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Description

Title of Invention: A Method of Forming a
Porous Particle

Technical Field

The present invention gencrally relates to a method of forming a porous particle and uses of
the porous particle.

Background Art

High-performance batteries can serve as part of a solution to supply and storage
probléms as well as environmental issues related to the replacement of fossil-fuel-based encrgy
with clean alternative energy. Rechargeable batteries (also called secondary batteries) are an
essential tool on the way to achieve this goal.

Rechargeable batteries differ from their non-rechargeable counterparts in that they may
be connected to an electricity supply, such as a wall socket, be recharged and used again. In
rechargeable batteries, each charge/discharge process is called a cycle. Rechargeablc batteries
eventually reach an end of their usable life, but typically only after many charge/discharge
cycles.

Currently, rechargeable lithium-ion (Li-ion) batteries are the most widely used
rechargeable batteries. Existing Li-ion batteries are based on LiCoQ, cathodes and graphite
anodes. This leading Li-ion battery technology is based on intercalation reactions and is
believed to- be limited to a theoretical specific energy density of ~370 Wh kg™ and theoretical
specific capacity <200 mAh g’ for the LiCoQ,/ graphite.

Rechargesble lithium-sulfur batteries (Li-S), on the other hand, are of interest because
of the high theoretical specific energy density (2600 Wh kg™), high theoretical specific capacity
(1680 mAh g, low material cost, and Tow safety risk that they possess.

However, lithinm-sulfur batteries suffer from a number of drawbacks such as (1)
leakage of sulfur and polysulfides from the host during discharge process; 2) poor control over
the free volume that shall be in place ingide of the cathode materials to accommodate. the large
volume cxpansion of sulfur by lithiation during discharge process (formation of LisS,
corresponding to ~78.7% of volume expansion); and 3) poor electrical conductivity of the bulk
sulfur. All these factors will lead to capacity fading and poor cyclability of the lithium-sulfur
batteries. These disadvantages cannot be resolved by the current available methods to form such
rechargeable lithinm-sulfur batteries.

There is therefore a need to provide a method of forming a component of a
rechargeable battery that overcomes, or at least ameliorates, one or more of the
disadvantages described above.



Summary’

According to a first aspect, there is provided a method of forming a porous particle
comprising an electrically conductive shell encapsulating a core, said core comprising an
elemental compound that reversibly reduces in the presence of a cation and oxidizes in the
absence of  said  cation,  said method comprising  the  steps of:

a) encapsulating an elemental compound precursor with said electrically
conductive shell;

b) reacting said elemental compound precursor ‘with an oxidation agent to
oxidise said elemental compound precursor to form said elemental compound, thereby forming
said electrically conductive shell encapsulating said core comprising said elemental compound.

Advantageously, this method may allow for the -encapsulation of an elemental
compound that would normally be destroyed by currently available methods of forming a
lithium-sulfur battery.

The encapsulation. of the elemental compound may also ensure that the elemental
compound is not lost during discharge of the battery as the elemental compound is confined by
the electricaily conductive shell.

Further advaniageously, this method may allow for the core to possess a smaller volume
than the inner volume of the encapsulating shell therefore creating a void inside the shell, in
whiich the void is disposed between the core and the shell. Due to the presence of the void, the
core may increase in volume without damaging or destroying the encapsulating shell. The void
may be formed during the reacting step (b). ‘

The method may result in a plurality of porcous particles being formed in which the
electrically conductive-shells are in close proximity with each other. Due to the interconnected.
shelis; this may ensure that:good electrical contact is maintained from one particle to the other,
ensuring that the plurality of porous parlicles (which may form a matrix) has good electrical
conductivity as a whole. The encapsulated elemental compound within each porous particle then
encounters lesser electrical resistance as compared to a bulk elemental compound (that is, one
that is not encapsulated by an electrically conductive shell).

According to the disclosure, there is provided a porous particle comprising an
electrically conductive shell encapsulating a core, said core comprising an elemental

compound. precursor that oxidizes in ‘the presence of an .oxidation agent to form. an
elemental compound.

According to a second aspect, there is provided a yolk-shell porous particle comprising
an elecirically conductive carbon shell encapsulating a core, said core comprising an elemental
compound precursor thiat oxidizes in the presence of an oxidation agent to form an elemental
compound.

According to the disclosure, there is provided a cathode comprising a plurality: of
porous particles, each porous particle made according to the method as defined above; wherein
each porous particle comprises an electrically conductive shell encapsulating a core, said core
comprising an elemental compound that revérsibly reduces in the presence of a cation and
oxidizes in the absénce of said cation.
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According (o a third aspect, there is provided a cathode comprising a plurality of yolk-
shell porous particles, each yolk-shell porous -particle comprising an e’lebtrically conductive
carbon shell encapsulating a core, said core comprising an eleméntal compound that reversibly
reduces in the. presence of a cation and oxidizes in the absence of said cation.

_ Advantageously, choosing the elemental compound so that it may reversibly be reduced
in the presence of a cation and oxidized in the absence of that cation may allow the porous
paiticle to be used in a battery such as a rechargeable battery.
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According o a fourth aspect, there i1s provided a battery comprising an anode; the
cathode as defined above; and an electrolyte comprising the cation.

Advantagcously, having a void inside the shell may allow the core to increase in
volume withoul damaging or destroying the shell. This may aid in minimizing loss in efficiency
when the battery charges and discharges repeatedly.

Definitions

The following words and terms used herein shall have the meaning indicated:

The term ‘porous patticle’ ‘is to be interpreted broadly to refer to a particle having a
structure containing pores. The pores may be present on-the outer surface of the particle or
may extend from the outer surface to a point in the inner volame of the particle. Where the
particle has a core-shell configuration, the pores may be present in the shell. The pores may
be present on the outer surface of the shell or may extend throughout a part of or the entire
thickness of the shell. The porous structure may allow the movement of chemicals between
an external environment and the interior of the particle.

The term ‘electrically conductive’ is to be interpreted broadly to refer to a material
or compound having a measurable level of electrical conductivity and that which allows an
electric current to be passed through.

The term. ‘void’ is to be interpreted broadly to refer to a space or volume where no
solid matter is- present, but in which gas and/or a liquid can be present.

The term ‘nanoparticle’ is 1o be interpreted broadly to refer to a particle possessing
a dimension that less than about 1000 nm, Iess than about 500 nm or less than about 100
nm.

The terin ‘elemental compound’ is to be interpreted broadly to refer toa compound
that is formed by one or several identical atoms such as O,, Sg, N, Fe, I, etc. The phirase
‘elemental compound that reversibly reduces in the presence of a cation and oxidizes in the
absence of said cation’ is to be interpreted broadly to refer to a sequence of chemical
reactions where firstly an elemental compound is being reduced by way of a spontaneous
chemical reduction reaction when in coritact with the cation to form a complek and
secondly reversion of the complex to the elemental compound and the cation (whether as
separate molecules or as when present as an intermediary complex as long as thereis an
increase in the oxidation state of the elemental compound) by way of a chemical oxidation
reaction when the cation dissociates from the complex.

The word “substantially” does not exclude “completely” e.g. a composition which
is “substantially free” from Y may be completely free from Y. Where necessary, the word
“substantially” may be omitted from the definition of the invention.

Unless specified otherwise, the terms "comprising” and "comprise", and
grammatical variants thereof, are intended to represent "open” or "inclusive" language such
that they include recited elements but also permit inclusion of additional, unrecited
elements.
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As uvsed herein, the term "about", in the context of concentrations of components of
the formulations, typically means +/- 5% of the stated valve, more typically +/- 4% of the
stated value, more typically +/- 3% of the stated value, more typically, +/- 2% of the stated
value, even more typically +/- 1% of the stated value, and even more typically +/- 0.5% of
the stated value.

Throughout this disclosure, certain embodiments may be disclosed in a range
format. It should be understood that the description in range format is merely for
convenience and brevity and should not be construed as an inflexible limitation on the
scope of the disclosed ranges. Accordingly, the description of a range should be considered
to have specifically disclosed all the possible sub-ranges as well as individual numerical
values within that range. For example, description of a range such as from 1 to 6 should be
considered to have specifically disclosed sub-ranges such as from 1 to 3, from 1 o 4, from
1to 3, from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual numbers within that
range, for example, 1, 2, 3, 4, 5, and 6. This applies regardless of the breadth of the range.

Certain embodiments may also be described broadly and generically herein. Each
of the narrower species and subgeneric groupings falling within the generic disclosure also
form part of the disclosure. This includes the generic description of the embodiments with a
proviso or pegative limitation removing any subject matter from the genus, regardiess of
whether or not the excised material is specifically recited herein. '

Detailed Disclosure of Optional Embodiments

Exemplary, non:limiting embodiments of a method of forming a porous particle
comprising an electrically conductive continuous shell encapsulating a core, the core
comprising an elemental compound that reversibly reduces in the presence of a. cation and
oxidizes in the absence of said cation, will now be disclosed.

The method may comprise the steps of (a) cncapsulating an elemental compound
precursor with the electrically conductive shell; and (b) rcacting the clemental compound
precursor with an oxidation agent 1o oxidise the elemental compound precursor 10 form the-
elemental compound, thereby forming the electrically conductive shell encapsulating the
core comprising the elemental compound.

In the method, when the elemental compound precursor is oxidized in step ¢b), a
void that is disposed between the shell and the core may be created. The volume occupancy
of the void between the shell and the core may be about 10% to about 95%, about 10% to
about 20%, about 10% to about 30%, about 10% to about 40%, about 10% ta about 50%,
about 10% to about 60%, about 10% te about 70%, about 10% to about 80%, about 10% to
‘about 90%, about 20% to about 95%, about 30% to about 95%, about 40% to about 95%,
about 50% to about. 95%, about 60% to about 95%, about 70% to about 95%, about 80% to
about 95%, about 90% to about 95%, or about 40% to about 80%.

The elemental compound may be selected from the Group 15 or 16 of the Periodic
Table of Elements. Hence, the elemental compound may be selected from the group
consisting of phosphorus, arsenic, antimony, snlfur, selenium, tellurium and polonium. The
elemental compound may be sulfur. The eclemental compound may reduce by way of a
spontaneous chemical reduction reaction when in contact with a cation to form a complex,
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which reverts to the elemental compound and the cation (whether as separate molecules or
as when present as an infermediary complex as long as there is an increase in the oxidation
state of the elemental compound) by way of a chemical oxidation reaction when the cation
dissociates from the complex. The complex may have the formula M,EC,, where M refers
to the cation, x refers to the number of atoms of the cation, EC refers to ithe elemental
compound and n refers to the number of atoms of the élemental compound.

The elemental compound precursor may be a metal chalcogenide. The metal of the
melal chalcogenide may be selected from Group 7, 8, 9, 10, 11, 12, or 14 of the Periadic
Table of Elements. The metal may be selected from the group consisting of manganese,
iron, cobalt, nickel, copper, zinc, lead, silver and cadmium. Hence, where the e¢lemental
compound is sulfur, the metal chalcogenide may have the formula MS or M,S. The metal
chalcogenide may have one or more of the following properties (1) a high melting point
and a high decomposition temperature in a reducing atmosphere, (2) a low solubility
product constant (K,) that allows for high-yield synthesis of the porous particle, (3) be
environmental friendly, andfor (4) low cost and abundant in supply. The metal
chalcogenide may be of uniform shape and/or size. The metal chalcogenide may be a metal
sulfide selected from, but not limited to, MnS, FeS, CoS, NiS, CuS, Cu,8, ZnS, PbS, Ag,S,
or CdS. The metal svlfide may be ZnS. The various properties of the metal sulfides listed
above are provided in Table 1 below.

[Table 1]

Sulfide K., Melting point Mj&;‘fﬁiﬁ;ﬁ?m
S 3x10 1610 1244
FeS 8x10” 1118 273
oS Sx 102 1117 134
NiS 4x107% 076 129
Cus 8x107 507 397
= 1075 1700 979
PbS 3x107 1114 423
ASS 8x10°" 825 766
Tds X102 1750 741

'Decomposed into Cu,S
*Based on the thermal dynamic calculation AG = AH - TAS

The elemental compound precursor may take on a spherical shape or at least
substantially spherical. The diameter of the elemental compound precursor (or equivalent
diameter thereof) may be in the range of about 50 nm to about 5000 nm, about 50 nm to
about 100 nm, about 50 nm to about 500 nm, about 50 nm to about 1000 nm, about 50 nm
to about 2000 nm, about 30 nm to about 3000 nm, about 30 nm to about 4000 nm, about
100 nm to about 5000 nm, about 500 nm to about 5000 nm, about 1000 nm to about 5000
nm, about 2000 zm to about 5000 nm, aboui 3000 nm to about 5000 nm, or about 4000 nm
to about. 5000 nm.

The elemental compound precursor may be thermally stable,
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As mentioned above, a void may be present between the shell and the core as the
elemental compound precursor oxidizes. The void may be attributable to the loss of the
metal from the metal chalcogenide as the metal chalcogenide oxidizes to form the
elemental compound (which is the chalcogen). This may be due to the differences in the
density and formula weight of the elemental compound precursor and elemental compound,
leading fo significant volume shrinkage within the core region of the particle. The resultant
particle may be deemed to have a yolk-=shell structure in which the elemental compound
forms the yolk of the clectrically conductive shell. Where the porous particle is used in a
rechargeable baitery, the presence of the void within the porous parlicle may allow {or the
expansion of the elemental compound as the rechargeable battery discharges. The yolk-
shell strategy then results in elemental compound protected inside a protective shell while
having a volume much smaller than the electrical conductivity required for battery
application.

The void volume can be controlled or tuned by.controlling the reaction conditions
or amounts of chemicals used. For examiple, the concentration of the oxidation agent,
and/or the oxidation time can be controlled.

The oxidation agent may be selected from, but is not limited to, Fes‘”, Co*, Sn*,
Ml’l04—, CI'2072_, 0104_, C].O}—, HNO3, Fz, 02, 03,.012, B].'g, Iz and I37. The salts of F63+, CO3+
and Sn™ ions may include, but are not limited to, acetate, chloride, nitrate, sulfate and
phosphate. The salts of MnQ,", Cr,07%, €O, and ClOy” jons may include, but are not
limited to, lithium, sodium and potassium salts.

Whre the metal chalcogenide is a metal sulfide, the elemental compound is sulfur and
the oxidation agent is a ferric salt, the melal sullide is oxidised to elemental sulfur via the
following reaction:

[Math. 1]
M8 + 2 Fe¥lpp — M¥ 0 + Se ¥ 2Fe g (1)

The methad may forther comprise the step of forming the elecirically: conductive
shell. The electrically conductive shell may be a continuous shell in which the electrically
conductive shell may substantially coat or cover most if not all of the surface of the
elemental compound precursor (as well as the resultant elemental compound). The
electrically conductive shell may be porous. The electrically conductive shell may contain
micropores which allow the entrance of an oxidation agent into the core region of the
particle and the egress of freed ions (generated from the oxidation of the elemental
compound precursor) from the core region of the particle.

The electrically conductive shell may be carbon. The carbon may be graphite,
graphene, carbon nanotubes or amorphous carbon (such as carbon black). The carbon shell
may be derived from a carbon precursor. The carbon precursor may be. mixed with the
elemental compound precursor to form a mixture. In the mixture, the carbon precursor may
at least partially coat the elemental compound precursor. The carbon precursor may be in a
resin Torm so as to hold or support the elemental compound precursor in a matrix
configuration. The mixturc may then be subjected to a carbonization process in which the
mixture is heated to a lemperalure in the range of about 200°C to about 1000°C, about
200°C to about 300°C, about 200°C to about 400°C, about 200°C to about 500°C, about
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200°C to about 600°C, about 200°C to about 700°C, about 200°C to about 800°C, about
200°C to about 900°C, about 300°C to about 1000°C, about 400°C to about 1000°C, about
500°C to about 1000°C, about 600°C to about 1000°C, about 700°C to about 1000°C, about
800°C to about 1000°C, or about 900°C to about 1000°C. The carbonization temperature
may be about 900°C.

The carbon precursor may be an organic compound. The organic compound may be
a polymer selected from the group consisting of a polyalkylene, polystyrene, polyacrylate,
poly halide, polyester, polycarbonate, polyimide, phenol formaldehyde resin, epoxy,
polyalkylene glycol and polysaccharide. The polymer may be selected from ihe group
consisting of polyethylene, polypropylene, polymethylmethacrylate, polyvinyl chloride,
polyethylene terephthalate, polyethylene glycol, polypropylene glycol, starch, glycogen,
cellulose and chitin.

Hence, the method may be viewed as an indirect pathway of preparing a porous
particle in which an elemental compound. is present in the core of a porous particle. The
thermally stable elemental compound precursor may be coated with a carbon precursor and
may undergo a carbonization reaction to form the electrically conductive carbon shell on
the elemental compound precursor. Hence, the elemental compound precursor can be
regarded as a sacrificial template that is able to withstand the high temperature required for
the carbonization reaction. The elemental compound precursor then undergoes an oxidation
reaction in the presence of an oxidation agent to form the elemental compound and free
ions. Due to the differences in density and formula weight of the elemental compound
precursor and the elemental compound, significant volume shrinkage is observed during the
oxidation process. Such shrinking leads to the creation of the desired yolk-shell siructure
characterised by a void between the electrically conductive shell and the elemental
compound. The freed ions then slowly leeched out from the intrinsic interstitial void and
micropores on the carbon shell without damaging the carbon shell to form the resultant
porous particle.

In this indirect pathway, direct carbonization of the elemental compound is avoided.
By avoiding direct carbonization (in which the eclemental compound sulfur will be
subjected to a high temperature which can canse the vaporization and disappearance of the
elemental compound), this method ensures that the elemental compound is retained in the
porous particle and be encapsulated by the electrically conductive shell.

The method may lead to a porous particle having diiTerent weight ratios between
the elemental compound and the shell. The weight ratio of the elemental compound to the
shell may be in the range of about G.5:1 to about 3:1. The weight rutio of the elemental
compound to the shell may be about 0.5:1, 1:1 or 3:1. The weight percentage of the
elemental compound may be in the range of about 10% to about 90%, about 10% to about
20%, about 10% to about 40%, about 10% to about 60%, about 10% to about 80%, about
20% to-about 90%, about 40% to about 90%, about 60% to about 90%, about 80% to about
90%, or about 20% to about 60%. The amount of the elemental compound in the porous
patticle can be controlled by controlling the amount of carbon precursor used.

The volume occupancy of the core {made up of the elemental compound) within the
porous particle may be about 5% to about 90%, about 5% to about 10%, about 5% to about
20%, about 5% to about 30%, about 5% to .about 40%, about 5% to about 5(%, about 5%
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to about 60%; about 5% to about 70%, about 5% to about 80%, about 10% to about 50%,
about 20% to about 90%, about 30% to about 90%, about 40% to about 90%, about 50% to
abont 90%, about 60% to about 909, about 70% to about 90%, or about 80% to about 90%.

The porous particle may have a diameter in the range of about 50 Lo aboul 5000 nm,
about 50 to about 100 nm, about 50 to about 500 nm, about 50 to about 1000 nm, about 30
to -about 2000 nm, about. 50 to about 3000 nm, about 50 to about 4000 nm, about 10{} to
about 5000 nm, about 300 to about 5000 nm, about 1004 to about 5000 nm, about 2000 to
about 5000 nm, about 3000 to about 5000 nm, abont 4000 to about 5000 nm, or about 100
to about 500 nm.

The porous particle may have a shell thickness in the range of about 1 to about 50
nm, about 1 to about 10 .nm, about 1 to about 20 nm, about 1 to about 30 nm, about 1 to
about 40 nm, about 10 to about 50 nm, about 20 to about 50 nm, about 30 to about 50 nm,
-about 40 to about 50 nm, or about 5.tc about. 10 nm.

The method may result in a plurality of porous particles being formed in which the
electrically conductive shells are in close proximity with each other. Due to the interconnected
shells, this may ensure that good electrical contact is maintzined from one particle to the other,
ensuring that the plurality of porous particles (which may form a maltrix) has good electrical
conduclivity as a whole. Hence, the plurality of porous particles may form an interconnected 3-
dimensional matrix where the electrically conductive shells are in close proximity or in direct
contact with each other.

There is also provided a porous particle comprising an electrically conductive shell
encapsulating a core, the core comprising an elemental compound precursor oxidizes in the
presence of an oxidation agent to form an elemental compound. The elemental compound
may reversibly reduce in the presence of a cation and oxidizes in the ahsence of the cation.
As the elemental compound is formed during oxidation of the elemental compound
precursor, a void is formed which is present between the shell and the elemental compound.

There is also provided a cathode comprising a plurality of porous particles, each
porous particle made according to the method as defined herein, wherein each porous
particle comprises an electrically conductive shell encapsulating a core, the core comprising
an elemental compound that reversibly reduces in the presence of a cation and oxidizes in
the absence of the cation.

There is also provided a battery comprising (a) an. anode; (b) the cathode as defined
herein; and (c) an electrolyte comprising the cation. In the battery, the cation may be
dissociated from the anode. The cation may be chosen from the group consisting of lithium,
sodium, potassium, rubidium, beryllium, magnesium, calcium, strontium and barium.

The anode may be chosen. from, but not limited to, lithium, sodium, potassium,,
rubidium, beryllium, magnesivm, calcium, strontium, barinm or a graphene rod plated with
any of these metals or a combination thereof.

The cathode electrode may be manufactured by, but not limited to, mixing the
porous patticles in an organic solvent along with a binder and a conductive material fo
produce a shurry, applying the slurry to a current-collector for cathode such as an aluminum
sheet or aluminum mesh and then drying it. The binder may be chosen from, but not limited



WO 2015/174931 PCT/SG2015/050114

9

to, polyvinylidene chloride (PVdF), polyacrylonitride (PAN), poly vinyl chloride {(PVC),
methyl methacrylate (PMMA), poly methyl acrylate (PMA) or other suitable binders as
would be known to a skilled person in the art. The conductive material may be chosen
from, but not limited to, carbon black, graphene, or graphite.

The electrolyte may be chosen from, but is not limited to, Hikium
hexafltuorophosphate  (LiPE), lithiwmn hexatlnorarsenate (IiAsFg), lithium perchiorate
(LiCIQy), lithinm  bis{ifluoromethancsulfonimide) (LIN(CF;8():) and  lithium
triffucrosullonate (CHSG:L4).

When the porous particles (such as carbon containing sulfur particles) are used in a
battery, due to the presence of the electrically conductive shell, the dissolution and
subsequent leakage of lithium polysulfides generated during a battery discharge may be
substantially prevented or reduced. The lithium polysulfides may be generated due to the
reduction of the elemental sulfur on the cathode in the presence of the lithinm cation (which
may be present in the electrolyte as it dissociates from the anode or which may initially be
present in the electrolyte) to form lithium polysulfides (such as Li,S,, where n can be 8, 6,
4, 3, 2 or 1 depending on the discharge process). Where n is 1, the lithinum polysulfide is
termed as lithium sulfide. The lithinm polysulfides then oxidize during charging (which
involves the dissociation of the lithiumn cation from the lithium polysulfides) through a
series of intermediary complexes of Li,S, (n being 2, 3, 4, 6, or 8), depending on the charge
process, that may result in the formation of the elemental sulfur or a final lithivm
polysulfide. Furthermore, as the lithiation of sulfur during discharge results in an increased
volume of about 80%, the material encapsulating the sulfur may allow for the increase in
volume that happens when the reaction between the sulfur and the lithium is complete.
Lastly, the encapsulating material may compensate for the poor electrical conductivity of
sulfur.

Brief Description of Drawings

The accompanying drawings illustrate a disclosed embodiment and serves to
explain the principles of the disclosed embodiment. It is to be understood, however, that the
drawings are designed for purposes of Hllustration only, and not as a definition of the limits
of the invention.

[Fig. 1] is a schematic diagram representing the method of forming a porous
parlicle in accordance to one embodiment.

[Fig. 2a] is a scanning clectron microscopy (SEM) image of ZnS spherical
nanoparticles obtained via.a hydrothermal method in accordance with Example 1. The scale
bar in Fig. 2ais 1 micron.

[Fig. 2b] is a transmission electron microscopy (TEM) image of ZnS spherical
nanoparticles obtained via a hydrothermal method in accordance with Example 1. The scale
bar in Fig. 2b is 50 nm.

[Fig. 3a] is a TEM image of carbon coated ZnS hollow spheres. The scale baf in
Fig. 3ais 50 nm.
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[Fig. 3b] is a TEM image of a carbon nanoparticle containing sulfur, in which the
nanoparticle has a yolk-shell configuration. The scale bar in Fig. 3b is 50 nm.

[Fig. 4a] is a SEM image of a carbon coated ZnS nanopatticle. The scile bar in Fig.
4ais 1 micron.

[Fig. 4b] is a TEM image of the same carbon coated ZnS nanoparticle as Fig. 4a.
The scale barin Fig. 4b is 200 nm.

[Fig. 4clis a SEM image of a carbon containing sulfur nanoparticle denoted as CS1
made in accordance with Example 1. The scale bar in Fig. 4¢ is 1 micron.

[Fig. 4d} is a TEM image of the same nanoparticle as Fig. 4c. The scale bar in Fig.
4d is 200 nm.

[Fig. 4e] is a SEM image of a carbon containing sulfur nanoparticle denoted as CS2
made in accordance with Example 1. The scale bar in Fig. 4e is 1 micron.

[Fig. 4f] is a TEM image of the same nanoparticle as Fig. 4e. The scale bar in Fig.
4f'is 200 nm.

[Fig. 4g] is a SEM image of a carbon containing sulfur nanoparticle denoted as CS3
made in accordance with Example 1. The scale bar in Fig. 4g is 1 micron.

[Fig. 4h] is a TEM image of the same nanoparticle as Fig. 4g. The scale bar in Fig.
4his 200 nm.

[Fig. 4i] is a SEM image of a carbon containing sulfur nanoparticle denoted as CS4
made in accordance with Example 1. The scale bar in Fig, 4iis 1 micron.

[Fig. 4i] is a TEM image of the samé nanoparticle as Fig. 4i. The scale bar in Fig. 4j
is 200 nm.

[Fig. 5a] is a graph comparing the various X-ray powder diffractions of a
commercial sulfur, a carbon-containing sulfur nanoparticle and a carbon-containing ZnS
nanoparticle.

[Fig. 5b] is a graph comparing the thermal gravimetric analysis of the various
carbon containing sulfur nanopariicles (CS1, CS2, CS3 and CS4) made in accordance with
Example 1.

[Fig. 6] is a graph showing the Li-S§ battery performance test of the various carbon
containing sulfur nanoparticles {CS1, CS82, CS3 and CS4) made in accordance with
Example 1.

[Fig. 7] is a schematic diagram representing a method as depicted in Comparative
Example 1 in which a porous carbon nanoparticle was impregnated with sulfur using a
conventional melt-diffusion process.

[Fig. 8] is a SEM image at 20,000x magnification of the resultant product obtained
from the method of Fig. 7, showing the presence of micron-sized sulfor particles.
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{Fig. 9] is a graph comparing the Li-S battery performance between the carbon
containing sulfur nanoparticle denoted as CS1 made in accordance with Example 1 and the
carbon containing melt impregnated sulfwr nanoparticle denoted as MCS made in
accordance with Comparative Example 1.

[Fig. 10a] is a elemental mapping of the carbon containing sulfur nancparticle in
which sulfur is present in the core of the particle which has a carbon shell.

[Fig. 10b] is an elemental mapping .of the carbon shell portion of the nanoparticle of
Fig. 10a.

[Fig. 10c] is an elemental mapping of the core (sulfur) pertion of the nanoparticle of
Fig. 10a.

Detailed Description of Drawings

Referring to Fig. 1, there is-shown a schematic diagram of a method 100 of forming
a porous particle 2. The porous particle 2 comprises an electrically conductive shell 20
encapsulating an elemental compound 22 in the core. In the method 100, a plurality of
elemental compound precursor 4 particles are mixed with carbon precursor 6 to form a
mixture of both precursors 8. The carbon precursor may be in a resin form so as to hold the
clemental compound precursor 4 particlés in a matrix configuration. The mixture 8 is then
subjected to a forming siep 10 (such as a carbonization step) to form the electrically
conductive shell 20 from the carbon precursor 6. The particle 12 then comprises an
electrically conductive shell 20 encapsuolating the elemental compound precursor 4. The
particle 12 is then subjected to oxidation in the presence of an oxidation agent 14 to oxidise
the elemental compound precursor 4 to elemental compound 22. The resultant porous
particle 2 is then formed. When the porous particle 2 is part of a cathode of a rechargeable
battery, the elemental compound 22 within the porous particle polymerizes during
discharge of the cathode to form a poly(elemental compound) 24 (that is still encapsulated
by the electrically conductive shell 20). The poly(clemental compound) 24 dissociates
during charging of the cathode to revert back to the elemental compound 22.

Examples

Non-limiting examples of the invention and a comparative example will be further
described in greater detail by reference to specific Examples, whichk shouid not be
construed as in any way limiting the scope of the invention.

Experimental

General synthetic procedure of sulfur containing carbon yolk-shell nanosituclures:

The method 100 depicted in Fig. 1 is used here to synthesize zinc sulfide nanoparticles
(ZnS NP) by hydrothermal process. In the process, equal mol of zinc acetate dehydrate (with 2
mol H20}, Zn(CH,COOQ); 2H,0, and thicurea, HzNC(=S)NH2, were added into detonized water
to form the precursor solution. Gum arabic was-then added as a surfactant for the formation of
the nanospheres, The mixture was stirred and sonicated to ensure complete dissolution of the
reagents, beflore it was transferred into an autoclave which was then sealed and placed into an
oven for a reaction at 120°C over 12 hours. The resultant white precipitate of zinc sulfide was



WO 2015/174931 PCT/8G2015/050114

i2

retrieved via. centrifugation, washed with deionized water for 3 times and dried at 70°C for 3
hours. A small volume of acetone solution of pheno! formaldehyde (PF) resin was thoroughly
mixed with the zinc sulfide nanoparticles through stirring and sonication for about 10 minutes
before the mixture was dried in a vacuum over 5 hours. The samples were then subjected to high
temperature treatment in a tube Turnace at 900°C under argon gas for 1 hour. The treated
samp]és were ground into fine powder using a inortar and pestle, and ferric nitrate aqueous
solution was added to the sample and left with stirring overnight in an ice water bath to convert
the zinc sulfide to sulfur. The sulfur-in-carbon samples were recovered via centrifugation, and
concentrated HCI was added to cach sample as a precaution to remove any possible zinc sullide
residue. After the removal of HCI via centrifugation, the obtained sample was further washed 3
times with deionized water, subsequently dried at 70°C for 3 hours, prior to use for further
characterization and baitery testing. All chemicals used were obtained from Sigma-Aldrich (of
Missouri of the United States of America) or from Alfa Aesar (of Massachusetts of the United
States of America).

Characterization:

Scanning Eleciron Microscope (SEM) images were taken on a JEOL JSM-6700F
FESEM with an accelerating voltage of 5 kV. Transmission: Electron Microscope (TEM)
images were taken on a Philips CM300 FEGTEM with an accelerating voltage of 200'kV.
X-ray diffraction was recorded on Bruker D8 General Area Detector Diffraction System
using Cu Kq radiation. Thermogravimetric analysis was conducted -on a TA instruments
TGA Q500 at a heating rate of 10°C min under mitrogen gas. Elemental analysis was
carried ont using the Flash EA1112 Elemental Analyzer from Thermo Scientific.

Battery testing:

To fabricate the working cathodes for battery testing, the samples were each mixed
with carbon black (Denka) and polyvinylidene binder dissolved in N-methyl-2-
pyrolidinone in a weight ratio of (8:4:3) to form a black colored slurry. This slurry was then
coated evenly onto an aluminum foil vsing doctor blade. The foil was dried in an oven at
70°C for 3 hours and the working cathodes were cut out from the foil using a hole puncher
with a diameter of 15 mm. CR2032 type coin cells were assembled in a glove box with
argon environment using lithium foil as counter anodes. The electrolyte used was lithiwm
bis(tri-flnoromethanesulfonyl)imide dissolved in 1:1 (v/v) mixture of 1,2-dimethoxyethane
and 1,3-dioxolane, with lithium nitrate and dilithium hexasulfide (Li,»Ss) as additives. The
concentrations of the 3 lithium salts were 1M, 0.5M and 0.2M, respectively. Lithinm-sulfur
battery cycling tests were performed on Neware battery tester with the electric potential set
as 1.5 to 3.2 V. Capacity values was calculated based on the weight of composite material.
The mass loading of composite (carbon and sulfur) is around 2.2 mg per electrode.

Example 1 - Synthesis of sulfur containing carbon yolk-shell
nanostructures

ZnS nanoparticles were prepared using 65.85 g (0.3 mol) of zinc acetate dihydrate (FW:
219.50 gfmol) and 22.84 g (0.3 mol) of thicurea (FW: 76.12 g/mol) following the method
described above. The amount of gum arabic used was 3 g. For the carbon coating formation, 0.5
g of ZnS nanoparticle was taken, and the PF resin acetone solution had a concentration of 0.5 g
mL". Four samples of the Zn$ nanoparticles were prepared in this example based on varying
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amounts of the PF resin acetone solution used (0.5 mL, 0.4 mL, 0.2 mL and 0.1 mL). For the
sulfur formation process, the ferric nitrate applied had a concentration of 0.1 g mE™”, and the
volume used was 20 ml.. The resultant samples were denoted as C51, CS2, CS3 and CS4,
respectively

The weight ratio of sulfur and carbon obtained in the nanoparticles as assessed by
thermogravimertry is disclosed in the folowing Table 2:

[Table 2}
Sample TGA Analysis
Sulfur (wt. %) Carbon (wt. %)
Cs1 33.8 66.2
CS82 42.9 56.9
CS3 54.0 46.0
C84 74.8 25.2

The Zn$S nanoparticles synthesized were typically about 250 nm in diameter (Fig.
2a and Fig. 2b). From the TEM image (Fig. 2b), one can see that these nniform particles
were essentially secondary pasticles, arising from the assembly of ZnS nanoparticles
(primary particles) with a diameter of 4 to 5 nm. Such structure showed the following
advantages: 1) it possessed large population of micropores that allowed the oxidative ferric
ions to ¢asily impregnate into the nanoparticles; 2) the much smaller primary particles were
more reactive; 3) some voids were reserved in the materials. Advantages (1) and (2)
enabled easier and faster conversion of sulfide to sulfur, while advantage (3) facilitated the
formation of the S@C yolk-shell structure (see Fig. 3b where the snlphur yolk is circled)
with a void having a large volume percentage. (as will be discussed later).

When the ZnS nanoparticles containing phenol formaldehyde (PF) acetone
dispersion was slowly dried at room temperature, the nanoparticles self-assembled into
layered structure with PF resin filling the inter-particle voids which essentially coated over
ali these particles. As the dried composite (ZnS @resin) was carbonized in a tube furnace at
high temperature in an inert atmosphere, interconnected carbon-coated ZnS nanoparticles
were obtained. Representative SEM and TEM images of such composite material post-
carbonization (ZnS@C) are shown in Fig. 3a, Fig. 4a and Fig. 4b, where carbon-coated
ZnS hollow spheres are clearly visible.

As the ground ZnS@C composite was soaked in ferric nitrate aqueous solution, the
chemical reaction shown in equation (2) took place where zinc sulfide was converted to
element sulfur and free zinc ions which can be washed away using deionized water.

[Math. 2]
2FeF g + ZuS —> 2Fe g + 20 pe + S 2)

Loss of the zinc ions which contributed to 2/3 of the weight of zinc suifide resulted
in the generation of voids of large percentage volume within the carbon shells. Though the
produced sullur may exhibit a volume that is larger than its partial volume in the original
ZnS, it by no means compensated for the loss in volume caused by the removal of zine



WO 2015/174931 PCT/SG2015/050114

14

ions. In an ideal conversion where all sulfides are converted to sulfur that is retained in the
shell, a volume reduction of 34.7% (smaller than the weight portion -of 2/3) can be
anticipated. The voids will present 4 arger volume percentage for incomplete conversion of
ZnS (removed by washing with concentrated HCI). Hence, the void volume can be tuned by
controlling the extent of sulfide conversion which is ‘achievable by varying reaction
conditions, such as the concentration of ferric nitrate, the soaking time, etc. In this way;
carhon encapsulated sulfur nanoparticles (S@C) in yolk-shell nanostructure can be
harvested with controlled void volume percentage.

In this Example, the average volume shrinkage is typically 80%, if the outer
diameter of the sulfur nanospheres and the internal diameter of the “hollow carbon” are
measured in the TEM images. Since volumetric expansion of sulfur during discharge
process in lithinm sulfur batteries is -calculated to be about 78.7%, this incidental match
between volume-available and volume-in-need suggests a straightforward production of
useful S@ C materials based on the method defined herein.

The sulfur content in S@C can be balanced by changing the amount of PF resin
used, and TEM images of a series of the yolk-shell S@C with different sulfur content are
shown in Fig. 4c to Fig. 4j. Low sulfur content (Fig. 4¢ to Fig. 4f) generally facilitated the
formation of an interconnected 3D carbon maltrix that is beneficial to electron conductivity,
yielding better battery performance at high charge-discharge rates. With the increase of
snlfur content, the thickness of carbon shell will be reduced. Once the sulfur content
reached 50 wt % and above (Fig. 4g to Fig. 4j), the carbon matrix was broken and
individual S@C particles formed. In this case the electron conductivity was compromised,
which worsens the rate performance in battery tesi. Nevertheless, high sulfur content is
essential for high specific capacity in batteries. Therefore, it is crucial to balance the
carbon/sulfur ratio so that a continuous carbon matrix with maximized sulfur content can be
achieved. From the TEM images, an optimized thickness of the carbon coatings is about 5
nm and the diameter of the sulfur nanospheres contained within these carbon shells is abont

140 nm.

The structure of ZnS@C and S@C composites were verified by powder XRD
patterns, as shown in Fig. 5a. It can be seen that the ZnS obtained via hydrothermal method
possessed a cubic phase (zinc blende or sphalerite), and the three strong peaks at 28.5°,
47.5° and 56.4° corresponded to the crystal planes of (111), (220) and (311), respectively.
For S@C, all the diffraction peaks from the samples matched well with that of the
orthorhombic phase of crystalline suifur (XRD pattern of commercial S is shown as
reference}, proving the existence- of such crystalline sulfur in the composite material.

The thermogravimetric analysis was used to determine the actual sulfur content in
the S@C composite obtained, and the profiles are presented. in Fig. 5b. The weight loss
from 150 to 500°C was attributed to the evaporation of sulfur (melting point; 115.2°C;
boiling point: 444.6°C). Details of the TGA profiles were analyzed and the calculated sulfur
content for all S@C composites was summarized in Table 2 above. It is obvious that by
confrolling the amount of PF resin nsed, the sulfur content was tunable between 33.8 wi%
to 74.8 wi%. The composition of the S@C composites was also further confirmed by the
data obtained in elemental analysis.



WO 2015/174931 PCT/SG2015/050114

15

Example 2 — Battery Performance

The cycling performance of the developed S@C yolk-shell materials was tested in
Li-S batteries and the results are shown in Fig. 6. The initial discharge capacity of samples
C81, €82, C83 and CS4 were 443, 548, 796 and 878 mAh gram per clectrode (including
composite, carbon black and binder), respectively. The rate of capacity fading was very
similar for-CS31 to C83 with thicker carbon shell; however, a much faster capacity fading
was observed for CS4 that possessed the thinnest carbon shell and the highest capacity.
Affer 20 cycles of discharge-charge processes, the discharge capacity of C54 dropped to a
value which is lower than that of CS3. The poorer cyclability of CS4 can be attributed to
the thin carbon shéll that was inadequate to prevent the polysulfides from leaking out of the
carbon spheres. Therefore, it is crucial to have a balanced C and S content for high capacity
and good cyclability of Li-S batteries, and the optimal ratio is around 1:1.

Comparative Example 1 - Synthesis of reference sample (porous
carbon nanostructures with melt-impregnated sulfur)

Fresh prepared carbon-sulfur composite (for example CS2) was soaked in toluene for 1
hour to remove the sulfur within the pores. The resulting porous material was recovered by
centrifugation, washed repeatedly with toluene and then dried in oven at 70°C for 12 hours. The
obtained porous carbon was mixed with elemental sulfur in a 1;1 weight ratio and sulfur was
impregnated into emply pores via the conventional melt-diffusion process in the autoclave at
150°C for 12 hours. The final product was ground into fine powder using a inortar and pestle,
and denoted as MCS. The method is sunmumnarised in Fig. 7.

The sample MCS exhibited poor morphology control. A representative SEM image
{Fig. 8) of MCS showed ill-defined morphology with numerous micron-sized sulfuor particles on
the surface of carbon matrix. As the electrical conductivity of sullur is very low, these micron-
sized sulfur particles gave poor electrical contact in the battery electrode and prevented the
complete utilization of available sulfur, leading to much lower capacities. This is clearly shown
in Fig. 9, where MCS with 50 wt % of sulfur displayed a capacity lower than that of CS1 (33.8
wi% of solfur). The higher capacity fading rate for MCS in Fig. 9 was also caused by the
nnprotected sulfur on the surface of the carbon shells that readily contributed to the redox
shuttle and gradually precipitated on the anode, leading to faster capacity fading.

This comparative example shows the problems with using a mell-diffusion process to
impregnate a porous carbon with the sulfur. Together with another convention process of using
vapour-phase infusion, these methods result in poor control over the sulfur filling content in
individual pores. Either overfill (>> 50% (v/v) of the pore) or underfill (<< 50% (v/v} of the
pore) will have significant negative impact on the battery performance. Apart from poor control
over the sulfur filling content, some sulfur will unavoidably be deposited on the surface of the
host material. Such unprotected sulfur will contribute readily to the redox shuttle; resulting in
large capacity losses during the initial cycles.

Hence, it is clear that the S@C nanoparticles made according to the method as defined
herein, that is, carbon-encapsulated. sulfur in yolk-shell nanostructure from a ZnS precursor
approach, is superior to. the MCS sample that was made according to a conventional melt-
diffusion process in term of the battery performance.
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In summary, a new method to prepare S@C nanoparticles with well-defined yolk-shell
nanostructure has been developed. The well-defined yolk-shell nanostructure of the S@C
nanoparticles can be seen in Fig. 10a (the presence of the sulfur yolk ‘within the carbon shell),
Fig. 10b (showing the carbon shell) and Fig, 10c (showing the sulfur present as the core).

Such composite nanoparticles offer sufficient free volume (o accommodate the
expansion of salfur during discharge process, and the effective carbon coating (which, as
discussed above, cannot be too thin) can prevent excessive polysulfide leakage, Cathodes of
such S@C materials exhibited high initial capacities and excellent cycling performance. The
superiority of this method over traditional melt-diffusion methods was that (1) an even
dispersion of sulfur nanoparticles can be achieved inside the pores, and. (2) formation of bull
sulfur particles on the surfaces of the carbon matrix is absent or minimized. Both are crucial to a
good cyclability of the lithium sulfur batteries.

Industrial Applicability-

The method as defined herein can enable the synthesis of different novel
nanostructures for future high performance lithium-sulfur batteries with high specific
capacity and good cyclablility. Advantageously, due to the use of the disclosed mcthod, as
compared to traditional melt-diffusion methods, (1) an even dispersion of sulfur
nanoparticles can be achieved inside the pores, and (2) formation of bulk sulfur particles on
the surfaces of the carbon matrix is absent or at least substantially reduced.

The porous particle made according to the method as defined herein may display
superior performance when used as cathode material in a rechargeable Li-S battery, such as
high initial capacities, good electric conductivity, high specific capacities and/or excellent
cycling performance. [n addition, the leakage of sulfur and polysulfides during battery
discharge can be substantially reduced due to the presence of the shell that confines the
sulfor within the nanoparticle. Morcover, due to the presence of the void in the
nanoparticle, the sulfur can volumetrically expand during the discharge process while not
damaging the shell. Further, due to the interconnected 3D carbon matrix between the
various carbon containing sulfur nanoparticles, this reésults in good electrical contact.

It wilt be apparent that various other modifications and adaptations of the invention
will be apparent to the person skilled in the art after reading the foregoing disclosure
without departing from the spirit and scope of the invention and it is intended that all such
maodifications and adaplations come within the scope of the appended claims.



WO 2015/174931 PCT/SG2015/050114

17
Claims
1. A method of forming a porous particle comprising an electrically conductive shell

encapsuvlating a core, said core comprising an elemental compound that reversibly reduces
in the presence of a cation and oxidizes in the absence of said cation, said method

comprising the steps of:
a) encapsulating an elemental compound precursor with said electrically
conductive shell; and

b) reacting said elermental compound precursor with an oxidation agent to
oxidise said elemental compound precursor to form said elemental compound, thereby
forming said-electrically conductive shell encapsulating said core comprising said elemental
compound.

2. The method of claim 1, wherein when said elemental compound precursor is oxidized in
step (b), a void that is disposed between said shell and said core is created.

3. The method of claim 1 or 2, where said elemental compound is selected from the group
consisting of phosphorus, arsenic, antimony, sulfur, selenium, tellurium, polonium.

4. The method of any one of the preceding claims, wherein said elemental compound is
sulfur.

5. The method of any one of the preceding claims, comprising the step of selecting said
elemental compound precursor as a metal chalcogenide.

6. The method of claim 5, comprising the step of selecting said metal of said metal
chalcogenide from Group 7, 8, 9, 10, 11, 12, or 14 of the Periodic Table of Elements.

7. The method of claim 6, comprising the step of selecting said metal from the group
consisting.of manganese, iron, cobalt, nickel, copper, zinc, lead, silver and cadmium.

8. The method of claim 7, comprising the step of selecting said metal chalcogenide from the
' group consisting of MnS, FeS, CoS, NiS, CuS, Cu,S, ZuS, PbS, Ag,S, and CdS.

9. The method of claim 8, where said metal chalcogenide is ZnS.

10. The method of any one of the preceding claims, further comprising the step of forming
said electrically conductive shell.

11. The method of claim 10, comprising the step of selecting carbon as said electrically
conductive shell.

12. The method of claim 11, comprising the step of subjecting a mixture of said elemental
compound precursor with a carbon precursor at a temperature in. the range of 200°C. to
1200°C.

13. The method of claim 12, comprising the step of selecting said carbon precursor from an
organic compound,

14. The method of claim 13, comprising the step of selecting said organic compound from a
polymer selected from the group consisting of a polyalkylene, polystyrene, polyacrylate,



15.

16.

17.
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poly halide, polyester, polycarbonate, polyirnide, phenol formaldehyde resin, epoxy,
polyalkylene glycol and polysaccharide.

The method of claim 13, comprising the step of selecting said polymer from the group
consisting of polyethylene, polypropylene, polymethylmethacrylate, polyvinyl chloride,
polyethylene ferephthalate, polyethylene glycol, polypropylene glycol, starch, glycogen,
cellulose and chitin.

A yolk-shell porous particle comprising an electrically conductive carbon shell
encapsulating a core, said core comprising an elemental compound precursor that oxidizes
in the presence of an oxidation agent to form an elemental compound.

The porous particle according to claim 16, wherein said elemental compound reversibly
reduces in the presence-of a cation-and oxidizes in the absence of said cation.

The porous particle according to claim 16 or 17, wherein a. void is present between said
shell and said elemental compound.

A cathode comprising a plurality of yolk-shell porous particles, each yolk-shell porous
particle comprising an electrically conductive carbon shell encapsulating a cofe, said core
compriging an elemental compound that reversibly reduces in the presence of a cation and
oxidizes in the absence of said cation.

A battery comprising:
4) an anode;
b) the cathode of claim 19; and
b) an electrolyte comprising said cation.

The battery of claim 20, wherein said cation is dissociated from said anode.
The battery of claim 20 or 21, wherein said cation is chosen from the group consisting of

lithium, sodium, potassium, rubidium, beryllium, magnesium, calcium, strontium and
barium.



