
ANTI MICROBIAL COMPOSITION This invention relates to
anti-microbial compositions and to formulations
including the anti-microbial compositions.
Microorganisms are known to present health hazards due
to infection or contamination. When microorganisms are
present on the surface of a substrate they can
replicate rapidly to form colonies. The microbial
colonies form a coating on the substrate surface,
which is known as a biofilm. Biofilms frequently
consist of a number of different species of
microorganisms which in turn can be more difficult to
eradicate and thus more hazardous to health than
individual microorganisms. Some microorganisms also
produce polysaccharide coatings, which makes them more
difficult to destroy. Microorganisms attach themselves
to substrates forming a biofilm comprising a "calyx"
of polysaccharides and/or similar natural polymers as
the affixing mechanism. Without this affixing point,
the reproduction of the microorganism particularly
bacteria cannot proceed, or is at least seriously
impaired. Biofilms form when microorganisms such as
bacteria adhere to surfaces in aqueous environments
and begin to excrete Extra cellular secretion, a
slimy, gluelike substance that can anchor them to all
kinds of materials such as metals, plastics, soil
particles, medical implant materials and tissue. A
biofilm can be formed by a single bacterial species
but more often biofilms consist of several species of
bacteria, as well as fungi, algae, protozoa, debris
and corrosion products. Essentially, bacterial
biofilms may form on any surface exposed to bacteria
and some amount of water. Once anchored to a surface,
biofilm microorganisms carry out a variety of
detrimental or beneficial reactions (by human
standards), depending on the surrounding environmental
conditions. Many anti-microbial agents that can
destroy microorganisms which are present in a wide
range of environments such as medical, industrial,
commercial, domestic and marine environments are
known. Many of the known anti-microbial agentshave
previously been included in compositions for use in
various applications and environments. The known
anti-microbial agents and the compositions that
contain these antimicrobial agents destroy
microorganisms by a number of different mechanisms.
For example, many anti-microbial agents are poisonous
to microorganisms and, therefore, destroy
microorganisms with which they are contacted. Examples
of this type of anti-microbial agent include
hypochlorites (bleaches), phenol and compounds
thereof, arsenene and salts of copper, tin and
arsenic. However, such agents typically are highly
toxic to humans and animals as well as to
microorganisms. Consequently these anti-microbial
agents are dangerous to 



handle, and specialist handling, treatment and
equipment are therefore required in order to handle
them safely. The manufacture and disposal of
compositions comprising this type of anti-microbial
agent can, therefore, be problematic. There can also
be problems associated with the use of compositions
containing this type of anti-microbial agent,
particularly in consumer materials where it is
difficult to ensure that they are used for designated
purposes. Herein, unless the context indicates
otherwise, "toxicity" is intended to refer to toxicity
to complex organisms such as mammals. References to
"toxic" are to be construed accordingly. Once the
anti-microbial agents enter the environment they can
affect the health of life forms that they were not
intended to affect. Furthermore, the anti-microbial
agents are often highly stable and can cause
environmental problems for long periods of time. Other
known anti-microbial agents that are commonly used
include organic and inorganic salts of heavy metals
such as silver, copper or tin. These salts produce
toxic rinsates, which can cause problems to the
environment. For example, the rinsates of such salts
are poisonous to aquatic life. Again, once the toxic
compounds enter the environment they are not easily
broken down and can causepersistent problems. Other
anti-microbial agents currently in use include
antibiotic type compounds. Antibiotics disrupt the
biochemistry within microorganisms, for example by
selectively diluting solutions to destroy or inhibit
the growth of harmful microorganisms. Although
antibiotics are effective, it is currently believed
that they may selectively permit the development of
resistant strains of the species that they are used
against. These resistant strains are then able to
reproduce unimpeded by the use of known antibiotics.
Thus, there is a growing concern that wide and
uncontrolled use of antibiotic materials in the wider
environment, as opposed to their controlled use in
medical contexts, could produce significant long-term
risks. Another method of microbial control is the use
of oxidising agents in materials, such as household
bleach. Which can be based on hypochlorite or
peroxides such as hydrogen peroxide These materials
are effective in a wet environment for sterilization
and cleansing. However, the materials do not provide
long-term passive anti-microbial control and
sanitisation. By "passive control" we mean that the
substrate counters microbial infection on its own by
some property within it even in a dry environment, so
that it does not require a cleaning regime to be
effective at controlling microorganisms. Another
method involves the use of materials such as
quaternary ammonium 



compounds that act as lytic (bursting) agents for the
microbial cells. This method has the disadvantage of
not being effective against all strains of
microorganism so that resilient colonies can develop
that have a high degree of "survivability" to
disinfection with quaternary ammonium compounds so
that they need to be alternated in use. Additionally,
these materials are highly water soluble so easily
wash away or can easily contaminate moist materials in
contact with them. The present invention provides an
anti-microbial composition which addresses the
foregoing deficiencies.The anti-microbial compositions
of the invention may provide a residual anti microbial
effect and/or an enhanced kill rate when they are
applied to a surface and/or they are effective at
significantly lower concentration of ant-microbial
agent than previously known compositions. The
composition of the invention comprises (i) an
anti-microbial agent with surfactant properties; (ii)
a siloxane selected from those having the formulae
(H3C)[Si0(CH 3)2]nSi(CH3)3, and (H3C)[Si0(CH
3)H]nSi(CH3)3, and mixtures thereof, wherein n is from
1 to 24; and (iii) a polar solvent. The important
thing for compositions of the invention to provide the
required ant i microbial effect is not typically the
concentration of the components in the final solution,
rather it is the ratio the number of molecules of the
components. This ratio will remain the same whether
the composition is in a concentrated form or whether
it is in a dilute (ready-to-use) form. Typically, the
ratio the number of molecules of the component (i) to
the component (ii) ranges from about 100:1 to 5:1,
preferably from about 90:1 to about 8:1, more
preferably from about 80:1 to about 15:1, still more
preferably from about 70:1 to about 25:1 or about
20:1, most preferably from about 40:1 to about 60:1,
for example about 50:1. By the term "anti-microbial"
we mean that a compound or composition that kills
and/or inhibits the growth of microbes
(microorganisms). The term "microbiocidal" is used to
refer to compounds or compositions that kill microbes.
The compositions of the invention are anti-microbial
and/or microbiocidal. A microorganism or microbe is an
organism that is microscopic (too small to be seen by
the human eye). Examples of microorganisms include
bacteria, fungi, yeasts, moulds, mycobacteria, algae
spores, archaea and protists. Microorganisms are
generally single-celled, or unicellular organisms.
However, as used herein, the term "microorganisms"
also include viruses.Preferably, the compositions of
the invention comprise at least one anti-microbial
agent selected from anti-bacterial, anti-fungal,
anti-algal, anti-sporal, anti-viral, anti-yeastal and
anti-moldal agents and mixtures thereof. More
preferably, the compositions of the invention comprise
at least one anti-bacterial, anti-fungal 



and/or anti-moldal agent. As used herein, the terms
anti-bacterial, anti-fungal, anti-algal, anti-viral,
antiyeastal and anti-moldal agents are intended to
refer to agents which inhibit the growth of the
respective microorganisms but do not necessarily kill
the microorganisms and agents which kill the
respective microorganisms. Thus, for example, within
the term anti-bacterial we include agents which
inhibit the growth of bacteria but may not necessarily
kill bacteria and bactericidal agents which do kill
bacteria. As the skilled person will appreciate, the
word ending "cidal" as used in for example
"bactericidal" and "fungicidal" is used to describe
agents which kill the microorganism to which it
refers. Thus in these examples, bactericidal refers to
an agent that kills bacteria and fungicidal refers to
an agent that kills fungus. Examples of bactericides
include myobactericides and tuberculocides.
Preferably, the compositions of the invention comprise
at least one agent selected from bactericidal,
fungicidal, algicidal, sporicidal, virucidal,
yeasticidal and moldicidal agents and mixtures
thereof. More preferably, the compositions of the
invention comprise at least one bactericidal,
virucidal, fungicidal and/or moldicidal agent. The
compositions of the invention are effective against a
wide range of organisms, including Gram negative and
Gram positive spore formers, yeasts, viruses. By way
of example, the microorganisms which the compositions
of the present invention can be effective against
include: Viruses such as HIV-I (AIDS Virus), Hepatatis
B Virus (HVB), Hepatitis C Virus (HCV), Adenovirus,
Herpes Simplex, Influenza, Respiratory Syncytial Virus
(RSV), Vaccinia, Avian Influenza virus, Avian
Bronchitis, Pseudorabies virus,Canine Distemper,
Newcastle Disease, Rubella, Avian Polyomavirus, Feline
leukemia, Feleine picornavirus, Infectious Bovine
rhinotracheitis, Infectious Bronchitis (Avian IBV),
Rabies, Transmissible gastroenteritis virus, Marek's
Disease; Funguses such as Trichophyton mentagrophytes,
Aspergillus niger, Candida albicans, Aspergillus
flavus, Aspergillus fumigatus, Trichophyton
interdigitale, Alternaria tenius, Fusarium oxysporum,
Geotrichum candidum, Penicillium digitatum,
Phytophthora infestans, Rhizopus nigricans,
Trichoderma harzianum, Trichophyton interdigitale,
Bacteria such as Pseudomonas aeruginosa,
Staphylococcus aureus, Salmonella choleraesuis,
Acinetobacter baumannii, Brevibacterium ammoniagenes,
Campylobacter jejuni, Enterobacter aerogenes,
Escherichia coli, Klebsiella pneumoniae, Proteus
mirabilis, Pseudomonas cepacia, Salmonella
schottmuelleri, Salmonella typhi, Salmonella
typhimurium, Serratia marcescens, Shigella 



dysenteriae, Shigella flexneri, Shigella sonnei,
Staphyloccus epidermidis, Streptoccus faecahs,
Streptoccus faecalis (Vancomycin resistant),
Streptococcus pyogenes, Vibrio chlorae, Xanthomonas
axonopodis pv citri (Citrus canker), Acinetobacter
calcoaceticus, Bordetella bronchiseptica, Chlamydia
psittaci, Enterobacter cloacae, Enterococcus faecalis,
Fusobacterium necrophorum, Legionella pneumophila,
Listeria monocytogenes, Pasteurella multocida, Proteus
vulgaris, Salmonella enteritidis, Mycoplasma
gallisepticum, Yersinia enterocolitica, Aeromonas
salmonicida, Pseudomonas putida, Vibrio anguillarum.
In particular, the compositions of the invention are
effective against P.aeruginosa (ATCC 15442, PaFH72/a),
E.coli (ATCC 10536, ECFH64/a, 0157:H7 (toxin producing
strain), CCFRA/896, 0157:H7 (non-toxigenic strain),
CCFAA/6896, ATCC 10538), S. aureus (including MRSA,
(e.g. NCTC 12493 MRSA, ATCC 12493 MRSA), VISA, ATCC
6538, 5a FH73/a), Entercoccus hirea (ATCC 10541, EhFH
65/a), Feline Coronavirus (SARS surrogate), Feline
Calcivirus (Hum. Norovirus surrogate), Salmonella
typhimurium (StFH 68/b), Yersinia enterocolitica (YE
FH67/b), Listeria monocytogenes (Lm
FH66/c),Saccharomyces cerevisiae, Bacillus Subtilis
(ATCC 6633), Bacillus stearothermophilus (NCTC 10339),
Clostridium dificile (NCTC 11209), Candida albicans
(ATCC 1023), Aspergillus niger (ATCC 16404),
Mycobacterium smegmatis (TB stimulant). By the term
"anti-microbial agent with surfactant properties"
(component (i)) we mean a material which can kill or
inhibit the growth of microbes (microorganisms) and
also has the effect of altering the interfacial
tension of water and other liquids or solids and/or
reduces the surface tension of a solvent in which it
is used. More particularly, the anti-microbial agents"
with surfactant properties used in the present
invention can kill or inhibit the growth of microbes
and typically when introduced into water lower the
surface tension of water. A class of compounds that is
particularly suitable for use as the anti-microbial
agent with surfactant properties in the present
invention is the class of compounds known as
quaternary ammonium compounds, also know as "quats".
These compounds typically comprise at least one
quaternary ammonium cation with an appropriate anion.
The quaternary ammonium cations are permanently
charged, independent of the pH of their solution. The
structure of the cation can be represented as follows:
The groups Ri, R2, R and R4 can vary within wide
limits and examples of quaternary ammonium compounds
that have anti-microbial properties will be well known
to the person of ordinary skill in the art. Each group
R1, R2, R3 and R may, for example, independently be a
substituted or 



unsubstituted and/or straight chain or branched and/or
interrupted or uninterrupted alkyl, aryl, alkylaryl,
arylalkyl, cycloalkyl, (aromatic or non-aromatic)
heterocyclyl or alkenyl group. Alternatively, two or
more of Ri, R2, R3 and R4may together with the
nitrogen atom form a substituted or unsubstituted
heterocyclic ring. The total number of carbon atoms in
the groups Ri, R2, R and R must be at least 4.
Typically the sum of the carbon atoms in the groups
Ri, R2, R and R4 is 10 or more. In a preferred aspect
of the invention at least one of the groups Ri, R2, R3
and R4 contains from 8 to 18 carbon atoms. For
example, 1, 2, 3 or 4 of Ri, R2, R3 and R4 can contain
from 8 to 18 carbon atoms or 10 to 16 carbon atoms.
Suitable substituents for the groups Ri, R2, R3 and R4
may be selected from the group consisting of alkyl,
substituted alkyl, alkenyl, substituted alkenyl,
heterocyclyl, substituted heterocyclyl, cycloalkyl,
substituted cycloalkyl, aryl, substituted aryl,
alkylaryl, substituted alkylaryl, arylalkyL
substituted arylalkyl, F, Cl, Br, I, -OR1, -NR1R",
-CF3, -CN, -NO2, -C2R', -SR1, -N3, -CC=O)NR1R", -
NR1Q=O) R", -C(=O)R', -CC=O)OR1, -OC(=O)R',
-O(CR'R")rC(=O)R', - O(CR'R")rNR"C(=O)R', -0(CR 1R1
NR11SO2R1, -0C(=0)NR'R", -NR1C(O)OR", - SO2R1,
-SO2NR1R", and -NR1SO2R", where R' and R1' are
individually hydrogen, Ci-Cg alkyl, cycloalkyl,
heterocyclyl, aryl, or arylalkyl, and r is an integer
from 1 to 6, or R1 and R" together form a cyclic
functionality, wherein the term "substituted" as
applied to alkyl, alkenyl, heterocyclyl, cycloalkyl,
aryl, alkylaryl and arylalkyl refers to the
substituents described above, starting with F and
ending with -NR1SO2R". When one or more of Ri, R2, R3
and R4 is interrupted, suitable interrupting groups
include but are not limited to heteroatoms such as
oxygen, nitrogen, sulphur, and phosphorus-containing
moieties (e.g. phosphinate). A preferred interrupting
group is oxygen. Suitable anions for the quats include
but are not limited to halide anions such as the
chloride, fluoride, bromide or iodide and the non
halide sulphonate. Preferred quats are those having
the formula: (CH3)n(A)mN+Xwherein A may be as defined
above in relation to R1, R2, R3 and R4. X is selected
from chloride, fluoride, bromide or iodide and
sulphonate (preferably chloride or bromide), n is from
1 to 3 (preferably 2 or 3) and m is from 1 to 3
(preferably 1 or 2) provided that the sum of n and m
is 4. Preferably, A is a C6- (e.g. C8-I8, i.e. having
8, 9, 10, 11, 12, 13, 14, 15, 16, 17 or 18 carbon
atoms or C8-12) substituted or unsubstituted and/or
straight chain or branched and/or interrupted or
uninterrupted alkyl, aryl, alkylaryl, arylalkyl or
cycloalkyl group (wherein suitable 



substituents are as defined above in relation to R1,
R2, R3 and R4) . Each group A may be the same or
different. A preferred group of the compounds of
formula (CH3) (A)1nN+X are those wherein n = 3 and m =
1. In such compounds A may be as defined above and is
preferably a C6-20 substituted or unsubstituted and/or
straight chain or branched and/or interrupted or
uninterrupted alkyl, aryl, or alkylaryl group.
Examples of this type of quaternary ammonium compound
include Cetrimide (which is predominately
trimethyltetradecylammonium bromide),
dodecyltrimethylammonium bromide,
trimethyltetradecylammonium bromide,
hexadecyltrimethylammonium bromide. Another preferred
group of the compounds of formula (CH3)n(A)1nN+X are
those wherein n = 2 and m = 2. In such compounds A may
be as defined above in relation to R1, R2, R3 and R4.
Preferably A is a C6-20 substituted or unsubstituted
and/or straight chain or branched and/or interrupted
or uninterrupted alkyl, aryl, or alkylaryl group. For
example, A may represent a straight chain,
unsubstituted and uninterrupted C -12 alkyl group or a
benzyl group. In these compounds, the groups A may be
the same or different. Examples of this type of
compound include didecyl dimethyl ammonium chloride
and dioctyl dimethyl ammonium chloride. Examples of
the preferred quaternary ammonium compounds described
above include the group of compounds which are
generally called benzalkonium halides and aryl ring
substituted derivatives thereof. Examples of compounds
of this type include benzalkonium chloride, which has
the structural formula:wherein R may be as defined
above in relation to Ri, R2, R3 and R4. Preferably, R
is a C8-I8 alkyl group or the benzalkonium chloride is
provided and/or used as a mixture of C8-I8 alkyl
groups, particularly a mixture of straight chain,
unsusbtituted and uninterrupted alkyl groups n-C8H17
to n-C18H 7 mainly n-C1 H25 (dodecyl), n-d4H 29
(tetradecyl), and n-C16H33 (hexadecyl). Other
preferred quaternary ammonium compounds include those
in which the benezene ring is substituted, for example
alkyldimethyl ethylbenzyl ammonium chloride. As an
example, a mixture containing, for example, equal
molar amounts of alkyl dimethyl benzyl ammonium
chloride and alkyldimethyl ethylbenzyl ammonium
chloride may be used. Mixtures of, for example, one or
more alkyl dimethyl benzyl ammonium chlorides and one
or more compounds of formula (CH3)2(A)2N+X , such as
didecyl dimethyl ammonium chloride may be used.
Typically, mixtures of quaternary ammonium compounds
are used. In these mixtures, the quaternary ammonium
compounds may be mixed with any suitable inert
ingredients. Commercially available benzalkonium
chloride often contains a 



mixture of compounds with different alkyl chain
lengths. Examples of commercially available
benzalkonium chlorides are shown in the following
Table.A METHOD OF FABRICATING STRUCTURED PARTICLES
COMPOSED OF SILICON OR A SILICON-BASED MATERIAL AND
THEIR USE IN LITHIUM RECHARGEABLE BATTERIES. 5 The
invention relates to a particle comprising silicon, a
method of fabricating a particle, an electrode
containing particles as its active material, an
electrochemical cell, a lithium rechargeable cell
anode, a cell, a device powered by a cell, a method of
creating a composite electrode, a method of
fabricating a lithium rechargeable cell and a method
of fabricating silicon-comprising fibres. 0 The recent
increase in the use of portable electronic devices
such as mobile telephones and notebook computers and
the emerging trend of using rechargeable batteries in
hybrid electric vehicles has created a need for
smaller, lighter, longer lasting rechargeable
batteries to provide the power to the above 5
mentioned and other battery powered devices. During
the 1990s, lithium rechargeable batteries,
specifically lithium-ion batteries, became popular
and, in terms of units sold, now dominate the portable
electronics marketplace and are set to be applied to
new, cost sensitive applications. However, as more and
more power hungry functions are added to the above
mentioned devices (e.g. 0 cameras on mobile phones),
improved and lower cost batteries that store more
energy per unit mass and per unit volume are required.
It is well known that silicon can be used as the
active anode material of a rechargeable lithium-ion
electrochemical battery cell (see, for example, 5
Insertion Electrode Materials for Rechargeable Lithium
Batteries, M. Winter, J. O. Besenhard, M. E. Spahr,
and P.Novak in Adv. Mater. 1998, 10, No. 10). The
basic composition of a conventional lithium-ion
rechargeable battery cell is shown in Fig. 1 including
a graphite-based anode electrode, the component
985227V1to be replaced by the silicon-based anode. The
battery cell includes a single cell but may also
include more than one cell. The battery cell generally
comprises a copper current collector for the anode 10
5 and an aluminium current collector for the cathode
12 which are externally connectable to a load or to a
recharging source as appropriate. A graphitebased
composite anode layer 14 overlays the current
collector 10 and a lithium containing metal
oxide-based composite cathode layer 16 overlays the
current collector 12. A porous plastic spacer or
separator 20 is provided between the 0 graphite-based
composite anode layer 14 and the lithium containing
metal oxide-based composite 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. In some cases, the porous
plastic spacer or separator 20 may be replaced by a
polymer electrolyte material and in 5 such cases the
polymer electrolyte material is present within both
the composite anode layer 14 and the composite cathode
layer 16. When the battery cell is fully charged,
lithium has been transported from the lithium
containing metal oxide via the electrolyte into the
graphite-based layer 0 where it reacts with the
graphite to create the compound, LiC . The graphite,
being the electrochemically active material in the
composite anode layer, has a maximum capacity of 372
mAh/g. It will be noted that the terms "anode" and
"cathode" are used in the sense that the battery is
placed across a load. 5 It is generally believed that
silicon, when used as an active anode material in a
lithium-ion rechargeable cell, provides a
significantly higher capacity than the currently used
graphite. Silicon, when converted to the compound Li2
1Si5 by reaction with lithium in an electrochemical
cell, has a maximum capacity of 4,200 mAh/g,
considerably higher than the maximum capacity for
graphite. 985227v1Thus, if graphite can be replaced by
silicon in a lithium rechargeable battery the desired
increase in stored energy per unit mass and per unit
volume can be achieved. 5 Existing approaches of using
a silicon or silicon-based active anode material in a
lithium-ion electrochemical cell have failed to show
sustained capacity over the required number of
charge/discharge cycles and are thus not commercially
viable. 0 One approach disclosed in the art uses
silicon in the form of a powder (say as particles or
spherical elements with a l Omm diameter), in some
instances made into a composite with or without an
electronic additive and containing an appropriate
binder such as polyvinylidene difluoride coated onto a
copper current collector. However, this electrode
system fails to show sustained 5 capacity when
subjected to repeated charge/discharge cycles. It is
believed that this capacity loss is due to partial
mechanical isolation of the silicon powder mass
arising from the volumetric expansion/contraction
associated with lithium insertion/extraction to and
from the host silicon. In turn this gives rise to
electrical isolation of the silicon elements from both
the copper current 0 collector and themselves. In
addition, the volumetric expansion/contraction causes
the spherical elements to be broken up causing a loss
of electrical contact within the spherical element
itself. Another approach known in the art designed to
deal with the problem of the 



5 large volume changes during successive cycles is to
make the size of the silicon elements that make up the
silicon powder very small, that is to use spherical
particles that have diameters in the 1-10 nm range.
This strategy assumes that the nano-sized elements can
undergo the large volumetric expansion/contraction
associated with lithium insertion/extraction without
985227V1being broken up or destroyed. However, this
approach is problematic in that it requires the
handling of very fine, nano-sized powder that may pose
a health and safety risk and it does not prevent the
electrical isolation of the spherical elements from
both the copper current collector and themselves as
the silicon 5 powder undergoes the volumetric
expansion/contraction associated with lithium
insertion/extraction. Importantly, the large surface
area of the nanosized elements can give rise to the
creation of a lithium-containing surface film that
introduces a large irreversible capacity into the
lithium-ion battery cell. In addition, the large
number of small silicon particles creates a large
number of 0 particle-to-particle contacts for a given
mass of silicon and these each have a contact
resistance and may thus cause the electrical
resistance of the silicon mass to be too high. The
above problems have thus prevented silicon particles
from becoming a commercially viable replacement for
graphite in lithium rechargeable batteries and
specifically lithium-ion batteries. 5 In another
approach described by Ohara et al. in Journal of Power
Sources 136 (2004) 303-306 silicon is evaporated onto
a nickel foil current collector as a thin film and
this structure is then used to form the anode of a
lithium-ion cell. However, although this approach
gives good capacity retention, this is only the 0 case
for very thin films (say ~50 nm) and thus these
electrode structures do not give usable amounts of
capacity per unit area. Increasing the film thickness
(say >250 nm) causes the good capacity retention to be
eliminated. The good capacity retention of these thin
films is considered by the present inventors to be due
to the ability of the thin film to absorb the
volumetric 5 expansion/contraction associated with
lithium insertion/extraction from the host silicon
without the film being broken up or destroyed. Also,
the thin film has a much lower surface area than the
equivalent mass of nano-sized particles and thus the
amount of irreversible capacity due to the formation
of a lithiumcontaining surface film is reduced. The
above problems have thus prevented a 985227v1thin film
of silicon on a metal foil current collector from
becoming a commercially viable replacement for
graphite in lithium rechargeable batteries and
specifically lithium-ion batteries. 



5 In another approach described in US2004/0 126659,
silicon is evaporated onto nickel fibres which are
then used to form the anode of a lithium battery.
However this is found to provide an uneven
distribution of silicon on the nickel fibres hence
significantly affecting operation. In addition, these
structures have 0 a high ratio of nickel current
collector mass to active silicon mass and thus do not
give usable amounts of capacity per unit area or per
unit mass. A review of nano- and bulk-silicon-based
insertion anodes for lithium-ion secondary cells has
been provided by Kasavajjula et al (J. Power Sources 5
(2006), doi:10.1016/jrowsour.2006.09.84), herewith
incorporated by reference herein. Another approach
described in UK Patent Application GB2395059A uses an
silicon electrode comprising a regular or irregular
array of silicon pillars 0 fabricated on a silicon
substrate. These structured silicon electrodes show
good capacity retention when subjected to repeated
charge/discharge cycles and this good capacity
retention is considered by the present inventors to be
due to the ability of the silicon pillars to absorb
the volumetric expansion/contraction associated with
lithium insertion/extraction from the host silicon
without the 5 pillars being broken up or destroyed.
However, the structured silicon electrodes described
in the above publication is fabricated by using a high
purity, single crystal silicon wafer and hence
produces an electrode with a potentially high cost.
985227v1The first aspect of the invention provides a
particle comprising silicon having a particle core and
an array of silicon-comprising pillars extending
therefrom. The pillars may be regular or irregular.
The pillars of the present invention are 5 0.08 to
0.70 microns in one dimension, preferably 0.1 to 0.5
microns, more preferably 0.2 to 0.4 microns, and most
preferably 0.3 microns or above. In a second
dimension, the pillars are 4 to 100 microns,
preferably 10 to 80 microns, more preferably 30
microns or above. The pillars thus have an aspect
ratio of greater than 20: 1. The pillars may have a
substantially circular cross- 0 section or a
substantially non-circular cross-section. The pillared
particle may comprise undoped silicon, doped silicon
or a mixture, such as a silicon-germanium mixture. In
particular, the particle may have a silicon-purity of
90.00% to 99.95% by mass, preferably 90.0% to 99.5%.
The 5 silicon can be doped with any material for
example, phosphorous, aluminium, silver, boron and/or
zinc. The particle may be relatively low purity
metallurgical grade silicon. The particles may be
regular or irregular in cross section and can be from 



0 10 mm to 1mm in diameter, preferably 20 mm to 150
mm, more preferably 25 mm to 75 mm. The second aspect
of the invention provides a method of fabricating a
particle of the first aspect, comprising the steps of
etching a particle comprising silicon. 5 In
particular, the pillars can be created by chemical
reaction etching or galvanic exchange etching. The
third aspect of the invention provides a composite
electrode containing particles as defined in the first
aspect of the invention as one of its active
985227V1materials. In particular, the third aspect
provides a composite electrode which uses copper as a
current collector. In a feature of the third aspect,
the electrode can be an anode. 5 The third aspect
therefore further provides an electrochemical cell
containing an electrode as defined above. In
particular, there is provided an electrochemical cell
in which the cathode comprises a lithium-containing
compound capable of releasing and reabsorbing lithium
ions as its active material. In particular, there is
provided an electrochemical cell in which the 0
cathode comprises lithium-based metal oxide or
phosphate as its active material preferably LiCoO2 or
LiMnxNixCo1-2xO2 or LiFePO4. The invention further
provides a lithium rechargeable cell anode comprising
particles of the first aspect. In particular, there is
provided an anode in which 5 the particles are part of
a composite. The third aspect further provides a cell
comprising an anode and a cathode wherein the cathode
preferably comprises lithium-based material, more
preferably lithium cobalt dioxide. 0 There is further
provided a device powered by a cell as defined above.
The fourth aspect of the invention provides a method
of creating a composite electrode comprising the steps
of preparing a solvent-based slurry containing 5
pillared particles, coating the slurry onto a current
collector and evaporating the solvent to create a
composite film. The invention further provides a
method of fabricating a lithium rechargeable cell
comprising the steps of creating an anode as defined
above and adding a 985227V1cathode an electrolyte. In
particular, the method further comprising adding a
separator between cathode and the anode. A casing may
be provided around the cell. 5 There is also provided
a method of fabricating silicon-comprising fibres in
which the pillars are detached from a particle of the
first aspect by one or more 



of scraping, agitating or chemical etching. The
production of an anode electrode structure using the
structured particles of 0 the invention further
overcomes the problems of reversibly reacting silicon
with lithium. In particular by arranging the particles
in a composite structure, that is a mixture of
particles, a polymer binder and an conductive
additive, or by directing bonding the structured
particles to the current collector, the
charge/discharge process becomes reversible and
repeatable and good capacity 5 retention is achieved.
This good reversibility is considered by the present
inventors to be due to the ability of the silicon
pillars forming part of the structured silicon
particle to absorb the volumetric
expansion/contraction associated with lithium
insertion/extraction from the host silicon without the
pillars being broken up or destroyed. Importantly, the
silicon electrodes 0 described in this invention are
fabricated by using a low purity, metallurgical grade
silicon and hence produces an electrode with a
potentially low cost. Embodiments of the invention
will now be described, by way of example, with
reference to the figures, of which:. 5 Fig. 1 is a
schematic diagram showing the components of a battery
cell; Fig. 2 is a electron micrograph of a pillared
particle according to embodiments of the present
invention; Fig. 3 shows the overall galvanic exchange
etching mechanism; and 985227v1Fig. 4 shows
hypothetical kinetic curves in the form of the partial
currents in the galvanic exchange etching process. In
overview the invention allows creation of pillared
particles of silicon or 5 silicon-comprising material
and the use of these particles to create both a
composite anode structure with a polymer binder, an
conductive additive (if required) and a metal foil
current collector and an electrode structure. In
particular it is believed that the structure of the
particles that make up the composite overcomes the
problem of charge/discharge capacity loss. By 0
providing a particle with a plurality of elongate or
long thin pillars the problem of charge/discharge
capacity loss is reduced. Typically the pillars will
have a length to diameter ratio of approximately 20:1.
The insertion and removal of lithium into the pillars,
although causing volume 5 expansion and volume
contraction, does not cause the pillars to be
destroyed and hence the intra-fibre electronic
conductivity is preserved. The pillars can be made on
the particles by wet etching/using a chemical galvanic
exchange method for example as described in our
co-pending 



0 application GB 0601318.9 with common assignees and
entitled "Method of etching a silicon-based material",
incorporated herewith by reference. A related method
which may also be used has been disclosed in Peng K-Q,
Yan, Y-J Gao, S-P, Zhu J., Adv. Materials, 14 (2004),
1164-1167 ("Peng"); K. Peng et al, Angew. Chem. Int.
Ed., 44 2737-2742; and K. Peng et al, Adv. Funct. 5
Mater., 16 (2006), 387-394; K. Peng, Z. Huang and J.
Zhu, Adv. Mater., 16 (2004), 127-132; and T. Qui, L.
Wu, X. Yang, G. S. Huang and Z.Y. Zhang, Appl. Phys.
Lett., 84 (2004), 3867-3869. The above-mentioned
methods are used to produce pillars from a high purity
silicon wafer. 985227v1In a preferred embodiment of
the present invention, pillars are produced on
crystalline particles of relatively low purity silicon
such as metallurgical grade silicon. The method
comprises the five steps of: grinding and sieving;
washing; nucleation; etching; and silver removal, as
explained, by way of 5 example only, later. An
electron micrograph of pillared particle made in
accordance with present invention is shown in Fig. 2.
Any appropriate grinding process is suitable such as
power grinding or ball milling. The skilled person
will appreciate that a minimum particle size will 0
exist below which pillars cannot be etched onto the
surface and instead the particle will be homogeneously
etched away. Particles having a diameter less than 0.5
mm may be too small. A more uniform pillar array, in
terms of density and height, is produced by 5
nucleating before etching. This step produces a
uniform distribution of silver nuclei/islands (nuclei
combine and form silver islands that are the site for
pillar growth). Silver islands delineate the formation
of pillars and galvanic fluoride etching of 0 the
{100} planes: see Fig. 3. Referring to Fig. 3 there is
shown a silicon surface 301 having a pillar 307. An
electron 305 is transferred from a fluoride ion 303 to
the silicon surface 301. The reaction of fluorine with
silicon 301 and fluoride ions 303 gives rise to
fluorosilicate ions 305. This is the anodic etching
process. The cathode process is the discharge of
silver ions 309 to 5 produce metallic silver 3 11. The
structure is explained by supposing that
silicon-fluoride bonds are formed as an essential step
in the etch process. And furthermore that structures
that are Si-F (mono-fluoride) are stable and those
that are F-Si-F (di-fluoride) 985227v1and Si[-F]3
(tri-fluoride) are not stable. This is because of
steric interference on the Si surface of nearest
neighbour groups. The case of the {11 1} plane is
that, a mono-fluoride surface, stable except at the
edges, inevitably proceeds to a trifluoride 



surface and consequent instability. The {1 10} surface
is the only 5 stable major crystal plane of Si that
will have exclusively mono-fluoride bondshence its
stability and the etch rate ratio [etch rate <100>] :
[etch rate < 110>] of about three orders of magnitude.
So the sides of the pillars will be terminated on {1
10} planes. 0 A pillar surface density may be used to
define the density of the pillars on the surface of
the particle. Herein, this is defined as F = P / [R +
P] wherein: F is the pillar surface density; P is the
total surface area of the particle occupied by
pillars; and R is the total surface area of the
particle unoccupied by pillars. 5 The larger the
pillar surface density, the larger the lithium
capacity per unit area of a silicon particle electrode
and the larger the amount of harvestable pillars
available to create fibres. For example, using the
above-mentioned silicon powder from Elken of Norway 0
having a pre-etching size of 400 x 300 x 200 mm,
pillars are produced all over the surface having a
pillar height of approximately 25 to 30 mm, a diameter
of approximately 200 to 500 nm and a pillar surface
density, F, of 10-50%, more typically, 30%. 5 For
example, particles having a pre-etching size of
approximately 63-80 x 50 x 35 mm are found to produce
pillars with a height of approximately 10 to 15 mm,
with a coverage of approximately 30% and a diameter of
approximately 200 to 500 nm 985227V1In a preferred
embodiment, pillars of for example 100 microns in
length and 0.2 microns in diameter are fabricated on
and from a silicon-comprising particle. More generally
pillars of length in the range of 4 to 100 microns and
diameter or transverse dimension in the range of 0.08
to 0.70 microns are 5 fabricated from a particle
having an initial size of 10 to 1000 mm. According to
the process, the silicon particles may be
predominantly n- or ptype and, according to the
chemical approach, and may be etched on any exposed
(100), ( 111) or ( 110) crystal face. Since the
etching proceeds along 0 crystal planes, the resulting
pillars are single crystals. Because of this
structural feature, the pillars will be substantially
straight facilitating length to diameter ratio of
greater than 20: 1. The pillared-particles may then be
used to form a composite electrode as 5 described
later. Alternatively, the pillars may be detached from
the particle and used to form a fibre-based electrode.
The detached pillars may also be described as fibres.
The invention encompasses the detachment of the
pillars from the particle. The 



0 particle, with pillars attached, can be placed in a
beaker or any appropriate container, covered in an
inert liquid such as ethanol or water and subjected to
ultra-sonic agitation. It is found that within several
minutes the liquid is seen to be turbid and it can be
seen by electron microscope examination that at this
stage the pillars have been removed from the particle.
5 In an embodiment, the pillars are removed from the
particle in a two stage process. In the first stage,
the particles are washed several times in water and,
if necessary, dried in a low vacuum system to remove
the water. In the second stage, the particles are
agitated in an ultrasonic bath to detach the pillars.
These 985227v1are suspended in water and then filtered
using different various filter paper sizes to collect
the silicon fibres. It will be appreciated that
alternative methods for "harvesting" the pillars 5
include scraping the particle surface to detach them
or detaching them chemically. One chemical approach
appropriate to n-type silicon material comprises
etching the particle in an HF solution in the presence
of backside illumination. 0 Once the pillared
particles have been fabricated they can be used as the
active material in a composite anode for lithium-ion
electrochemical cells. To fabricate a composite anode,
the pillared particles are mixed with polyvinylidene
difluoride and made into a slurry with a casting
solvent such as n-methyl pyrrolidinone. This slurry
can then be applied or coated onto a metal 5 plate or
metal foil or other conducting substrate for example
physically with a blade or in any other appropriate
manner to yield a coated film of the required
thickness and the casting solvent is then evaporated
from this film using an appropriate drying system
which may employ elevated temperatures in the range of
50 degrees C to 140 degrees C to leave the composite
film free or 0 substantially from casting solvent. The
resulting composite film has a porous structure in
which the mass of silicon-based pillared particles is
typically between 70 percent and 95 percent. The
composite film will have a percentage pore volume of
10-30 percent, preferably about 20 percent. 5
Fabrication of the lithium-ion battery cell thereafter
can be carried out in any appropriate manner for
example following the general structure shown in Fig.
1 but with a silicon-comprising active anode material
rather than a graphite active anode material. For
example the silicon particle-based composite anode
layer is covered by the porous spacer 18, the
electrolyte added to the final 985227V1structure
saturating all the available pore volume. The
electrolyte addition is 



done after placing the electrodes in an appropriate
casing and may include vacuum filling of the anode to
ensure the pore volume is filled with the liquid
electrolyte. 5 Some embodiments provide an electrode
containing as its active material a plurality of
pillared particles of silicon. Capacity retention is
improved as the pillared structure of the silicon
allows for accommodation of the volume expansion
associated with insertion/extraction (charging and
discharging) of 0 lithium. Advantageously, the
pillared particles may be created by etching lumps of
low purity, silicon (termed metallurgical grade
silicon) such that a core of silicon remains covered
by pillars that are between 0.08 mm and 0.5 mm in
diameter and between 4 mm and 150 mm in length. 5 A
particular advantage of the approach described herein
is that large sheets of silicon-based anode can be
fabricated and then rolled or stamped out subsequently
as is currently the case in graphite-based anodes for
lithium-ion battery cells meaning that the approach
described herein can be retrofitted with the existing
manufacturing capability. 0 The invention will now be
illustrated by reference to one or more of the
following non-limiting examples: Grinding and seiving
5 In the first stage, widely-available metallurgical
grade silicon, such as "Silgrain" from Elkem of
Norway, was ground and sieved to produce particles in
the range 10 to 1000 mm, preferably 30 to 300 mm and
more preferably 50 to 100 mm. 985227V1Washing The
second stage comprised washing the ground and sieved
particles in water 5 to remove any fine particles
stuck to the big particles. The washed particles were
then treated in diluted HNO3 (lmol-L) or H2SO4/H2O2 (
1:2 in volume) or H O2ZNH3H OZH2O (1:1:1 in volume) in
10 minutes to get rid of the possible organic or metal
impurities. 0 Nucleation In the third stage, a
nucleation reaction was carried out in a solution of
17.5 ml HF (40 %) + 20ml AgNO 3 (0.06 mol/1) + 2.5ml
EtOH (97.5 %) + 10 ml H2O for 7~10 minutes at room
temperature (~23C) using 0.1 g of silicon particles 5
with the dimension of about 400 x 300 x 200 mm. For
the same weight of 



silicon, smaller silicon particles required a larger
solution volume due to the increased surface area to
volume ratio. The effect of ethanol at room
temperature was to slow the chemical processes 0 which
gives a more uniform distribution of silver islands.
The time (especially at the upper limit) was
sufficient to consume a significant amount of the
solution silver. Etching 5 The fourth stage comprised
etching. The etching reaction used a solution of 17.5
ml HF (40 %) +12.5ml Fe(NO3)3 (0.06 mol-1) +2 ml AgNO3
(O.ObmoH) +18 ml H2O for 1~ 1.5 hours at room
temperature (~23C) using 0.1 g of silicon particles
with the dimension of about 400 x 300 x 200 mm. For
the same 985227v1weight of silicon, smaller silicon
particles required a larger solution volume due to the
increased surface area to volume ratio. In addition,
as the particle size deceases, a shorter time is
needed for smaller silicon particles, for example, 30
min for 100 ~ 120 mm (sieve size) sample and 20 min
for 63 ~ 80 5 mm sample. In further modifications,
stirring increased the etch rate possibly owing to the
discharge of hydrogen. Here, the out diffusion of
fluorosilicate ion was rate limiting. 0 The skilled
person will understand that oxidizing agents other
than Ag+ may be equally suitable. For example:
K2PtCl6; Cu(NO3)2; Ni(NO3)2; Mn(NO3)2; Fe(NO3)3;
Co(NO3)2; Cr(NO3)2; Mg(NO3)2,. Compounds involving Cu
and Pt, having potentials higher than hydrogen, give
metal deposition (Cu and Pt) but 5 the others, except
for Ni, do not. The overall galvanic exchange etching
mechanism can be illustrated using Figs 3 and 4. In
Fig. 3 the anodic process, 0 Si+6F = SiFt +4e (-1.24
Volts) is the local etching of silicon. While the
removal of the electrons accompanied by the discharge
of silver ions is the cathodic process 5 Ag++e~=Ag
(+0.8 Volts) For standard conditions the overall cell
voltage is 2.04 volts. The other cathodic couples of
interest are Cu/Cu2+ (+0.3 5V); PtCl6 2V PtCl4 2
(+0.74V); 



985227V1Fe3+/ Fe2+ (+0.77V), since they are all
positive with respect to hydrogen. Couples that are
more negative than H+/H2 will be in competition with
hydrogen and will be largely ineffective. Fig.4 shows
a schematic version of the partial electrode
reactions. 5 Silver removal The final stage of the
process involved removing the silver which was left on
the etched silicon particles from the third and fourth
stages. The silver was 0 removed (and saved) using a
solution of 15 % HNO3 for 5~10 min. It will be
appreciated, of course, that any appropriate approach
can be adopted in order to arrive at the approaches
and apparatus described above. For 5 example the
pillar detaching operation can comprise any of a
shaking, scraping, chemical or other operation as long
as pillars are removed from the particles. The
particles can have any appropriate dimension and can
for example be pure silicon or doped silicon other
silicon-comprising material such as a silicongermanium
mixture or any other appropriate mixture. The
particles from 0 which pillars are created may be n-
or p- type, ranging from 100 to 0.001 Ohm cm, or it
may be a suitable alloy of silicon, for example
SixGe1-x. The particles may be metallurgical grade
silicon. The particles and/or the detached pillars can
be used for any appropriate 5 purpose such as
fabrication of electrodes generally including
cathodes. The cathode material can be of any
appropriate material, typically a lithium-based metal
oxide or phosphate material such as LiCoO2,
LiMnxNixCo1-2xO2 or LiFePO . The features of different
embodiments can be interchanged or 985227V1juxtaposed
as appropriate and the method steps performed in any
appropriate order. Although relatively high purity
single crystal wafers of silicon can be etched to 5
produce pillars of the desired parameters, the wafers
themselves are very expensive owing to their high
purity. Furthermore, it is difficult to arrange a
pillared-wafer into an electrode-geometry. Embodiments
of the present invention are advantageous because
metallurgical grade silicon is relatively cheap and
pillared particles may themselves be incorporated into
a composite 0 electrode without further processing.
Also, pillared particles are a good source of silicon
fibres and can be used themselves as the "active"
ingredient in a battery electrode. The particles used
for etching may be crystalline for example mono- or
poly- 5 crystalline with a crystallite size equal to
or greater than the required pillar 



height. The polycrystalline particle may comprise any
number of crystals from example two or more.
Advantageously, metallurgical grade silicon is
particularly suitable as a battery 0 electrode because
of the relatively high density of defects (compared to
silicon wafers used in the semiconductor industry).
This leads to a low resistance and hence high
conductivity. As the skilled person will understand,
both n-type and p-type silicon can be 5 etched and any
density of charge carriers is appropriate provided the
material does not become significantly degenerate.
985227V1Claims 1. A particle comprising silicon, the
particle having a particle core and an array of
silicon-comprising pillars extending therefrom. 5 2. A
particle as claimed in claim 1 where in the array is
regular. 3. A particle as claim in claim 1 wherein the
array is irregular. 0 4. A particle as claimed in any
preceding claim in which the pillars have a first
dimensions in the range 0.08 to 0.70 microns. 5. A
particle as claimed in any preceding claim in which
the pillars have a second dimension in the range 4 to
100 microns. 5 6. A particle as claimed in any one of
claims 1 to 5 in which the pillars have an aspect
ratio of greater than 20:1. 7. A particle as claimed
in any one of claims 1 to 6 in which the pillars 0
have a substantially circular cross-section. 8. A
particle as claimed in any of claims 1 to 7 in which
the pillars have a substantially non-circular
cross-section. 5 9. A particle as claimed in any
preceding claim in which the particle and/or pillars
comprise undoped silicon, doped silicon or a silicon
germanium mixture. 985227V110. A particle as claimed
in any preceding claim wherein the silicon content is
90.00 to 99.95% by mass, preferably 90.0 to 99.5%. 11.
A particle as claimed in any preceding claim wherein
the particle is 5 metallurgical grade silicon. 12. A
particle as claimed in any preceding claim having a
regular crosssection. 0 13. A particle as claimed in
any preceding claim having an irregular cross-section.
14. A particle as claimed in any preceding claim
having a first dimension 



of 10 mm to 1 mm, preferably 20 mm to 150 mm, more
preferably 5 25 mm to 75 mm. 15. A particle as claimed
in any preceding claim wherein the particle core is
crystalline or polycrystalline. 0 16. A particle as
claimed in any preceding claims wherein the fraction
of the surface area of the particle core occupied by
pillars is 0.10 to 0.50, preferably 0.20 to 0.40 and
more preferable 0.25 to 0.35. 17. A method of
fabricating a particle as claimed in any one of claims
1 5 to 16, comprising the steps of etching a particle
comprising silicon. 18. A method as claimed in claim
17 in which the pillars are created by chemical
reaction etching. 985227V119. A method as claimed in
claim 17 in which the pillars are created by galvanic
exchange etching. 20. An electrode containing
particles as defined in any of claims 1 to 16 5 as one
of its active materials. 2 1. An electrode as claimed
in claim 20 which uses copper as a current collector.
0 22. A composite electrode as claimed in claim 20 in
which the electrode is an anode. 23. An
electrochemical cell containing an electrode as
claimed in any one of claims 20 to 22. 5 24. An
electrochemical cell as claimed in claim 23 in which
the cathode comprises a lithium-containing compound
capable of releasing and reabsorbing lithium ions as
its active material. 0 25. An electrochemical cell as
claimed in claim 24 in which the cathode comprises
lithium-based metal oxide, sulphide or phosphate as
its active material. 26. A lithium rechargeable cell
anode comprising particles as defined in 5 any one of
claims 1 to 16 as one of its active materials. 27. An
anode as claimed in claim 26 in which the particles
are part of a composite film. 985227V128. A cell
comprising an anode as claimed in any one of claims 26
or 27 and a cathode. 29. A cell as claimed in claim 28
in which the cathode comprises lithium- 5 based
material. 30. A cell as claimed in claim 29 in which
the cathode comprises lithium 



cobalt dioxide. 0 31. A device powered by a cell as
claimed in any one of claims 23 to 30. 32. A method of
creating a composite electrode comprising the steps of
preparing a solvent-based slurry containing particles
as claimed in any of claims 1 to 16, coating the
slurry onto a current collector and 5 evaporating the
solvent to create a composite film. 33. A method of
fabricating a lithium rechargeable cell comprising the
steps of creating an anode as claimed in either of
claims 26 or 27 and adding a cathode and an
electrolyte. 0 34. A method as claimed in claim 33
further comprising adding a separator between the
cathode and the anode. 35. A method as claimed in
claim 33 or claim 34 further comprising 5 providing a
casing around the cell. 36. A method of fabricating
silicon-comprising fibres in which the pillars are
detached from a particle as defined by any one of
claims 1 to 16 by one or more of scraping, agitating
or chemical etching. 985227V1 


