, as a typical solid-solid
phase transition, is important for the heat treatment of steel and the formation of shape
memory alloys. When we come to the concept of “phase change materials”, literally,
they are recognized as the materials that use phase change to achieve certain designed

functions, such as thermal energy storage (TES), data memory, etc.

Thermal energy that stored in PCMs system within a certain temperature range
can be divided into two parts: sensible heat and latent heat. Sensible heat comes from
the raise in temperature of the matter, which is the function of the temperature change,
the mass, and the specific heat of the matter. Latent heat comes from the phase change
process, which determines the storing or releasing of the thermal energy. The thermal
energy storage process in PCMs is shown in Figure 1.2 (the C, here is considered as a

constant to the temperature). The TES capacity of the PCMs was given by:

0= A6 VY +aAd 90 + &b QY

where Q — quantity of heat stored (J), Ti — initial temperature (°C), Ts— final temperature
(°C), Tm — melting temperature (°C), m — mass of PCMs (kg), Cp — specific heat

(J/kg-K), am — fraction of melted PCMs, gH — melting enthalpy (J/kg).
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Figure 1.2 Process of thermal energy storage in PCMs.

In solid-liquid PCMs, thermal energy is stored without increasing the temperature of
the system at the melting temperature (Tm). During a certain range of temperature
(T, shown as green area), the thermal energy storage capacity of PCM is much
higher than that of sensible heat storage materials.

1.2.1 Selection Criteria of PCMs
The ideal PCM for a certain application should possess the desired thermal,

physical, kinetic and chemical properties to meet the demand of specific situation. °

1.2.1.1 Thermal Properties
Generally, PCMs should exhibit high latent heat per volume or weight based on
different applications. For example, for a steady TES system in CSP or waste heat

recovery system, high latent heat per volume is important since the compact storage



unit is needed for lower cost. When the PCM is used in some occasions that light-weight
system should be considered, high latent heat per weight is expected. The chosen PCM
should have a phase change temperature which is well matched to the desired operating
temperature in TES system. This can help the system run with high efficiency.
Generally, the latent heat stored in solid-liquid phase change process is closely linked
to the melting temperature. During solid-liquid phase change process, the pressure is
constant. The change in molar entropy of the system (&S) is
Yy = o
Y

where &Hm is the fusion enthalpy and T is melting temperature. The entropy of a solid
increases when it melts to a liquid, due to the further dispersal of energy and matter.
Therefore &S here is positive. Thus the @Hm will increase with the T.

Meanwhile, a high specific heat of PCM is also expected, so that to provide not
only high LHS but also more significant additional SHS in the same temperature
difference. Importantly, PCMs for TES are always expected to have a higher thermal

conductivity which enable fast heat storage and release and can reduce the heat

exchange surface.

1.2.1.2 Physical Properties

For PCM, volume change during phase change process should be as small as
possible. A big volume expansion may permanently damage the PCM container and
heat exchanger. Gaps and voids may also be dispersed in the PCMs, thus decreases

thermal conductivity. Meanwhile, to avoid the evaporation and deterioration of PCM,
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a low vapor pressure at the operating temperature is required. For long-term cyclic
operation (charge and discharge), the phase change process should be completely
reversible, and congruent melting is preferred. In addition, the density of PCMs should
be concerned, PCMs with higher density may possibly be considered possessing higher

thermal energy storage density.

1.2.1.3 Kinetic Properties

The supercooling effect should be as small as possible. Supercooling of liquid
is the phenomenon that when lowering the temperature below the freezing point, the
liquid does not turn to solid. This temperature difference between melting and freezing
delays the heat release, making thermal energy storage less efficient. For another, fast
crystallization is preferred. A high nucleation rate can raise the dynamic response

ability of the whole TES system. °

1.2.1.4 Chemical Properties

For safety concern, the selected PCM should be non-toxic, non-flammable and
non-explosive. When cycling, especially in high temperature TES, there should be no
chemical decomposition or side reactions between each component, so that to ensure
the long-term stability of the system. Moreover, PCMs should be non-corrosive to the

container or construction materials.
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1.2.2 Classification of PCMs

Phase change processes are classified into solid-solid, solid-liquid, liquid-
liquid, liquid-gas and solid-gas phase transition based on the different physical states
of substance before and after phase transition. For thermal energy storage, generally,
liquid-gas and solid-gas transition are excluded due to drastic volume change. Solid-
solid PCMs (e.g., polyalcohols, 1° polyurethanes, ! etc.) generally show small latent
heat of phase transition, which are limited in applications but worth developing due to
the small volume change during phase change process.

Until now, solid-liquid PCMs are the most studied and used storage medium of
thermal energy. In this part, various types of solid-liquid PCMs (refer to as “PCMs”

below), from organic compound to inorganic salts, will be introduced.

1.2.2.1 Organics

Organic PCMs, including paraffins (alkanes), fatty acids, esters and other
organic compounds, are widely studied in the past decades.

Paraffins is a historical name of alkane which refer to saturated hydrocarbons
with general chemical formula ChHan+2 with non-toxic and non-corrosive
characteristics. As chemicals from petroleum, paraffins are distilled from cruel oil,
often state as a mixture of several hydrocarbons. For TES applications, paraffins
possess high latent heat storage capacities, which are determined by the molecular
weight of paraffins with different carbon chains, in a relatively narrow temperature

range. Generally, the longer average length of the carbon chains, the higher enthalpy of
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fusion and phase change temperature the paraffins possess. The drawback of using
paraffins as PCMs is their low thermal conductivity, which reduces the charge and
discharge rate during thermal energy storage and release.

Fatty acids with chemical formula CH3(CH2)2,-COOH are PCMs exhibit high
latent heat, little supercooling and small phase change volume change, which are
suitable for low temperature LHS. Like paraffins, fatty acid with longer carbon chains
also shows higher phase change temperature and larger enthalpy of fusion. Moreover,
the crystallization degree of fatty acid increases with its molar mass. Due to denser
crystalline lattice formed by hydrogen bonding, consisted of carboxylic acid molecules
with even number of carbon atoms, in particular, fatty acids with an even number of
carbon atoms in molecule exhibit higher values of latent heat and phase change
temperature than those with odd numbers of carbon atoms in molecules. For
applications, fatty acids have some drawbacks. For example, fatty acids are more
expensive than paraffins, corrosive to metal container and have unpleasant smell. These
characteristics limited their applications.

Fatty acid esters are also PCM candidates for LHS, showing a solid-liquid phase
transition in a narrow temperature range. In particular, mixture of fatty acid esters can
form eutectics, which exhibit little or no supercooling. The formation of eutectics
potentially expands the design for certain LHS applications.

Other organic compounds like polyethylene glycol (PEG) can also be used as
PCMs. PEG possesses high melting enthalpy arrived form high crystallinity.

Importantly, by controlling the molecular weight, the thermal properties of PEG can be
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customized for TES applications (e.g., phase change temperature: ca. 4 to 70°C,
enthalpy of fusion: 117-174 J/g). The increase of molecular weight leads the growth in

phase change temperature and enthalpy of fusion.

1.2.2.2 Inorganics

Compared to organic compounds, inorganic substances, when used as PCMs,
provide wider range of operating temperature in both low temperature and high
temperature LHS. The intensely studied inorganic PCMs include salt hydrates, molten
salts (and their eutectics), metals and alloys.

Salt hydrates are inorganic salts containing water of crystallization, like calcium
chloride  hexahydrate  (CaCl,-6H20),  manganese  nitrate  hexahydrate
(Mn(NO3)2:-6H20), which possess high energy storage density, acceptable price,
abundant reserve but low thermal conductivity (from ~0.6 to ~1.0 W-m™.K™), 1314
There is a big number of commercially available salt hydrates with congruently, semi-
congruently or incongruently melting characteristics, in which congruently-melting salt
hydrates are the most ideal ones for TES. ¥ The phase change process that enable
thermal energy storage and release is accompanied with the dehydration and hydration
of the salts. ® However, for a large number of salts hydrates, the biggest problem is
incongruent melting. Incongruent melting means the salts are not able to dissolve in the
water from dehydration at the melting temperature. This phenomenon causes serious
problems like sedimentation and phase separation in practical applications. In addition,

due to their poor nucleation abilities, supercooling also limits the applications of salt
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hydrates. So far, much work has been done for overcoming these drawbacks. 18 Due
to the abundant reserve and low cost, salt hydrates are still suitable PCMs for TES
applications despite the drawbacks they have.

Except for salt hydrates, molten salts are also suitable PCMs with a wide
operating temperature range (from ~100 to ~1000°C) in TES system. 1° Due to their
high thermal energy storage density, abundant reserves and low price, molten salts have
could be used as storage medium in different applications including thermal storage
system in concentrated solar power plants. 2° The main drawbacks of molten salts for
LHS are low thermal conductivity (below 1.0 W-m™.K™), high volume expansion ratio
during phase transition and they are corrosive to the metallic container. 213

Metals and alloys with high melting temperature (> 300°C) are usually used as
PCMs in high temperature LHS system. The superior thermal conductivity is the
biggest advantage of using metal alloys for TES, which eliminate the need for large
surface of heat exchange. Moreover, their thermal energy storage densities are larger
than molten salts due to the high density of metals and their alloys, and the good cycling
stability makes them suitable in long time operation 2* 2, Meanwhile, the volume
expansion of metals during phase transition is low. Among the high temperature
metallic PCMs, binary and ternary alloys with main compositions of elements Al, Cu,
Mg and Zn, like Al-Si, Al-Si—-Mg, Al-Si—Cu and Al-Mg-Zn alloys, exhibit the highest
enthalpy of fusion based on the same volume 2> %, In previous research, metallic PCMs
with high phase change temperature have been proposed for applications in solar power

generation systems. 2728 However, in high temperature, metals can be highly corrosive
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to the metallic container. Therefore, the encapsulation of metallic PCMs or the

container should be considered.?

1.3 Low Melting Point Metals for PCMs

Like metals and alloys with high melting temperature as mentioned above, the

low melting point metals we mentioned here refer to the metals and alloys that are easily

meltable below 300°C. The physical properties of low melting point metals and alloys

with various compositions are listed in Table 1.1, 72932

Table 1.1 Physical properties of low melting point metals and alloys.

TES
Metals Tm To Co. 3 (PHm density  Ref.
°C °C kl-kgt:K! kgm?® W-mlK?! kJkg! MIm?

Garsslnis.aSniia 10.6 69.03 29
Gars.4lnia.9Sne.7 10.9 71.2 29
Gassslnies 15 71.68 29
Gag1.65Ns.4 19.8 78.29 29
GagsSns 19.9 79.22 29
Gagr.9Al21 26.5 82.59 29
Cs 28.7 2023.8 0.236 1796 174 16.4 29.4544 7
Ga 29.8 2204.8 0.37 5907 294 80.12 473.26884 7
Rb 389 685.73 0.363 1470 29.3 25.74 37.8378 7
Biss.7Pb226IN19.1SNs 3Cds 3 47 0.197 9160 15 36.8 337.088 7
Bissslness 54.1 30.82 29
Bissln21Pb1sSni2 58 0.201 9010 10 28.9 260.389 7
Cerrolow 58 90.9 30
Bizs.7Sn16.7Pb14.4IN30.2 58.3 28.98 29
BiszIns1.2Snie.s 60.8 254 31
Bi-Cd-In eutectic 61 25 30
Bisislnss.2 61.4 29.88 29
K 63.2 756.5 0.78 664 54 59.59 39.56776 7
BisoPb2s.7Sn13.3Cd10 70 0.184 9580 18 39.8 381.284 7
Cerrobend 70 32.6 30
Bi—Pb-In eutectic 70 29 30
Bi41.65N19.4Pb23 2Cd15.8 717 2451 29
Bi-In eutectic 72 25 30
Biz1slnzs.2 73.1 22.46 29

16



Biss5SN22.2Pb2s 3114 75 25.36 29

Bi40.5SN285Pb16.3IN14.7 75.7 21.71 29
Biss.sIn2zSni.2 76.6 32.6 31
Bia25IN3s5.25n22.3 79.2 36.91 29
Sng.sBisePhsas 90.8 0.161 19.54 32
Bi712Pb2ss 94.9 28.99 29
Bis2Pb3oSnus 96 0.167 9600 24 34.7 333.12 7
Bi—Pb-Sn eutectic 96 30
Na 97.8 8814 138 9269 86.9 1132 104.95289 7
Bi-Pb 125 30
BissPbasZn 127 0.154 20.44 32
SnsgBisoZn2 135 0.198 47.62 32
BissSnaz 138 0.201 8560 19 44.8 383.488 7
In 157 2023.8 0.23 7030 36.4 2859  200.9877 7
Sn73sPb22Znss 172 0.247 59.8 32
Li 186 13423 4.389 515 413 4338  223.3967 7
Sng1Zng 199 0.272 7270 61 325 236.275 7
Sn 232 26228 0.221 730 59.6 60.5 44.165 7
Bi 271 1560 0.122 979 8.1 53.3 52.1807 7

Tm: melting temperature; Tp: boiling temperature; Cp,: specific heat capacity (in
liquid); J: density; a: thermal conductivity (liquid); Hm: melting enthalpy.

Generally, as metals, due to the contributions of electron motions, low melting
point metals exhibit high thermal conductivity that much higher than any other PCMs.
Also, the strong metallic bonding results in high enthalpy of fusion, combined with high
density, giving a high thermal energy density. Low melting point metals are widely
available with the elements like bismuth (Bi), gallium (Ga), tin (Sn), indium (In), zinc
(Zn), cadmium (Cd), tellurium (Te), antimony (Sb), thallium (TI), mercury (Hg) and
lead (Pb). With the consideration of reserves, toxicity, physical and chemical properties,
the commonly used elements are Sn, Bi, In and Ga.

In terms of TES, Sn can be applied in solar power plant for heat storage medium
due to its relatively high phase change temperature among low melting point metals.

Lai et al. demonstrated enhanced solar-thermal storage by utilization of the latent heat
17



of Sn/SiOx core-shell nanoparticles (NPs) embedded in a eutectic salt. The heat
capacity of HITEC solar salt was increased by 30%. %

Except for TES, low melting point metals that melt near room temperature are
also suitable PCMs in the thermal comfort applications. To take gallium as example,
gallium possesses a melting temperature about 29.8°C, which is close to ambient
temperature and body temperature. The TES density at phase change temperature of
gallium is about 473.27 MJ-m™ which is much larger than the TES density (174.27
MJ-m3) of paraffin (n-Nonadecane) with a similar phase change temperature of 32.0°C.
3 More importantly, gallium possesses a large thermal conductivity at about 29.28
W-m™*.K? in liquid state, which enable the sensitive temperature control. Moreover,
gallium is low toxic, non-flammable, non-explosive and stable in cyclic energy storage
and release with small volume expansion.

Conventional PCMs, like organic compounds, have been investigated for heat
dissipation of electronic devices. However, due to the low thermal conductivity and
small volumetric TES density at phase change temperature, organic compounds exhibit
low efficiency in thermal management. Ge et al. studied using Gallium for keeping
smartphone cool during operation. Their experiments demonstrated that 3.4 ml gallium
would maintain the module below 45°C for 16 min at 2.832 W, in which the holding
time for maintaining operation temperature was longer than most of the conventional
PCMs. ® Yang et al. developed a finned heat pipe assisted passive heat sink based on
low melting point metal PCM for thermal buffering of thermal shock with heat

generation rate up to 1000 W (10 Wkecm™), showing longer operation time (1.4-2.4
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times) of high power electronics compared to the case of using conventional organic
PCM. %

However, as a high performance PCM in thermal energy storage and
management, the low melting point metals or alloys still in demand of efforts to be
modified for practical applications. First, due to the corrosive characteristics of metals
in liquid state, the compatibility between low melting point metal PCM and its container
should be guaranteed. Kondo et al. performed the corrosion test of steels in liquid Ga,
Sn and Sn-20L.i at 873 K up to 750 h. They found the corrosion of these steels in liquid
Ga, Sn and Sn-20L.i alloy was caused by the formation of a reaction layer and the
dissolution of the steel elements into the melts. 3" The bad compatibility between liquid
metals and container, seriously limited their applications. Moreover, the sintering of
liquid metal particles in low melting point metal PCMs may lead to the changes in as-
designed structure or morphology during operation, deteriorating their sustainable
usage in the form of nanofluids or slurry.® Therefore, the encapsulation in marco, micro

or nano scale of low melting point metals is one way to improve their utility.

1.4 Micro/Nano Encapsulation of PCMs

Compared to their bulk counterpart, PCMs in micro or nano size possess much
larger surface area which great expands the heat transfer interface during charge and
discharge of thermal energy. For example, when comparing the surface area between
two samples with the same weight and density, and in spherical shape with two

diameters: 1 cm and 100 nm. It is easy to calculate but hard to image that the surface
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area of later one is 100000 times larger than that of the former one. Meanwhile,
micro/nano-size PCMs are easier to be surface-modified and dispersed in heat transfer
fluid (HTF), which greatly explore the wider applications of PCMs.

Despite the suitability of PCMs in many thermal applications, the practical use
of all types of solid-liquid PCMs is still limited by several problems. PCMs in liquid
state are facing the common problem of leakage during the heat storage process due to
the flowability of liquids. The leakage of PCMs will the decrease the TES capacity thus
deteriorate the cyclic stability. In particular, when using metals and molten salts as
PCMs, corrosion may happen on the key parts of the devices or facilities, reducing the
service life or even causing safety problems.

One solution to these issues is to encapsulate PCMs in micro or nano scale,
which is also called microencapsulation or nanoencapsulation. The encapsulated PCMs
are called micro-encapsulated PCMs (MEPCMs) or nano-encapsulated PCMs
(NEPCMs), depending on the dimensions of PCMs (MEPCMs: 0.1-1000 em;
NEPCMs: 1-100 nm). Encapsulation means a process of embedding the PCM as cores
(can be single-core or muti-core) into protection structure which can be a shell or layer,
and also can be porous structure, thus isolates and protects them from the external
environment. By micro/nano encapsulation, PCMs can be transformed to powder or
paste form, and the volume expansion of PCMs can be eliminated. So far, much work
has been focused on the preparation of MEPCMs and NEPCMs. 3943 The materials for
encapsulation (encapsulant) vary from organics (like polystyrene, urea formaldehyde,

polymethyl methacrylate, etc.) to inorganics (like calcium carbonate, silica, sodium
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silicate, metal oxides, etc.). * Herein, typical preparation methods of MEPCMs and

NEPCMs are listed below. #°

1.4.1 Approaches for Micro/Nano Encapsulation of PCMs

There are many approaches for achieving the micro and nano scale
encapsulation of PCMs, which are suitable in different occasions and can be classified
into three main categories: polymerization methods (sometimes also named as

“chemical methods”), physico-chemical methods and physical methods.

1.4.1.1 Polymerization Methods

Emulsion polymerization. In emulsion polymerization, one phase with
monomer is uniformly dispersed in the continuous phase with addition of surfactant,
emulsifier under mechanical stirring condition to form the emulsion. The encapsulation
shell is then grown on the surface of the PCM core. The droplet size of emulsion is at
the range of 1-10 mm. The size of emulsion droplets can be further decreased to
nanoscale (20-200 nm) by inputting higher external energy, which is also called
miniemulsion. The microemulsion (droplets size range: 10-100 nm) can form by
adding large amount of surfactant to overcome the interfacial energy, which has good
thermodynamic stability. 46 47

Interfacial polymerization. In interfacial polymerization, the first reactive
monomer in one phase is dispersed into an immiscible phase which contains a second

monomer. The monomers react at the interface, forming a polymeric membrane for
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encapsulation. 8 Usually, the interfacial polymerization has been used in production of
MEPCMs. %

In situ polymerization. In in situ polymerization, two immiscible phases
containing organic intermediates that will react with each other for polymeric
encapsulation. °° Compared to the interfacial polymerization, there are no reactants in
the core material in in situ polymerization and all polymerization reactions occur in the
continuous phase. %2 In addition, through in situ polymerization, particles with the size

ranging between 5 and 100 em can be obtained. *°

1.4.1.2 Physico-Chemical Methods

Coacervation. In coacervation process, liquid-liquid phase separation (bottom:
polymer-rich dense phase; top: transparent solution) of a homogeneous solution of
charged macromolecules is induced by adding of natural salt or alcohol. 5-%¢

Sol-gel encapsulation. Sol-gel method for encapsulation of PCMs often starts
in suspension of PCM nanoparticles or microparticles in aqueous solution. The
formation of the encapsulating shell (hydrated metal or semi-metal oxide like TiOa,
SiOy, etc.) is induced by hydrolyzing shell precursors so that to produce soluble
hydroxylated monomers, followed by polymerization and phase separation (e.g., SiO,
TiOy, etc.). °’

Self-assembly method. Self-assembly method is sometimes also called “one-
step method”. In the case of using this method for encapsulating PCMs, system

components like molecules, polymers, colloids, or macroscopic particles are organized

22



into shell or other confinement structure which are the results of local interactions
among these components, without external direction. %80

Solvent evaporation. The encapsulation of PCMs by solvent evaporation
generally consists four steps: (1) dissolution of the hydrophobic PCM in an organic
solvent containing the coating polymer; (2) emulsiycation of the organic phase that
contain PCM in a continuous aqueous phase; (3) extraction of the solvent from the
organic phase that contains PCM by the continuous aqueous phase, with removing the
solvent by evaporation, transforming the droplets into solid PCM particles with
polymer encapsulation; (4) Removal of the residual solvent. 44 ¢

Supercritical CO2-assisted methods. The easily accessible critical conditions of
CO; are 73.8 bar and 31.1°C which is close to ambient temperatures. The non-toxic,
non-flammable, gas-like viscosity, liquid-like density with enhanced solubility broaden
their applications. The role of supercritical CO- for encapsulation can be a solvent,

antisolvent, solute, drying medium, and foaming agent. 4% 62

1.4.1.3 Physical Methods
Physical methods for encapsulation of PCMs are generally used in large-scale,
industrial production. Although, these techniques are not capable of producing
microcapsules smaller than 100 em due to their inherent characteristics, they are still
suitable for the mass production of MEPCMs. #° Here, typical physical techniques are
listed below: 44 63-6°
 Spray-drying
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f  Fluid Bed Coating

I Electrostatic encapsulation

1.4.2 Micro/Nano Encapsulation of Metals and Alloys

So far, a large number of works on the micro and nano encapsulation of organic
compounds have been reported. (why metals and alloys are difficult to be encapsulated?)
Herein, a few studies that focus on micro or nano encapsulation of low melting point

metals/alloys and high melting point metals/alloys are briefly introduced.

1.4.2.1 Micro/Nano Encapsulation of Low Melting Point Metals and Alloys

Metal oxide or semi-metal oxide. In general, stable metal oxide or semi-metal
oxide, like SiO», TiO2 and Al,Oz3, were used for encapsulating low melting point metals
nanoparticles and microparticles. Hong et al. % used emulsion method to prepare
indium nanoparticles by boiling commercial indium powder in poly-U-oleyn (PAO).
The indium nanoparticles were collected by centrifugation and encapsulated with silica
through a sol-gel method. The obtained silica-encapsulated indium nanoparticles were
suspended into PAO, which was for enhancing the heat-transfer property of PAO in a
potential high-temperature application. The SiO, shell not only prevented the leakage
and agglomeration of liquid state indium, but also enhanced the dielectric properties of
indium nanoparticles, expand the application in cooling of electronic devices. The
viscosity of PAQ that containing silica encapsulated indium nanoparticles at 45°C (9.49

cP) is close to the viscosity of PAO (4.68 cP). Their result shows that the PAO that
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contains 30 at% indium nanoparticles exhibit a 1.6 times higher heat-transfer
coefficient than that of original PAO.

Cingarapu et al. synthesized Sn nanoparticles with a modified polyol reduction
method followed by sol-gel SiO2 encapsulation on the surface (Sn@SiOy). ¢ The SiO
shell provided protections for the chemical and structural stability of Sn nanoparticles
during the melt-freeze cyclic process. By dispersing Sn@SiO> core-shell phase change
nanoparticles into a synthetic heat transfer fluid (HTF), Therminol 66 (TH66), at the
volume ratio of Sn nanoparticles to 5 vol%, the enhanced thermal properties were
achieved. As for the thermal conductivity of the nanofluid, an increase of ~13% was
achieved when loading 5 vol% Sn nanoparticles, which agrees with Maxwell's effective
medium theory. The volumetric thermal energy storage of the nanofluid increased by
~11% when cycled between. This increase was contributed by the latent heat during
melting of Sn cores, therefore, the value of the increase could be further improved if
thermal cycling is conducted in a narrower temperature range between 100°C and
270°C. Viscosity of the modified nanofluid was measured between 25°C and 125°C,
revealing that the viscosity of nanofluid and base fluid are quite similar at 125°C. In
addition, no changes were observed in Sn@SiO: (5 vol%) in nanofluid during 20 heat-
cool cycles, showing a good thermal stability of the Shn@SiO.. These experimental
results showed the enhancement of Sn nanoparticles on both thermal conductivity and
thermal energy storage density of the base HTFs, exhibiting the potential for CSP

systems.
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Figure 1.3 Encapsulated Sn nanoparticles that synthesized by modified polyol
reduction method followed by sol-gel silica encapsulation for advanced heat transfer

and thermal energy storage. °’

TEM image of (a) as-prepared Sn nanoparticles and (b) Sn/SiO2 nanoparticles; High-
resolution TEM images of (c) Sn/SiO, phase change nanoparticles showing
crystalline silica shell with a thick grain boundary between the shell and the Sn core.
(d) Unencapsulated Sn nanoparticles showing amorphous SnOy layer formed on the
surface. TEM images of Sn/SiO2 phase change nanoparticles (e) before and (f) after
20 heating and cooling cycles.

Hsu et al. prepared Zn@TiO2, Zn@AIl:03; % and Zn@SiO2 3 % core-shell
microparticles by hydrolysis reactions (Zn@TiO., and Zn@SiO2) and thermal
decomposition method (Zn@AIl203), which are shown in Figure 1.4A. The Zn@AI03

microparticles were dispersed into the Hitec salt composed by 53 wt% KNOs, 40 wt%
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NaNO- and 7 wt% NaNOsz, which is designed as the heat transfer fluid in CSP plants.
% The heat capacity of the salt can be enhanced by 6.7% by doping with 10 wt%
Zn/Al>03 microparticles while the viscosity increased from 1.3 to 3 cp in the
temperature range from 350 to 550°C. In this study, thermal hysteresis (TH) of the
phase change core-shell microparticles was defined as the difference between the
melting and the crystallization temperatures, which was found increased with the
increasing shell thickness and ramping rate from the DSC data. The discussion for TH
IS important since the latent heats of the PCMs cannot be released and restored during
cycling if the TH is beyond the operation temperature range of a TES system.
Moreover, among Zn@TiO2, Zn@AI>O3 and Zn@SiOz, the smallest TH was exhibited
in Zn@AI>O3 due to the higher thermal conductivity of Al>O3 than that of TiO> and

SiOz.
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Figure 1.4 Synthesis and morphology of Zn@TiO, and Zn@AI,03. %

(A) Experimental procedure for synthesizing Zn/TiO2 microparticles and Zn/Al203
microparticles, and the insert is a picture showing the synthesized Zn/Al,O3
microparticles. (B) SEM images of (a) pure Zn, (b) Zn/TiO2, and (c) Zn/Al>O3
microparticles. (d) and (e) TEM cross-sectional images and EDS analysis for Zn/TiO;
and Zn/Al>0s microparticles, respectively.
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Self-encapsulation. For protecting low melting point metal PCMs, self-
encapsulation is another tool. Navarrete et al. used Sn@SnOx nanoparticles as self-
encapsulated NEPCM using the oxides shell that forms when exposed to air. "* When
dispersing Sn@SiOx into a commercial thermal oil (Therminol 66) to form nanofluids,
the increase in both the thermal conductivity and heat capacity of the base fluid were
achieved, which is contributed by the high thermal conductivity of Sn and the latent
heat from the melting of Sn nanoparticles. The thermal stability of of Sn@SiOx in both
powder form and nanofluid form was checked by performing melt-freeze cyclic test. In
addition, to reduce supercooling, they used non-eutectic metal alloys (Sn/Pb)
nanoparticles in which the co-exist solid and liquid phase during heating contributes to
the heterogeneous crystallization that leading to the reduction of the supercooling,
compared to the completely melted ones.

Polymer. Polymer shell can also be applied in the microencapsulation of low
melting point metals and alloys. Blaiszik et al. prepared a liquid metal alloy of gallium-
indium (Ga-In) microencapsulated with urea-formaldehyde (UF) by in situ
polymerization. "> The obtained microcapsules shown in Figure 1.5 exhibit an
approximately 73-nm thick shell and ellipsoidal shape with major and minor diameter
aspect ratios ranging from 1.64 to 1.08 and with major diameters ranging from 3 to 245
pm. The major and minor diameters decreased with aspect ratio by increasing agitation
rate. Moreover, the aspect ratio decreased to 1.08 with further increasing shear rate by
sonication. The thermal properties of the microencapsulated Ga-In alloy were

investigated by TGA and DSC.
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Figure 1.5 Microencapsulated gallium—indium (Ga-In) liquid metal. "2

SEM images of Ga-In filled capsules at varying size scales. Capsules prepared (a) at
an agitation rate of 1500 rpm (b) at an agitation rate of 2750 rpm and (c) via
sonication.

Carbon encapsulation. Due to the superior thermal conductivity, carbon
materials are good candidates for encapsulating low melting point metals and alloys.

Zhong et al. submerged the graphite foams into the melted Wood’s alloy (a
eutectic alloy of 50% Bi, 26.7% Pb, 13.3% Sn, and 10% Cd by weight ") to form the
graphite foam/Wood’s alloy composites. High thermal conductivity of the composites
(193.74 W-m.K™1) was achieved which is 2 times higher when compared to the alloy
and graphite foam. Also, significant reduction in coefficient of thermal expansion of
the composite (7.82 ppm-K?) was realized compared with that of the alloy
(24.81 ppm-K1), while the latent heat did not change too much. In addition, the
composites show an enhanced mechanical properties compared to graphite foam when

the alloy is in both solid phase and liquid phase. "
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They also infiltrated Wood's alloy into the compressed expanded natural
graphite (CENG) on the purpose of enhancing the thermal conductivity of the
composites. In this study, thermal conductivity of the composites can be 2.8-5.8 times
higher than that of the Wood's alloy (58.88 W-m™.Kt). Combining with the latent heat
of the composites (ranges from 29.27 to 34.20 J/g), the composites exhibit the potential

for heat management in electronic devices. "
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Figure 1.6 Thermal and mechanical properties of graphite foam/Wood’s alloy

composite for thermal energy storage. "

SEM image of (a) the unfilled graphite foam (b) the polished surface of the alloy filled
graphite foam. (c) Thermal expansion of the Wood’s alloy, graphite foam, and
graphite foam/Wood’s alloy composite. (d) The compression strength and bending
strength of the composites as a function of the temperature.

31



Tran et al. synthesized the composites in which the mesoporous carbon matrix
was distributed with ligand-free metal nanoparticles (Bi or Pb) on the purpose of
forming form-stable PCMs. ® The embedded metal nanoparticles possess the tunable
melting temperatures which are controlled by changing the size of metal nanoparticles
through tuning the amount of metal loaded inside the composites. The decrease of
melting temperature of both Bi and Pb nanoparticles comparing to their bulk
counterparts was observed. During 18 melt—freeze cycles, phase change temperatures
are stable. As the encapsulating material for metal nanoparticles, the carbon matrix
prevents aggregation of the NPs, accommodates volume change, and prevents leakage
of liquid state PCMs. In addition, they also found that the porous channels in the carbon

matrix serve as containers for the melted Pb nanoparticles.
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Figure 1.7 Metal nanoparticle—carbon matrix composites with tunable melting

temperature as PCMs for TES. 7

The different onset temperatures of the exothermic peaks show the tunable melting
temperature of Pb@C composites.

1.4.2.2 Micro/Nano Encapsulation of High Melting Point Metals and Alloys

So far, the most studied material for mico/nano encapsulating high melting point
metals and alloys is alumina due to its superior stability and facile encapsulation method.

Navarrete et al. encapsulated the commercial Al-Cu alloy nanoparticles with a
naturally formed Al,Os layer when exposed to oxygen. /" The encapsulated Al-Cu
nanoparticles were added to the so-called solar salt (60 wt% NaNOs3, 40 wt% KNO3) to
form nanofluids on the purpose of improving the TES performance. The AlI-Cu NEPCM
showed chemical compatibility with the solar salt by performing thermal cycling test.

Although the specific heat that contributes to the sensible heat storage decreased with
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the addition of solid content, the latent heat contributed by the enthalpy of fusion of Al-
Cu NEPCM increased the total thermal energy storage up to 17.8% in the same volume.
Moreover, the addition of Al-Cu NEPCM increased the thermal conductivity of the
nanofluids which improved the heat transfer performance of solar salt based HTF.
Nomura et al. first developed Al-Si alloy microsphere MEPCMs covered by U-
Al>03 shells through a two-step procedure, in which the first step is using boehmite
treatment to form an AIOOH shell on the Al-25 wt%Si alloy microparticles, and the
second step is heat-oxidation treatment in an O2 atmosphere to transform AIOOH shell
into a more stable U-Al,Oj3 shell. ”® The spherical of Al-25 wt%Si microparticles (36.3
pm in diameter), used as raw materials, were produced by spinning disk atomization.
This Al-Si-based MEPCM exhibited the phase change at 573°C with the latent heat of
247 J-g™. In addition, the 10 melt-freeze cyclic test in air showed effective function of
the encapsulation in cycling performance. In their another research, Nomura et al.
reported that, in Al-Si alloy MEPCMs, the observed void inside the alloy core allowed
for volume expansion of the PCMs during solid-liquid phase transitions. ’ In addition,
the MEPCM exhibits excellent durability up to 300 heating and cooling cycles under
oxygen atmosphere, which can potentially be used in the next-generation LHS-based

high-temperature thermal energy storage and transportation systems.
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Figure 1.8 Microencapsulation of Al-Si-based PCM for high-temperature thermal

energy storage. "®

(A) SEM image of Al-Si MEPCM. (B) Cross-section EDS elemental mapping results
of Al-Si MEPCM. (C) DSC curves of MEPCM at the first and after 10 melt-freeze
cycles in air. (D) The changes in the latent heat of MEPCM during melt-freeze cyclic
test. The inset SEM image shows the morphology of MEPCM after 10 melt-freeze
cycles.

Furthermore, Nomura et al. developed MEPCMs from AIl-Si alloys
microparticles with four different Al-Si compositions (Al-12 wt%Si, Al-17 wt%Si, Al-

20 wt%Si, and Al-30 wt%Si) on the purpose of investigating the e ect of the Si content
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in the PCM core on thermal storage ability of MEPCM. & Similar method was used for
micro-encapsulation as shown in their previous studies. ® 7 Their results revealed an
increase in MEPCM thermal storage capacity with decreasing Si content and lowering
the heat oxidation temperature. In addition, larger supercooling was observed in the

samples with higher Si content.

It was found that leakage could occur after more than 300 cycles of melt-freeze
cycles due to the incompact, non-uniform and crackable Al>Oz shell formed in their
previous studies. 8% To improve the shell stability of MEPCMs in high temperature
conditions, Nomura et al. developed the Al-Si alloy MEPCM microspheres with high-
temperature stability and good cycling durability over 3000 cycles through a modified
method (shown in Figure 1.9a) compared to that in their previous studies. The modified
method contained three steps: (1) boehmite treatment at pH value of 8; (2) additional
Al(OH)3 precipitation on the surface of Al-Si microparticles; (3) heat-oxidation in an
O atmosphere. With modified method, the uniform and highly durable Al2Os shell is
formed which contributed to the good durability of the Al-Si alloy MEPCMs over 3000

melt-freeze cycles in air (Figure 1.9b). 8
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Figure 1.9 A microencapsulated Al-Si phase change material with high-temperature

thermal stability and durability over 3000 cycles. &

(a) Procedures for the preparation of Al-Si/Al>Os core/shell MEPCM particles. (b)
Evolution of latent heat of MEPCMs with the number of melting—solidification cycles.
Inset shows the SEM images of the MEPCMs after 1000 melting—solidification cycles.

Except for the NEPCM in Al-Si system, Nomura et al. also chose only Al (Tm
= 660 AC) as the PCM to prepare core-shell MEPCMs that composed of a stable U-
Al>03 shell and an Al core through a two-step method which was like the method used
for Al-Si alloy MEPCMs. The heat-storage capacity of the MEPCMs decreased (273—
301J-g™) while the repetition durability improved with the increase of the heat

oxidation temperature. 82

He et al. used the sol—gel process with the modification of silane coupling agent
(SCA) to prepare Al-Si/Al,O3 core-shell microparticles in which a dense U-Al2Os shell
layer with the thickness of 3-5 em (Figure 1.10a). 8 During the synthesis procedure,

first, the commercial Al-Si eutectic alloy microparticles were washed with ethanol and
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then modified on surface with silane coupling agent. Finally, the modified Al-Si
eutectic alloy microparticles was treated with alumina sols. The obtained Al-Si/Al>O3
core-shell microparticles have a latent heat of 307.21 kJ-kg*. The silane coupling agent
on the surface of Al-Si alloy microparticles plays a key role in microencapsulation,

promoting the condensation between boehmite sols and silanol groups (Figure 1.10b).

They also studied the structural and phase change characteristics of Al-
Si/Al,O3 core/shell during melt-freeze cycling from room temperature to 1000°C. 8
The latent heat of Al-Si/Al,O3 core-shell microparticles reduced to 271.90 kJ-kg™ after
20 melt-freeze cycles. The ruptured structure after cycling was caused by the mismatch
of thermal stress between the core and the shell. They demonstrated that the cracks at

the core-shell interface can release the thermal stress during thermal cycling.
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Figure 1.10 Inorganic microencapsulated core-shell structure of Al-Si alloy

microparticles with silane coupling agent. 8

SEM images of Al-Si alloy microparticles (a) after surface modification and (b) after
surface modification and heating at 400°C. The inset figure in b shows the sketch of
Al-Si/Al>,O3 core/shell particles. (c) Reaction mechanism of silane coupling agent
treatment to Al-Si alloy.

Furthermore, He et al. compared two methods for the synthesis of inorganic
microencapsulated core-shell Al-Si alloy microparticles based on the sol-gel process:
(1) pre-oxidation process; (2) modification with silane coupling agent of original Al-Si
alloy microparticles. 8 It was found that both two methods can be used for
microencapsulation and form stable dense U-Al,Oj3 shell. Pre-oxidation process prone
to generate the nonuniform shell while the modiycation of SCA can realize more
uniform microencapsulation. Moreover, according to the results of zeta potential

measurement, both two methods change surface electric behaviors of Al-Si alloy
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microparticles. The modiycation of SCA is more likely to absorb alumina sols on the

surfaces, thus renders thicker and more uniform Al>O3 shell.

Li et al. reported the microencapsulation of Al microspheres via an induced
oxidation method. & The nano Ni species loaded on the surface of Al microspheres act
as catalyst to accelerate the oxidation of the surface Al layer during oxidation in air.
The activation energy (149-156 kJ-mol™) of the oxidation of Al is much lower than the
previous reported ones due to the presence of Ni species. By monitoring the oxygen
consumption and the exothermic changes during the oxidation process, it is found that
the oxidation of surface Al layer contains three steps, which results in the formation of
a layered Al>Os shell. With the presence of voids in the core, the layered structure of
the Al,Oz shell improves the elasticity of the core-shell structure thus improves the

thermal stability during melt-freeze cycles.
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Figure 1.11 Facile synthesis of AlI@AI>0s microcapsule via a Ni modified method for

high-temperature thermal energy storage. &

Metal microencapsulation. With the consideration of good ductility, high
thermal conductivity and high melting temperature, some metals are also good
candidates for the encapsulation materials for high melting point metal/alloy PCMs.
Nomura et al. synthesized the MEPCM with spherical Al-25wt% Si core (average
diameter: 36 Om) and Al,Os@Cu multilayered shell as shown in Figure 1.12a. 8 The
Al-25 wt%Si microparticles covered with AlO3z shell were prepared by boehmite
treatment and the further heating at 500 AC. Then, HCI solution was used to etch the

Al>O3 covered microparticles, and electroless plating of Cu layer is carried out to form

41



the multilayered MEPCM (Figure 1.12b). The core-shell Al-25wt%Si@AIlOs@Cu

particles exhibit a low breakage ratio of about 1.7% after 100 melt-freeze cycles.
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Figure 1.12 Synthesis of Al-25 wt% Si@AI.0s@Cu MEPCMs for high temperature

thermal energy storage. &

(a) SEM view and schematic of core/shell Al-25 wt% Si@Al,0:@Cu MEPCM
particle. (b) Experimental procedure for Synthesis of Al-25.wt% Si@AlOs@Cu
MEPCM.
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1.5 The Objectives of This Study

The aims of this dissertation are to explore various synthetic methods, to create
unique micro/nanostructures, thus, to make the best use of the high thermal conductivity
of low melting point metal PCMs, isolate them from outside environment for protection
and also seek the novel methods for the further morphology control of related PCMs.
Silica (SiO2) and alumina (Al.O3) were chosen as the encapsulation materials due to
their good physical and chemical stability. 8 Until now, only a few examples have been
reported to achieve using SiO2 and Al20s to coat low-melting-point metal for thermal
energy storage. % Compared to them, in this dissertation, more facile and more
customized methods were used, and the PCMs with unique structures named Sn
NPs@p-SiO. and Sn@AIl203 with good thermal cyclic stability were fabricated. In the
case of using SiO- to encapsulate Sn NPs, a novel transformation from Sn@SiO: core-
shell NPs to Shn@SiO> yolk-shell NPs and SnO.@SiO- hollow NPs were observed,
based on which the nanostructure control via liquid metal diffusion was first time

realized.
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Abstract

We report a facile method for preparing a silica (SiOz) based material containing
Sn nanoparticles (NPs) distributed inside for enhancing the thermal cyclic stability of
the inserted Sn NPs. Absorption of a Sn precursor, i.e., an aqueous SnCl> solution into
a mesoporous SiO2 matrix resulted in confining the Sn precursor into a mesoporous
SiO; matrix. Hydrogen thermal reduction of the above composite yielded Sn
nanoparticles of ca. 30 nm uniformly distributed inside porous SiO2 (p-SiO2) spheres:
Sn NPs@p-SiO.. Our investigation of the transformation of the porous SiO> structure
to hold Sn NPs revealed that the process was closely related to the transformation of
the amorphous hydrolyzed Sn precursor into Sn oxides followed by, probably, the
rearrangement of the SiO> matrix via its interaction with the melting Sn. This led to the
formation of stable Sn NPs@p-SiO2. The SiO2 matrix effectively prevented the
coalescence of the Sn NPs and the obtained product exhibited negligible changes in

melting behavior during 2" -100" cycle of freeze-melt cycle test.

2.1 Introduction

Low melting point metals are promising materials that can be used as phase
change materials for heat storage and thermal management.! Rapid thermal energy
transfer can be achieved due to the high thermal conductivity of the metallic heat
storage media. The high density of the metal also contributes to the high-volume density
of heat storage.?® One way of applying low melting point metals for heat transfer in

cooling systems of electronic devices, is to use metal nanoparticles (NPs) or convert
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them into nanofluids by dispersing metal NPs into thermally stable liquids, to obtain
good fluidity and thermal behavior for heat transfer.*®

However, during the heat storage and release operation, phase change metal
NPs are sintered causing difficulties regarding the colloidal stabilization of nanofluids,
thus leading to bad cyclic stability of heat storage. The key to avoid metal NPs
coalescence is to isolate them. There are several strategies to solve this problem: one
method involves introducing an inert shell or layer outside the pre-synthesized metal
NPs.%1! Cingarapu et al. synthesized and studied the thermal properties of silica (SiO2)
coated Sn NPs. Another method involves inserting metal NPs into an inert matrix.23
Liu et al. used pre-synthesized Bi nanocrystals to prepare nanocomposites where Bi
NPs were evenly embedded in an Ag matrix* and a polyimide (P1) resin matrix.™
However, both methods require the complex pre-synthesis of metal NPs.

In our study, we chose metallic Sn NPs as the phase change material and
mesoporous SiO> spheres as the matrix for isolating Sn NP. Sn NPs were often prepared
by chemical reduction®®8 but in our case, Sn NPs formed inside the matrix by thermal
hydrogen reduction. There are several advantages using porous SiOz (p-SiO-) spheres.
First, p-SiO2 spheres can easily undergo surface modifications for good dispersion in
both polar and non-polar solvents, which allows to fabricate nanofluids. In addition, as
matrix materials, mesoporous SiO. spheres have various useful characteristics
including controllable morphology and uniform mesopores providing a low-cost
permeable structure for loading metal precursors.t® Moreover, our facile synthesis

avoided the complex high-cost synthesis of metal NPs. We proposed encapsulating

53



isolated, individual Sn NPs in p-SiOg, to protect them from sintering during melt-freeze
cycles. Our strategy was based on impregnating a Sn salt into pre-prepared SiO2 spheres
followed by reducing the impregnated Sn precursor to metallic Sn. Our results indicated
the successful confinement of Sn NPs into p-SiO> spheres, which resulted in a stable
structure for multiple melting-cooling thermal cycles. In addition, we elucidated the

formation of the Sn NPs in p-SiO; for the first time.

2.2 Experimental

2.2.1 Chemicals

Tetraethyl orthosilicate (TEOS, min. 98%), was purchased from Wako, Japan.
Hexadecyltrimethylammonium bromide (CTAB, G.R.) was supplied from TCI, Japan.
Anhydrous tin(11) chloride, SnCl2 (min. 98%), ammonia solution (min. 28%), ethanol,
and 1-propanol (99.5% purity) were purchased from Junsei, Japan. All chemicals were
used without further purification. Water was purified using a PureLabo system

(Organo/ELGA, > 18 MQ).

2.2.2 Preparation of p-SiO2 spheres.

We prepared p-SiO; spheres according to the method reported by Yu et al.?° In
brief, 4.8 g CTAB was dissolved in a mixture of 160 mL ethanol and 240 mL H-O.
Subsequently, 3.2 mL ammonia solution and 6.4 mL TEOS were added to the surfactant

solution. The reaction mixture was stirred for 4 h. Furthermore, the p-SiO2 spheres were
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isolated by centrifugation at 8000 rpm (5800 xg) for 10 min and washed with 1-

propanol three times. Finally, the powder was vacuum dried overnight.

2.2.3 Synthesis of Sn NPs@p-SiO»

In a typical synthesis, 0.1 g of the as prepared p-SiO2 was used as SiO, matrix
and dispersed in 4 mL H20. 3.04 g SnCl» was added to the dispersion and the dispersion
was sonicated for 30 min, then stirred for 6 h. The obtained Sn precursor loaded p-SiO>
was collected by centrifugation at 10 000 rpm (9100 x g) for 10 min and washed with
1-propanol for three times before being vacuum dried for 30 min. The white powder
was transferred to an alumina boat and reduced in a 3% H»/N: flow at 550°C for 6 h in
a tube furnace (TMF-500N, As one, Japan). After cooling down to 25°C, the black Sn
NPs@p-SiO, powder was collected. Reduction was conducted under various
temperatures from 260 to 650°C to study the formation of Sn NPs@p-SiO>. The largest
quantity of Sn NPs from one pot synthesis at 550°C for 6 h was 9.2 mg and the yield

was 63.6%.

2.2.4 Characterization

The morphology of the produced Sn confined inside mesoporous SiO. was
examined using transmission electron microscope (TEM, JEOL JEM-2000FX, 200
kV). The crystal and phase structures of the products were characterized using X-ray
diffraction (XRD, Rigaku Miniflex Il X-ray diffractometer, Cu KU radiation, & = 1.5418

A), while X-ray fluorescence spectrometry (XRF, JSX-3100RII, JEOL) was used to
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estimate the element composition. The mean crystalline size was estimated using XRD
peak broadening based on the Scherrer formula. The chemical states of Sn in the
mesoporous SiO> matrix and depth profile were characterized using X-ray
photoelectron spectroscopy (XPS, JEOL photoelectron spectrometer, JPS-9200,
monochromatic Al-KU). Thermogravimetric differential thermal analysis (TG-DTA)
was performed using a Shimadzu DTG-60H instrument to study the melting point of
Sn NPs as well as the amount of Sn inside the SiO, matrix. The gas used for TG-DTA
was a mixture of 3% H. and N at a flow rate of 100 mL-min™ and heating rate was set
as 5°C-min™. The melt-freeze cyclic test was performed in a differential scanning
calorimeter (DSC) (DSC 2500, TA Instrument). The gas used for DSC was N3

(99.995%), and the flow rate was set as 50 mL-min™.

2.3 Results and Discussions

2.3.1 Preparation strategy of Sn NPs@p-SiO>

The preparation procedure for the Sn NPs@p-SiO structure is illustrated in
Scheme 1. Mesoporous SiO> spheres were synthesized first based on a well-established
method.? Furthermore, SnCl, was impregnated into the newly prepared mesoporous
SiO, spheres via ultrasonication and stirring. Washing the p-SiO2 spheres with
deionized water removed the extra Sn precursor from outside the spheres. Finally,

reducing the Sn precursor encapsulated into the p-SiO2 spheres using a 3% H2/N>
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atmosphere converted the white solid into black powder, i.e., the final product Sn

NPs@p-SiO2.

Scheme 2.1 Preparation of Sn NPs@p-SiOa.

Step 1: Synthesis of p-SiO2 spheres as structure matrix; Step 2: Impregnation of the
Sn precursor; Step 3: Reduction of the Sn precursor inside the SiO, matrix to obtain
Sn NPs embedded into p-SiOo.

2.3.2 Confirmation of the obtained Sn NPs@p-SiO> structure

The XRD pattern of the as-prepared p-SiO> indicated an amorphous structure.
The broad peak between 20 and 30° indicated the existence of amorphous SiO». After
reducing the Sn precursor loaded p-SiO2 spheres using 3% H2/N2, we were able to index
all the diffraction peaks of the obtained sample (Figure 2.1) to tetragonal metallic Sn
(JCPDS No. 04-0673). Based on the line broadening, Sn with a 36.5 nm mean

crystalline size was obtained.
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Figure 2.1 XRD patterns of Sn NPs@p-SiOa.
Sn NPs@p-SiO; (red) and p-SiO2 (blue).

As can be seen in Figure 2.2(a), TEM analysis showed that the as prepared
monodispersed p-SiO> had a size of ca. 400 nm. The size of the SiO> spheres remained
unchanged after reducing the Sn precursor loaded into p-SiO2 using 3% H2/N2 (Figure
2.2(b)). The TEM image contrast in Figure 2.2(b) suggested that Sn NPs exist in the p-
SiO2 matrix, as Sn has a higher density compared with SiO». Figure 2.2(b) and (d) also
reveals that the Sn NPs@p-SiO, sample contained Sn NPs with an average size of

approximately 30 nm which is 6.5 nm smaller than the crystalline size estimated from
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XRD line broadening. The difference between these two measurements can be caused
by the stronger contribution of large size particle (as shown in TEM) to the diffraction
signal even though they present in lower population. In addition, coalescence of
unprotected Sn NPs reduced from free Sn precursor outside p-SiO. structure can
contribute to the increase of the mean crystalline size from XRD data. The selected area
electron diffraction pattern (SAED) (Figure 2.2(c)) shows diffraction spots attributed
to the diffraction from (200), (211), (301), and (112) lattice planes of tetragonal metallic
Sn, indicating the existence of crystallized Sn NPs. This was in good agreement with
the XRD results. We tried to etch SiO, and observe Sn NPs themselves. However, the
etching using HF or concentrated 10 M NaOH aqueous solution also harms the Sn NPs
as Sn is reactive in water and the formed tin oxides and tin hydroxide can be
subsequently dissolved in the etching solutions. When the p-SiO2 in Sn NPs@p-SiO-
was partially etched by using concentrated sodium hydroxide solution at 25°C for 10 h
(Figures S2.1a-c), a decrease in average size of Sn NPs (21.1 nm, Figure S2.1d) was

observed besides some big NPs (100 nm).
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Figure 2.2 Morphology of as-synthesized p-SiO2 spheres and Sn NPs@p-SiO>

TEM images of (a) as-synthesized p-SiO2 spheres and (b) Sn NPs@p-SiOz, (¢) SAED
pattern of Sn NPs@p-SiO2, and (d) size histogram of Sn NPs in p-SiOa.

We performed XPS analyses to investigate the spatial relationship between the
Sn NPs and porous SiO2 spheres. Meanwhile, the valence state of Sn and composition
of Sn NPs@p-SiO were also studied. Figure 2.3(a) shows the wide scan spectrum of
the sample, where only the peaks corresponding to Sn, O, C, and Si are clearly
observed. The C peak was attributed to the carbon tape used for preparing the XPS
sample and carbonization products formed during the 3% H2/N2 reduction at 550°C.

Figure 2.3(b) and (d) show the high-resolution XPS spectra of Sn 3d at the surface (0
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nm depth) and after Ar etching to 210 nm depth, respectively. The two separated peaks
centered around 486.4 and 494.8 eV correspond to the binding energies of Sn 3ds2 and
Sn 3das, are respectively deconvoluted into four peaks centered at 485.3 and 487.2 eV
for metallic Sn and at 493.6 and 495.3 eV for SnO.. The weaker SnO> peak shown in
the narrow scan after Ar etching to a 210 nm depth indicates less oxidation for Sn inside
the SiO; structure than compared to the Sn near the surface. This result was further
confirmed by the peak shift from SnO, to metallic Sn as the depth of the Ar etching

increased as shown in Figure 2.3(c).

The depth profile in Figure 2.4(a) shows the atomic percentage ratio between Si
and Sn in the Sn NPs@p-SiO2 sample. The Si and Sn contents were stable as the depth
increased indicating the uniform distribution of the Sn precursor inside the SiO2 matrix
except for a slight decrease in the Sn content near the surface. This was probably due
to the loss of precursor during purification before reduction. Our data indicated a 12.2
at% Sn. Figure 2.4(b) shows the atomic ratio of Sn and SnO> calculated from the XPS
narrow scan. The lowest amount of metallic Sn content: 28.4 at%, was obtained near
the surface of the SiO, matrix (before etching), whereas we recorded the maximum
percentage of metallic Sn: 54.9 at% toward the center of the p-SiO- sphere. As the
etching depth increased, the content of SnO> decreased, indicating that the Sn near the
surface of the SiO> matrix was more severely oxidized than that located near the center
of the SiO2 matrix. Using the TGA results for Sn NPs@p-SiO> (Figure S2.2), the molar

ratio of Sn:Si in the Sn NPs@p-SiO2 sample was calculated to be 17.1:82.9 (weight
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ratio Sn:SiO2 = 29.0:71.0) (see Supporting Information (S1)). This was close to the

molar ratio of Sn:Si based on the XPS results in Figure 2.4(a).
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Figure 2.3 XPS image of Sn NPs@p-SiO..

(a) wide scan, (b) and (d) narrow scan of Sn 3d at the particle surface and after Ar
etching to a depth up to 210 nm, respectively, and (c) depth profile for the Sn 3d

region.
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Figure 2.4 XPS composition depth profile of Sn@p-SiO..
Composition depth profile: (a) Si and Sn, (b) Sn and SnO..

2.3.3 Formation mechanism of the Sn NPs@p-SiO structure

Our XRD, TEM, SAED, and XPS depth profiles data demonstrated that Sn NPs
were successfully embedded into p-SiO2. We also observed that when 30 nm Sn NPs
formed inside p-SiO, the pore structure of the mesoporous SiO; likely changed to
larger voids to hold the Sn NPs whereas the SiO> particles were not broken (Figure
2.2(a) and (b)). To find out the reason for the changes in the morphology of p-SiO, we
first investigated the changes underwent by SiO> during thermal annealing. The as-
prepared mesoporous SiO2 spheres were annealed under the same condition used for
the synthesis of Sn NPs@p-SiO2: 550°C, 6 h, and 3% H2/N: gas flow. From the TEM
images in Figure S2.3, no morphology change (big voids) was observed compared to

the as prepared p-SiO2 shown in Figure 2.2(a). Thus, we excluded the thermal
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instability of the mesoporous SiO> itself during the H>/N> thermal reduction as the

reason for the changes in the p-SiO> structure.

The XRD patterns and TEM images of the samples obtained after loading the
Sn precursor into p-SiO; are shown in Figures S2.4 and S2.5, respectively. All the clear
peaks in the XRD pattern (Figure S2.4) can be indexed to Sn21Clis(OH)1406. This was
attributed to the hydrolysis of SnClz in H2O and the embedding of the hydrolysis
product into p-SiO2. No morphological change was observed for p-SiO2 containing Sn
precursor compared with the as-prepared p-SiO,. Therefore, it was reasonable to
believe that the change in pore structure did not happen during the precursor loading
step. During impregnation, we observed the formation of white floc upon mixing the
SnClz and mesoporous SiO- spheres suspension. The reason for the floc formation can
be directly attributed to the change in the pH value of the solution. The hydrolysis of
SnCl; resulted into a solution with a low pH of approximately 0.8. After adding p-SiOa,
the pH increased to 3.4. This pH was close to the pH point of zero charge (pzc) of the

22 \which caused the flocculation of SiO, to occur.

hydroxylated surface of SiO,
Furthermore, Sn?* was adsorbed onto the surface of the SiO, mesopores due to the
negative charge of SiO attracting and trapping Sn?* inside the SiO, matrix. In addition,
covalent bonds could also form between Sn?* and the silanol groups on the
hydroxylated SiO; surface.?® Such interactions are important for the impregnation of
the Sn precursor into p-SiO2. By comparison, we used ethanol as solvent to impregnate

SnClz into p-SiO.. There were no obvious differences in the pore structure of p-SiO;

before (Figure 2.2(a)) and after the reduction of SnCl, (Figure S2.6). However, it was
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difficult to keep SnCl> inside the SiO2 matrix when ethanol was used. Moreover, SnCl;

was easily washed away during the purification step.

From the above results, we concluded that the change in the pore structure of p-
SiO; containing Sn NPs occurred during the reduction of the Sn precursor inside p-SiO2
under 3% H2/N> at high temperature (step 3 in Scheme 1). To understand the reduction
of the Sn precursor in p-SiO2, TG-DTA measurements in a 3% H/N, atmosphere were
performed on the Sn precursor loaded p-SiO: spheres using a 100 mL-min™ gas flow
rate. The endothermal valleys (Figure 2.5) centered at 165 and 190°C indicated the
evaporation of the absorbed water and decomposition of Sn2:1Clis(OH)1406 by losing
crystal water (Eqg. 1), respectively. The endothermal valley centered at 295°C may
represent the further decomposition of Sn21Clis(OH)1406.2* A significant mass loss (35
%) was detected from 25 to 630°C. The decomposition and reduction of the Sn
precursor, i.e., Sn21Clis(OH)140s, can result in a 26.5 % mass loss (Sn21Clis(OH)1406
Y Sn) after reduction. Beside the Sn precursor, our sample also contained SiOx.
Therefore, a 35% mass loss during the reduction of Sn in SiO2, implied the presence of
other amorphous Sn precursors in the sample beside Sn2;1Clis(OH)1406 after
impregnation. We detected a significant mass loss at the same temperature (300°C) in
the TG-DTA results for the anhydrous SnCl, powder in N2 (Figure S2.7). We believe
that the initial impregnated amorphous Sn precursors may be lost when increasing the
temperature from 300 to 400°C for the TG-DTA measurements. The Sn:Si atomic ratio
determined using the XRF results also became smaller after hydrogen reduction. Sn

reduction occurred in the 300 — 400°C range as indicated by the endothermic peak
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centered at 340°C. We noticed that in equations 1-3, which describe the decomposition
of the Sn precursor in N2 atmosphere, the chemical valence of Sn, i.e., 2, did not change.
Therefore, we concluded that when a H2/N2 mixture was used, the decomposition (Eq.

3) and reduction of Sn could occur simultaneously (300 — 400°C).

Sn,,Cl,s(OH),,0, %2 %% —[Sn,,Cl,;0,,

1)
[Sn,,Cl,;0,,] 2 1%, 33 95+ 1.86 Sn,Cl,0, )
1.86 Sn,Cl,0, Y215 %, 339513 SnO | 3)

Figure 2.5 TG-DTA results of the annealing of the Sn precursor loaded p-SiO2 under

3% H2/N2 gas flow.

The mass percentage at 25°C was set as 100%.
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Based on the TG-DTA results, the reduction of the Sn precursor embedded into
p-SiO; at different reduction temperatures, i.e., 260 and 330°C (no reduction of Sn
precursor can occur), 360°C (reduction can occur), and 400 — 630°C (reduction must
occur), was performed for 6 h. The XRD results and TEM images of the products with
different reduction temperatures are shown in Figures 2.6 and 2.7, respectively. We
found that after annealing at 260°C, all the XRD peaks that were indexed to
Sn21Clis(OH)1406 disappeared and no peaks indicating the amorphous intermediate
materials phase were observed. The transition from crystalline Sn21Cli6(OH)1406 (as-
prepared at 25°C) to amorphous materials (260°C) was due to the decomposition of the
precursor, i.e., losing water, HCI, etc., as was indicated by the DTA and TG results.
When the reduction temperature was increased to 330°C, peaks that were indexed to
SnO> were observed, indicating the formation of crystalline SnO,. Combining the TGA
results (Figure 2.5), we concluded that when the reduction temperature was lower than
330°C, the hydrogen thermal reduction of Sn could not have happened or was just in
the very beginning stages. Thus, the formation of SnO; (crystalline phase at different
annealing temperatures as showed in Table S1) may be related to the crystallization of
the amorphous oxides formed at lower temperatures or the further decomposition of the
amorphous Sn precursor materials mentioned above. When performing the reduction at
360°C, the XRD peaks that were indexed to SnO2, SnO, and tetragonal metallic Sn
overlapped. When the reduction temperature was 0 460°C, all the XRD peaks were
indexed to tetragonal metallic Sn. We calculated the crystal size of metallic Sn prepared

at different reduction temperatures (360—630°C) using Scherrer equation. The results
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showed that the crystal size of Sn increased with the increase in the reduction

temperature (Figure S2.8).

Figure 2.6 XRD results of products at different reduction temperatures.

We observed that at 260°C (amorphous Sn precursor materials) there was no
change in the morphology of the product (Figures 2.7(a)) compared with p-SiO:
containing Sn precursors at 25°C (Figure S2.5). However, when the reduction

temperature was set at 330 °C, significant morphology changes occurred as showed in
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2.3.4 Thermal Stability

The typical DSC measurement of Sn NPs@p-SiOz (synthesized at 550°C, in 3%
H2/N3) is shown in Figure 2.10. An endothermic peak is observed at approximately
230°C during heating indicating the melting of Sn NPs. The melting temperature was
measured as 229.1°C. An exothermic peak ranges from 105 to 140°C during the cooling
of Sn NPs in p-SiO2 were observed. By contrast, peaks centered at 130.5, 142.7 and
160.9°C were observed in the cooling curve for bulk Sn (Figure S2.9). These results
indicated the supercooling and the large number of freezing events associated with
different temperatures and spatial conditions for Sn NPs in p-SiO2.2” Sn NPs confined
in p-SiO2 spheres had different location inside the SiO> spheres and a relatively broad
size distribution from 10 to 80 nm. This may have resulted into various degrees of
supercooling during the freezing period of the thermal cycles. We believe this out of

sync cooling could result in a wide slope in the DTA curve.

To investigate the stability of the separated distribution of Sn NPs inside p-SiOa,
100 melt-freeze thermal cycles were performed in the 100 — 250°C range (Figure
2.10a). The existence of an endothermic peak at the same temperature for all the 100
cycles showed the stability of the Sn NPs@p-SiO: structure during melt-freeze cycles
(Figure 2.10c). The enthalpy of melting for Sn NPs@p-SiO2 (Figure 2.10b) was
calculated based on the integral of the endothermic peak area as shown in Figure 2.10c,
i.e. the enthalpy of melting of the 5" cycle was 7.24 J/g. The drop of the enthalpy from
the first cycle (8.46 J/g) to the 2" one (7.20 J/g) was due to the oxidation by the

absorbed air and moisture in the p-SiO.. From the 2" cycle, the enthalpy of melting
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Figure 2.11 Morphology of Sn NPs@p-SiO; after 20 melt-freeze cycles,.

(a) TEM image of Sn NPs@p-SiO- after 20 melt-freeze cycles and (b) particle size
distribution of Sn NPs embedded in p-SiO2 shown in (a).

2.4 Conclusions

In this work, we synthesized a nanostructure where phase change Sn NPs were
confined inside p-SiO2 spheres, by using a facile method utilizing common starting
chemicals. The p-SiO. spheres we used effectively stabilized the embedded Sn NPs
during cyclic melting-cooling. The melting depression phenomenon of the Sn NPs
expands the application window of phase change thermal energy storage by using low

melting temperature metals.

The formation of voids inside Sn NPs@p-SiO2 was investigated for the first
time. The transformation of the Sn precursor occurred and included the formation and
decomposition of the amorphous Sn precursor, formation and reduction of crystal Sn

oxides and interactions between Sn NPs and SiO2 during annealing in a 3% H2/N>
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Abstract

The most commonly used phase change materials (PCMs), like organic
compounds and inorganic salts, were limited in application by their low thermal
conductivity. Herein, for the first time, alumina-encapsulated metallic Sn-based PCMs,
named Sn@AIl203, were successfully fabricated with tunable size (60-2000 nm) by a
facile process from low-cost chemicals. The robust fabrication process consists of a
surfactant-free solvothermal synthesis of SnO: spheres, boehmite treatment on
SnO; spheres, calcination in the air, and the final hydrogen reduction to transform
SnO; to metallic Sn, endowing the PCMs with high potential for mass production. The
as-obtained Sn@AI>03 showed a core—shell structure, in which a main metallic Sn core
located in the center covered with an AlOsshell with small Sn nanoparticles distributed
inside. The boehmite treatment, in which the penetration of aluminum species into
SnO; spheres played an important role, was found to be responsible for the unique
structure formation of final Sn@AI20s. The understanding of structure formation
mechanism gives the possibilities of a new facile way for the synthesis of metal
nanoparticles and particle-distributed nanostructures. The
obtained Sn@AI203 particles not only have high PCM content (92.37 wt %) but also
show a stable thermal behavior and morphology during 100 melt—freeze cycles in the
air atmosphere. Furthermore, the low melting temperature of the PCM core, combined
with high thermal conductivity of both core material (Sn, 66.8 W m= K1) and shell
material (Al20s, 35 W m™ K™), makes Sn@AI.Os potentially suitable for rapid

thermal energy storage in the range 100-300°C.
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3.1 Introduction

Using latent heat in phase change materials (PCM) is one of the most efficient
ways of storing thermal energy and it has received wide attention in decades. However,
the biggest historical drawback of using conventional PCM, such as organic materials
and inorganic salt, etc. is their low thermal conductivity.® In addition, for organic
PCMs, the phase change temperature (solid to liquid) is generally below 200°C; for
inorganic salts, the large volume changes during melting and high corrosion may occur.
Those give limitations for their wider applications.®

Metals and their alloys can overcome these problems existing in organic
compounds and inorganic salts as mentioned above. Low-melting-point metals are
promising materials that can be used as PCM for heat storage and thermal management
in wider working conditions.* & 7 Due to the high thermal conductivity, the metallic
heat storage media shows rapid thermal energy transfer.® In addition, the high density
of the metals also contributes to the high-volume density of heat storage.® Based on
these advantages, the low-melting point metals can be applied in the thermal energy
storage system in concentrated solar power (CSP) station.® 1° It also could be used for
chip cooling in USB pash memory,! smartphones'? and other high-power-density
devices. !> 14

However, the leakage and sintering of liquid metal particles in low-melting-
point metal PCM may lead to the changes in as-designed structure or morphology
during operation, deteriorating their sustainable usage in the form of nanofluids or

slurry.® The widely used solution to these problems is to create isolation on each
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mass production. The size and structure of Sn@AIl.O3 can be easily tuned by modifying
the synthesis process. Furthermore, PCM content, thermal energy storage properties
were carefully examined. Finally, the structure and thermal stability during melting was

also investigated by performing a melt-freeze 100-cycles test in the air.

3.2 Materials and Methods

Hydrothermal
method SnCl2
H,0
190°C, 10 h Methanol
1. Boehmite (y-AIOOH) .
treatment H,/N, (3:97) /S

2. Calcination
in the air
1000°C, 30 min
SnO, spheres SnO,@Al,0,

& N
o —"/\ 4

Scheme 3.1 Synthesis process of Sn@AI>O3z spheres.

Step 1: Synthesis of SnO2 spheres through hydrothermal method; Step 2: Boehmite
treatment and calcination in the air; Step 3: Reduction of the Sn precursor
SnO,@AIl,03 to obtain Sn@AI20s.
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3.2.1 Chemicals

Aluminum nitrate nonahydrate (AlI(NOs)s 9H.0) was purchased from Wako
(Osaka, Japan). Anhydrous tin (I1) chloride (SnCl2) (min. 98%), methanol (99.5%
purity), 1-propanol (99.5% purity), ammonia solution (min. 28%) were purchased from
Junsei (Tokyo, Japan). All the chemicals were used without further purification. Water

was purified using a PureLabo system (Organo/ELGA, >18 MQ).

2.2.2 Synthesis of SnO2 Spheres

0.1 g SnCl> was added into a mixture solvent of methanol (40 mL) and deionized
water (1 mL). After sonication for 5 min and stirred for 30 min, 15 mL of this salt
solution was transferred to a Teflon-lined stainless-steel autoclave (20 mL) and kept in
a muffle furnace at 190°C for 10 h. Afterward, the autoclave was taken out to cool down
naturally. The white precipitate was collected by centrifugation (6000 rpm, 5 minutes)

and washed with 1-propanol before vacuum dried at 25°C for 6 h.

3.2.3 Synthesis of Sn@AI,03

A boehmite sol for boehmite treatment was synthesized by adding 30 mL
AI(NO3)s aqueous solution (0.3 M) and 10 mL ammonia solution (50%) dropwise into
10 mL deionized water by using syringe pump followed by stirring and refluxing the
solution for 24 h. Then 0.05 g as-prepared SnO spheres were well dispersed into 1 mL
of the boehmite sol with an addition of 5 mL deionized water and refluxed for 12 h.

Afterwards, SnO2 spheres treated with boehmite were collected by centrifugation (6000
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rpm, 5 min) and washed twice with deionized water and 1-propanol. After drying in
vacuum, the powder was calcined at 1000°C in the air in a tube furnace for 30 min, and
finally, the calcined product was reduced in a tube furnace by a mixed H2/N2 (3:97) gas
flow (1 L-min~t) at 560°C for 6 h. The final product, Sn@AI.O3, was obtained as a

black powder. The whole preparation process was illustrated in Scheme 1.

3.2.4 Characterization

The morphology of the produced Sn@AI.O3 was examined using scanning
electron microscopy (SEM) (Hitachi TM3030Plus, 15 kV and JEOL JSM-6701F,
15kV) and transmission electron microscopy (TEM) (JEOL JEM-2000FX, 200 kV).
The high-resolution transmission electron microscopy (HRTEM) images were taken by
using JEM-1000K RS TEM (JEOL) operated at 1000 kV. The cross-section images
were taken by using a focused ion beam scanning electron microscopy (FIB-SEM)
(Hitachi, MI-4000L and JEOL, JIB-4601F). The crystal and phase structures of the
products were characterized using X-ray diffraction (XRD) (Rigaku Miniflex 11 X-ray
diffractometer with Cu KU radiation, & = 1.5418 j. The element distribution and depth
profile were characterized using X-ray photoelectron spectroscopy (XPS)