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(57) ABSTRACT

An electrode comprising a polyphosphazene cyclomatrix and
particles within pores of the polyphosphazene cyclomatrix.
The polyphosphazene cyclomatrix comprises a plurality of
phosphazene compounds and a plurality of cross-linkages.
Each phosphazene compound of the plurality of phosphazene
compounds comprises a plurality of phosphorus-nitrogen
units, and at least one pendant group bonded to each phos-
phorus atom of the plurality of phosphorus-nitrogen units.
Each phosphorus-nitrogen unit is bonded to an adjacent phos-
phorus-nitrogen unit. Each cross-linkage of the plurality of
cross-linkages bonds at least one pendant group of one phos-
phazene compound of the plurality of phosphazene com-
pounds with the at least one pendant group of another phos-
phazene compound of the plurality of phosphazene
compounds. A method of forming a negative electrode and an
electrochemical cell are also described.
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1
ELECTRODES INCLUDING A
POLYPHOSPHAZENE CYCLOMATRIX,
METHODS OF FORMING THE
ELECTRODES, AND RELATED
ELECTROCHEMICAL CELLS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Contract Number DE-ACO07-051D14517 awarded by the
United States Department of Energy. The government has
certain rights in the invention.

FIELD

The present disclosure, in various embodiments, relates
generally to electrodes for electrochemical cells, methods of
forming the electrodes, and related electrochemical cells.
More specifically, the present disclosure, in various embodi-
ments, relates to electrodes including a polyphosphazene
cyclomatrix.

BACKGROUND

Lithium-ion batteries play a vital role in the development
of many energy-dependent applications, such as electric
vehicles, portable electronics, and renewable energy storage.
However, with the wide adoption of lithium-ion batteries over
the last two decades, technology limitations that impede more
widespread implementation of lithium-ion batteries have
become evident. Foremost concerns deal with insufficient
energy storage, poor safety, high cost, and inadequate lifetime
of lithium-ion batteries, with ancillary issues including poor
low temperature performance and problematic recyclability.
For example, carbon-based negative electrodes of many con-
ventional lithium-ion batteries provide relatively modest
lithium storage capacity depending on the form of carbon
(hard vs. soft, graphitic vs. amorphous, etc.), represent a
safety concern in situations of thermal runaway, and exhibit
poor high energy density cycle life due to limited porosity
(e.g., anode particles mechanically degrade because of insuf-
ficient expansion space). In addition, conventional lithium-
ion batteries are expensive to manufacture due to high raw
material costs and the expensive processing methods used to
produce pure, dry materials. As a result of such deficiencies,
many industries, such as the automotive industry, have been
reluctant to adopt lithium-ion technology in applications
under development (e.g., hybrid vehicle, plug-in hybrid
vehicle, and electric vehicle platforms, where the cost per
battery pack can run several thousand dollars).

It would, therefore, be desirable to provide an electrode
having at least one of increased lithium capacity, improved
electrical conductivity, greater stability, longer cycle life, and
increased safety. In addition, it would be desirable if the
electrode was cost-effective and easy to form on a current
collector of an electrochemical cell.

SUMMARY

Embodiments described herein include negative elec-
trodes, methods of forming negative electrodes, and electro-
chemical cells. For example, in accordance with one embodi-
ment described herein, a negative electrode comprises a
polyphosphazene cyclomatrix and particles within pores of
the polyphosphazene cyclomatrix. The polyphosphazene
cyclomatrix comprises a plurality of phosphazene com-
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2

pounds and a plurality of cross-linkages. Each phosphazene
compound of the plurality of phosphazene compounds com-
prises a plurality of phosphorus-nitrogen units, and at least
one pendant group bonded to each phosphorus atom of the
plurality of phosphorus-nitrogen units. Each phosphorus-ni-
trogen unit is bonded to an adjacent phosphorus-nitrogen
unit. Each cross-linkage of the plurality of cross-linkages
bonds at least one pendant group of one phosphazene com-
pound of the plurality of phosphazene compounds with the at
least one pendant group of another phosphazene compound
of' the plurality of phosphazene compounds.

Inadditional embodiments, a method of forming a negative
electrode comprises forming an electrode composition com-
prising a plurality of phosphazene compounds, particles, and
at least one cross-linking agent. The electrode composition is
deposited on at least one surface of a current collector.

In yet additional embodiments, an electrochemical cell
comprises a negative electrode, a positive electrode, and a
separator comprising at least one electrolyte between the
negative electrode and the positive electrode. The negative
electrode comprises a polyphosphazene cyclomatrix and par-
ticles within pores of the polyphosphazene cyclomatrix. The
polyphosphazene cyclomatrix comprises a plurality of phos-
phazene compounds and a plurality of cross-linkages. Each
phosphazene compound of'the plurality of phosphazene com-
pounds comprises a plurality of phosphorus-nitrogen units,
and at least one pendant group bonded to each phosphorus
atom of the plurality of phosphorus-nitrogen units. Each
cross-linkage of the plurality of cross-linkages joins at least
one phosphazene compound of the plurality of phosphazene
compounds with at least one other phosphazene compound of
the plurality of phosphazene compounds.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a cross-sectional view of an electrochemical cell,
in accordance with an embodiment of the present disclosure;

FIG. 2A is a photograph showing a top-down view of a
negative electrode formed by thermal pressing, as described
in Example 6;

FIG. 2B is a magnified photograph showing a top-down
view of the negative electrode formed by thermal pressing, as
described in Example 6;

FIG. 3A is a photograph showing a top-down view of
distinct copper foils attached to a paper disk prior to deposi-
tion of a negative electrode composition thereon, as described
in Example 7;

FIG. 3B is a photograph showing a top-down view of the
distinct copper foils shown in FIG. 3A following the deposi-
tion of the negative electrode composition thereon, as
described in Example 7;

FIG. 3C is a scanning electron micrograph (SEM) showing
atop-down view of a surface texture of the negative electrode
described in Example 7;

FIG. 3D is a magnified scanning electron micrograph
(SEM) showing a top-down view of the surface texture of the
negative electrode described in Example 7;

FIG. 4A is a cyclic voltammogram for a negative electrode
formed from HQCP (80 wt %), HMTA (1 wt %), carbon black
(10 wt %), and elemental silicon (10 wt %) on 1.0 cm® of Ni
foil, as described in Example 9;

FIG. 4B is a graph of charge and discharge cycling for the
negative electrode formed from HQCP (80 wt %), HMTA (1
wt %), carbon black (10 wt %), and elemental silicon (10 wt
%) on 1.0 cm” of Ni foil, as described in Example 9.
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FIG. 5A is a graph of charge capacity for multiple negative
electrode samples, as exhibited during cycling to progres-
sively higher voltage without taper charges, as described in
Example 10;

FIG. 5B is a graph of discharge capacity for multiple nega-
tive electrode samples, as exhibited during cycling to progres-
sively higher voltage without taper charges, as described in
Example 10;

FIG. 5C is a graph of charge capacity for multiple negative
electrode samples, as exhibited during cycling to progres-
sively higher voltage with taper charges, as described in
Example 10;

FIG. 5D is a graph of discharge capacity for multiple nega-
tive electrode samples, as exhibited during cycling to progres-
sively higher voltage with taper charges, as described in
Example 10;

FIG. 6A is a graph of the differential charge capacities and
the differential discharge capacities of multiple lithium-en-
riched and non-lithium-enriched negative electrode samples
including carbon black (C65), elemental Si, and cross-linked
HQCP, as described in Example 11;

FIG. 6B is a graph of the differential charge capacities and
the differential discharge capacities of multiple lithium-en-
riched and non-lithium-enriched negative electrode samples
including carbon black (C65), elemental Si, and cross-linked
thuHQCP, as described in Example 11; and

FIGS. 7A-7D are each graphs of electrochemical imped-
ance spectroscopy analysis results for several lithium-en-
riched sample lithium-ion coin cells and non-lithium-en-
riched sample lithium-ion coin cells, as described in Example
12.

FIGS. 8A and 8B are P-31 NMR graphs (H;PO, standard)
for tbuHQCP (FIG. 8A) and a precipitate (FIG. 8B), as
described in Example 1.

DETAILED DESCRIPTION

Electrodes including a polyphosphazene cyclomatrix are
disclosed, as is a method of forming the electrodes, and elec-
trochemical cells including the electrodes. The polyphosp-
hazene cyclomatrix includes a plurality of phosphazene com-
pounds that are bonded to one another by cross-linkages. As
used herein, the term “cyclomatrix” refers to a three-dimen-
sional structure formed from the phosphazene compounds.
The three-dimensional structure of the polyphosphazene
cyclomatrix may enable ion diffusion and ion intercalation
(e.g., by way of ion to nitrogen interactions) into the elec-
trode. The three-dimensional structure of the polyphosp-
hazene cyclomatrix may also enable the incorporation of
particles having desired properties (e.g., ion capacity, electri-
cal conductivity) into the electrode.

The following description provides specific details, such as
material types, material thicknesses, and processing condi-
tions in order to provide a thorough description of embodi-
ments of the present disclosure. However, a person of ordi-
nary skill in the art would understand that the embodiments of
the present disclosure may be practiced without employing
these specific details. Indeed, the embodiments of the present
disclosure may be practiced in conjunction with conventional
techniques employed in the industry. Only those process acts
and structures necessary to understand the embodiments of
the present disclosure are described in detail below. Addi-
tional acts to form at least one of the electrodes and the
electrochemical cells may be performed by conventional
techniques, which are not described in detail herein. Also, the
drawings accompanying the present application are for illus-
trative purposes only, and are thus not drawn to scale.
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As used herein, the terms “comprising,” “including,” “con-
taining,” “characterized by,” and grammatical equivalents
thereof are inclusive or open-ended terms that do not exclude
additional, unrecited elements or method steps, but also
include the more restrictive terms “consisting of” and “con-
sisting essentially of” and grammatical equivalents thereof.
As used herein, the term “may” with respect to a material,
structure, feature or method act indicates that such is contem-
plated for use in implementation of an embodiment of the
disclosure and such term is used in preference to the more
restrictive term “is” so as to avoid any implication that other,
compatible materials, structures, features and methods usable
in combination therewith should or must be, excluded.

As used herein, reference to an element as being “on”
another element means and includes the element being
directly on top of, adjacent to, underneath, or in direct contact
with the other element. It also includes the element being
indirectly on top of, adjacent to, underneath, or near the other
element with at least one other element present therebetween.
In contrast, when an element is referred to as being “directly
on” another element, there are no intervening elements
present therebetween.

As used herein, the term “electrochemical cell” means and
includes a device configured and comprising materials suit-
able to convert stored chemical energy into electrical energy
or electrical energy into chemical energy. The electrochemi-
cal cell may include, but is not limited to, a lithium-ion battery
or a lithium metal battery.

As used herein, the term “negative electrode” means and
includes an electrode having a relatively lower electrode
potential in an electrochemical cell (i.e., lower than the elec-
trode potential in a positive electrode therein). The negative
electrode receives electrical current during a cell charging
process.

As used herein, the term “positive electrode” means and
includes an electrode having a relatively higher electrode
potential in an electrochemical cell (i.e., higher than the elec-
trode potential in a negative electrode therein).

As used herein, the term “electrode” means and includes a
negative electrode or a positive electrode.

As used herein, the term “electrode potential” means and
includes an electrochemical potential, or voltage gradient,
conventionally measured against a reference electrode, due to
the presence of chemical species at different oxidation (va-
lence) states within or in contact with the electrode.

As used herein the term “electrolyte” means and includes
anionic conductor, which can be in a solid state, a liquid state,
or a gas state (e.g., plasma).

As used herein, the term “host material” means and
includes a material facilitating at least one of the insertion or
removal of ions, such as lithium ions, into the material, inter-
calation of the ions into the material, and reaction of the ions
with the material.

As used herein, the term “intercalation” refers to a process
wherein an ion inserts into the host material to generate an
intercalation compound via a host/guest solid state reduction/
oxidation (redox) reaction involving electrochemical charge
transfer processes coupled with insertion ions, such as lithium
ions. Structural features of the host material are substantially
preserved after insertion of the ions via intercalation. In at
least some host materials, intercalation refers to a process
wherein mobile guest ions are taken up within pores or gaps
in the host material.

As used herein, the term “capacity” means and includes a
total amount of electrical charge an electrochemical cell, such
as a battery, is able to hold. As used herein, the term “specific
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gravimetric capacity” refers to the capacity output of an elec-
trochemical cell, such as a battery, per unit weight.

In one embodiment of the present disclosure, a negative
electrode (i.e., anode) for an electrochemical cell is disclosed.
The negative electrode includes a polyphosphazene cycloma-
trix. The polyphosphazene cyclomatrix may function at least
as a lithium-ion host material for the negative electrode. The
polyphosphazene cyclomatrix may also function as a binder
for additional materials to be included in the negative elec-
trode. While specific embodiments of the present disclosure
describe the electrode as being a negative electrode, a positive
electrode may include the polyphosphazene cyclomatrix
according to an embodiment of the present disclosure. At
least one of the negative electrode and the positive electrode
may include the polyphosphazene cyclomatrix. However, the
negative electrode and the positive electrode may both
include a polyphosphazene cyclomatrix as long as the poly-
phosphazene cyclomatrices in each are sufficiently different
materials that a couple potential is present between the nega-
tive electrode and the positive electrode. The polyphosp-
hazene cyclomatrix includes a plurality of cross-linked phos-
phazene compounds that form a porous scaffold or matrix
having a substantially random three-dimensional structure.
Each phosphazene compound includes a plurality of phos-
phorus-nitrogen units, each phosphorus-nitrogen unit
includes a bond between a phosphorus atom and a nitrogen
atom and at least one pendant group bonded to the phosphorus
atom. Each phosphorus-nitrogen unit is bonded to an adjacent
phosphorus-nitrogen unit through a phosphorus-nitrogen
bond. The phosphazene compound may have the general
chemical structure shown below:

|
—(—I|’=N‘>n—’
R

where n is an integer of from 3 to 5; and each R is indepen-
dently a pendant group having the general chemical structure
shown below:

~X-G-L,

where X is an oxygen (O) atom, a sulfur (S) atom, or—NH—;
and each of G and L is as described below. The pendant group
may provide porosity and dimensional stability to the poly-
phosphazene cyclomatrix, promoting lithium diffusion,
lithium intercalation (e.g., by way of lithium to nitrogen inter-
actions), and the incorporation of the particles into the poly-
phosphazene cyclomatrix, as described in further detail
below. As depicted above, the phosphazene compound
includes a phosphorus-nitrogen double bond between the
phosphorus atom and the nitrogen atom of each phosphorus-
nitrogen unit, and a phosphorus-nitrogen single bond
between the phosphorus atom and the nitrogen atom of adja-
cent phosphorus-nitrogen units. However, one of skill in the
art will understand (e.g., based on phosphorus-nitrogen bond
lengths) that the phosphorus-nitrogen double bond and the
phosphorus-nitrogen single bond may each be intermediate
between a single bond and a double bond.

Each G group may independently be an aliphatic linkage, a
cyclic linkage, —CO—, —SO,—, —SO—, —PO—,
—O0O—, —S—, —NH—, or a combination thereof. As used
herein, the term “aliphatic linkage” means and includes a
saturated or unsaturated, linear or branched hydrocarbon
group, such as an alkylene group, an alkenylene group, and an
alkynylene group. The aliphatic linkage may be substituted or
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6

unsubstituted. A suitable alkylene group may be a saturated
linear or branched hydrocarbon group having from 1 carbon
atom to 10 carbon atoms, such as methylene, ethylene, 1,3-
propylene, 1,2-butylene, pentylene, hexylene, heptylene,
octylene, nonylene, decalene, and substituted derivatives
thereof. A suitable alkynylene group may be an unsaturated
linear or branched hydrocarbon group including from 2 car-
bon atoms to 10 carbon atoms and at least one carbon-carbon
double bond. A suitable alkenylene group may be an unsat-
urated linear or branched hydrocarbon group including from
2 carbon atoms to 10 carbon atoms and at least one carbon-
carbon triple bond. Optionally, the aliphatic group may
include one or more heteroatoms (i.e., an element other than
carbon and hydrogen, such as oxygen, nitrogen, sulfur, or
silicon). As used herein, the term “cyclic linkage” means and
includes at least one closed ring hydrocarbon group, such as
an alicyclic group, an arylene group, or a combination
thereof. The cyclic linkage may be substituted or unsubsti-
tuted. A suitable alicyclic group may be a closed ring hydro-
carbon group including from 5 carbon atoms to 8 carbon
atoms, such as cyclopentylene, cyclohexylene, cyclohepty-
lene, cyclooctylene, and substituted derivatives thereof. A
suitable arylene group may include a closed aromatic ring or
closed aromatic ring system, such as phenylene, biphenylene,
naphthylene, anthrylene, and substituted derivatives thereof.
Optionally, the cyclic linkage may include one or more het-
eroatoms. By way of non-limiting example, the cyclic linkage
may be at least one of a heteroalicylic group and a het-
eroarylene group, such as furylene, thienylene, pyridylene,
isoquinolinylene, indolylene, isoindolylene, triazonlylene,
pryrrolylene, tetrazolylene, imidazolylene, pyrazolylene,
oxazolylene, thiazolylene, benzofuranylene, benzothiophe-
nylene, carbazolylene, benzoxazolylene, pyrimidinylene,
benzimidazolylene, quinozalinylene, benzothiazolylene,
naphthyridinylene, isoxazolylene, isothiazolylene, puri-
nylene, quinazolinylene, pyrazinylene, pyridazinylene, tri-
azinylene, tetrazinylene, oxadiazolylene, thiadiazolylene,
and substituted derivatives thereof. In at least some embodi-
ments, each G group is phenylene.

Where at least one G group is a substituted cyclic linkage,
the substituted group may, by way of non-limiting example,
be an alkyl group, an alkoxy group, a heteroalkyl group, a
halogenated alkyl group, an alkylene group, or an arylene
group. The substituted group may, itself, be substituted or
unsubstituted. As used herein, the term “alkyl” means and
includes a saturated, straight, branched, or cyclic hydrocar-
bon containing from 1 carbon atom to 6 carbon atoms, such as
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, t-butyl, pen-
tyl, cyclopentyl, isopentyl, neopentyl, hexyl, isohexyl, cyclo-
hexyl, 3-methylpentyl, 2,2-dimethylbutyl, and 2,3-dimethyl-
butyl. As used herein, the term “alkoxy” means and includes
an alkyl group linked to an oxygen atom, such as a methoxy
group, an ethoxy group, a propoxy group, a butoxy group, a
pentoxy group, a hexoxy group, or an alkoxy-substituted
alkoxy group, such as a methoxy ethoxy group or a methoxy
ethoxy ethoxy group. As used herein, the term “heteroalkyl
group” means and includes an alkyl group including a het-
eroatom, such as oxygen, sulfur, or nitrogen (with valence
completed by hydrogen or oxygen), in the carbon chain or
terminating the hydrocarbon chain. As used herein, the term
“halogenated alkyl group” means and includes an alkyl group
including fluoro, chloro, bromo, or iodo, terminating the
hydrocarbon chain. In at least some embodiments, each G
group is t-butyl phenylene.

Each L group may be a reactive functional group. As used
herein, the term “reactive functional group” means a func-
tional group configured to react with another compound (e.g.,
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an acrylate, vinyl ether, epoxide, alcohol, isocyanate, or halo-
genated acid) to form a chemical bond under conventional
reaction conditions, such as those employed in hydrosilyla-
tion, condensation, addition, esterification, etherification,
Michael reaction, imidation, amination, sulfonation, and the
like. By way of non-limiting example, each L. group may
independently be an amide group, an amino group, an alkyl
halide group, an aldehyde group, a carbonyl group, a carboxyl
group, a hydroxyl group, a sulfonyl group, a mercaptan
group, or a thiol group. In at least some embodiments, each L.
group is a hydroxyl group. The reactive functional group may
facilitate cross-linking of each phosphazene compound with
at least one other phosphazene compound to form the poly-
phosphazene cyclomatrix, as described in further detail
below. At least one atom of the reactive functional group may
be incorporated into a cross-linkage of the polyphosphazene
cyclomatrix (e.g., the oxygen atom of a hydroxyl group may
be a part of an ester group, urea group, urethane group, amide
group, ether group, or sulfone group of the cross-linkage), as
described in further detail below.

Each phosphazene compound may be cyclic, branched, or
linear. In at least some embodiments, each phosphazene com-
pound is cyclic and includes three phosphorus-nitrogen units
(n=3). A general structure for each phosphazene compound
where n=3 is shown below:

R R
\P/
NZ

| |N
R—P. P—R,
\N/

R R

where R is defined as previously described. Each R group
may be the same, or atleast one R group may be different than
atleast one other R group. While various embodiments herein
describe or illustrate each phosphazene compound as a six-
membered cyclic compound (i.e., n=3), each phosphazene
compound may be from a six-membered to an eight-mem-
bered cyclic compound.

In at least some embodiments, each phosphazene com-
pound is hexa(tert-butylhydroquinone)cyclotriphosphazene
(“tbuHQCP”), hexa(hydroquinone)cyclotriphosphazene
(“HQCP”), or a derivative thereof. thuHQCP and HQCP have
the following structures, respectively:
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-continued
HO, OH
O,,'"P/O
i
HO OwmPy _ PwmQ OH.
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HO OH

While the illustrated phosphazene compounds include six of
the same pendant groups, phosphazene compounds having
different pendant groups, as described above, may be pro-
duced, depending on the desired properties of the polyphos-
phazene cyclomatrix, as described below. Thus, each phosp-
hazene compound may be symmetrical or asymmetrical. In
addition, configurations of the tbuHQCP are not limited to a
tert-butyl substitution at the meta position of the hydro-
quinone, which results in the tert-butyl group being directed
away from the phosphazene molecule. Substitutions at the
ortho positions on the aromatic molecule also are suitable.
Ortho or meta substitutions by an alkyl group may result in
the alkyl group being directed toward the phosphazene ring
(i.e., ortho substitution) or away from the phosphazene ring
(i.e., meta substitution). In additional embodiments, a con-
figuration of the tbuHQCP may include the hydroxyl group
(or another reactive functional group) at the meta position of
the hydroquinone, and the tert-butyl group (or another sub-
stituted group) at the ortho position or the para position.

Other substituted hydroquinones may be used as at least
one pendant group of the phosphazene compound. By way of
non-limiting example, at least one pendant group (i.e., the R
group, as described above) may be an alkylhydroquinone,
such as methylhydroquinone, ethylhydroquinone, tert-butyl-
hydroquinone, isopropyl hydroquinone, n-propylhydro-
quinone, isobutylhydroquinone, and butylhydroquinone; an
alkoxyhydroquinone, such as methoxyhydroquinone,
ethoxyhydroquinone, n-propoxyhydroquinone, isopropoxy-
hydroquinone, n-butoxyhydroquinone, isobutoxyhydro-
quinone, and t-butoxyhydroquinone; or a halogenated alkyl-
hydroquinone, such as halo-methylhydroquinone, halo-
ethylhydroquinone,  halo-n-propylhydroquinone, halo-
isopropylhydroquinone, halo-n-butylhydroquinone, halo-
isobutylhydroquinone, and halo-t-butylhydroquinone.

Each phosphazene compound may be formed by conven-
tional techniques, which are not described in detail herein. By
way of non-limiting example, if each phosphazene compound
is a six-membered cyclic compound, the phosphazene com-
pound may be synthesized by a nucleophilic substitution
reaction of at least one organic nucleophile having the desired
pendant group(s) with hexachlorocyclotriphosphazene (also
known as phosphonitrilic chloride trimer), which is commer-
cially available, such as from Sigma-Aldrich Co. (St. Louis,
Mo.). The nucleophilic substitution reaction is conducted by
conventional techniques and, therefore, is not described in
detail herein. By adjusting the reaction conditions, such as



US 8,871,385 B2

9

temperature and solvent, the desired pendant groups may be
bonded to the phosphorus atoms of the phosphazene com-
pound.

The polyphosphazene cyclomatrix includes a plurality of
cross-linkages. As used herein, the term “cross-linkage”
means and includes a chemical interaction joining (i.e., bond-
ing) together more than one molecule, or more than one
portion of a long molecule. The plurality of cross-linkages
may bond two or more phosphazene compounds of the plu-
rality of phosphazene compounds. Each cross-linkage of the
plurality of cross-linkages may, for example, include an ester
group (—C(0)—0—), a urea group (—N(H)—C(O)—N
(H)—), a urethane group (—N(H)—C(O)—0O—), an amide
group (—N(H)—C(O)—), an ether group (—O—), asulfone
group (—S(O,)—), a methylene group (—CH,—), ora com-
bination thereof. By way of non-limiting example, each
cross-linkage of the plurality of cross-linkages may be a
diester, a diurea, a diurethane, a diamide, a diether, or a
disulfone. As a non-limiting example, each cross-linkage
between the phosphazene compounds may include one of the
general chemical structures shown below:

5
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In at least some embodiments, each cross-linkage is a diure-
thane including an at least one aromatic ring. At least one
atom of the reactive functional group (i.e., the L group, as
described above) of the phosphazene compound may become
incorporated into the cross-linkage bonding one phosphazene
compound with another phosphazene compound. By way of
non-limiting example, the oxygen atom of a hydroxyl group
of'a phosphazene compound may form part of an ester group,
urea group, urcthane group, amide group, ether group, or
sulfone group of a cross-linkage joining the phosphazene
compound with another phosphazene compound. In addi-
tional embodiments, the reactive functional group and the
cross-linkage may be distinct. As a non-limiting example, the
cross-linkage may be a methylene group formed between two
phenolic hydroxyl moieties (e.g., using conventional phenol
formaldehyde methodologies), as shown below:

OH OH

The cross-linkages may be formed by exposing the phosp-
hazene compounds to at least one of a cross-linking agent,
heat, and radiation (e.g., ultraviolet-ray, electron beam, y-ray,
etc.), as described in more detail below.

By way of non-limiting example, if each phosphazene
compound of the plurality of phosphazene compounds is a
six-membered cyclic compound, the polyphosphazene cyclo-
matrix may have the general chemical structure shown below:

\, J/ \,
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