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Method of Forming Silicon

Background

Rechargeable metal-ion batteries, for example lithium ion batteries, are extensively used
in portable electronic devices such as mobile telephones and laptops, and are finding

increasing application in electric or hybrid electric vehicles.

Rechargeable metal ion batteries have an anode layer; a cathode layer capable of
releasing and re-inserting metal ions; and an electrolyte between the anode and cathode
layers. When the battery cell is fully charged, metal ions have been transported from the
metal-ion-containing cathode layer via the electrolyte into the anode layer. In the case of
a graphite-based anode layer of a lithium ion battery, the lithium reacts with the graphite
to create the compound LiyCg (0 <= x <= 1). The graphite, being the electrochemically

active material in the composite anode layer, has a maximum capacity of 372 mAh/g.

The use of a silicon-based active anode material, which may have a higher capacity than

graphite, is also known. Silicon may be provided in the form of fibres.

WO 2009010758 discloses a process of forming silicon fibres by a first step of
anisotropic etching of silicon particles to form a particle having a silicon core with silicon
pillars extending from the core, and a second step of detaching the pillars from the

pillared particle core by scraping, agitating or chemical etching of the pillared particle.

It will be appreciated that the yield of silicon fibres produced by this method as a
percentage of the mass of the starting material is limited because the silicon of the
starting material that is etched away in the first etching step cannot contribute to the mass
of the silicon fibre product. It may also be the case that not all of the remaining silicon
core can be recycled to produce further fibre so that this too cannot contribute to the mass
of the fibre product. Furthermore, the silicon particles forming the starting material are
not naturally available and must be manufactured using industrial processes that increase

the cost and carbon footprint.
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Jia et al, “Novel Three-Dimensional Mesoporous Silicon for High Power Lithium-Ion
Battery Anode Material”, Adv. Energy Mater. 2011, 1, 1036-1039 and Chen et al,
“Mesoporous Silicon Anodes Prepared by Magnesiothermic Reduction for Lithium Ion
Batteries”, Journal of The Electrochemical Society, 158 (9) A1055-A1059 (2011)
disclose formation of mesoporous silicon by magnesiothermic reduction of a silica

template.

Yu et al, “Reversible Storage of Lithium in Silver-Coated Three-Dimensional
Macroporous Silicon”, Adv. Mater. 2010, 22, 2247-2250, discloses magnesiothermic

reduction of silica powder.

Richman et al, “Ordered Mesoporous Silicon through Magnesium Reduction of Polymer
Templated Silica Thin Films”, Nano Lett., Vol. 8, No. 9, 2008, 3075-3079 a process of
producing mesoporous silica (S102) thin films via evaporation induced self-assembly
(EISA) using sol-gel silica precursors with a diblock copolymer template, followed by

reduction of the silica to silicon by magnesium vapour.

It is an object of the invention to provide a method of forming elongate silicon-

comprising structures.

It is a further objection of the invention to provide a high yielding method of forming
structured particles containing elongate silicon-comprising structures as elements of the

structured particles.

It is a further object of the invention to provide a sustainable method of forming elongate

silicon-comprising structures on a large scale.

It is a further object of the invention to provide a method of forming elongate silicon-
comprising structures with certain shape, form and dimensional characteristics that
provide performance improvements in their application yet are not otherwise easily

manufactured in bulk by other methods.
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Summary of the Invention

In a first aspect the invention provides a method of forming a particulate material
comprising silicon, the method comprising the step of reducing a particulate starting
material comprising silica-containing particles having an aspect ratio of at least 3 : 1 and
a smallest dimension of less than 15 microns, or reducing a particulate starting material
comprising silica-containing particles comprising a plurality of elongate structural
elements, each elongate structural element having an aspect ratio of at least 3 : 1 and a

smallest dimension of less than 15 microns.

Optionally, the aspect ratio of the silica-containing particles or of the elongate structural

elements is at least 5:1.

Optionally, the smallest dimension of the silica-containing particles or of the elongate

structural elements is less than 10 microns.

Optionally, the smallest dimension of the silica-containing particles or of the elongate

structural elements is less than 3 microns.
Optionally, substantially all silica of the starting material is reduced.

Optionally, the geometric surface area of the silicon material is substantially the same as

the geometric surface area of the starting material.

Optionally, silica at a surface of the starting material particles is reduced and silica at a

core of the starting material particles is not reduced.
Optionally, the silica at the core is selectively removed.
Optionally, the silica at the core is selectively removed by exposure to HF.

Optionally, the particulate material comprising silicon formed following selective

removal of silica is a flake having a hollow core, or a tube.

Optionally, the geometric surface area of the material comprising silicon is greater than

the geometric surface area of the starting material.
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Optionally, the shape of the particles of the material comprising silicon is substantially

the same as the shape of the starting material particles.

Optionally, the starting material is n- or p-doped.

Optionally, the starting material is undoped.

Optionally, the starting material particles have an open framework structure.

Optionally, the starting material is reduced at a reaction temperature of no more than

750°C, optionally no more than 650°C.
Optionally, the starting material is reduced by exposure to liquid metal or metal vapour.
Optionally, the metal is magnesium or calcium.

Optionally, the reduction takes place in the presence of a thermal moderator, optionally a

salt.

Optionally, the thermal moderator is mixed with the starting material and a reducing

agent.
Optionally, a layer of thermal moderator is in contact with the starting material.

Optionally, the silica is reduced by exposure to a reducing composition that causes both

reduction of the silica and doping of the silicon.

Optionally, the method comprises the further step of coating at least part of the surface of

the material comprising silicon.

Optionally, at least part of the surface of the material comprising silicon is coated with

silicon oxide or carbon.
Optionally, the starting material is formed by electrospinning silica.

Optionally, the starting material is formed by electrospinning silica onto a patterned

collector defining a shape for the starting material.
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Optionally, silica is electrospun with a polymer.
Optionally, silica only is electrospun.
Optionally, the starting material is biogenic silica.

Optionally, the starting material has a substantially enclosed void volume and the
smallest dimension is a thickness of a wall of the starting material enclosing the void

volume.

Optionally, the smallest dimension of the starting material is an external thickness of the

starting material.

Optionally, the material comprising silicon has a BET value that is the same as or less

than a BET value of the starting material.

Optionally, the material comprising silicon has a BET value of less than 100 rnz/g.
Optionally, the starting material is no more than 95% silica by weight.

Optionally, the starting material is no more than 90% silica by weight.

Optionally, the particulate material comprising silicon is treated to remove reaction by-

products.
Optionally, reaction by-products are removed by HCI treatment.

Optionally, the particulate material comprising silicon is etched to form silicon pillars

extending from a silicon core of the particulate material.

Optionally, the particulate material comprising silicon is etched by metal-assisted

chemical etching.

In a second aspect the invention provides a particulate material comprising silicon

obtainable by a method according to any preceding claim.
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In a third aspect the invention provides an electrode comprising an active material of a

material comprising silicon according to the second aspect.

Optionally according to the third aspect, the electrode further comprises a conductive

current collector in electrical contact with the active material.

In a fourth aspect the invention provides a slurry comprising a particulate material

comprising silicon according to the second aspect and at least one solvent.

In a fifth aspect the invention provides a method of forming an electrode according to the
third aspect, the method comprising the step of depositing onto the conductive current

collector a slurry according to the fourth aspect, and evaporating the solvent.

In a sixth aspect the invention provides a rechargeable metal ion battery comprising an
anode, the anode comprising an electrode according to the third aspect capable of
inserting and releasing metal ions; a cathode formed from a metal-containing compound
capable of releasing and reabsorbing the metal ions; and an electrolyte between the anode

and the cathode.

Optionally according to the sixth aspect the metal ion battery is a lithium ion battery.

In a seventh aspect the invention provides a method of forming a material comprising
silicon comprising the steps of electrospinning a material comprising silica and reducing

the electrospun material comprising silica.

Optionally according to the seventh aspect, the electrospun material comprising silica to
be reduced comprises silica-containing particles having an aspect ratio of at least 3:1,
optionally at least 5 : 1 and a smallest dimension of less than 15 microns, optionally less
than 3 microns, or reducing a particulate starting material comprising silica-containing
particles comprising a plurality of elongate structural elements, each elongate structural
element having an aspect ratio of at least 3 : 1, optionally at least 5 : 1 and an smallest

dimension of less than 15 microns, optionally less than 3 microns.

In an eighth aspect the invention provides a method of forming silicon comprising the

step of reducing biogenic silica.
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Optionally according to the eighth aspect, the electrospun silica to be reduced comprises
silica-containing particles having an aspect ratio of at least 3:1, optionally at least 5 : 1
and an smallest dimension of less than 15 microns, optionally less than 3 microns, or
reducing a particulate starting material comprising silica-containing particles comprising
a plurality of elongate structural elements, each elongate structural element having an
aspect ratio of at least 3:1, optionally at least 5 : 1 and an smallest dimension of less than

15 microns, optionally less than 3 microns.

In an ninth aspect the invention provides a method of forming a particulate material
comprising silicon, the method comprising the step of reducing a particulate starting
material comprising silica-containing particles wherein the particulate starting material is

no more than 95 % silica by weight.

Optionally according to the ninth aspect, the particulate starting material is no more than

90 % silica by weight.

In an tenth aspect the invention provides a method of forming a particulate material
comprising silicon, the method comprising the step of reducing a particulate starting
material comprising silica-containing particles wherein the particulate material

comprising silicon has a specific surface area per unit weight of less than 100 m2/g.

Optionally according to the tenth aspect, the particulate material comprising silicon has a

specific surface area per unit weight of less than 50 m2/g.

In an eleventh aspect the invention provides a method of forming a particulate material
comprising silicon, the method comprising the step of reducing a particulate starting
material comprising silica-containing particles wherein the particulate starting material is

in contact with a layer of a thermal moderator.

In a twelfth aspect the invention provides a method of forming a particulate material
comprising silicon, the method comprising the step of partially reducing silica of a
particulate starting material comprising silica-containing particles, and treating the

partially reduced silica to remove remaining starting material.
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Optionally according to the twelfth aspect, the remaining starting material is removed

using HF.

Optionally according to the twelfth aspect, the remaining starting material is removed to

form a hollow core in the particulate material comprising silicon.

Optionally according to the twelfth aspect, the particulate material comprising silicon is

a flake having a hollow core or a tube.

It will be understood that optional features and steps of the method of the first aspect may
be applied to the method of any one of the seventh, eighth, ninth, tenth, eleventh or
twelfth aspects including, without limitation, treatment of a silica-containing material to
form the starting material; treatment of a silicon-containing product following reduction;
optional features of the reduction process; composition of the starting material and of the
silicon-containing product; and dimensions of the starting material and of the silicon-
containing product. The silicon-containing product obtainable by any one of the seventh,
eighth, ninth, tenth, eleventh or twelfth aspects aspects may be used in place of the
product obtainable by the first aspect in electrodes, in slurries and in metal ion batteries

as described in the third, fourth, fifth and sixth aspects.

Description of the Drawings

Figure 1 is a flowchart illustrating a process according to an embodiment of the

invention;
Figure 2A illustrates a process according to an embodiment of the invention;
Figure 2B illustrates a process according to another embodiment of the invention;

Figure 3 illustrates spring-like and helically grooved starting materials according to

embodiments of the invention;

Figure 4 illustrates exemplary starting materials formed from a plurality of elongate

silica-containing elements according to embodiments of the invention;
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Figure 5 illustrates an exemplary starting material having a core and elongate silica-

containing elements extending therefrom according to an embodiment of the invention;

Figure 6 illustrates a metal ion battery;

Figure 7A is a SEM image of quartz wool starting material S1-1;

Figure 7B is a SEM image of individual fibres of quartz wool starting material S1-1

following full reduction and HCI treatment;

Figure 7C is a SEM image of an individual fibre of quartz wool starting material S1-1

following partial reduction and HCl treatment;

Figure 7D is a SEM image of an individual fibre of quartz wool starting material S1-1

following reduction, HCI treatment and removal of remaining silica;

Figure 8 is a SEM image of an individual fibre of the mat starting material S1-2

following reduction and HCI treatment;

Figure 9A is a SEM image of glass flake starting material S3;

Figure 9B is a SEM image of glass flake starting material S3 following reduction and
HCI treatment;

Figure 9C is a SEM image of an individual flake of glass flake starting material S3

following reduction and HCI treatment;

Figure 9D is a SEM image of an individual flake of glass flake starting material S3

following reduction and HCl and HF treatment; and

Figure 9E is a SEM image of an edge of an individual flake of glass flake starting

material S3 following reduction and HC1 and HF treatment.

Detailed Description of the Invention

Figure 1 is a flowchart illustrating a process according to an embodiment of the

invention.
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In a first stage 101, silica is obtained from a silica source. In one arrangement, the
obtained silica may be modified at step 103, for example modified to change its shape to
provide a structured starting material such as elongate particles of a starting material
containing silica, or a structure comprising a plurality of such elongate particles, that is
reduced to silicon to form a silicon-containing product in step 105 which is preferably
then cleaned to remove by-products from the reduction reaction. Other modifications
may be one or more of: changing morphology of the source material and including
additives, such as dopants, in the source material. In another arrangement, the obtained
silica may be used as the starting silica for silica reduction without any modification if it

is in a suitable structured form.

The structured starting material may consist essentially of silica, or it may contain one or
more further materials. Likewise, the silicon-containing product formed by reduction of
the structured starting material may consist essentially of silicon or may contain one or
more further materials. Optionally, the structured starting material may contain more
than 50 % silica by weight. Further materials may be provided at the surface of the
structured starting material or may be substantially enclosed by a silica surface of the

structured starting material.

The silicon-containing product obtained from step 105 may be used directly, preferably
after removal of all or the majority of reaction by-products, for example as the active
anode material of a metal ion battery, or it may optionally, be further treated in step 107
before being used. Example further treatments may include treatments to alter the
composition and / or shape of the reduced material, such as doping, removal of remaining
silica or other impurities, surface modification of the silicon with a coating, and structural
modification such as metal-assisted etching to form elongate structures on the silicon

surface,

The reduced material may be combined with one or more other electroactive or
conductive materials to form a composite material containing the reduced material.

Exemplary electroactive and conductive materials include electroactive and / or

10



WO 2013/179068 PCT/GB2013/051472

conductive carbon materials for example graphite, graphene, carbon black, carbon

nanotubes and carbon-nanofibres.

Figure 2A illustrates a reduction process according to an embodiment of the invention.
According to this process, a structured starting material containing silica 201 is reduced
to form a structured silicon-containing product 203. Substantially all of the silica is

reduced in this embodiment.

Figure 2B illustrates a further process according to an embodiment of the invention. The
surface of the starting silica 201 is reduced, however silica at a core 207 of the starting
material is not reduced, to form an intermediate product 205. This intermediate product
may undergo further treatment to form a final silicon-containing product 203 that is
hollow along at least part of its length. This may be formed by selective removal of silica
at the core 207 of the intermediate product to form at least partially hollow final silicon-
containing product 203. Preferably, all silica is removed to form a silicon tube 203 that is
hollow along its length. Suitable methods for selective removal of silica include etching
with HF or treatment with aqueous metal hydroxide, for example sodium hydroxide. Use
of a hydroxide may also remove irregularities on the silicon surface. Depending on the
length of the starting material and the porosity of the silicon shell, the partially reduced
silica may be broken into shorter lengths to allow greater access to the silica core. If the
porosity of the silicon shell is high enough, the silica etchant (such as HF) can access all
of the silica core without the need to break the reduced material into shorter lengths. The
specific surface area (e.g. BET value) of the silicon product may increase during removal
of the silica core. In other embodiments, the product 205 is not an intermediate product
but is used without removal of silica, for example as an active anode material of a metal

ion battery.

The reduction step of this process may be up to a depth of 1000 nm, 2000 nm, 3000 nm,
5000 nm or 8000 nm from the surface of the starting material. The reaction parameters
such as heating profile and ratio of components of the reaction mixture may be selected

to control the depth of reduction.

11
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In both embodiments of Figure 2A and Figure 2B, the external shape of the structured
silicon-containing product 203 is the same as that of the structured starting silica material
201. In other embodiments, individual particles of the product and starting material may
have the same shape, but discrete particles of the starting material may become fused to
each other at one or more points in the final product whilst still maintaining their
individual shapes and forms. For example, discrete elongate particles of a starting
material, such as fibres, may form a porous felt or mat following reduction consisting of a
plurality of elongate particles with essentially the same shape and size as the starting
material particles but arranged in a random or non-random manner to form an
interconnected network where each elongate particle has become fused to one or more
other particles at one or more points. Such a felt or mat may be broken to form a product

powder prior to use.

In the embodiment of Figure 2A, the geometric surface area of the geometric shape of
the silicon-containing product is substantially the same as the geometric surface area of
geometric shape of the starting material because the geometric shapes of the starting
material and the product are substantially unchanged. In the embodiment of Figure 2B,
the removal of the silica core from intermediate product 205 results in a change in the
geometric shape of the silicon-containing product as compared to the starting silica, and a
change in the geometric surface area of the product. (“geometric surface area” as used
herein is a bulk surface area of the starting material or product due to the geometric shape
of the starting material or product and assumes a smooth surface of the starting material
or product, in contrast to a specific surface area taking into account the effect on surface

area of pores or voids, for example as given by a BET measurement).

The structured starting material 201 illustrated in Figures 2A and 2B is a cylinder, which
is reduced to form a silicon cylinder in the case of Figure 2A and an at least partially
hollow silicon cylinder, optionally a tube, in the case of Figure 2B. However, it will be

appreciated that the starting material may take other shapes, for example a flake.

The structured starting material, and final structured silicon-containing product, may be

in the form of elongate particles having a high aspect ratio, for example an aspect ratio of

12
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atleast 3 : 1 or atleast 5 : 1, and a smallest dimension of less than 15 microns, less than

10 microns, less than 3 microns, less than 2 microns or less than 1 micron.

The structured starting material may comprise a plurality of structural elements, each
structural element having a high aspect ratio, for example an aspect ratio of at least 3 : 1
or at least 5 : 1, and a smallest dimension of less than 15 microns, less than 10 microns, 3

microns, less than 2 microns or less than 1 micron.

Aspect ratios as described herein are a ratio of length to smallest external dimension (for
example the smallest thickness) of the starting material. In the case of the cylindrical
starting materials of Figures 2A and 2B the aspect ratio is the length Ls to diameter Ds of
the starting material. In the embodiments of Figures 2A and 2B, the aspect ratio of the
starting material is substantially the same as the aspect ratio of the product (ratio of
product length Lp to diameter Dp). It will be understood that, in the case of the hollow
product of Figure 2B, the aspect ratio of the product is the ratio of length Lp to diameter
Dp; it is not the ratio of length Lp to thickness of the tube wall of the product.

The smallest dimension as described herein may be an external thickness of the product,
for example the diameter of the starting materials or products of Figures 2A or 2B, or it
may be a wall thickness in the case of a hollow material. For example, the smallest
dimension of the product 203 of Figure 2B is the wall thickness of the product rather than

the smallest external dimension, which is diameter Dp.

In a preferred embodiment, the starting material does not comprise a substantially
enclosed void volume and the smallest dimension of the starting material is an external

thickness of the starting material.

When the silicon-containing product is used as an active component of a metal ion
battery anode, such as a lithium ion battery, reduction of the starting material to a depth
of up to 15 microns, up to 10 microns, up to 3 microns, up to 2 microns or up to 1 micron

allows for efficient insertion of metal ions into the silicon.

Optionally, at least 10 % of the particles of the starting material or at least 10 % of the

particles of the silicon-containing product have an aspect ratio and a smallest dimension

13
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as described above. Optionally, at least 20 %, 30 %, 40 % or at least 50 % of the

particles have these dimensions.

Dimensions of particulate starting material or particulate silicon-containing product
material may be measured by scanning electron microscopy or TEM. An image of a
sample of the particulate material may be divided into a plurality of grid areas, and
measurements may be made in randomly selected grid areas in order to determine the
percentage of particles of the grid area, and therefore of the larger sample, that possess
the dimensions described above. This measurement process may be carried out on one,
two or more samples of a particulate material to determine the aforementioned

percentage.

Starting materials and products having a high aspect ratio include flakes, and elongate
structures such as wires, fibres, rods, tubes and helices. Figure 3 illustrates a spring-like
elongate starting material 301 and an elongate starting material 301 in the form of a rod
having helical grooves 311. The elongate structures may also comprise wires or rods with
one or more grooves or indentations in the outer surface running along the length of the

wire/rod and parallel to the wire/rod axis.

Starting materials and products having a plurality of high aspect ratio structural elements
as described above include open frameworks such as cages and mats. These starting
materials and products may consist solely of high aspect ratio elements or may include

one or more further elements, for example non-high aspect ratio structural elements.

Figure 4 illustrates exemplary starting silica open framework structures comprising a
plurality of high aspect ratio structural elements 401. In another embodiment, the starting
material may be a particle having a plurality of flake-like structural elements clustered
together, where the structural elements have an aspect ratio of at least 3:1 or at least 5:1
and preferably a smallest dimension of less than 3 microns, more preferably less than 1

micron.

The starting material may comprise structural elements that do not have a high aspect

ratio and / or smallest dimension as described above in addition to elements that do have

14
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the aforementioned high aspect ratio and smallest dimension. Figure 5 illustrates an
exemplary structured silica particle comprising a silica core 509 that does not have a high

aspect ratio, and high aspect ratio silica elements 501 extending from the core.
Silica sources

The starting silica may be synthetically derived or may be biogenic silica. Example
sources for biogenic silica include specific species of land based plants, marine and
freshwater sponges, diatoms or mollusc which extract silicic acid from the soil or
seawater, forming intricate silica structures which may be in the form of an open network
of fibrils, elongate elements extending outwards form a central core or other structured
forms containing elongate elements. Examples of such species include marine sponges,
for example euplectella aspergillum; canary grass; the silica cage of the Venus flower
plant; and filamentous thermophile bacteria. Preferably the biogenic silica is derived from

land based plants which may offer the most sustainable method of silica fibre production.

Silica fibres can also be synthesized from plant based sources containing high amounts of
silica not in a structured form. For example, the production of silica nanowires prepared
from rice ash husk is described by Pukird et al. in J. Metals, Materials and Minerals, Vol.
19, pp33-37, 2009. Silica nanowires with diameters of 40-200nm and lengths of a few
microns were synthesized by thermal evaporation of rice husk ash and coconut shell at

1350 deg C in a nitrogen atmosphere.
An exemplary method for synthesising silica is by a sol-gel process.

Structured Silica formation

Preferably, the starting material to be reduced is structured to have the same shape

desired for the silicon-containing product.

The starting silica may be in the form of a powder of elongate particles having a high
aspect ratio or particles comprising a plurality of elongate elements having a high aspect

ratio.

15
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One method of forming a structured starting material is electrospinning. Electrospinning
is described in, for example, Choi et al, J. Mater. Sci. Letters 22, 2003, 891-893, “Silica
nanofibres from electrospinning / sol-gel process” and Krissanasaeranee et al,
“Preparation of Ultra-Fine Silica Fibers Using Electrospun Poly(Vinyl Alcohol)/Silatrane
Composite Fibers as Precursor” J. Am. Ceram. Soc., 91 [9] 2830-2835 (2008), the

contents of which are incorporated herein by reference.

Ma et al, Colloids and Surfaces A: Physicochem. Eng. Aspects 387 (2011) 57— 64,
“Silver nanoparticles decorated, flexible SiO, nanofibers with long-term antibacterial
effect as reusable wound cover”, the contents of which are incorporated herein by
reference, discloses a method of forming flexible SiO, nanofibres without a polymer

using Si0; fabricated by a sol-gel process.

In the electrospinning process, elongate fibres of a material may be drawn from a liquid
containing that material. The liquid may be a solution or suspension of silica in one or

more solvents, a sol-gel or a melt.

Electrospinning apparatus includes a power supply connected to a dispenser containing

the liquid and to a grounded collector. The dispenser may be a syringe.

In operation, electrostatic repulsion causes ejection of a stream of the liquid towards the
collector. The stream dries or solidifies to form electrospun silica. Electrospinning may

be used to produce elongate fibres having a micro- or nano-scale diameter.

The properties of the structured silica formed by electrospinning, such as morphology
and thickness, may be controlled by the parameters of the electrospinning apparatus and
process such as the applied voltage and the distance from the dispenser to the collector.
The collector may be shaped to provide a template for moulding the liquid arriving at the
collector. For example, the collector may be provided with grooves or other patterning

for forming a desired texture at the silica surface.

The electrospun material may consist of silica, or may contain one or more other

materials, for example carbon. The electrospun material may include dopants suitable for
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n- or p-doping of silicon formed by reduction of the silica. Another method of forming

structured silica is vapour-liquid-solid (VLS) growth of silica.

A yet further method of forming structured silica is vapour-induced solid-liquid-solid
growth in which elongate amorphous silica wires are grown from a silicon powder in the
presence of oxygen, for example using the method described in Zhang et al, “Vapor-
induced solid-liquid—solid process for silicon-based nanowire growth”, Journal of Power
Sources 195 (2010) 1691-1697, the contents of which are incorporated herein by

reference.

A yet further method of forming elongate starting material is to draw silica melt through
a die. The die may be arranged vertically, and silica melt provided at the top of the die
may be drawn through the die under gravity.Other methods for forming silica in a desired
shape are sol-gel assembly, templated deposition, microfiber drawing, and chemical
vapour deposition (CVD). Elongate silica wires may be twisted or helical, such as the
Silica Nanosprings ™ made by GoNano Technologies Inc. using a CVD process in
tubular flow furnace and having diameters of around 85-200 nm. Silica fibres may be
provided as an interconnected porous mat or felt, vertically arranged on substrate or as a

plurality of discrete elongate elements.

A non-particulate material containing silica may be pulverised by any known process, for
example milling, to form a particulate starting material. For example a silica-based film
or membrane formed from a melt or by known deposition methods can be milled to form

silica-based flakes.

The aforementioned methods allow formation of structured silica having a shape desired
for silicon. By reduction of the starting material using a method that preserves the shape
of the silica, the desired structured silicon shape can be obtained with little or no wastage

of the starting material.

The silica of the starting material may be crystalline, polycrystalline, microcrystalline,
nanocrystalline or amorphous. Preferably the starting silica is microcrystalline,

nanocrystalline, or amorphous since it is more biocompatible than crystalline or
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polycrystalline silica and therefore safer to handle. In this respect microcrystalline or
nanocrystalline silica means that the silica is comprised from crystalline grains of less
than 100nm, which may be present within an amorphous phase. Polycrystalline shall be
taken as meaning that the silica comprises crystalline silica grains of more than 100nm,
for example more than 500nm, or more than 1pm. The morphology of the silica source
material may be modified to provide a desired morphology of the starting material. The
silicon product may be crystalline, polycrystalline, nanocrystalline, microcrystalline or
amorphous. Any one of crystalline, polycrystalline, nanocrystalline, microcrystalline and
amorphous silica starting material may produce any one of crystalline, polycrystalline,
nanocrystalline, microcrystalline and amorphous silicon product. The terms
nanocrystalline, microcrystalline and polycrystalline applied to silicon shall take a similar
meaning as for silica, i.e. polycrystalline shall mean grain sizes for more than 100nm and

nanocrystalline or microcrystalline shall refer to grain sizes less than 100nm.

The starting silica may be porous, optionally mesoporous (pore sizes less than 50nm) or

macroporous (pore sizes more than 50nm), or substantially non-porous.

The starting material may consist essentially of silica, or may contain one or more further
materials, and the one or more further materials may remain in the end product. For
example, the starting material may contain carbon, or it may contain metal ions such as
alkali ions, for example lithium ions such as lithium oxide or sodium ions such as sodium
oxide, or it may contain other metal oxides. The presence of these further materials may
be advantageous in use of the reduced product. For example, the presence of lithium ions
may improve performance of a metal ion battery containing silicon produced by

reduction of silica containing lithium ions.

Reduction of impure silica may be a low cost method of producing silicon suitable for
use in metal ion batteries. Optionally, silica starting material is no more than 95 % pure
by weight, optionally no more than 90 weight % or 80 weight % pure. Optionally, silica
starting material has a purity of at least 55 weight %, optionally at least 60 weight %.
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The further material or materials may be mixed with the starting material prior to
reduction, or may be impurities in the starting silica. Impurities may be naturally

occurring or may be present as a result of a process used to form the starting silica.

Impurities present in the silica starting material may include one or more of the

following:

(1) Carbon, for example up to 10wt%, including carbon in the form of silicon carbide;

(2) one or metals or metal oxides, for example selected from Li, Na, Mg, Zn, Al, Ti, Ca,
B or oxides thereof, where each metal oxide is present in amount no more than 20wt%,
or no more than 10wt% or no more than 5wt% and the total amount of all metal oxides is

no more than 45wt%.

The starting material may contain dopants capable of n- or p-doping the silicon-
containing product formed by reduction of the starting material. For example,
phosphorus-doped silica such as phosphosilicate glass may be used to form the starting
particulate silica. More than 50 %, more than 80 %, more than 90 %, more than 95 % or

more than 99 % of the starting material may be silica by weight.

The silicon product may contain impurities from the reaction process, for example
magnesium or calcium or impurities remaining from the starting material, as described
herein. These impurities may or may not be removed prior to use of the product. The
staring material and reaction products may be selected such that some or a substantial
amount of the impurities can be left in the final silicon product without significantly
affecting the performance of the product in use, for example as the active material in an
electrode of a metal-ion cell. This allows the production cost to be minimised. However,
if the amount of silicon in the final product is too low then its performance capacity as an
active material in an electrode may be reduced. Preferably the silicon product comprises
at least 30% silicon by weight, or at least 50% by weight, and optionally at least 75% by
weight. The silicon product may comprise at least 95wt% silicon. The preferred impurity

content of the starting material may depend on the identity of the impurity, the difficulty
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of removing the impurity prior to reduction, and the positive or negative effect, if any,

that the impurity has on efficacy of the silicon-containing product in its end use.

The inventors have discovered that the cost of producing silica starting material in the
form of structured high aspect ratio particles described herein and reducing to silicon
particles of substantially the same shape and size will typically will typically be much
less than the cost of directly producing such silicon particles. Furthermore, other methods
to produce the high aspect ratio silicon structures, such as the growth of silicon nanowires
using CVD or solid-liquid-solid growth techniques is very difficult to scale up to the
production of tonnes of material required that is required. The silica reduction method
described herein provides a scalable, cost effective solution for producing the high aspect
ratio silicon particles with a smallest dimension less than 15 micron, or less than 10, 3 or
1 micron that is described herein, for use as the active material in electrochemical cells

such as lithium ion rechargeable cells.

Silicon oxide reduction

An exemplary method for reduction of silica to silicon is reduction by a metal, for

example magnesiothermic reduction as shown in Equation (1):
Mg + SiO; — 2 MgO + Si Equation 1

Magnesium used in magnesiothermic reduction may be in its liquid or vapour state, and
the reaction temperature may be selected accordingly. The reaction temperature is
preferably maintained below the melting point of silica in order to avoid substantial
changes in the silica structure caused by melting. The term reaction temperature as used
herein means the temperature of the reaction chamber as set and controlled by the furnace
or other heating device. Since the reduction process is an exothermic process then the
local temperature experienced by the reactants during the reaction may be higher than the
set reaction temperature. Preferably the reaction temperature is no more than 50°C below
the melting temperature of the silica starting material, especially no more than 100°C
below the melting temperature. Optionally, the reaction takes place at a reaction

temperature of up to about 750°C, optionally up to 725°C. Preferably, the reaction takes
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place at a chosen reaction temperature in the range of 450°C —750°C or 450°C — 650°C.
The reaction time at this reaction temperature may be in the range of 10 — 150 minutes.
The starting material and reactants may be heated up to the reaction temperature over a
period of one or more hours and may be cooled from the reaction temperature after the

reaction has completed over a period of one or more hours.

Magnesiothermic reduction is strongly exothermic. A thermal moderator, for example a
salt such as sodium chloride, may be provided in the reaction mixture in order to maintain
the local temperature of the reaction mixture at or below a preferred maximum
temperature, for example as described in US 2009/010833, the contents of which are
incorporated herein by reference. As previously described the local temperature
experienced by the reaction mixture during the reaction may be higher than the set
reaction temperature of the furnace. The amount of silica may also be maintained at or

below a limit to limit the maximum temperature.

A thermal moderator may be provided in contact with the reaction mixture in addition to,
or as an alternative to, inclusion of a thermal moderator mixed into the reaction mixture.
A layer of thermal moderator may be provided over the reaction mixture. The reaction
mixture may be provided on a layer of thermal moderator, for example a layer of thermal
moderator coating the interior of a reaction vessel. A thermal moderator may surround

the reaction mixture.

The reaction temperature and the ratio of the reactants may be controlled to ensure that
the silica material is reduced to silicon to the required amount and also to avoid alternate
chemical reactions becoming more thermodynamically favourable, for example, for silica

to be reformed from the reacted materials.

The magnesiothermic reduction is preferably carried out in an inert or reducing
atmosphere, that is an atmosphere where oxidation is prevented. Magnesiothermic
reduction may be carried out as described in, for example, US 7615206, the contents of

which are incorporated herein by reference.
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Following reduction, the reaction mixture may be treated, for example with water and / or
an acid such as hydrochloric acid, to remove magnesium oxide and, if present, the

thermal moderator.

Calcium may be used in place of magnesium in the reduction.

The silica may be exposed to a doping agent during the reduction process in order to form
doped silicon. For example, the silica may be exposed to boric acid during reduction to
form p-doped silicon. Doping during the reduction process may be particularly preferred
if the starting silica does not contain a material for doping of silicon produced by
reduction of the starting silica. Dopants may include Al, B, P, Ga, As, Sb, Cu, Au, Ni and
Ag.

Undoped silica may be doped during the reduction process, for example as described
above with respect to boric acid, or may be doped in a step subsequent to the reduction
process. The degree of doping of a doped starting material may be increased during the

reduction process or in a step subsequent to the reduction process.

The efficacy of the reduction process may depend in part on the ability of the reducing
agent to penetrate the surface of the starting silica, and therefore on the porosity of the
starting silica. Substantially non-porous silica may take longer to reduce to the same

degree as porous silica.

If some but not all of the starting silica material is to be reduced, for example as
illustrated in Figure 2B, then the extent of reduction may be controlled by one or more of
reaction time, reaction temperature, starting material thickness, starting silica material

porosity, amount of any thermal moderator and the amount of the reducing metal.

The silicon produced may have substantially the same porosity as the starting silica, or a
different porosity. The reduction process may result in higher porosity of the silicon-

containing product as compared to the starting material.
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The silica starting material and silicon product may both have an aspect ratio in the range
of atleast 3 : 1 or at least 5 : 1, and / or a smallest dimension of less than 15 microns or

less than 10 microns.

The silica starting material and silicon product may both have structural elements having

an aspect ratio in the range of at least 3 : 1 or at least 5 : 1.

The reaction parameters may be selected in order to control the BET (Brunauer Emmett
Teller) value of the silicon product which measures the specific surface area of the
material. For example, for use in a metal ion battery the reaction parameters may be
selected to provide a silicon product may have a BET value of less than 100 rnz/g,
optionally less than 50 rnz/g and optionally less than 20 rnz/g. The BET value of the
product may be the same as, lower than or higher than that of the starting material.

Parameters that may affect the BET value of the product include:
- Dimensions and surface area of the silica-containing starting material.

- Crystallinity of the starting material. In a preferred embodiment, the starting
material is amorphous both for producing the desired silica-containing product
and for safety reasons as handling particulate crystalline silica generally

carries greater health and safety risks.

- Identity and level of impurities in the silica starting material, which for

example may affect the softening and melting temperatures of the silica.

- Heat treatment profile during reduction. For example the reactants may be
heated to a reaction temperature of 650-725 °C at a heating rate of 5-15°C per
minute, held at the reaction temperature for 30-150 minutes and cooled down

to room temperature at a rate of 5-15°C per minute

- Ratio of starting material to reducing metal. For example, the reducing metal

: starting material molar ratio may be in the range 1.5:1 to 5:1.
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- Ratio of starting material to thermal moderator, if present. The molar ratio of
starting material : thermal moderator in the reaction mixture may be 1:0 to
1:5, preferably the molar ratio is no more than 1:2 Where no thermal
moderator is present in the reaction mixture it is preferable that the reaction
mixture is at least in contact with a thermal moderator, for example the

mixture is placed on a layer of thermal moderator or has capping layer.

- The softening temperature of the silica-based starting material. For example
the softening temperature may be between 650-725°C, for example equal to or
less than the chosen reaction temperature. For example, it is believed by the
inventors that having a softening temperature of the silica less than the
reaction temperature, for example at least 5°C less or at least 10°C less than
the reaction temperature, whilst the silica melting temperature is higher than

the reaction temperature, may help to reduce the BET of the silicon product.

- The amount of silica remaining in the silicon product.

- The amount of remaining reactant products or starting material impurities that
are not removed during the cleaning steps after heat treatment. For example, if
excess reducing metal remains in the silicon product, this may reduce the BET

value.

A molar ratio of a material as recited anywhere herein is calculated taking into account
the purity of the material. For example, the number of moles of a mass M of silica

material that is 70 % pure by weight is calculated based on a silica mass of M x 0.7.

Preferably the silicon product is microcrystalline or nanocrystalline, for reasons of
handling (since fully amorphous silicon is highly reactive in air and easily oxidised which

makes storage and handling more problematic) as well as controlling BET.

The conductivity of the silicon may be controlled by one or more of the extent of doping
of the starting silica material and the use of a doping agent during the reduction process,

such as boric acid as described above.
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Treatment of silicon

Depending on the application, silicon formed by reduction of silica may be used directly

or may be treated prior to use.

One exemplary treatment is coating some or all of the surface of the silicon, for example
with a carbon coating; oxidising the surface of the silicon to form a silica surface; and
functionalising the surface of the silicon, for example with oxygen- or nitrogen-
containing groups such as COOH, OH, CO and NH, groups. This functionalised surface
may improve adhesion of silicon to a surface or, where the silicon is used in a

composition with other materials, improve connection to other components.

Another exemplary treatment is doping of the silicon, which may be doping of an
undoped silicon-containing product or increased doping of an already-doped silicon-

containing product.

The silicon product formed by reduction may be used as a precursor material, which may
undergo further modification steps to make it more suitable for an application. This may
include, for example, washing the silicon product in an acid or alkali solution to remove
remaining silica or other impurities not remove by an earlier HC1 or H,O cleaning step.
This may make the silicon product particles hollow, for example as described with

reference to Figure 2B.

One optional treatment for silicon product produced by reducing silica flake-like particles
is to etch the silicon particles using a wet chemical etching process such as metal-assisted
etching to produce elongated structures or pillars on the surface of the silicon particles.
This provides an alternate method to produce pillared particles with a high aspect ratio
core, for example for use in metal ion electrochemical cells, as described in

WO02012/175998.

Compositions

Silicon powder formed by the methods of the invention may be mixed with one or more

further materials, such as one or more further powders and / or one or more polymeric
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binders, to form a composition. The silicon powder alone, or a composition containing

the silicon powder, may be dispersed in one or more solvents to form a slurry.

Applications

Silicon formed by methods of the invention may be used in a range of applications
including, without limitation, metal ion batteries, for example lithium ion batteries;
electrochemical cells; lithium air batteries; flow cell batteries; other energy storage
devices such as fuel cells and 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; and wound dressings.

Silicon formed by methods of the invention offer benefits in application through having a
higher surface area to volume ratio, providing buffer spaces for volume expansion of the
material during use (i.e. so that structural integrity is maintained) and/or enabling good
physical or electronic connectivity between a plurality of the particles within a porous

coating or composite.

The structure of a rechargeable metal ion battery cell is shown in Figure 6, which is not
drawn to any scale. The battery cell includes a single cell but may also include more than
one cell. The battery is preferably a lithium ion battery, but may be a battery of another

metal ion, for example sodium ion and magnesium ion.

The battery cell comprises a current collector for the anode 10, for example copper, and a
current collector for the cathode 12, for example aluminium, which are both externally
connectable to a load or to a recharging source as appropriate. A composite anode layer
containing active silicon particles14 overlays the current collector 10 and a lithium
containing metal oxide-based composite cathode layer 16 overlays the current collector
12 (for the avoidance of any doubt, the terms “anode” and “cathode” as used herein are

used in the sense that the battery is placed across a load — in this sense the negative
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electrode is referred to as the anode and the positive electrode is referred to as the
cathode. “Active material” or “electroactive material” as used herein means a material
which is able to insert into its structure, and release therefrom, metal ions such as lithium,
sodium, potassium, calcium or magnesium during the respective charging phase and
discharging phase of a battery. Preferably the material is able to insert and release

lithium.

In the case where the silicon-containing material formed by a method of the invention is
in the form of a powder, a slurry comprising the powder and one or more solvents may be
deposited over an anode current collector to form an anode layer. The slurry may further
comprise a binder material, for example polyimide, polyacrylic acid (PAA) and alkali
metal salts thereof, polyvinylalchol (PVA) and polyvinylidene fluoride (PVDF), sodium
carboxymethylcellulose (Na-CMC) and optionally, non-active conductive additives, for
example carbon black, carbon fibres, ketjen black or carbon nanotubes. In addition to
providing the silicon powder to act as an active material in the battery, one or more
further active materials may also be provided in the slurry. Exemplary further active
materials include active forms of carbon such as graphite or graphene, Active graphite
may provide for a larger number of charge / discharge cycles without significant loss of
capacity than active silicon, whereas silicon may provide for a higher capacity than
graphite. Accordingly, an electrode composition comprising a silicon-containing active
material and a graphite active material may provide a lithium ion battery with the
advantages of both high capacity and a large number of charge / discharge cycles. The
slurry may be deposited on a current collector, which may be as described above. Further
treatments may be done as required, for example to directly bond the silicon particles to
each other and/or to the current collector. Binder material or other coatings may also be
applied to the surface of the composite electrode layer after initial formation. Silicon
formed by a method of the invention may make up 1-100 weight % of an anode

composition.

Examples of suitable cathode materials include LiCoO», LiCog 99Alp 0102, LiNiO»,
LiMnOz, LiC00.5Ni0.502, LiC00.7Ni0.302, LiCOo.gNio.zoz, LiCOo.gzNio.lgOZ,
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LiCOo.gNi0.15A10.0502, LiNi0.4C00.3Mn0.302 and LiNi0.33C00.33Mn0.3402. The cathode
current collector is generally of a thickness of between 3 to 500um. Examples of
materials that can be used as the cathode current collector include aluminium, stainless

steel, nickel, titanium and sintered carbon.

The electrolyte is suitably a non-aqueous electrolyte containing a lithium salt and may
include, without limitation, non-aqueous electrolytic solutions, solid electrolytes and
inorganic solid electrolytes. Examples of non-aqueous electrolyte solutions that can be
used include non-protic organic solvents such as propylene carbonate, ethylene
carbonate, butylenes 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.

Examples of organic solid electrolytes include polyethylene derivatives
polyethyleneoxide derivatives, polypropylene oxide derivatives, phosphoric acid ester
polymers, polyester sulphide, polyvinyl alcohols, polyvinylidine fluoride and polymers

containing ionic dissociation groups.

Examples of inorganic solid electrolytes include nitrides, halides and sulphides of lithium

salts such as Li5NIz, Li3N, LlI, LlSlO4, LizSiS3, Li4SiO4, LiOH and L13PO4

The lithium salt is suitably soluble in the chosen solvent or mixture of solvents. Examples
of suitable lithium salts include LiCl, LiBr, Lil, LiClOy4, LiBE,4, LiBC40Og, LiPF,
LiCF3SO3, LiASF6, LiSbF6, LiA1C14, CH3SO3Li and CF3SO3Li.

Where the electrolyte is a non-aqueous organic solution, the battery is provided with a
separator interposed between the anode and the cathode. The separator is typically
formed of an insulating material having high ion permeability and high mechanical
strength. The separator typically has a pore diameter of between 0.01 and 100um and a
thickness of between 5 and 300um. Examples of suitable electrode separators include a

micro-porous polyethylene film.
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A liquid electrolyte may be provided between the anode and the cathode. In the example
of Figure 6, a porous plastic spacer or separator 20 is provided between the anode layer
14 and the lithium containing cathode layer 16, and a liquid electrolyte material is
dispersed within the porous plastic spacer or separator 20, the composite anode layer 14
and the composite cathode layer 16. The porous plastic spacer or separator 20 may be
replaced by a polymer electrolyte material and in such cases the polymer electrolyte
material is present within both the composite anode layer 14 and the composite cathode
layer 16. The polymer electrolyte material can be a solid polymer electrolyte or a gel-type

polymer electrolyte.

When the battery cell is fully charged, lithium has been transported from the lithium

containing metal oxide cathode layer 16 via the electrolyte into the anode layer 14.

Examples

Silica Starting Materials

Silica starting materials S1-1, S1-2, S2 and S3 as described in Table 1 below were
reduced.

Table 1
Silica
Ref. | Feedstock description (I]:II;:}T) Purity
& (Wt %)

S1-1 Ultrafine quartz wool supplied by H. Baumbach & Co i ure auartz
Ltd (UK). Nominal diameter of fibres = 2-10 um pure q

Needlemat (Isotherm S Silica Glass, 700gsm, 6mm
S1-2 | thick), supplied by Sewglass Products Ltd, UK. Fibre - >94%
diameter >5um

“Sunlovely” supplied by Asahi Chemical Glass, Japan.
S2 | (particles comprising agglomerated silica flakes of 65 > 98wt%
thickness 100nm), D50 = 4-6um

Milled Glass Flake GF750M-C supplied by Glass Flake
S3 | Lid. (UK), 0.24 64-70%
Flake thickness = 3-10 um

Impurities in material S3 are as follows:
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K:O=0-3wt % ;
B,O3;=3-8 wt % ;
ZnO=0-5wt % ;
Na,O=11-18 wt % ;
MgO = 1-4 wt % ;
CaO=3-Twt% ;
AlLO3;=0-5wt % ;
TiO,=0-3 wt % ;

where the total amount of all impurities is 30-36 wt%.

The particles of material S3 are formed from an amorphous glass melt. The impurities
affect the melting, flow and solidification properties of the material. S3 has a softening
temperature of 688°C and a melting temperature of 930-1020°C, although it will be
appreciated that these values may be altered by different impurities and / or different
impurity concentrations. The softening temperature which is also called the softening
point is the temperature at which a fibre of the unsupported silica material will begin to
sag. It may be determined using the standard test method defined by ASTM C338 -
93(2008).

S1-11is a tangled, loose mass of crystalline silica fibres.

S1-2 is a flat fibrous mat made from silica glass fibres and formed into a sheet that can

easily be cut, for example with scissors.

General reduction process

The materials of Table 1 were reduced according to the following general process:

1. The silica starting material was mixed with magnesium powder and optionally a
powdered thermal moderator (e.g. salt, NaCl). The molar ratio of Mg:SiO, is preferably
1.5:1 to 2.5:1 for silica having a purity of at least 90 % by weight,or 1.5: 1to 5 : 1 for
silica having a purity of less than 90 % by weight. The molar ratio of SiO;: thermal

moderator in the reaction mixture is preferably 1:0 to 1:1.5 for silica having a purity of at
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least 90 % by weight, or 1 : 0 to 1 : 5 for silica having a purity of less than 90 % by
weight. Salt in the reaction mixture does not include salt forming a liner or capping layer

as described below.

2. The reaction mixture was placed in a furnace, for example a quartz vessel. The vessel
may be lined with a layer of the thermal moderator such that the reaction mixture is not in
direct contact with the vessel base and / or side walls. A capping layer of thermal
moderator may be deposited on top of the reaction mixture. All components are

preferably dry.

3. The reaction mixture was heated to the reaction temperature slowly, for example over
at least one hour, to remove any remaining water. The reaction mixture was held at the
reaction temperature for about 30 mins to 2 hours and then allowed to cool down to

room temperature.

Reactions were conducted using a belt furnace having an elongate reaction chamber with
six adjacent heated zones, in between unheated start and end zones. The start/and end
zones are not directly heated but are still within the furnace structure so will have a
temperature gradient along them. The temperature of each zone is set by a thermocouple
located in the middle of each zone. A moving belt made from an inconel mesh passes
through the reaction chamber at a pre-determined speed. The reaction mixture is placed in
shallow quartz trays (overall height of 11.5mm) that are placed on the belt. The belt

speed determines how long each tray spends within the heated zones.

The furnace has a reducing (oxygen-free) atmosphere of argon gas at a total flow rate of
100 /min injected into both ends and the middle of the furnace. Exhaust and reaction

gases are also extracted at three locations.

The reaction mixture was subjected to a heat treatment profile HT1 or HT2 as set out in

Table 2.

Table 2
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Zone Zone length | Temperature | Temperature
(mm) (°C) for HT1 | (°C) for HT2
Start 405 >20 >20
Z1 356 350 350
72 355 470 490
73 355 700 700
74 356 700 703
Z5 356 705 717
76 355 500 704
End 1130 >20 >20
Belt speed (mm/min) - 11.85 17.8

Sample time at the
reaction temperature

(700°C) (hours)

Example 1-1 — Reduction of quartz wool fibres

2.5 g of quartz wool fibres (feedstock S1-1) were mixed with 2 g of Magnesium powder
(99.8wt% pure, 325 mesh, from Alfa Aesar) and 4.5 g NaCl (GPR Rectapur, >99%

purity) to give a Mg:S10,:Salt ratio of 2:1:2.
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50g of salt was dispersed in a thin layer on the bed and sides of a quartz tray. The
reaction mixture was dispersed on top of this layer and then covered with a 50g layer of

salt.

The tray was then placed in the belt furnace and subjected to heat treatment #1 (HT1) as
set out in Table 2.

After heat treatment the reacted material was allowed to cool, then lightly broken up,
rinsed in 1 litre of deionised water and dried through a large Buchner filter. 20ml of 37%
HC1 was then added slowly over 2 hours until any visible reaction with the acid had
ceased. Further HCI, up to 100ml was then added. Finally the product was rinsed again in

deionised water and dried overnight.

Example 1-2 — Reduction of needlemat glass fibres

A 7.7 g piece of the needlemat (feedstock S1-2) was cut using scissors to the size of the
reaction tray and impregnated with 6.2 g of Magnesium powder (99.8wt% pure, 325
mesh, from Alfa Aesar) and no salt to give a Mg:S10,:Salt ratio of 2:1:0.

40g of salt was dispersed in a thin layer on the bed and sides of a quartz tray. The silica

reaction mixture was dispersed on top and then covered with a 25g layer of salt.

The tray was then placed in the belt furnace and subjected to heat treatment #2 (HT2) as
set out in Table 2.

After heat treatment the reacted material was allowed to cool, then lightly broken up,
rinsed in 1 litre of deionised water and dried through a large Buchner filter. 20ml of 37%
HC1 was then added slowly over 2 hours until any visible reaction with the acid had
ceased. Further HCI, up to 100ml was then added. Finally the product was rinsed again in

deionised water and dried overnight.

Example 2 — Reduction of silica flake agglomerates

14.4 g of silica flake agglomerates (feedstock S2) were mixed with 11.5 g of Magnesium
powder and 26 g NaCl to give a Mg:SiO,:Salt ratio of 2:1:2.
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50g of salt was dispersed in a thin layer on the bed and sides of a quartz tray. The silica

reaction mixture was dispersed on top and then covered with a 37g layer of salt.

The tray was then placed in the belt furnace and subjected to heat treatment #2 (HT2) as
defined in the table above —i.e. a peak temperature of 700°C for one hour but with a

faster heating and cooling profile compared to HT'1.

After heat treatment the reacted material was allowed to cool, then underwent post-

reaction processing as described in Example 1-1.

Example 3-1 — Reduction of glass flake

22.2 g of glass flake agglomerates (feedstock S3) were mixed with 17.8 g of Magnesium
powder and no NaCl to give a Mg:Silica :Salt ratio of 3.1:1:0 (assuming a purity of 64 %
by weight for the glass flake).

38g of salt was dispersed in a thin layer on the bed and sides of a quartz tray. The silica

reaction mixture was dispersed on top and then covered with a 41g layer of salt.

The tray was then placed in the belt furnace and subjected to heat treatment #2 (HT2) as
set out in Table 2.

After heat treatment the reacted material was allowed to cool, rinsed in 1 litre of
deionised water and dried through a large Buchner filter. Up to 100ml of 37% HCI was
then added over 15 minutes. Finally the product was rinsed again in deionised water and

dried overnight.

Example 3-2 — Reduction of glass flake

Glass flake silica was reduced as described for example 3-1 but more salt was used for
the liner and capping layers (50g and 62g respectively) and heat treatment HT1 was used

instead (a slower heating rate to the reaction temperature).

Example 3-3 — Reduction of glass flake
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Glass flake silica was reduced as described for example 3-2 except that salt was added to
the reaction mixture to give a Mg:Silica:Salt ratio of 3 : 1: 3, corresponding to 14.4 g of
Glass Flake, 11.5g Mg and 26g NaCl (assuming a purity of 64 % by weight for the glass
flake).

Example 3-4 — Reduction of glass flake

Glass flake silica was reduced as described for example 3-3 except that more Mg was
added to the mixture giving a Mg:Silica:Salt ratio of 4: 1 : 3, corresponding to 14.4 g of
Glass Flake, 14.4g Mg and 26g NaCl (assuming a purity of 64 % by weight for the glass
flake).

HF washing / Oxygen analysis

To estimate the amount of silica remaining in the reacted and HCI cleaned product
materials, the products were subjected either to a LECO oxygen analysis (Example 1
material) or treated with an HF wash (Example 2 and 3 materials). From the weight % O
value from the LECO analysis, the amount of remaining silica was estimated by
assuming that all the oxygen was associated with silica and no other contaminants or
remaining impurities — this calculation therefore provides an upper estimate of the
amount of silica. For the HF wash to remove remaining silica, the samples were treated
with a 200ml solution of 40% HF solution per 0.5g of reduced material, and allowed to
rest for 10 minutes before rinsing through a Buchner filter and drying. The mass of the
remaining HF washed material was measured and compared to the initial mass before
washing. The resultant percentage mass loss provides an upper estimate for the
approximate amount of silica remaining in the sample. A small amount of silicon will
however be lost at the same time. To assess the potential mass loss due to silicon loss, a
control sample comprising 99.999wt% purity solid silicon microparticles was treated

with the same HF wash, resulting in a 10% mass reduction.
Table 3 lists the BET data for the feedstock, reduced and HF washed materials.

Table 3
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Heat Mg:Silica:NaCl Max.
treatment ratio in BET Mass silica
BET
reduction after loss | content
Feedstock By after
mixture reduction from from
Example BET HF
5 and HC1 HF LECO
(m™/g) wash
clean 5 wash O,
5 (m’/g)
(m™/g) (%) | analysis
(wWt%)

1-1 - HT1 2:1:2 164.8 - - T4%
1-2 - HT2 2:1:0 - - - -

2 65 HT2 2:1:2 - 375 | 20% -
3-1 0.24 HT2 3.1:1:0 29.2 42 17% -
3-2 0.24 HT1 3.1:1:0 119.2 - 80% T4%
3-3 0.24 HT1 3:1:3 264.8 - T78% 47%
3-4 0.24 HT1 4:1:3 - - 91% -

“In calculating these molar ratios the silica purity of the starting material was taken into

account for low purity material S3, but not for materials S1-1, S1-2 and S2, which were

assumed to be 100 % pure (each have a purity of greater than at least 94 % by weight)..

With reference to Table 3, it will be appreciated that factors that may be used to control

the BET value of the silicon product include selection of the heat treatment conditions (as

shown by comparison of 3-1 and 3-2) and the presence, absence or concentration of salt

(as shown by comparison 3-2 and 3-3). Comparing examples 3-2 to 3-4 with example 3-

1, it can be seen that reducing the amount of thermal moderator and increasing the
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amount of magnesium powder has led to less conversion of the silica to silicon and

higher BET values in the final product.

Figure 7A is a SEM images of quartz wool starting material S1-1 showing fibres of the

starting material.

Figure 7B is a SEM image of an individual fibre having a diameter of 4 microns of quartz
wool starting material S1-1 following reduction and HC] washing. The reaction
conditions used in forming this product resulted in reduction of the starting material

throughout the bulk of the fibre, leaving no observable silica core.

Figure 7C is a SEM image of an individual fibre of quartz wool starting material S1-1
following reduction and HC] washing. The fibre has a non-porous core of unreacted
silica and a porous surface formed by reduction of silica at the surface of the starting
material. The diameter of the fibre of Figure 7C is 11 microns, and the reaction
conditions used in forming this product resulted in reduction of the starting material to a
depth of about 3-4 microns. The unreacted core of silica is removed upon HF treatment,

as shown in Figure 7D, to leave a silicon tube.

Figure 8 is a SEM image of an individual fibre having a diameter of 13 microns of the
needlemat starting material S1-2 following reduction. The fibre is completely reduced;
there is no unreacted core, showing that the reaction conditions used in forming this
product were sufficient to reduce the starting material to a depth of at least about 6-7

microns

Figures 9A and 9B are a SEM images of glass flake starting material S3 before and after
reduction respectively from Example 3-1 (Figure 9B shows the reduced flakes following

HCl treatment). It can be seen that the shape of the flakes is retained following reduction.

Figure 9C is a SEM image of an individual flake of glass flake starting material S3 from
Example 3-1 following reduction and HCI treatment, showing the porous structure at the

flake surface.
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Figure 9D is a SEM image of an individual flake of glass flake starting material S3 from
Example 3-1 following reduction and HC] and HF treatment with a thickness of around 5
microns. The original silica flake morphology has been preserved through reduction, HC1

treatment and HF removal of residual oxide phases.

Figure 9E is a SEM image of an edge of an individual flake of glass flake starting
material S3 of about 15 micron thickness from example 3-2 following reduction and HCI
and HF treatment. A hollow area is apparent indicating that silica at the core of the flake
remained unreacted in the reaction conditions used and was removed during HF

treatment.

An EDX measurement of a silicon flake particle from Example 3-1 after reduction, HC1
treatment and HF treatment was collected on an X-max 80 device from Oxford
Instruments attached to the SEM and operating at an accelerated voltage of 20KV and a
working distance of 8mm. After removing the spectral signals for carbon (which comes
from the sample mount), fluorine (from the HF treatment) and oxygen (which is strongly
influenced by the atmosphere within the sample chamber, the mass percentages of the

detected elements were:
Silicon — 88.5 wt%
Magnesium — 9 wt%
Aluminium — 2.5 wt%

Example 4 — Silicon from reduction of electrospun silica

Silica nanofibers of diameter 100-200nm were prepared by electrospinning, as described
in “Preparation of ultrafine silica fibers using electrospun PV A/silatrane composite fibers
as precursor. “ M.Krissanasaeranee et al. J. Am.Ceram.Soc. 91,2830-5 (2008). The
resulting silica mesh was then rotor milled to generate a nanofibrous powder with a d50
fibre length in the range 1-20 microns. The silica powder was then blended with
magnesium powder in the molar ratio 1:2 (S102:Mg). The silica/magnesium blend was

then mixed with milled sodium chloride powder in, for example, a ratio of NaCl to the
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silica/magnesium blend of 1:1 by weight, which equates to a Mg:S10,:NaCl molar ratio
of 2:1:1. Using a belt furnace, the blends were dried and then heat treated in argon at
temperatures in the range 500-800°C, depending on the level of reduction required and
batch size. The temperature of the reactant batch will depend upon a number of factors
and is preferably monitored for process control. The reduced powder is leached in 20% -
40% HC1 at 50-80°C for 1-5 hours, and then rinsed in water for 1-5 hours, depending on

the silicon purity required.

Example 5 — Silicon from reduction of biogenic silica

Samples of marine sponge such as euplectella aspergillum were rotor milled to a d50
particle size of 20-50 microns. The powder was subjected to HCI, water rinsing, drying
and calcination treatments (eg 500°C in air for 2 hours) to remove residual organic
phases. The biogenic silica feedstock powder was then processed as in the above

embodiment, for conversion into a powder of mesh-like interconnected silicon fibres.

The inventors have discovered that the methods described herein can produce particulate
silicon materials comprising structural elements with high aspect ratios (for example at
least 3:1) and small minor dimensions (for example a smallest dimension less than 10
microns or even less than 1 micron) in a process that is much more cost effective and
scalable to large production amounts compared to existing methods for producing such
silicon powders. Furthermore, they have discovered that the process can be controlled to
produce hollow structures such as tubes or hollow flakes through partial reduction of the
silica feedstock and removal of eth remaining silica core. Still further, they have
discovered that the silicon product can be produced using the methods described herein,
with a moderate to low specific surface area characterized by the measured BET value,
for example a BET value less than 50 rnz/g. Such silicon materials may be used in various
different applications but they are especially suitable for use as the active component of
an electrode in an electrochemical cell, especially as an active component in the anode of
a rechargeable metal ion cell such as a lithium-ion cell anode. The low BET value keeps
the first cycle capacity loss caused by formation of the SEI layer in such cells to a

minimum and the dimensions and shape of the structural silicon elements provide
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improved cycling performance during charging and recharging and help to maintain
electronic connectivity between the components of the electrode. Particles with hollow
cores may also further improve performance in such cells by providing an internal void
space into which the silicon material can expand during charging to reduce overall
expansion in the thickness of the electrode composite. If the particles are suitably further
treated to enclose the hollow core so that it is not in contact with the organic solvents of

the cell electrolyte during use, then the first cycle losses may be further reduced.

Although the present invention has been described in terms of specific exemplary
embodiments, it will be appreciated that various modifications, alterations and/or
combinations of features disclosed herein will be apparent to those skilled in the art

without departing from the scope of the invention as set forth in the following claims.
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Claims

1. A method of forming a particulate material comprising silicon, the method
comprising the step of reducing a particulate starting material comprising silica-
containing particles having an aspect ratio of at least 3 : 1 and a smallest
dimension of less than 15 microns, or reducing a particulate starting material
comprising silica-containing particles comprising a plurality of elongate structural
elements, each elongate structural element having an aspect ratio of at least 3 : 1

and a smallest dimension of less than 15 microns.

2. A method according to claim 1 wherein the aspect ratio of the silica-containing

particles or of the elongate structural elements is at least 5:1.

3. A method according to claim 1 or 2 wherein the smallest dimension of the silica-

containing particles or of the elongate structural elements is less than 10 microns.

4. A method according to claim 1, 2 or 3 wherein the smallest dimension of the
silica-containing particles or of the elongate structural elements is less than 3

microns.

5. A method according to any preceding claim wherein substantially all silica of the

starting material is reduced.

6. A method according to any preceding claim wherein the geometric surface area of
the silicon material is substantially the same as the geometric surface area of the

starting material.

7. A method according to any of claims 1-4 wherein silica at a surface of the starting
material particles is reduced and silica at a core of the starting material particles is

not reduced.

8. A method according to claim 7wherein the silica at the core is selectively

removed.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

A method according to claim 8 wherein the silica at the core is selectively

removed by exposure to HF.

A method according to claim 8 or 9 wherein the particulate material comprising
silicon formed following selective removal of silica is a flake having a hollow

core, or a tube.

A method according to claim 9 wherein the geometric surface area of the material
comprising silicon is greater than the geometric surface area of the starting

material.

A method according to any preceding claim wherein the shape of the particles of
the material comprising silicon is substantially the same as the shape of the

starting material particles.

A method according to any preceding claim wherein the starting material is n- or

p-doped.

A method according to any of claims 1-12 wherein the starting material is

undoped.

A method according to any preceding claim wherein the starting material particles

have an open framework structure.

A method according to any preceding claim wherein the starting material is
reduced at a reaction temperature of no more than 750°C, optionally no more than

650°C.

A method according to any preceding claim wherein the starting material is

reduced by exposure to liquid metal or metal vapour.
A method according to claim 17 wherein the metal is magnesium or calcium.

A method according to claim 17 or 18 wherein the reduction takes place in the

presence of a thermal moderator, optionally a salt.
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

A method according to claim 19 wherein the thermal moderator is mixed with the

starting material and a reducing agent.

A method according to claim 19 or 20 wherein a layer of thermal moderator is in

contact with the starting material.

A method according to any preceding claim wherein the silica is reduced by
exposure to a reducing composition that causes both reduction of the silica and

doping of the silicon.

A method according to any preceding claim comprising the further step of coating

at least part of the surface of the material comprising silicon.

A method according to claim 23 wherein at least part of the surface of the

material comprising silicon is coated with silicon oxide or carbon.

A method according to any preceding claim wherein the starting material is

formed by electrospinning silica.

A method according to claim 25 wherein the starting material is formed by
electrospinning silica onto a patterned collector defining a shape for the starting

material.

A method according to claim 25 or 26 wherein silica is electrospun with a

polymer.

A method according to claim 25 or 26 wherein silica only is electrospun.

A method according to any of claims 1-24 wherein the starting material is

biogenic silica.

A method according to any preceding claim wherein the starting material has a
substantially enclosed void volume and the smallest dimension is a thickness of a

wall of the starting material enclosing the void volume.
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31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

A method according to any of claims 1-29 wherein the smallest dimension of the

starting material is an external thickness of the starting material.

A method according to any preceding claim wherein the material comprising
silicon has a BET value that is the same as or less than a BET value of the starting

material.

A method according to any preceding claim wherein the material comprising

silicon has a BET value of less than 100 rnz/g.

A method according to any preceding claim wherein the starting material is no

more than 95% silica by weight.

A method according to claim 34 wherein the starting material is no more than

90% silica by weight.

A method according to any preceding claim wherein the particulate material

comprising silicon is treated to remove reaction by-products.

A method according to claim 356 wherein reaction by-products are removed by

HCI treatment.

A method according to any preceding claim wherein the particulate material
comprising silicon is etched to form silicon pillars extending from a silicon core

of the particulate material.

A method according to claim 38 wherein the particulate material comprising

silicon is etched by metal-assisted chemical etching.

A particulate material comprising silicon obtainable by a method according to any

preceding claim.

An electrode comprising an active material of a material comprising silicon

according to claim 40.
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42.

43.

44,

45.

46.

47.

48.

49.

An electrode according to claim4 1, wherein the electrode further comprises a

conductive current collector in electrical contact with the active material.

A slurry comprising a particulate material comprising silicon according to claim

40 and at least one solvent.

A method of forming an electrode according to claim 42, the method comprising
the step of depositing onto the conductive current collector a slurry according to

claim 43, and evaporating the solvent.

A rechargeable metal ion battery comprising an anode, the anode comprising an
electrode according to claim 41 or 42 capable of inserting and releasing metal
ions; a cathode formed from a metal-containing compound capable of releasing
and reabsorbing the metal ions; and an electrolyte between the anode and the

cathode.

A rechargeable metal ion battery according to claim 45 wherein the metal ion

battery is a lithium ion battery.

A method of forming a material comprising silicon comprising the steps of
electrospinning a material comprising silica and reducing the electrospun material

comprising silica.

A method according to claim 47 wherein the electrospun material comprising
silica to be reduced comprises silica-containing particles having an aspect ratio of
at least 3:1, optionally at least 5 : 1 and a smallest dimension of less than 15
microns, optionally less than 3 microns, or reducing a particulate starting material
comprising silica-containing particles comprising a plurality of elongate structural
elements, each elongate structural element having an aspect ratio of at least 3 : 1,
optionally at least 5 : 1 and an smallest dimension of less than 15 microns,

optionally less than 3 microns.

A method of forming silicon comprising the step of reducing biogenic silica.

45



WO 2013/179068 PCT/GB2013/051472

50.

51.

52.

53.

54.

55.

56.

A method according to claim 49 wherein the electrospun silica to be reduced
comprises silica-containing particles having an aspect ratio of at least 3:1,
optionally at least 5 : 1 and an smallest dimension of less than 15 microns,
optionally less than 3 microns, or reducing a particulate starting material
comprising silica-containing particles comprising a plurality of elongate structural
elements, each elongate structural element having an aspect ratio of at least 3:1,
optionally at least 5 : 1 and an smallest dimension of less than 15 microns,

optionally less than 3 microns.

A method of forming a particulate material comprising silicon, the method
comprising the step of reducing a particulate starting material comprising silica-
containing particles wherein the particulate starting material is no more than 95 %

silica by weight.

A method according to claim 51 wherein the particulate starting material is no

more than 90 % silica by weight.

A method of forming a particulate material comprising silicon, the method
comprising the step of reducing a particulate starting material comprising silica-
containing particles wherein the particulate material comprising silicon has a

surface area per unit weight of less than 100 m2/g.

A method according to claim 53 wherein the particulate material comprising

silicon has a surface area per unit weight of less than 50 m2/g.

A method according to claim 53 or 54 wherein the particulate starting material
comprises amorphous or nanocrystalline silica and the particulate material

comprising silicon comprises microcrystalline or nanocrystalline silicon.

A method according to any one of claims 53 to 55 wherein the particulate starting
material comprises silica with a softening temperature that is lower than the

reaction temperature at which the starting material is reduced.
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57.

58.

59.

60.

61.

A method of forming a particulate material comprising silicon, the method
comprising the step of reducing a particulate starting material comprising silica-
containing particles wherein the particulate starting material is in contact with a

layer of a thermal moderator.

A method of forming a particulate material comprising silicon, the method
comprising the step of partially reducing silica of a particulate starting material
comprising silica-containing particles, and treating the partially reduced silica to

remove remaining starting material.

A method according to claim 58 wherein the remaining starting material is

removed using HF.

A method according to claim 58 or 59 wherein the remaining starting material is

removed to form a hollow core in the particulate material comprising silicon.

A method according to claim 60 wherein the particulate material comprising

silicon is a flake having a hollow core or a tube.
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