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Title: STRUCTURED SILICON PARTICLES

(57) Abstract: A composite particle is provided. The particle comprises a first particle component and a second particle component
in which: (a) the first particle component comprises a body portion and a surface portion, the surface portion comprising one or more
structural features and one or more voids, whereby the surface portion and body portion define together a structured particle; and (b)
the second component comprises a removable filler; characterised in that (i) one or both of the body portion and the surface portion
comprise an active material; and (ii) the filler is contained within one or more voids comprised within the surface portion of the first
component. The use of the particle in applications such as electrochemical cells, metal-ion batteries such as secondary battery applic -
ations, lithium air batteries, flow cell batteries, tuel cells, solar cells, filters, sensors, electrical and thermal capacitors, micro-fluidic
devices, gas or vapour sensors, thermal or dielectric insulating devices, devices for controlling or modifying the transmission, ab-
sorption or reflectance of light or other forms of electromagnetic radiation, chromatography or wound dressings is disclosed.
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Structured Silicon Particles

Field of the Invention

The present invention relates to structured active particles, particularly but not
exclusively to structured silicon particles for use in a range of applications such as
electrochemical cells, metal-ion batteries such as secondary battery applications,
lithium air batteries, flow cell batteries, fuel cells, solar cells, filters, sensors, electrical
and thermal capacitors, micro-fluidic devices, gas or vapour sensors, thermal or
dielectric insulating devices, devices for controlling or modifying the transmission,
absorption or reflectance of light or other forms of electromagnetic radiation,
chromatography or wound dressings. More particularly the invention relates to
composite particles comprising a structured active particle and a filler, especially
structured active silicon patrticles, which include a removable filler, methods of
preparing same and their use in the preparation of electrodes. More especially the
invention relates to structured active particles, particularly structured active silicon
particles and their use in battery applications, particularly lithium ion battery

applications.

Background

It should be appreciated that the term “structured particle” as used herein
includes within its definition porous particles substantially as described in WO
2010/128310; porous particle fragments substantially as described in United
Kingdom patent application number GB 1115262.6; particles including both
branched and un-branched pillars extending from a particle core (hereafter referred
to as pillared particles) substantially as described in US 2011/0067228, US
2011/0269019, US 2011/0250498 or prepared using the techniques described in US
7402829, JP 2004281317, US 2010/0285358, US 2010/0297502,
US 2008/0261112 or WO 2011/117436; fibres substantially as described in US
8101298, the fibres including pores or voids distributed over the surface thereof;
flakes and ribbons substantially as described in US 2010/0190061 (also having
pores or voids distributed over the surface thereof) and fractals substantially as
described in GB 1115262.6.

All particles disclosed herein are suitably defined in terms of their size and
shape. Not all particles will be truly spherical and will generally be characterised by a

principal or larger dimension (or diameter) and a minor (or smallest) dimension or
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diameter. For a spherical or substantially spherical particle the principal and minor
dimensions will generally be the same or similar. For an elongate particle such as a
fibre, however, the principal dimension will generally be defined in terms of the fibre
length and the minor dimension will generally be defined in terms of the fibre
thickness. The particles may also be defined in terms of their aspect ratio, which is
the ratio of the magnitude of the principal dimension to that of the minor dimension;
for a substantially spherical particle the aspect ratio will be of the order of 1. An
elongate particle will generally have an aspect ratio of greater than 1, for example

greater than 2, greater than 3, greater than 5 or greater than 10.

The dimensions of particles may be measured by scanning electron microscopy or
transmission electron microscopy. Mean average lengths and thicknesses may be

obtained by measuring lengths and thicknesses in a sample of a particulate material.
A composition or powder comprises a plurality of particles having a size distribution.

A distribution of the particle sizes within a powder may be measured by laser
diffraction, in which the particles being measured are typically assumed to be
spherical, and in which particle size is expressed as a spherical equivalent volume
diameter, for example using the Mastersizer™ particle size analyzer available from
Malvern Instruments Ltd. A spherical equivalent volume diameter is the diameter of a
sphere with the same volume as that of the particle being measured. If all particles in
the powder being measured have the same density then the spherical equivalent
volume diameter is equal to the spherical equivalent mass diameter which is the
diameter of a sphere that has the same mass as the mass of the particle being
measured. For measurement the powder is typically dispersed in a medium with a
refractive index that is different to the refractive index of the powder material. A
suitable dispersant for powders of the present invention is water. For a powder with
different size dimensions such a particle size analyser provides a spherical

equivalent volume diameter distribution curve.

Size distribution of particles in a powder measured in this way may be expressed as
a diameter value Dn in which at least n % of the volume of the powder is formed
from particles have a measured spherical equivalent volume diameter equal to or

less than D. All dimensions quoted herein are referred to as a Dsp value, that is the
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diameter in which at least 50% of the volume of the powder is formed from patrticles

having a measured spherical equivalent diameter equal or less than the value of Dsp.

Further the term “active particle” as used herein should be understood to
mean a particle comprising a material, which possesses an inherent property (for
example an electrical, electronic, electrochemical or optical property) so that the
operation of a product including a particle comprising that material is dependent on
its inherent property. For example, if the particle comprises a material that is
inherently electroactive, that electroactivity can form the basis of a secondary battery
including that particle. By the term “electroactive” it should be understood to mean a
material which, when used in battery applications is able to insert into its structure,
and release therefrom, metal ions such as lithium, sodium, potassium, calcium or
magnesium during the respective battery charging phase and discharging phases.
Preferably the material is able to insert and release lithium. If the particle comprises
a material that exhibits photovoltaic activity, particles including such a photovoltaic
material can be used in the formation of solar cells, for example. Further if the
material is placed in an environment in which it naturally corrodes, the resulting
corrosion current can be harnessed and the material can be used as a battery to
power an external device; devices of this type are commonly known as “fuel cells” in
which the corroding material provides the fuel. The operation of devices such as
sensors, particularly silicon sensors depends on the induced changes in the
resistivity or conductivity that arise as a result of the presence of sensed
contaminants, for example, the inherent property of such devices being the resistivity
or conductivity of the sensor material.

The term “structured active particle” as used herein will therefore be
understood to mean a structured particle as defined herein above, which comprises
a material having an inherent property that forms the operational basis of a device of
which it forms a part.

The term “composite material” as used herein should be understood to mean
a material comprising a structured active particle and one or more additional
components selected from the group comprising a binder, a conductive material, a
filler, an auxiliary electroactive material or a mixture thereof. Composite materials are
generally formed by drying a slurry including the components described above to

remove the slurry solvent.
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The term “electrode material” as used herein should be understood to mean a
composite material in which the structured active particle comprises an electroactive
material.

The term “composite mix” as used herein should be understood to mean a
composition comprising a slurry of a composite material in a liquid carrier.

The term “electrode mix” as used herein should be understood to mean a
composite mix in which the structured active particle comprises an electroactive
material.

The term “stable suspension” as used herein should be understood to mean a
dispersion of particles in a liquid carrier, wherein the particles do not or do not tend
to form aggregates.

Structured active particles, such as those described above may be used in
applications including electrochemical cells, metal ion batteries such as lithium-ion
batteries, lithium air batteries, flow cell batteries, other energy storage devices such
as fuel cells, thermal batteries, photovoltaic devices such as solar cells, filters,
sensors, electrical and thermal capacitors, microfluidic devices, gas/vapour sensors,
thermal or dielectric insulating devices, devices for controlling or modifying the
transmission, absorption or reflectance of light or other forms of electromagnetic
radiation,  chromatography or wound dressings. US 5,914,183 discloses a
luminescent device comprising a wafer including quantum wires formed at the
surface thereof.

Porous silicon particles may also be used for the storage, controlled delivery
or timed release of ingredients or active agents in consumer care, nutritional or
medical products. Examples of porous silicon particles of this type are disclosed in
US 2010/0278931, US 2011/0236493, US 7,332,339, US 2004/0052867, US
2007/0255198 and WO 2010/139987. These particles tend to be degraded or
absorbed in the physiological environment of the body. Degradable or absorbable
particles are inherently unsuitable for use in the applications such as electrochemical
cells, metal ion batteries such as lithium-ion batteries, lithium air batteries, flow cell
batteries, other energy storage devices such as fuel cells, thermal batteries,
photovoltaic devices such as solar cells, filters, sensors, electrical and thermal
capacitors, microfluidic devices, gas/vapour sensors, thermal or dielectric insulating
devices, devices for controlling or modifying the transmission, absorption or
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reflectance of light or other forms of electromagnetic radiation, chromatography or
wound dressings.

Secondary batteries including composite electrodes comprising a layer of
structured silicon particles on a current collector are known and are described in, for
example: US20100112475, US4002541, US4363708, US7851086, US
2004/0214085, US 2009/0186267, US 2011/0067228, WO 2010/130975, WO
2010/1309766 and WO 2010/128310.

It is believed that an ongoing need for secondary batteries having ever greater
capacities and cycle life may be achieved by manufacturing composite electrodes
using a high solids content slurry. Electrode materials used in the formation of these
batteries are characterised by high homogeneity and intimate connectivity.

It is known that batteries including anodes comprising structured silicon
particles exhibit better capacity and life cycle characteristics compared to batteries
comprising native or unstructured silicon particles as structured silicon particles have
a reduced tendency to crack and are more able to accommodate stress build-up
during the charging and discharging phases of the battery. Further, the structured
silicon particles tend to be highly porous (or can be engineered so that they are) and
are characterised by a large surface area; although this provides a large surface
area over which insertion and release of metal ions can occur and can improve the
rate of charge/discharge, the structures may be inherently fragile. In this case, the
storage and bulk transport of such structures or the preparation of electrode
materials comprising structured silicon patrticles can be problematic: although voids
or channels in the structured electroactive material have been found to be
advantageous in minimising the build up of stress within the electrode material, they
represent a physical barrier to the passage of charge within the electrode material,
which means that the insertion and release characteristics of the structured material
are not always fully optimised and the internal conductivity of the electrode material
is reduced. In addition, if the pores are small, efficient wetting of the electroactive
material by a liquid electrolyte may not occur, which also reduces the efficiency of
charge transfer therein; penetration by a gel electrolyte is almost impossible. Further,
it sometimes happens that during processing of structured silicon particles, such as
silicon pillared particles, highly porous particles, fibres or porous fibres complete or
partial disintegration of the particle occurs as a result of pillar loss. This pillar loss

may be due to either the frictional forces experienced by each particle due to
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collisions with the other particles in the slurry or may simply be the result of the
inherently fragile nature of a highly porous particle. Inherent fragility means that the
processing, storage and transportation of such materials is difficult.

There may further be a need to improve dispersion of active particles within a
composite material by reducing or eliminating clumping or agglomeration of the
active particles during incorporation within the composite, for example whilst mixing
into a slurry. Agglomeration may occur due to the particular dimensions and shapes
of the active particles and/or the state of their surfaces (for example the surface
reactivity, surface roughness and/or presence of pores).

There is a need, therefore, for a structured active particle which is able to
optimise both insertion and release of lithium and other charge carriers, particularly
where the structured particle is used in battery applications. There is a further need
for a structured active particle, which is able to optimise electrical conductivity within
a material of which it forms a part in both battery and other related applications. In
addition, there is a need for a structured active particle that can promote active
wetting of a material of which it forms a part in a battery and other applications.
Further, there is a need for a structured active particle, which is able to resist
degradation and to avoid being agglomerated during manufacture of a composite
electrode. There is a further need for a method of preparing structured active
material. The present invention addresses these needs.

A first aspect of the invention provides a composite particle comprising a first
particle component and a second particle component in which:

(a) the first particle component comprises a body portion and a surface
portion, the surface portion comprising one or more structural features and
one or more voids, whereby the surface portion and body portion define
together a structured particle; and

(b) the second component comprises a removable filler;
characterised in that (i) one or both of the body portion and the surface portion
comprise an active material; (ii) the filler is contained within one or more voids
comprised within the surface portion of the first component and (iii) the filler either
has a sublimation or disintegration temperature of at least 50°C and/or is soluble in
an ionic liquid or an electrolyte solution.

The composite particles of the first aspect of the invention do not degrade to a

significant extent and are suitable for use in applications such as electrochemical
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cells, metal ion batteries such as lithium-ion batteries, lithium air batteries, flow cell
batteries, other energy storage devices such as fuel cells, thermal batteries,
photovoltaic devices such as solar cells, filters, sensors, electrical and thermal
capacitors, microfluidic devices, gas/vapour sensors, thermal or dielectric insulating
devices, devices for controlling or modifying the transmission, absorption or
reflectance of light or other forms of electromagnetic radiation or chromatography or
wound dressings applications. The composite particles may additionally make it
easier to disperse the active materials evenly throughout a composite material by the
reduction or elimination of agglomeration. Dispersion may be aided for example
Furthermore, by making the second component removable, it will not impede the
function of the active material within the application after manufacture. The
composite particles are particularly suitable for use in secondary battery applications.
The composite particles are unsuitable for delivering substances to the human body
as they do not tend to disintegrate in physiological fluids.
First Particle Component

The surface portion of the first particle component may be defined as that part
of the particle that contains structural features or the greatest number of structural
features within the particle volume. The presence of voids within the surface portion

imparts an inherent porosity to the first particle component.

The structural features and one or more voids of the surface portion suitably
extend between the body portion and the particle boundary (outer surface of the
surface portion). The distance over which these features extend defines the
thickness of the surface portion. The structural features may comprise pillars, which
may be branched or un-branched. Preferably the structural features comprise un-
branched pillars, more preferably substantially straight, unbranched pillars. Each
structural feature may be separated from an adjacent feature by one or more voids.
Particles having substantially straight pillars extending from the body portion are
disclosed to in US 2011/0067228 and are typically referred to as pillared particles.
Alternatively, a structural feature may be fused to an adjacent structural feature;
either along the entirety of its length where the structural feature is a substantially
straight, un-branched pillar or at points over the surface, where the structural feature
is branched. Particles comprising branched pillars having points of fusion over the

pillar surface define, in effect, a particle having a plurality of pores or voids
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distributed over the surface thereof; such particles are referred to in WO
2010/128310 as porous particles. The structural features and one or more voids are
suitably distributed over at least 20% of the area occupied by the surface portion,
preferably at least 30% and especially at least 50%.

The one or more voids in the surface portion may suitably be in the form of
pores or channels. Pores are suitably distributed over the surface portion of the first
particle component and are in direct or indirect (via other pores, for example)
communication with the particle boundary. Channels suitably extend from the body
portion to the particle boundary. Channels may be straight or convoluted, but are
preferably substantially straight. Both the pores and channels provide a path
whereby a filler can penetrate and occupy void spaces comprised within the surface
portion of the first particle component. Composite particles comprising as first
particle component a pillared particle having a solid core and substantially straight
pillars and channels extending through the surface portion are preferred.

Structure Mass Fraction and Structure Volume Fraction of the First Particle

Component

The structural features on the surface of the first particle component can be
defined in terms of the Structure Mass Fraction (SMF) of a structured particle is

provided by the following equation:

SMF = [(Mass of structures attached to and extending from the particle

core) / (Total mass of structured particle)] x 100%

Accordingly, in the case of an active silicon structured particle material it will
be understood that the SMF is the mass of silicon structures divided by the mass of

the whole particle.

The SMF may be determined by various methods. If the structures are grown
on, deposited on or attached to the particle cores then the SMF may be calculated
by measuring the mass of a plurality of particle cores before growth or attachment
and the mass of the structured particles after growth or attachment and subtracting
one from the other to calculate the mass of structures in the above equation.

If the structured particle is made by etching a silicon particle to form silicon

structures on the surface of a particle core then the SMF may be determined by an
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oxidation technique. This involves firstly measuring the mass of a quantity of
structured particles and then measuring a change in mass over time of the quantity
of structured particles during oxidation, for example by heating structured particles in
an oxygen-containing atmosphere, e.g. by heating to 1040°C in air. The structures
are fully oxidised first, and oxidise at a relatively rapid rate (shown as a relatively
rapid increase in the rate of mass increase). Oxidation of the structures is deemed
to be complete when the rate of mass increase is observed to reduce and become
linear with time. From this time onwards the rate of mass increase is due only by
steady oxidation of the silicon into the particle core. The observed increase in mass
up to this point is mostly due to oxidation of the structures and using the difference in
density between silicon and silicon oxide, the mass of the structures before oxidation
and hence the PMF can be determined. For a powder sample with a broad size
distribution, the particles cores of the smaller structured particles may additionally be
oxidised and a correction factor may need to be applied to take account of the core
oxidation. The correction factor can be estimated by doing the measurement on a
sample comprising the particle cores with the structures absent or removed. This

method is particularly suitable for structured particles having silicon pillars.

The SMF may also be determined by measuring the mass of a quantity of
structured particles, removing the structures from the patrticle cores, for example by
mechanical agitation (such as ultrasonication), scraping or chemical etching,
separating the detached structures from the particle cores and measuring either the
mass of the quantity of particle cores and / or the mass of the detached structures.
This method is preferred because it may be applied to pillared particles of any

material.

The SMF may be affected by, for example, the average dimensions of the
structures, their porosity and the percentage coverage of the particle core by the

structures (the structure density).

The SMF is preferably greater than or equal to 5 %, more preferably at least
10 %, most preferably at least 20%. The SMF is preferably no more than 95%, more
preferably no more than 80%. Most preferably the SMF is 20-60%, especially 25-
50%. A higher SMF value means that the high capacity active structures make a
larger contribution to the active mass of a device of which they form a part, such as

an electrode, and provide a higher overall capacity per unit mass can be obtained.
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However, if the SMF value is too high then the cost of manufacturing the structured
particles may increase so that the cost to performance ratio of the electrode
materials becomes uncompetitive, the structures may become too densely packed
and/or the mechanical/electronic integrity of the pillar to core connection may be

weakened.

If the material of the particle core has a density significantly different from the
density of the material forming the structures, then the Structure Volume Fraction
(SVF) may be measured instead of SMF, although it will be appreciated that SVF is
applicable to the cases in which the core and structure densities are substantially the
same (in which case the SVF value will be substantially the same as the SMF value)
and the case in which the core and structure densities are significantly different. The

SVF is given by the following equation:

SVF = [(Total volume of structures extending from the particle core) / (Total

volume of structured particle)] x 100%

Similar methods to those used for measuring SMF may be used to measure
SVF. Moreover, SVF may be derived from SMF measurements using a ratio of
densities of the core material and the structure material. The volumes of the
structures and the structured particles are the volumes which do not include volumes
of open pores. Closed pores or voids that are completely enclosed within the bulk of
a core or structure are included in the volumes. Accordingly, if the structures or
cores are porous, the porosity may need to be measured. Example techniques that
may be used to measure porosity include mercury porosimetry and Barret-Joyner-

Halenda (BJH) analysis.

The degree of porosity is proportional to the amount of void space contained
within the first particle component and is generally a reflection of the amount of void
space present in the surface portion and is suitably at least 20% of the total volume
of the surface portion, preferably less than 80%, for example 30 to 70 vol%. It will
therefore be appreciated that the coating or filler will occupy some or all of the void
space present in the surface portion of the first particle component upon the

formation of a composite particle.

The volumes and dimensions of the structures and of the structured patrticles

may be measured using a MasterSizer system or other similar laser diffractometry

10
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device, as described above. In an exemplary process, the volume of a structured
particle is measured; structures are detached from the structured particles by a
mechanical process such as ultrasonication; and the volume of the structures is
measured. In the case of porous structures or cores, the porosity is determined and
the measured volume is adjusted. For example, if porosity is 5 % then measured
volume is adjusted by 0.95 to give a solid volume. The volumes may also be
measured using 2D digital imaging systems such as Morphologi, as described
above, though they typically are unable to resolve particles with a dimension below

0.5um.

The SVF may be affected by, for example, the average dimension of the
structures and the percentage coverage of the particle core by the structures (the
structure density) and the density of the particle core and structure materials. The
SVF is preferably greater than or equal to 5 %, more preferably at least 10 %, most
preferably at least 20%. The SVF is preferably no more than 95%, more preferably
no more than 80%. Most preferably the SVF is 20-60%, especially 25-50%. A higher
SVF value means that the high capacity active structures make a larger contribution
to the active mass of the electrode and a higher overall capacity per unit volume can
be obtained. However, if the SVF value is too high then the cost of manufacturing the
structured particles may increase so that the cost to performance ratio of the
electrode materials becomes uncompetitive, the structures may become too densely
packed and/or the mechanical/electronic integrity of the structure to core connection
may be weakened.

The patrticles can also be characterised by their specific surface area, which
may be measured by various techniques including BET (Brunauer, Emmett and
Teller) and laser diffractometry.

The surface portion of the first particle component may comprise pores or
voids with an opening to the surface with a principal dimension in the range 1nm to
5um. The pores may be at least 2nm, or at least 5nm. The pores may have a size no
more than 2um.

The specific surface area, area per unit mass, or BET value of a powder
formed from a plurality of the first particle components is preferably reduced by the
application of the removable filler, so that the first particle components can be more

easily mixed into a composite material.

11
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Preferably the BET of plurality of first particle components with the temporary
filler is no more than 200 m?/g, more preferably it is no more than 100 m?/g, or no
more than 80 m?/g. Most preferably it is no more than 50 m?%/g or less than 30 m?/g.
Preferably the percentage ratio of the BET value after application of the filler to the
BET value without the filler is no more than 90%, preferably no more than 80%, more
preferably no more than 60%. The active material of the first particle component
suitably comprises an electroactive material. Preferably the first particle component
comprises an electroactive material selected from the group comprising silicon, tin,
germanium, gallium, lead, zinc and aluminium and electroactive alloys and
compounds thereof. It is especially preferred that the first particle component
comprises silicon, an electroactive alloy or compounds containing silicon and
oxygen, compounds containing silicon and nitrogen, compounds containing silicon
and fluorine, tin, tin alloys, compounds containing tin and oxygen, compounds
containing tin and nitrogen, and compounds containing tin and fluorine. Examples of
structured particles comprising the first particle component include but are not limited
to pillared particles, porous particles, porous particle fragments and fibres as defined
herein. It is especially preferred that the first particle component comprises
structured particles selected from the group comprising silicon comprising pillared
particles, porous particles, porous particle fragments and silicon comprising fibres or
mixtures thereof. A first particle component comprising a silicon pillared patrticle is
especially preferred.

It will be appreciated that the body portion of the first particle component may
be devoid of structural features, comprise fewer structural features than the surface
portion or have a different structure to that of the surface portion. The body portion
suitably defines a core, which supports the structural features of the surface portion.
The body portion suitably has principal dimension or diameter in the range 0.1 to
40um, preferably 1 to 35um, more preferably 5 to 30um and especially 5 to 20um.
The size of the body portion may vary according to the application to which the
composite particle is put. Where the composite particle is included in a composite
electrode, the body portion suitably has principal dimension or diameter in the range
0.1 to 40um, preferably 1 to 35um, more preferably 5 to 30um and especially 5 to
20um.

Filler

12
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The removable filler may completely or partially occupy the one or more voids
in the surface portion. Complete occupation of a void should be understood to mean
that voids including the filler are full or the meniscus of the filler bulges above the
void opening. Partial occupation of a void should be understood to include situations
in which the filler provides a thin coating on some of the void walls, situations where
the filler merely provides a thin coating on the void walls, situations in which the filler
occupies a significant volume within the void, but where the meniscus of the filler
extends up the walls of the void and situations in which the filler has a substantially
flat meniscus and occupies a significant volume within the void. Where the
composite particle is used in battery applications, the removable filler suitably
remains in place until it has either been used in the formation of a composite
electrode or until formation of a battery cell is complete.

A removabile filler may comprise a material that either sublimes or
disintegrates at or above a temperature used to dry a composite material including
the composite particle. Typically the removable filler sublimes or disintegrates at or
above 50°C, preferably between 70 and 200°C, preferably 80 to 110°C, more
preferably 90 to 100°C. Alternatively or in addition, the removable filler may be
soluble in a liquid used to wash a composite material including the composite particle
electrode or in a liquid, which supports a device including the composite material.
Preferably the liquid in which the filler is soluble is selected from the group
comprising an electrolyte, an electrolyte solvent or an ionic liquid. By the term “ionic
liquid” it should be understood to mean a salt, which is liquid below 100°C. By the
term “electrolyte” it should be understood to mean a solution of a salt in a polar
solvent. By the term “electrolyte solvent” it should be understood to mean a polar
solvent, which is capable of solubilising an organic or inorganic salt. Examples of
electrolyte solvents include polar solvents such as water, an alcohol and an organic
carbonate. Non-aqueous electrolyte solvents are preferred. Examples of non-
aqueous electrolyte solvents that can be used include non-protic organic solvents
such as N-methylpyrrolidone, propylene carbonate, ethylene carbonate, butylene
carbonate, dimethyl carbonate, diethyl carbonate, gamma butyro lactone, 1,2-
dimethoxy ethane, 2-methyl tetrahydrofuran, dimethylsulphoxide, 1,3-dioxolane,
formamide, dimethylformamide, acetonitrile, nitromethane, methylformate, methyl
acetate, phosphoric acid tri-ester, trimethoxy methane, sulpholane, methyl

sulpholane and 1,3-dimethyl-2-imidazolidione.
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Where the filler is soluble in an electrolyte is it suitably soluble in an
electrolyte having a salt concentration of at least 0.7M, preferably a salt
concentration in the range 0.7 to 2M. Examples of electrolyte salts include but are
not limited to LiCl, LiBr, Lil, LiCIO4, LiBF4, LiB1cCzo, LiPFs, LICF3SO3, LiAsFg, LiSbFs,
LiAICl4, CH3SOsLi and CF3SOslLi.

Examples of removable fillers, which remain in place until the final
manufacturing stages of the composite electrode include organic or inorganic
materials, which have a higher melting point than and a similar boiling or sublimation
point to that of the slurry solvent and which are also insoluble therein. The removable
filler suitably remains in place during the manufacture of a composite material
including the composite particle. The filler may be subsequently removed together
with the slurry solvent during a drying step. Alternatively, the removable filler may
comprise an organic or inorganic material, which undergoes dissolution only when
the composite particle is placed in a device of which it forms a part. Preferably the
composite particle is used in the manufacture of battery cells and the filler dissolves
in the electrolyte or electrolyte solvent on formation of the battery cell.

Examples of materials that can be used to fully or partially coat a first particle
component and which can be removed once a composite electrode has been formed
include o- and p-cresol, 3-nonanol, 1-methyl cyclohexanol, p-toluenenitrile, 2-
methoxyphenol, 2-phenol-2-propanl, 2,3-dimethylanisole, phenal, 2,4-
diemthylphenol, 3,4,4-trimethylpentanol, carboxyl acids such as oxalic acid and
butanediol. These coating or filling materials suitably have a melting point of
between 20 and 30°C and a boiling point of 150 to 200°C. The coating material is
suitably removed by sublimation, evaporation or degradation simultaneously with or
subsequent to removal of the slurry solvent during the drying stage of electrode
manufacture. The use of higher boiling point solids is preferred as this introduces
additional porosity into the final electrode structure.

Examples of materials that can be used to fully or partially coat a first particle
component and which can be removed by dissolution in a solvent (such as an
electrolyte solvent) on inclusion in a device include waxes and surfactants. These
coatings must be soluble in the solvent and must be stable under the operating
conditions of the device. Where the composite particle is used in the manufacture of
a lithium ion battery, the wax or surfactant must be stable under the voltage range at

which the battery is cycled.
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Examples of suitable waxes include natural wax such as 12-hydroxystearic
acid, synthetic wax such as low molecular weight polyethylene, petroleum waxes
such as paraffin wax, and microcrystalline waxes.

Examples of surfactants include carboxylic acid esters, carboxylic acid
amides, sulfonic acid esters, sulfonic acid amides, particularly fatty acid esters and
amides and alkyl sulfonic acid esters and amides. The surfactant may comprise a
fluorinated compound. Preferably the surfactant comprises a perfluorinated
compound.

It may be beneficial to combine a wax, a wax mixture or a surfactant as
described above with other inorganic compounds, such as Li2CO3, LiF, Li.3P04,
Si02, Li4SiO4, LiAI02, Li2TiO3, LiINbOS3 and the like, to improve both air stability and
polar solvent stability. This means that the composite particle including the wax filler
is easier to handle. Further the inclusion of an inorganic component provides the
possibility of using commonly used polar solvents that dissolve commonly used
polymer binders in the manufacture of a composite material. Waxes typically boil at
temperatures in the range 120 to 200°C.

In a particularly preferred embodiment of the first aspect of the invention, the
temporary coating is soluble in a solution of an organic carbonate or a mixture
thereof but is insoluble or partially soluble in water and/or ethanol. Preferably the
temporary filler or coating is soluble in a 0.5 to 2.5M solution of a salt in an organic
carbonate; examples of suitable salt solutions in which the coating or filler is soluble
include solutions of one or more salts selected from but not limited to the group
comprising LiCl, LiBr, Lil, LiClO4, LiBF4, LiB1yCz, LiPFs, LICF3SO3, LiAsFg, LiSbFs,
LiAICI4, CH3SOsLi and CF3SOsLi or a mixture thereof in an organic carbonate.

The composite particles of the first aspect of the invention can be prepared
using techniques that are well known to a person skilled in the art. Such techniques
include micro-encapsulation techniques such as pan coating, centrifugal extrusion,
spray drying, in-situ polymerisation and oligomerisation techniques, dip coating and
sol-gel coating.

Preferably the first particle component is a pillared particle comprising a
particle core with pillars extending there from. The body portion essentially
comprises the patrticle core and the surface portion is defined by the volume through
which the silicon comprising pillars and one or more voids extend. Preferably the

pillars are integrally formed with the particle core. Suitably the removable filler fully or
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partially occupies the voids surrounding the pillars. Where the filler is removed on
composite electrode formation, it has been found that evaporation of the filler has the
effect of pulling the other components of the electrode material into or adjacent the
voids of the first particle component thereby to enhance the internal connectivity of
the electrode material. Where the filler is soluble only in the electrolyte solution of a
battery, it has been found that dissolution of the filler results in superior wetting of the
active material compared to materials that are not so coated, thereby enhancing the
conductivity of a battery including a structured active patrticle. Further, the presence
of a filler in the voids of the first particle component has been found to prevent
detachment of the pillars from the core during the manufacture of both the composite
electrode and a battery.

The diameter and length of the pillars comprised in the pillared particle will
depend on the application to which the pillared particle is to be put. Where the
pillared particle is to be included in a composite electrode for inclusion in a lithium
ion secondary battery, for example, the pillars will typically have a diameter of
greater than 10nm, suitably a diameter in the range 30 to 500nm, preferably 40 to
400nm, more preferably 40 to 150nm. The pillar length will suitably be in the range
0.5 to 10um, preferably 1 to 5um. Pillared particles having an overall diameter (core
plus pillar length) in the range 0.5 to 40um, preferably 1 to 25um, more preferably 2
to 15um, especially 3 to 5um have been found to be suitable for secondary battery
applications.

Where the first particle component is a porous particle comprising voids
distributed over the surface and optionally into the volume of the particle, the surface
portion essentially comprises the region (or volume) of the particle into which the
coating or filler penetrates; where the particle is a sphere, this will typically be
defined by the outer volume of the sphere. The body portion will consequently be
defined by the volume (typically the inner or core volume) of the particle that has not
been penetrated by the filler or coating. Where a filler or coating penetrates the
entirety of the particle volume, it will be appreciated that the body portion will
comprise a negligible volume compared to the volume occupied by the surface
portion. It will, therefore, be understood that where the structured particle is a porous
particle, the structural features comprise pores, voids or channels extending fully or
partially into the volume of the particle and the coating or filler is distributed partially

or completely within the voids.

16



10

15

20

25

30

WO 2013/128201 PCT/GB2013/050507

As indicated above, a temporary filler promotes intimate connectivity between
components such as a pillared patrticle or a porous particle and the other
components of a material of which they form a part. The temporary filler also
improves the homogeneity of the composite material by preventing aggregation.

The first particle component may (as described herein above) be in the form
of an elongate element such as a fibre, wire, thread, tube, flake or ribbon as defined
herein having structural features and voids distributed over the surface thereof. As
stated herein above, elongate particles may be characterised by a smaller
dimension, a larger dimension and an aspect ratio (the ratio of the larger dimension
to the smaller dimension). Suitably the minor (smallest) dimension of the elongate
element, given by its diameter or thickness, is at least 10nm, preferably at least
30nm. The aspect ratio of the elongate element is suitably at least 2:1, preferably at
least 3:1, more preferably at least 5:1. Preferably the elongate element is provided in
the form of a fibre, more preferably a porous fibre. Elongate elements according to
the first aspect of the invention will typically comprise a body portion and a surface
portion. Where the first particle component is a porous fibre, the body portion
comprises that internal volume of the core, which is devoid of pores, voids or
channels. The surface portion comprises the outer volume of the fibre, which is
defined in part by the depth to which the pores or voids extend.

It will be appreciated that the average number and diameter of pores, voids or
channels distributed over the surface of the first particle component will depend upon
the application in which the composite particle is to be used. Where the composite
particle is to be included in a composite material for use in the manufacture of a
secondary battery, the pores, voids or channels provided distributed over the surface
of the first particle component preferably have a diameter in the range 1nm to
1500nm, preferably 3.5 to 750nm and especially 50nm to 500nm. The surface
portion of the first particle component suitably has a porosity in the range 10 to 70%,
preferably 20 to 50% and the number and diameter of the pores, voids and channels
is sufficient to reflect this.

As indicated herein above, the material from which the body portion is formed
may be the same or different to that of the surface portion. Where the composite
particle or first particle component is to be used in battery applications, the surface
portion of the first particle component suitably comprises an electroactive material.

Preferably the surface portion is formed from an electroactive material selected from
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the group comprising silicon, gallium, germanium, aluminium, lead, tin, selenium,
tellurium, boron and zinc or electroactive oxides, nitrides, hydrides, fluorides, alloys,
compounds and mixtures thereof, especially silicon. The body portion may comprise
an electroactive or a non-electroactive material. Where the body portion comprises
an electroactive material, this may be the same or different to the electroactive
material of the surface portion. The body and surface portions of the first particle
component may be formed integrally, either by etching structural features into a
surface portion of a starting particle or by growing structural features onto a body
portion. In a first preferred embodiment of the first aspect of the invention, both the
body portion and the surface portion comprise silicon or an electroactive alloy or
compound of silicon. In a second preferred embodiment, the body portion comprises
a first electroactive material and the surface portion comprises a second
electroactive material having a composition different to that of the first electroactive
material of the body portion.

The surface and/or body portion of the first particle component according to
the first aspect of the invention may also or alternatively comprise, as indicated
herein, compounds or mixtures of electroactive materials, which are themselves
electroactive. Examples of suitable electroactive compounds or mixtures include but
are not limited to BC, BSi, Si-C, SiGe, SiSn, GeSn, WG, SiOy, SnOy, lithium titanium
oxides, TiO,, binary metal oxides, BN, BAs, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs,
GaSb, InN, InP, InAs, ZnO, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, BeSe, BeTe, GeS,
GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbSe, PbTe, AgF, AgCl, AgBr, Agl, BeSiNy,
ZnGeP,, CdSnAs,, ZnSnSb,, CuGeP3, CuSizP3, SisNg, GesNy, Al,Oz or AlL,CO.

The first particle component may have an aspect ratio (ratio of the largest
dimension to the smallest dimension) in the range 1:1 to 1:1000, preferably 1:1 to
1:100, more preferably 1:1 to 1:50. It will therefore be appreciated that the composite
particle of the first aspect of the invention will also have a shape and aspect ratio that
is the same as or is substantially similar to that of the first particle component from
which it comprises.

The composite particle of the first aspect of the invention may optionally be
combined with one or more additional components and formed into a composite
electroactive material for inclusion as a composite layer in the formation of an
electrode, preferably an anode. The first particle component will also typically have a

principal diameter or thickness in the range 100nm to 100um.
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The composite particles according to the first aspect of the invention may be
readily prepared and a second aspect of the invention provides a method of
fabricating a composite particle according to the first aspect of the invention, the
method comprising the steps of contacting a first particle component as defined
above with a removable filler thereby to form a composite particle in which the filler
completely or partially fills said voids. Suitable techniques for contacting the first
particle component with the filler include micro-encapsulation techniques such as
pan coating, air suspension coating, centrifugal extrusion, spray drying, in-situ
polymerisation or oligomerisation techniques, dip-coating and sol-gel coating.

Where the removable filler is a liquid at room temperature, the liquid filler can
be directly mixed with the first particle component. Alternatively, where the
removable filler is a solid at room temperature, the filler may be provided in the form
of a solution to infuse the voids of the first particle component. Preferably the filler or
coating infuses into the pores, channels or voids of the first particle component.
Where the coating or filler is a liquid at room temperature, the coated patrticle is dried
and stored at a reduced temperature. Where the coating or filler material is a solid at
room temperature and is insoluble in the solvent used to form a slurry, the composite
particle can either be formed by warming the coating material to form a flow-able
liquid or by dissolving the filler material in a suitable solvent, preferably an organic
solvent before contacting the filler with the first particle component. The conditions
used to ensure efficient infusion of the filler into and around the structural features
will depend, in part, on the dimensions of the structural features of the first particle
component and the viscosity of the filler solution and will be readily determined by a
person skilled in the art. Where the pore dimensions or pillar separations are
particularly small or where significant penetration of the filler is difficult due to the
size of the particle, it may be appropriate to heat a solution of the filler to reduce its
viscosity sufficiently to ensure that it infuses into the voids of the surface portion as
completely as possible. In a preferred embodiment of the second aspect of the
invention a pillared particle is mixed with a removabile filler to form a composite
particle.

Where the filler is removable on formation of a composite electrode, the filler
will suitably be formed from a material that is insoluble in a solvent used to form the
slurry at the temperature at which a composite electrode is formed; the filler suitably

has a boiling point or sublimation point that is greater than the temperature at which
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the electrode is formed, preferably a temperature that is similar to or greater than
that of the boiling point of the slurry solvent. An example of a material that can be
removed on formation of the composite electrode is oxalic acid. The first particle
component is mixed with a solution of oxalic acid, filtered and dried. Aqueous
solutions of oxalic acid having a strength in the range 0.001 to 10wt% may be used,
preferably 0.05 to 5wt%, more preferably 0.05 to 0.5wt%.

An example of a filler that can be removed on formation of a device includes a
surfactant such as a perfluoro-alkyl carboxylic acid or sufonic acid ester such as a
perfluoro-octane sulfonic acid ester. The first particle component is mixed with an
aqueous solution of the surfactant as described above and formed into a composite
electrode. Aqueous solutions of surfactant having a strength in the range 0.001 to
10wt% may be used, preferably 0.05 to 5wt%, more preferably 0.05 to 0.5wt%.

It will be appreciated that the methods employed to contact the filler with the
first particle component will depend, in part, upon the nature of the filler materials.

Where the filler is removable either on drying the composite electrode or
through dissolution in the electrolyte solvent of a battery of which the first particle
component forms a part, the filler is suitably contacted with the first particle
component by forming a slurry of the first particle component in a solution of the filler
and gently agitating the slurry to form a slurry including the composite particle.
Solutions of the filler material can be readily prepared for filler materials having a
melting point of not less than 15°C above room temperature, preferably not less than
10°C above room temperature by gently heating a filler/solvent mixture prior to
contacting the solution with the first particle component. Preferably the first particle
component is mixed with a filler or a solution of the filler at a similar temperature to
that of the filler in order to promote efficient infusion of the filler into the voids of the
surface portion of the first particle component. The temperature can be increased on
mixing if necessary. The resulting liquid slurry including a composite patrticle is
suitably dried to remove or substantially remove the slurry solvent to give composite
particles in the form of individual particles, an aggregate or a dispersion. The
concentration of the filler in the solvent may depend, in part, on the size of the filler
molecules; a large molecular weight filler is suitably provided in a lower
concentration solution compared to coating materials comprising lower molecular
weight components as this improves the extent to which the molecule infuses into

the first particle component.
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As mentioned herein above, due to their resilient nature, the composite
particles referred to herein can be used in the manufacture of devices such as
electrochemical cells, metal ion batteries such as lithium-ion batteries, lithium air
batteries, flow cell batteries, other energy storage devices such as fuel cells, thermal
batteries, photovoltaic devices such as solar cells, filters, sensors, electrical and
thermal capacitors, microfluidic devices, gas/vapour sensors, thermal or dielectric
insulating devices, devices for controlling or modifying the transmission, absorption
or reflectance of light or other forms of electromagnetic radiation, chromatography or
wound dressings and a third aspect of the invention provides the use of a composite
particle according to the first aspect of the invention in the manufacture of any one of
these devices.

As mentioned herein above, the composite particles referred to herein can be
used in the manufacture of a composite material and a fourth aspect of the invention
provides a method of fabricating a composite material, the method comprising the
steps of forming a composite mix comprising a composite particle according to the
first aspect of the invention and applying the composite mix to a substrate.
Preferably the composite material is an electrode material. Preferably the composite
mix is an electrode mix. Preferably the substrate is a current collector. The coated
current collector is suitably dried. The drying step may effect removal of the
temporary filler. A fifth aspect of the invention provides a composite electrode
comprising a current collector having a layer of an electrode material applied
thereon, wherein the electrode material comprises a composite particle according to
the first aspect of the invention.

The composite particles of the first aspect of the invention can be used in the
manufacture of battery cells, preferably in the manufacture of secondary battery cells
and a sixth aspect of the invention provides a battery comprising an anode, a
cathode, a separator and an electrolyte, wherein the anode comprises a current
collector having an electrode material provided thereon, the electrode material
comprising a composite particle according to the first aspect of the invention.

The batteries of the sixth aspect of the invention are readily manufactured and
a seventh aspect of the invention provides a method of fabricating a battery cell, the
method comprising providing a cell housing, an anode comprising an electrode
material comprising a composite particle according to the first aspect of the

invention, a cathode, a separator and an electrolyte, disposing the separator

21



10

15

20

25

30

WO 2013/128201 PCT/GB2013/050507

between the anode and the cathode, placing the anode, cathode and separator in
the cell housing and filling the cell housing with electrolyte.

The invention also provides an electrode material comprising a composite
particle according to the first aspect of the invention and, optionally, one or more
components. Suitable components for inclusion into an electrode material include but
are not limited to a binder and a conductive component. Preferably the binder is
selected from but not limited to the group comprising polyvinylidene fluoride (PVDF),
sodium carboxymethyl cellulose (NaCMC), polyacrylic acid (PAA), sodium
polyacrylate (NaPAA), styrene butadiene rubber (SBR), lithium polyacrylate (LIiPAA)
and polyimide. In a further embodiment, the invention also provides a method of
fabricating an electrode material, the method comprising the steps of providing a
composite particle according to the first aspect of the invention and combining the
composite particle with one or more selected components selected from but not
limited to a binder and a conductive carbon.

The invention provides in a further eighth aspect of the invention a
composition comprising a stable suspension of composite particles according to the
first aspect of the invention or a composite material according to the fourth aspect of
the invention in a carrier liquid in which the filler does not degrade or dissolve. The
compositions according to the eighth aspect of the invention can be used to store or
transport composite particles, particularly structured particles as defined in the first
aspect of the invention. Where the composition according to the eighth aspect of the
invention is used to store or transport composite particles or structured particles as
defined in the first aspect of the invention, the filler suitably includes a surfactant,
which helps to maintain the composite particles in suspension for prolonged periods
of time. The solvent used to support the suspension may be a polar or a non-polar
solvent. Further the solvent may suitably comprise a gel-able component, which
facilitates the formation of a gel suspension, thereby increasing the stability of a
composition according to the eighth aspect of the invention still further.

The invention will now be described with reference to the accompanying
drawings and examples in which:

Figure 1 is a composite particle comprising as a first particle component, a
pillared particle (1), having a particle core (2) and a plurality of pillars (3) extending

there from. A filler (4) occupies the void space (5) between adjacent pillars.
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Although not illustrated, partial filling of voids may involve the formation of a thin coat
of filler on the void walls.

Figure 2 is a composite particle comprising as a first particle component a
porous particle (6) or a porous particle fragment (6a) having a plurality of voids or
pores (7, 7a). A filler (8, 8a) occupies some or all of the void spaces within the
particle (6) or particle fragment (6a). The depth (from the surface of the particle) to
which the filler penetrates is defined as the surface region.

Figure 3 is a composite particle comprising as a first particle component a
fractal (9), being a porous particle fragment, the fractal comprising a body portion
(10) and a plurality of spikes (11) extending there from. Void spaces (12) separate
the spikes (11) and are fully or partially occupied by filler (13).

Figure 4 is a composite particle comprising as a first particle component a
fibre core (14) having pores (15) formed on the surface thereof, each pore defining a
void in the surface structure. The voids are either fully or partially occupied by a filler
(16).

Figure 5 is a composite particle comprising as a first particle component a
scaffold structure (17) including a plurality of elongate structures (18) bounding void

spaces (19). The void spaces (19) are occupied by a filler (20).

Examples

Example 1 — Formation of a Polyacrylic acid Polyethylene Glycol Ester
Example 1 a

An ester of polyacrylic acid and polyethylene glycol (MW = 4000) was dissolved in
deionised water. The final solution contained 0.05wt% polyacrylic acid/polyethylene

glycol ester.

Example 2 — Formation of a Perfluoro-octane sulfonic acid ester solution.
Perfluoro-octane sulfonic acid ester was dissolved in an aqueus solution to give a

final solution containing 0.05wt% of perfluoro-octane sulfonic acid ester.

Suitable surfactants are sold by 3M as FC4330, which contains fluoroaliphatic

polymeric esters.

Example 3a — Formation of Coated Particles
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Silicon pillared particles having an average D50 value in the range 3 to 10um were
added to a solution as described in Examples 1 or 2 and stirred for between 2 and 3
housrs. The wet particles were separated from the bullk mixture by filtration. The
coated particles were then dried in an airstream until dry. The resulting particles
were characterised by the presence of either an oxalic acid or a perfluoro-

octane sulfonic acid ester.

Example 3b — Electrode Mix

A slurry was formed by shear mixing 85 parts by weight of spherical synthetic
graphite (d50 = 27um), 3 parts by weight of VGCF, 9.2 parts by weight of a
composite silicon patrticle (9 parts silicon particle as specified in Example 1 and
0.005 parts oxalic acid), and 2.8 parts by weight of a PVdF(9200) binder in NMP as
the carrier liquid using a T25 IKA High Shear Mixer®15 . The final solids content of
the slurry is in the range 30 to 50%. The viscosity of the slurry is in the range 1000 to
4500mPa.s. The resulting slurry was cast onto a copper foil to a thickness of
60g/cm2.

Example 3¢
The procedure was repeated using a perfluoro-octane sulfonic acid ester to give a

composite having perfluoro-octane sulphonic acid coated silicon particles.

Example 4 — Preparation of Cells

Electrode and cell fabrication

Anode Preparation

The desired amount of composite particle was added to a carbon mixture that had
been bead milled in deionised water as specified above. The resulting mixture was
then processed using a T25 IKA High Shear® overhead mixer at 1200 rpm for
around 3 hours. To this mixture, the desired amount of binder in solvent or water
was added. The overall mix was finally processed using a ThinkyTM mixer for
around 15 minutes to give the composite materials described in Examples 3a and 3b

above.

The anode mixture (either 3a or 3b) was applied to a 10um thick copper foil (current

24



10

15

20

25

30

WO 2013/128201 PCT/GB2013/050507

collector) using a doctor-blade technique to give a 20-35um thick coating layer. The
resulting electrodes were then allowed to dry. Composite materials comprising oxalic

acid released CO, gas during the drying process.

Cathode Preparation
The cathode material used in the test cells was a commercially available lithium
MMO electrode material (e.g. Li1+xNi0.8C00.15A10.0502) on a stainless steel

current collector.

Electrolyte

The electrolyte used in all cells was a 1.2M solution of lithium hexafluorophosphate
dissolved in solvent comprising a mixture of ethylene carbonate and ethyl methyl
carbonate (in the ratio 3:7 by volume) (82%), FEC (15wt%) and VC (3wt%). The
electrolyte was also saturated with dissolved CO2 gas before being placed in the

cell.

Cell Construction
“Swagelok” test cells were made as follows:
¢ Anode and cathode discs of 12mm diameter were prepared and dried over
night under vacuum.
e The anode disc was placed in a 2-electrode cell fabricated from Swagelok®
fittings.
e Two pieces of Tonen separator of diameter 12.8 mm and 16 um thick were
placed over the anode disc.
e 40 pl of electrolyte was added to the cell.
e The cathode disc was placed over the wetted separator to complete the cell.
e A plunger of 12 mm diameter containing a spring was then placed over the
cathode and finally the cell was hermetically sealed. The spring pressure
maintained an intimate interface between the electrodes and the electrolyte.
e The electrolyte was allowed to soak into the electrodes for 30 minutes.
e Structured silicon particles including a coating of pefluorobenzene sulphonic
acid ester were observed to have lost their coating material on formation of a

cell.
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Claims

A composite particle comprising a first particle component and a second
particle component in which:

(a) the first particle component comprises a body portion and a surface
portion, the surface portion comprising one or more structural features
and one or more voids, whereby the surface portion and body portion
define together a structured patrticle; and

(b) the second component comprises a removable filler;

characterised in that (i) one or both of the body portion and the surface portion
comprise an active material; (ii) the filler is contained within one or more voids
comprised within the surface portion of the first component; and (iii) the filler
either has a sublimation or disintegration temperature of at least 50°C and/or
is soluble in an ionic liquid or an electrolyte solution.

A composite particle according to claim 1, wherein the filler is soluble in an
electrolyte solution having a salt concentration of at least 0.7M.

A composite particle according to claim 1 or claim 2, wherein the filler is
soluble in an electrolyte solution having a salt concentration in the range 0.7
to 2M.

A composite particle according to any one of claims 1 to 3, wherein the filler is
soluble in a solution selected from the group comprising N-methylpyrrolidone,
propylene carbonate, ethylene carbonate, butylene carbonate, dimethyl
carbonate, diethyl carbonate, gamma butyro lactone, 1,2-dimethoxy ethane,
2-methyl tetrahydrofuran, dimethylsulphoxide, 1,3-dioxolane, formamide,
dimethylformamide, acetonitrile, nitromethane, methylformate, methyl acetate,
phosphoric acid trimester, trimethoxy methane, sulpholane, methyl sulpholane
and 1,3-dimethyl-2-imidazolidione.

A composite particle according to any one of claims 1 to 4, wherein the filler
sublimes or degrades at a temperature in the range 70 to 200°C.

A composite particle according to claims 5, wherein the filler sublimes or
degrades at a temperature in the range 70 to 110°C.

A composite particle according to any one of claims 1 to 6, wherein the
temporary filler is selected from the group comprising o- and p-cresol, 3-
nonanol, 1-methyl cyclohexanol, p-toluenenitrile, 2-methoxyphenol, 2-phenol-

2-propanol, 2,3-dimethylanisole, phenol, 2,4-diemthylphenol, 3,4,4-
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

trimethylpentanol, butanediol, oxalic acid, a surfactant and a natural wax or a
synthetic wax selected from the group comprising 12-hydroxystearic acid, low
molecular weight polyethylene, petroleum waxes such as paraffin wax, and
microcrystalline waxes.

A composite particle according to any one of the preceding claims, wherein
the first particle component is a pillared particle.

A composite particle according to claim 8, wherein the surface portion
comprises one or more pillars distributed over a body portion.

A composite particle according to claim 8 or 9, wherein the voids of the
surface portion comprise channels extending from the body portion to the
particle boundary.

A composite particle according to any one of claims 1 to 7, wherein the first
particle component is a porous particle having voids distributed there through.
A composite particle according to claim 11 wherein the porous patrticle is a
fibre, wire, thread, tube, flake or ribbon with a minor dimension of at least
10nm.

A composite particle according to claims 11 or 12, wherein the voids are
distributed at the surface of the particle.

A composite particle according to any one of claims 1 to 7, wherein the first
particle component is a porous particle fragment or a fractal.

A composite particle according to any one of claims 1 to 7, wherein the first
particle component is a scaffold structure.

A composite particle according to any one of the preceding claims, wherein
the particle has a principal diameter in the range 0.5 to 10um.

A composite particle according to any one of the preceding claims, wherein
the body portion and the surface portion are formed integrally and the active
material comprising the body portion is the same as or is similar to the active
material of the surface portion.

A composite particle according to any one of claims 1 to 16, wherein the
active material of the body portion is different to the active material of the
surface portion.

A composite particle according to any one of the preceding claims, wherein

the active material is an electroactive material.
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

A composite particle according to any one of the preceding claims, wherein
the body portion includes one or more voids extending there through.

A composite particle according to any one of the preceding claims, wherein
the active material is an electroactive material is selected from the group
comprising silicon, germanium, gallium, lead, aluminium, tin, Se, Te, B, P,
binary metal oxides, BC, BSi, Si-C, SiGe, SiSn, GeSn, WC, SiOy, Lithium
titanium oxides, TiO,, BN, Bas, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs,
GaSb, InN, InP, InAs, ZnO, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, BeSe,
BeTe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PO, PbSe, PoTe, AgF, AgCl,
Agbr, Agl, BeSiN,, ZnGeP,, CdSnAs,, ZnSnSb,, CuGeP3, CuSisP3, SizNy,
GesNg, AloO3, AlCO or oxides, nitrides, hydrides, fluorides, mixtures or alloys
thereof.

A composite particle according to any one of claims 19 to 21, wherein the
electroactive element is selected from silicon, germanium, gallium, tin, lead,
aluminium, oxides, nitrides, hydrides, fluorides, alloys and mixtures thereof.
A composite particle according to claim 22, wherein the electroactive material
is silicon, a silicon alloy or an electroactive silicon compound.

A method of forming a composite particle according to any one of claims 1 to
23, the method comprising the steps of mixing a first particle component with
a filler in liquid form.

A method according to claim 24, wherein the filler is provided in the form of a
solution.

A method according to claim 23 or claim 25, wherein the filler is provided in
the form of a solution thereby to facilitate infusion of the filler into the voids
and controllably removing the solvent.

A method according to claim 26, wherein the solvent is removed by
evaporation.

A composite material comprising a composite particle according to any one of
claims 1 to 23 and a binder.

An composite material according to claim 28, which further comprises one or
more components selected from an electroactive carbon, a conductive carbon
and an electroactive component other than a composite particle as defined in

any one of claims 1 to 23.
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30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.
41,

A composite material according to claim 28 or claim 29, which is an electrode
composition.

A method of making a composite material according to any one of claims 28
to 30, comprising the steps of forming a slurry in a suitable solvent of a
composite particle according to any one of claims 1 to 23 or a composite
material according to claims 28 to 30 and coating the slurry onto a substrate
and removing the solvent.

An electrode comprising a composite particle according to any one of claims 1
to 23 or a composite material according to claims 28 to 30 and a current
collector.

An electrode according to claim 29, which is an anode.

A method of making an electrode according to claim 32 or 33, comprising the
steps of forming a slurry in a suitable solvent of a composite particle
according to any one of claims 1 to 23 or a composite material according to
any one of claims 28 to 30, coating the slurry onto a current collector and
removing the solvent.

An electrochemical cell comprising an electrode according to claim 29 or 30
and a cathode.

A device comprising an electrochemical cell according to claim 35.

A composition comprising a stable suspension of a composite particle
according to any one of claims 1 to 23 or a composite material according to
claim 28 to 30 in a liquid carrier.

A composition according to claim 37, wherein the filler includes a surfactant to
maintain the composite particles in a stable suspension.

A method of storing a composite particle according to any one of claims 1 to
22 or a composite material according to claim 28 to 30, the method
comprising the steps of forming a stable suspension of said composite
particles or composite material in a liquid carrier.

A method according to claim 37, which is also a method of transportation.
Use of a composite particle according to any one of claims 1 to 23 or a
composite material according to any one of claims 28 to 30 in the
manufacture of one or more devices selected from the group comprising an
electrochemical cell, a metal ion battery, a fuel cell, a thermal battery, a

photovoltaic device, a solar cell, a filter, a sensor, an electrical capacitor, a
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thermal capacitor, a gas/vapour sensor, a thermal or dielectric insulating
device, a device for controlling or modifying the transmission, absorption or
reflectance of light or other forms of electromagnetic radiation,

chromatography or wound dressings
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