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ELECTROCATALYSTS AND ELECTROCHEMICAL CELLS

Field of the Invention

{0001} The present invention relates to & nanocomposite and uses thereof as a catalyst,
proton conductive matenal, and electrachemical cells {e.g. photoslectrochemical calls)
comprising said nariccomposite andior proton conductive material.

Background

f0002] Any discussion of the background art throughout the specification should in no way be
considered as an gdmission that such background art is prior art, nor that such background art
is widely known or forms part of the comrunoen general knowledge in the field,

[D003] Sustainable energy production is a major challenge faced by the world today. A
growing population with an ever-increasing demand for enargy coupled with rapid depletion of
fossil fuels has led to an increased need for sustainable and clean snergy technologies.

[0004] Water spiitfing (electrolysis) is ang the most promising sustainable technplogies for
meeting increasing energy demand and reducing fossil fuel emissions. Splitting of water is a
reaction in which water (H;0) is separated into oxygen {O;) and hydrogen (Hz). One aim of
water splitiing is to produce sustainable hydrogen to be used &s an energy source, for
sxample, in fusl cell vehicles and other ndustries such as aerospace, refining, welding and
metal fabrication. Water splitting is also a key step in photosynthesis, providing electrons to
power the electron tiansport chain in photosystem [ and thereby resulting in evolution of
oxygen. Thus, another aim of water splitfing is fo provide a sustainable source of oxygen

andior assist in artificial photosynthesis.

{0006} Splitting of water requires large amounts of energy, typically generated from fossil
fuels. In efforts to alleviate the snvirenmental oll of fossil fuel consumption, precious and
nondurable materials like platinum (Pt), 8.g., as PYC, and other noble metals are commionly
used ag catalysts for water splitting due to their intrinsic catalytic activity. in addition fo the
hydrogen evolution reaction (HER) and oxygen evolution reaction {OER]), the key steps in the
splitling of water, Pt catalysts are also used in electrochemical reactions such as oxygen
reduction reaction (ORR) and the reduction of carbon dioxide. However, there are significant
drawbacks arising from using precious metals as catalysts including high costs due wthelr low
abundance in nature, and low durability/stability due to loss of catalyic activily after a relatively
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fow number of catalytic eyclas. This in turn is detrimental to the efficiency and cost of
elacirochemical cells that ulilise precious metsls as waer-splitting catalysts,

fO008] Accordingly, there is a need for new catalysts for electrachemical reactions, such as
the splitting of water, which remove or al least ameliorate one or maore of the disadvantages
associated with existing catalysts. There is also a need for improved electrochemical cells
comprising these catalysts such as, for example, fuel cells, photoelectrochemical cells and
balteries.

{00077 In addition to deficiencies arising from the use of existing catzlysts for slectrochemical
reactions (e.q., water-splitling catalysts), current ¢lectrochemical cells suffer from additional
drawbacks. For example, photoelectrachemical cells (PEC) are reaction units in which light
energy is utilised through a combination of electrochermical processes and photechemical
process to convert a reactant feed stream to reaction products. Conventional photochemical
cells typically comiprise two separate compartments: a first compariment containing an-anode
and a second compariment containing a cathode. The anode side is utilised for oxidation of &
proton source (e.g., water), while the cathode side is utilised for reduction of a reactant feed
stream {e.g., carbon dioxide). Connecting the two compartments is an slectron conductor,
typically in the form of a metal wire, and g profon conductor,

[0008] in some photochemical cells, the proton conductor is a polymer (e.g., Nafion™
membrane. Such membranes have low proton conductivity in the absence of water. Therefore,
at least one of the compartments must be in g liquid phase. As films of such proton-conducting
polymers inhibit the passage of reactants from one compartment to the other, they are used to
separate the first and second compartments. This places limitations on the configuration
available for such photoelectrachemical cells. Furthermore, ion migration from the liquid
comparient to the gas compariment, o vice versa, may occur. This reduces the performance
of the cathode side or the anode side of the cell, depending on the direction of migration, which
reduces the overall performance of the cell.

00087 Accordingly, there is also-a nged for new praton conductors that addrags one oOr maore
of the deficiencies of existing proton conductars, There is also a need for pholoelectrochemical
devices comprising those protan conductars.
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Summary of the Invention

{0010} According to a first aspect of the present nvention, there is provided a nanocompuosite
comprising heteroatom-doped carbon nanostructures, wherein the nanccompasite has a
heterpatom content of at least about 1 wite,

{00111 The following options may be used in combination with the above aspect, gither
indhadually or in any suitable combination.

{00121 The heterostoni-doped nanostructures may comprise any Wwa or more of heteroatom-
doped graphene, heteroatom-doped carbon nanotubes (CNTs) and hetercatom-doped
fullerenes. The hetercatom-daped nanostruciures may comprise hetercatom-doped graphens
and heteroatom-doped CNTs. They may comprise hetercatom-doped graphene and
heterostom-doped fullerenes. They may comprise heterpatom-doped CNTs and helematom-
doped fullerenes. They may comprise heteroatom-doped graphene, heteroatom-doped carbon
nanotubes (CNTs) and heterpatom-doped fullerenss. The CNTs may be single walled CNTs,
multi-walled CNT's or a combination thersof,

0018} The nanocomposite may comprise hetercatom-doped graphene and heleroatom-doped
carbon nanotubes (CNTs), wherein the nanocomposite has a heteroatom content of at least
ahout 1 wi%.

{0014] The hetereatom-doped CNTs may be multi-walled carbon nanotubes. The heteroatom-
doped graphene may comprise an amount of heterogtom in the range of about 1 wit% o about
10 wi%. The hetercatom-doped CNTs may comprise an amount of hetergatom in the range of
about 1 wi% to about 10wiS. The heteroatom-doped graphene and heteroatom-doped CNTs
may be present in a ratio between about 10:1 and about 1:10. The heterogtom-doped CNTs

may be adsorbed onto the surface and/or between layers of the hetercatom-doped graphene.

fO0015] The nanocomposite may be in the form of a dispersion. it may be in the form of a salid.

The N-grapheneg may not form agglomerates of more than about ten layers.

[0018] The heteroatom may be sslected from the group consisting of nitrogen, sulfur,
phosphorus, boron, silicon, gluminium and combinations thereof. The heteroatom may be
nitrogen. The nitrogen may be introduced into the N-graphene or N-CNTs using a nitregen
source selected from the group consisting of an amino acid (e.g., L-arginine}, ammonia,
aniline, benzylamineg, N-benzyimethylamine, bulylamine, diethylamins, N,N-
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dimsthylacetamide, N N-dimethylformamide, sthylenadiamine, formamids,
hexamethylenediamine, hydrazine, isopropylamine, melamine, T-methylpiperazine, N-
methylenediamineg pyridine, pyrrole, quinoline, trimathylenediaming, urea, uric acid and
combinations thereof. The nitrogen source may be selected from the group consisting of an
amino acid, ureg, uric acid and combinations thereof. The nilrogen source may be uric acid.
The nitrogen source may ethylenediamine. The nitrogen source may not be ammonia.

{0017} The N-graphene and/or the N-CNTs may further comprise g co-dopant. The co-topant
may be selected from the group cansisting of sulfur, phosphorus, borgn, silicen, aluminium and
combinations thereof,

[0018] The nanocomposite may have an equivalent spherical diameter in the range of abiout 1
nm to about 1 mm. The nanocomposite may have a mean eguivalent spherical diamster in the
range of about 1 nm to about 1 mm. The nanccomposite may have a8 mean equivalent
spherical dizmeter in the range of about 1 nm to-about 1 pm.

{0018} The nanocomposite may not be supported on a hydroxide support. it may not be formed
on a solid support.

f0020] According toa second aspect of the present invention, there is provided a process for
producing & nanocomposite of the first aspect of the invention, said process comprising: a)
providing heteroatony-doped graphene; b) providing heteroatom-doped CNTs; and ¢)
combining the heteroatom-doped graphene and heteroatom-doped CNTs in solution to form
the nanocompaosite.

{00211 The following options may be used in combination with the above agpedt, gither
individually or in any sultable combination.

[Q022] Step ¢) may comprise heating the solution to facilifate formation of the nanocomposite,

{0023} The solution may be heated to a temperature betwesn about 30 °C to about 150 °C.

[0024] The process may further comprise: d) drying the nanocomposite produced in step ¢j to
form a solid.

f0025] The process may further comprise producing the heterogtom-doped graphene provided
in step {a). The production of heteroatom-doped graphene may comprise! a) mixing graphene
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oxide with a heterogtam source in solution to produce heteroatom-doped graphene oxide; and
b} reduction of heteroatom-doped graphene oxide 1o heteroatom-doped graphene. Steps a)
and b) may be performed simultaneously. Tha hetercaton source may be a reduging agent.
The ratio of graphens oxide to heteroator sourcs in step a) may be'in the range of about 1:1
1o about 1:20. The process may further comprise: ¢ drying the heteroatom-doped graphene
produced in step b) to form a solid. The process may further comprise: d} heating the solid
farrmed in step ©). The solid may be heated {o & temperaiure betweesn about 100%C and about
2000 °C. The process may further comprise a step of producing the graphene oxide. The
graphene ogide may be praduced by exfoliation of graphite.

{00268] The process may further comprise a step of producing the heteroatom-dopad CNTs,
The praduction of heteroatom-doped CNTs magy comprise chemical vapour deposition.

[0027] The heteroatom may be selected from the group consisting of nitrogen, sulfur,
phosphorus, boron, sificon, aluminium and combinations theredf. The heteroatom may be
nitrogen. The nitrogen source may be a reducing agent. The nitrogen may be infreduced into
the N-graphene or N-CNTs using a nifrogen source selected from the group consisting of an
amino acid (e.g., L-arginine), ammonia, aniline, benzylamine, N-benzylmethylamine,
butylamine, disthylaming, N N-dimethyiacetamide, N Ndimethylformamide, sthylenediamine,
formamide, hexamethylenediaming, isopropylamine, melamine, 1-methylpiperazine, N-
methylenaediamine pyridine, pyrrale, quinglineg, trimethylenadiaming, wrea, uric acid and
combinations thereof, The nitrogen source may be selected from the group consisting of an
amine acid, urea, wic acid and combinations therecf. The nitrogen source may uric acid. The

plirogen sowce may be sthylenediaming. The nitrogen source may act be ammonia.

{0028] The process may further comprise co-doping the N-graphene and/or the N-CNTs with a
co-dopant. The so~dopant may be selected from the group consisting of sulfur, phosphorus,
boron, silicon, aluminium and combinations thereof.

{0029} According to a third aspect of the present invention, there is provided an electrode

comprising a nanacomposite of the first aspect of the invention,

[0030] Accarding {o a fourth aspect of the present invention, there is provided an

electrochemical cell comprising a nanocompaosite of the first aspect of the invention.

[0031] The following options may be used in combingtion with the above aspect, sither
individually or in any suifable combination.
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f0032] The slectrochemical cell may comprise a cathode comprising the nanocomposite of the
first aspect of the invention. The electrochemical cell may comprise an anode comprising the
nanocompasite of the first aspect of the invention. The electrochemical cell may be selected
from the group consisting of g fuel cell, water elecirolyser, a photoslectrochemmical cell and a
battery. it may be g hydrogen-fuel cell, it may be g battery. The battery may be a lithium
batiery.

{00338} Accarding to a fifth aspect of the present invention, there is provided use of the

nanpcomposite of the first aspect of the invention a5 a catalyst for a reduction reaction.

f0034] The following options may be usad in combination with the above aspect, either
individually or in any suitable combination.

{0035] The reduction reaction may be a hydrogen evolution reaction (HER). it may be an
oxygen reduction reaction {ORRY. 1t may be reduction of carbon dioxide {COy).

{0038] According 1o a sixth aspect of the present invention, there is provided use of the

nanocompasite of the first aspect of the invention as a catalyst for an oxidation reaction.

f0037] The oxidation reaction may be an oxygen evolution reaction (OER).

{0038] According 1o 8 seventh aspect of the present invention, there is provided use of the
nanccomposite of thefirst aspect of the invertion as a catalyst for splitting water.

[0039] According to an sighth aspedt of the present invention, there is provided use of an

electrochemical cell according to the third aspect of the invention for splifting water.

{0040} Accarding o a ninth aspect of the present invention, there is provided a
photoelectrochemical cell comprising: (a) an anode comprising at least one oxidation catalyst;
by a cathode compriging at least one reduction catalyst, wherein the cathode is in electnical
communication with the anade; and (¢} a proton conduciar having a porous structure, wherein
the proton conducior connects the ahode and the cathoda, thereby allowing fransfer of protons
between the anode and the cathode,

f0041] The Tollowing options may be used in combination with the above aspect, either
individually or in any suitable combination.
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f0042] The porous struciure of the proton canductor may be provided by bonded or non-
bonded nano-ibres, The proton conductor may comprise a polymeric material. The polymeric
material may be gas-permeable. The polymeric material may comprise perfluorosulfonic acid.
The porous struciurs of the proton conductor may be formed by slectrospinming the polymeric
material. The proton conductor may be at least partially transparent 1o electromagnetic {(EM)
radiation. The proton conductor may be at least partially transparent to EM radiation having a
wavelength in the rangs of about 350 to about B50 am.

{0043] The photoelectrochemical cell may further comprise an elecirically conductive
substrate. The anode and cathode may each be disposed on a surface of the electrically
conductive subsirate, thereby providing the electrical communication. Theanode and cathods
may each be disposed on different sufaces of the electrically conductive substrate. The
electrically conductive substrate may form a layer between the anode and cathode. The ancde
and cathode may be disposed on the same surface of the elecirically conductive substrate,
such that the slechrically conductive substrate forms afirst layer and the anode and cathode
form a second layer. The electrically conductive substrate may comprise oneg or more materials
sslected from the group consisting of stainless stesl, coppsr, nickel, iron and gold. The
electrically conductive subsirate may comprise fwo or mors laysrs, Each of the two of more
tayers of the electncally conductive substrate may be individually selected from a mesh of
sheet.

{0044] The anode may comprise a photovoliaic cell. The photovaltaic cell may be a multi-
function photovaligic cell. The multi-junction photovoitaic cell may be a triplesjunction
amorphous silicon-based photovoliaic call. The oxidation catalyst may be disposed on or

adiacent to 2 p-side of the phofovoltaic call.

00457 The ot least one oxidation catalyst may be a water-axidising catalyst. The al last one
pxidation catalyst may be selected from the group: consisting of cobait oxides, manganese
oxides, nickel oxides, iron oxides, nanocomposites and combinations thereof. The at least one
axidation catalyst may be cobalt (1) oxide. The at least one oxidation catalyst may be inthe
form of nanoparticles. The axidation catalyst nanopatticles may have an equivalent spherical
diameter in the range 5 nm to 70 nm. The oxidation calalyst nanoparticles may have @ mean
aquivalent spherical diameter in the range 20 nm fo 35 nm. The at least one oxidation catalyst
may be the nanccomposite of the first aspect of the invention.

{0048} The at least une reduction catalyst may be a carbon dioxide-reducing catalyst. The at
teast one reduction catalyst may be a proton-reducing catalyst. The at least one reduction



WO 2016/141414 PCT/AU2016/000081

catalyst may be copper (I} oxide. The at least one reduction catalyst may be in the form of
nanoparticles. The reduction catalyst nanopadicles may have an eguivalent spherical diamster
in the range of about & nm to about 70 nm. The nanoparticles may have a mean equivalent
gsphetical tiameter in the range of about 20 nm 1o about 35 mm. The at least one reduction

catalyst may be the nanocomposite of the first aspect of the invention.

f0047] The praton conductor may partially or completely envelop the anode, the cathode or
both. The phofeelectrochemical cell may further comprise msans of providing one or mors
gaseous feed streams o the pholoelscirochemical oell, such that the gasecus feed sireamys)
contacts the oxidation catalyst, the reduction catalyst or both. The photoelectrochemical cell
may be for reducing a humid carbon dioxide {C0:) gas stream to CO; reduction products. The
CO; reduction products may includs water, carbon, carbon monoxide, alcohols, ketones,
carboxylic acids, gldehydes, heterocyales and Ciyp hydrocarbons.

{0048] According to a tenth aspect of the present invention, there is provided a
photoetectrochemical cell comprising: (a) an anode comprising an oxidation catalyst disposed
oty & surface of a photovoltaic cell; {b) a cathode comprising a reduction catalyst; (¢} a profon
conductor having a porous structure, wherein the proton conductor connects the anode and
the cathode; and {d) an slectrically conductive substrate, wherein the anode and cathode are
gach disposed on a surface of the electrically conductive substrate, thereby providing electrical
comitunication between the anode and the cathode; and wherein the proton conductor
comprises a gas-permeaable polymeric material, which is at least partially fransparent to
electromagnetic (EM) radiation, the proton conductor at least partially enveloping the anods,
cathode and slectrically conductive subsirate,

{0048 According o an eleventh aspect of the present invention, there is provided a proton
conductor having & porous structure, wherein said porous structure allows permeation of a gas
through said proton conductar,

{0050} The follviwing options may be used in combination with the above aspect, sither
ndividually orin any suitable combination.

{0051} The porous structure of the profon conductor may be provided by bonded or non-
honded nano-fibres. The proton conducior may comprise a polymeric material. The pelymaeric
material may be gas-permeable. The polymeric material may comprise perfluprosulfonic acid.
The porous structure of the proton conducter may be formed by electraspinning the polymeric
material. The proton conductor may be at least partially transparent to glectromagnetic {EM)
radigtion. The proton conducior may be at least partially transparent to EM radiation having a
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wavelength in the range of about 350 to abaut 850 nm. The porous structure af the proton
condutior may allow permeation of & liguid through the proton condustor.

[0052] According 1 a twelfth aspect of the present invention, thers is provided a process for

preparing a porous profon conductor comprising the steps of: {i) providing a proton-conducting
polymeric material and (i) electrospinning the polymeric material, thereby producing a porous
protan conductor, The porous proton conductor prepared according to the twelfth aspect of the

invention may be a proton conductor of the eleventh aspsctof the present invention.

{0053] According to a thirteenth aspect of the present invention, there is provided a porous

proton conducior prepared by the process of the twelfth aspect of the present invention.

{0054] Accarding to a fourteenth aspect of the present invention, there is provided a method of
reducing carbon dimade {C0;) to CUx-reduction products, the method comprising the steps of:
{i} providing water vapour and CQ, gas stream 1o the photoslectrochemical cell of the ninth or
fenth aspect of the present invention, whereby the water vapour contacts the oxidation catalyst
and the CO, gas contacts the reduction catalyst; (it) exposing the anodeto an alsctramagnetic
{EM) radigtion source, thereby converting the water vapour to oxygen gas, protons and/or
electrons; (ili) ransporting the protons and electrons to the cathode via the proten conductor;
and [V} exposing the cathode o the electromagnetic (EM) radiation saurce, thereby redusing
the CO: gas in the presence of the profons and electrans to CO: redugtion products.

{008E] The following pptions may be used in combination with the above aspect, either
individually or in any suitable combination.

{0058] The water vapour and CO; gas may be provided in a single gaseous feed stream. The
gaseous feed stream may have a relative humidity of between 50% and 100%. The CO.-
reduction products may be selected from the group consisting of water, carbon, carbon
monoxide, aleohals, ketones, carbaxyvlic acids, aldehydes, heterocycles and Ciqyg
hydrocarbans. The method may further comprise the step of: (iv) collecting the CO, reduction

products.

{00571 According to a fifteenth aspect of the present invention, there are provided GO

reduction products produced by the method of the fourteenth aspect of the present invention.

f0058] According 1© a sbiteenth aspect of the present invention, there s provided use of the
photoelectrochemical cell of the ninth or tenth aspect of the present invention for converting
CO; to CO,reduction products.
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Brief Description of Figures

{0058} Embadiments of the present invention will now be described, by way of example only,

with reference o the accompanying figures wherein:

[00B0] Figure 1 is a schematic illustration of an exemplary process for preparation of a
nanccomposite as described hersin (N-ONT-N-RGO.

[Q06 1] Figure 2 shows (8) a scanning glectron microscopy (SEM) image; (b) a high resolution

stanning electron microscopy (HRSEM) image; {¢) a transmission electron microscopy (TEM)
image; (d) a high resolution transmission electron microscopy (HRTEM) image of a N-CNT-N-
RGO composite; (e) an X-ray diffraction pattetn of nitrogen doped graphene (N-RGO) in a N-

CNT-N-RGO composite; and {f) an HRTEM of nitrogen doped carbon nanotube (N-CNT) ina

N-CNT-N-RGO composite.

{0082] Figure 3 shows (&) an electron energy loss spectroscopy EELS and (b} high-resolution
transmission etectron microscopy snergy dispersive X-ray (HRTEM-EDX) images, of a N-CNT-
N-RGQ compuosite.

[0063] Figure 4 shows {a) an X-ray photoelectron spectroscopy (XPS) survey spectrum of a N-
CNT-N-RGO; and (b} a high-resolution N1s XPS specira of a N-CNT-N-RGO.

{00641 Figure 515 an exemplary schematic structure showing the binding conditions of nitrogen
in graphene plane.

f0085] Figures 8 shows Raman spectra of. (8 a N-CNT-N-RGO; and {b) 8 CNT-REO
composite.

[00B8E] Figure 7 is a rotating disk electrode (RDE) voltammogram in O» saturated 0.1 M KOH
solution at room temperature (rotation speed 1600 rpm, sweep rate 20 mV 87" for the CNT, N-
CNT, RGO, N-RGO, N-CNT-N-RGO and PYC.

{0087] Figure 8 shows {8) cyclic voltammograms (CV) of N-CNT-N-RGO and PYC electrodes
in O saturated 0.1M KOH before (solid line) and after {dash line} a confinuous
potentindynamic swept for 5000 cycles at room tempearature (25 °C), scan rate: 0.1 Vis; and
{b)} RDE voltammograms for the ORR in O; saturated 0.1 M KOHM of N-CNT-N-RGG and PYC
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slectrodes befors (solid line) and after {dash ling) a continuous potentiodynamic swept for
5000 cycles af room temperature (25 °C), scan rate: 0.1 V/s, slectrode rotating rate: 1600 rpm.

{O068] Figure 8 shows the performance of g N-CNT-N-RG{ catalyst in the oxygen evelution
reaction (OER) by a linear sweep voltammuogram (LSV) curves of the NCNT-N-RGO and PYC
glectrodes in Arsaturated 0.1 M KOH (&) and 0.5 H;80, (b) at bmV/s.

{0089] Figure 10 shows the perfarmance of a N-CNT-N-RGD catalyst in the OER by Tafel
plots of the NCNT-N-RGQ and PHC slectrodes in Ar-saturated 0.1 M KOH (a) and 0.5 H-80,
{b) at 2mVis.

[0070] Figure 11 shows the performance of a N-CNT-N-RGQ catalyst in the hydrogen
evolution reaction (HER) by L8V curves of the N-CNT-N-RGO and PtC electrodes in Ar-
safurated 0.1 M KOH (g8} and 0.5 H:80. (b) at SmV/s.

{0071] Figure 12 shows the performance of a N-CNT-N-RGO catalyst in the HER by Tafel plots
of the N-CNT-N-RGO and PYC slectrodes in Ar-saturated 0.1 M KOH (a) and 0.5 H:S0O; (b) at
2mVis.

f0072] Figures 13{a) and (b} are schematic diagrams showing two different configurations of
anudes and cathodes disposed on an electrically conductive substrate;

[0073] Figure 14 is a schematic diagram of a photoelectrochemical cell comprising a porous
proton conductor;

{00741 Figures 15{(a) and (b) are scarmning electron micrograph images of a nano-fibrous proton
conducton

[0075] Figure 16 is a photograph of a photoelectrochemical cell comprising a porous proton
conductor;

[0076] Figure 17 is g schematic diagram showing the experimental set-up used for measuring
the current produced by a photoelsctrochemical cell; and

0077] Figure 1B shows the current produced by the phatoselectrochemical cell of Fig. 18,
measured using a polentiostat, when llluminated and when dark in the presence of {a) CO»
and H:Q, (b) Ar and H0, (¢} CO; and {d) CO; and H0;
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fOG78] Figure 18 i8 & photograph of a pholoelectrachemical cell comprising a porous proton
conductor,;

H0079] Figure 20 shows the current produced by a photoglestrochemical cell of Fig. 19,
measured using a potentiostat, when illuminated and when dark in the presence of 8 humid Ar
feed stream and a humid CO; feed stream; and

{0080] Figure 21 shows the current produced by a photoelectrochemical cell (aywitheut a
tharmal sink and (b) with a thermal sink.

Definitions

[0081] As used in this application, the singular form “&", "an” and “the” include plural references
urless the contexd clearly dictates otherwise. For example, the phrase “a calalyst” also

includes a plurality of catalysts.

[0082] As used herein, the {ferm "comprising” means "including.” Variations of the word
“comprising”, such as “comprise” and “comprises,” have correspondingly varied meanings.
Thus, for example, a photochemical cell "comprising” nanocompaosite A may contain only
fgnacamposite A of may include ang or more addifional nanocomposites {e.g., nahocomposite
A and nanccomposite B

{00831 i will be understood that use of the term *about” herein in reference 1o a recited
anumerical value (a4, a temperature or pressure) includes the recited numerical value and
numerical values within plus or minus ten psercent of the recited value.

{00841 Any description of a prior art document herein, or a statement herein derived from or
based on that document, is not an admission that the document or devived statement is a part
of the common general knowledge of the relevant art.

{0085] For the purposes of description all documents referred to herein are incorporated by
reference it their entirety unless otherwise stated.

00881 As used herein, the term “hetercatom-doped” or "heteroatom-doping” refers {o the
intercalation and/or incarporation of heteroatoms into a carbon framework. Heteroatoms
include, but are not limited to, nitrogen, sulfur, phosphorous, boron, silicon and aluminium,
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[O0BT7] As used hersin, the term “graphesneg” includes pristine grapheneg and reduced graphens
oxide (RGO}

fO088] As used herein, the term “nanccomposite” refers {0 a structure comprising two or mors
components, in which one of the components has at least one dimension between about 1 nm
and about 100 nm.

{00839] As used herein, theterm “carbon nanosiructure” refers to g stiucture consisting of
carbon atoms having at lsgst one dimension between about 1 nmy and about 100 nm.

Description of Embodiments

[0880] Ceriain aspects of the present invention relate to nanocompasites which are suitable for
use as catalysts i electrochemical cells. Tha nanocomposites may be used in a varnety of
applications. For example, the nanocomposites may be used as catalysts for splitting of water
{0 produce sustginable hydrogen to De used, for example, a8 an energy source in a hydrogen
fuel cell. Additionally oralternatively, they may be used as catalysts for oxygen svolution
reactions {OER), oxygen reduction reactions (ORR}, and/or reduction of carbon dioxide.

f091] The nanccamposites described herein comprise heterostom-doped carban
nanostractores, 8.9, graphene, fullerenes andtor carbon nanotubes, which may conder
improved electromagnetic, physiochemical, optical, and/or structural properties. Non-limiting
extamples of suitable heterogtoms for doping the carbon nanostryctures include, but are not
limited to, nitrogen, sulfur, phosphorus, boron, silicon, aluminium or combinations thersof,

{0092} In some embodiments, the nanpocompaosites comprise heteroatom-doped graphene
feg., N-graphieng). In some emboadiments, heteroatom combinations may be incarporated into
the carbon structure of graphenea. The heteroatom combination may comprise any two or more

of nitrogen, sulfur, phosphorus boron, silicon or aluminium.

f0093] As known to the skilled addressee, graphene is intrinsically non-flat and forms random
corrugations which may cause undesirable properties for usea in various applications.
Graphene also has a tendency to agglomerate (or re-stack) due to strong van der Waals
interactions betweean neighbauring sheets, resulting in a loss of effective surface area and
reduced elecirical conductivity, Introducing heteroatoms into graphene may alter the local
electron density and result in modified and/or enhanced physico-chemical properties of the
graphene andior may reducs the tendency of the graphéne t6 agglomerate. Agglomeration
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may alse be ameliorsted using nano-spacers between layers of graphene. Suilable nano-
spacers ingiude, but are not limited to, ONTs and fullergnes.,

{0084} For example, intreducing heteroatoms info-the graphene may, for example, enhance the
slactrical conductivity of the graphene. The heteroatoms may donate one or more free
electrons fo the graphene, causing free electron mobility and thereby increasing the electron
conductivity of the graphene. Hetercatom doping of graphane may reduce the band gap and
ncrease the chemical potential of the graphene, By way of example, nitrogen may be
incorporated into the carbon structure of graphene by, for example, replacing a carbonatom fo
form 6-membered or 5-membered rings. For example, nitrogen may be incorporated into the
graphenea to form 6-membered pyridinic rings by replacing a carbon in a 8-membered ring at
an edge of the graphene structure. Pyridinic-nftrogen contributes one p-electron tc one
aromatic -system while having a lone electron pair. Additionally or alternatively, a quaternary
nitrogen may replace a carbon atom in the 8-membered ring graphitic framework which
contributes three p-electrons, .., one electron to each of the three aromatic w-systems into
which the nifrogen is incorporated. Additionally or aliernalively, nitrogen may be incorporated
&% a pyrrolic-nitrogen, wherein the nitrogen ¢an replace a carbon in a 5-membered ring ora
carbon bonded to hydrogen in & 8-membered ring &t the sdge of the graphene sfructurs,
Nitrogen may be incorporated nto the graphene to form any combination of functionalities, for
gxample, combinations of pyridinic, quaternary andfor pyrrolic nitrogen. The position of
nitrogen in the graphens may affect the physico-chamical properties of the N-graphene. For
example, it has been postulated that quatermary rifrogen has the most sffective catalytic
activity as it is able to contribute more ¢lectrons into the graphene than pyridinic or pyreplic
nitragen. The position of nitrogen in the graphene structure may be influenced by controlling
the nitrogen source andior temperature at which nitrogen doping is carried out. For example, it
has been postulated that use of a high affinity nitrogen source at high temperature tends io

form guatemary nitrogen.

[0095] Suitable sources of heteroatoms for incorporatian inte the graphene are well known to
those of ordinary skill in the art.

0086 by embodiments whare the heteroatoms comprise or consist of nitragen, any suitable
nifrogen source may be used. For example, the source may be an amineo acid (e.g., L-
argining}, ammonia, aniling, benzylamine, N-benzylmethylamine, butylamine, diethylamine,

N N-dimethviacetamide, N,N-dimethylformamide, ethylenadiamine, formamide,
hexamethylenediamine, isopropylaming, melamine, 1-methylpiperazine, N-methylenadiamine
pyridine, pyrrole, guineline, frimethylensdiamine, urea, wic acid, or any combination thersof, In
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some ambodiments the nittogen source may be g non-toxic of low texicity nitrogen source, For
example, it may be an amino acid {(e.g., L-arginine), urea, uric acid, or any combination
thereof. In some embodiments, the nitrogen source may not be ammonia.

{00871 In some embodiments, the heteroatom {e.g., nitrogen) content of the heteroatom-doped
graphens may be in the range of about 0.1 wi% fo about 20 wi%. For example, the heteroatom
{e.4., nitrogen) confent of the helercatom-doped graphens may be in the range of about 0.1
wt% {o about 10 wi%, about 1 with o about 10wt aboud & with to about 15 wi%, about 2
wih to about 8 wi%, about 0.5 witth 1o about 10 wi%, about 0.5 wi% {o about 7 wit, about 0.2
wit% to about 6 wit%, about 3 wi%h to about 7 wi%, about 4 wi% to about 8 wi%, e.g., about 0.1
wi%, 0.2 wi%, 0.5 wi¥%, 1 wi%, 2 wi%, 3 wi%, 4 wit%h, 5 wi%, 8 wid%, 7 wi%, 8 wi%%, B wi%, 10
W%, 12 wi%, 15 wi% or 20 wi%.

[0088] Suitable methods for introducing heteroatoms into the carben structure of graphene are
wall known to those of ordinary skill in the agt. For gxample, nitrogen may be introduced info
the cagbon structure of graphene by any suitable method. For example, it may be introduced
by mixing graphene oxide (GO) with a nitrogen source in any suitable solvent {e.g., water) to
produce nitrogen-doped graphene oxide (N-GO), followed by a reduction step to produce
nitragen-doped reduced graphene oxide (N-RGOY. GO may be produced by any suitable
method, for example, by exfoliation of graphite. Methods for exfeliating graphite are known in
the ar, for example, the Hummer's method (W.S. Hummers and R.E. Offeman, .J. Am. Chem,
Soc, 1958, 80, 1338) and modifications thereof. In some embodiments, insertion of nitrogen
and reduction oceur simultaneously. In some embodiments, the nitrogen source may actgs a
reducing agent, £.g.. uric acid, urea, ammonia or melamine. In the production of N-RGO, the
ratio of graphene oxide o nitrogen source may be in the range of about 1:1 1o about 1:20. For
example, the ratio of graphene oxide to nitrogen sowrce may bein the range of aboygt 1:1 {0
about 1:10, about 1:5 to about 1:20, about 1:1 1o about 1:5, about 1:5 to abowt 1:15, about 1:2
to about 1:10, about 1.2 o about 112, about 1:2 to about 1:8, about 1:10 to about 1:20, about
1:10 10 about 115, e.g., abowut 11, abowt 1:2, about 1:3, about 14, about 1.5, about 1.6, about
1:7, about 1:8, about 1.8, about 1:10, about 1:11, about 112, about 1:13, about 1:14, about
1:15, about 1,16, about 1:17, about 1:18, about 119 ar about 1:20. The N-GO may be
produced in the form of a dispersion in solvent {e.g.. water), or it may be dried to yield solid N-
GO, e.g., as flakes, sheets or nanoplatelets. In some embodiments, the solid N-GO may be
reducad by hesting or annealing at high temperature. High temperatures may slso assist with
incorporation of nitragen into the graphene. For example, the solid N-RGQO may be healed to a
temperature bebwveen sbaut 100 *C and sbaut 2000 %C, e.g., about 100 °C, 200 °C, 300 °C,
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400 °C, 800 °C, 800 ¢C, 700 °C, 800 °C, 200 °C, 10060 °C, 1100 °C, 1200 °C, 1300 °C, 1400 °C,
1500 °C, 1600 °C, 1700 °C, 1800 °C, 1900 °C, or 2000 °C.

{0098] The heteroatom-doped graphens (8.g., N-graphene} described herein may he
functionalised. Funclional groups may be intreduced at any suitable time during the process of
preparing the heteroatom-doped graphene, e.g., before, during or after hetercatom doping. in
some embodiments, functional groups may be covalently bound to the hetercatom-doped
graphene by, for exampls, oxidation, esterification, amidation, halegenation, radical addition,
cycloaddition, nucleophilic addition or electrophilic addition. Covaltently bound functional
groups may be attached onto the graphens. Additionally or alternatively, functional groups may
be non-covalently bound to the heteroatom-doped graphene, for example, by van der Waals
forces, w-1r interactions, or adsarption of compotunds of the surface of the hetergatom-doped
graphene, e.g., polynuclear aromatic compounds, surfactants, polymers or biomalecules. In
some embodiments, pregious and/or non-pracious metals or metal saits may ba incorporated
into the graphene structure,

{00100] The heteroatom-doped graphene may he in the form of nanostructures having any
suitable morphology. For example, the heteroatom-doped graphene nanostructures may be in
the form of flakes, sheets or nancplatelets. iy some embodiments, the heterpatom-doped
graphene does noet form agglomerates of more than about 10 layers. For example, the
heteroatom-doped graphene may form agglomerates of less than about 10 layers, €.g., 1ess
than gbout 8, 8, 7,6, 5, 4, 3 or 2 layers. In some embodiments, the heteroatom-doped
graphene 8 present substantially as single layer hatergatom-doped graphene. The
heteroatom-doped graphens nanosiructures may have any suitable particle size. For example,
each of the heteroatom-doped graphene particles may have an equivalent spherical diameter
in the range about 1 nm {o less than about 1 mm, about 1 e to about 5300 um, about 10 nmio
about 500 ymy, about 100 nm to about 50 um, about 1 um to about 500 umy, about 10 nmto
about 500 rery, or about 500 nm to about 500 um. The heternatom-dopead grapheng particles
may have a mean equivalent spherical diameter in the range of about 1 nm {o less than about
1 mm, about 1 nm to about 500 um, about 16 nm to about 500 um, about 108 nm {o about 50
am, gbout 1 um © about 500 pm, about 10 nm to about 300 nm; or about 500 nm to about 500
dm. In some embodiments, the hetercatom-doped graphene may be nanoporous.

{Q0101] In some embodimants, the nanocompoesites described herein comprise heteroatom-
doped carbon nanptubes (CNTs}, which may confer improved electromagnetic,
physiochemical, optical, anddor structural properties. Non-limiting examples of suitable
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heterpatoms for doping the CNTs include, but are not limited . nitragen, sulfur, phosphorus,
boron, silicon, aluminium or combinations thereof,

{01027 As known to the skillad gddresses, carban nanotubes (CNTs) have a tendengy to
agglomerate, gligning themselves into ropes or bundles held together by van der Waals forces,
reducing the amount of effective surface area and electrical conductivity. Introducing
hetercatoms into CNTs may alter the local electron density and result in modified andfor
enhanced physico-chemical properties of the CNTs andfor may reduce the tendency of the
CNTs to aggiomerats.

001031 In some embodiments, the nanogcomposites comprise nitrogen-doped carbon
nanotubes (N-CNTs). In some embaodiments, heteroatom combinations may be incorporated
into the carbon structure of the graphitic piane. The helercatom combinalion may comprise
any two or more of nitrogen, sulfur, phosphorus or haron.

f00104] For example, introducing heteroatoms into the CNTs may, for example, enhance the
conductivity of the CNT. The heteroatoms may donate one or more free electrons {o the CNTs,
causing free slectron mobility and thereby increasing the slectron conductivity of the CNTs.
Heterpaton doping of CNTs may reduce the band gap and increase the chemical potential of
the CNTs. By way of example, nitrogen may be incorporated into the carbon structure of CNTs
by, for example, replacing a carbon atom to form 6-membered or 5-membered rings. For
example, nitrogen may be incorporated into CNTs {fo form 8-membered pyridinic rings by
replacing & carbon tn @ 8-membersd ring at an edge of the CNT siructure. Pyridinic-nitrogen
contributes one p-electron to one aromatic r-system while having a lone electron pair.
Additionally or alternatively, a quaternary nitrogen may replace a carbon atom in the 8-
membered ring graphitic framework which coniribules three p-electrons {o the thres aromatic
-gystems. Additionally or glitematively, nitrogen may be incorporated as a pyiralic-nitrogen
can replace a carbon in a 5-membered ring or a carbon bonded to hydrogen in a §-membered
ring at the sdge of the ONT struciure. Nitrogen may be incorporated into the CNTs to form any
combination of functionatities, for example, combinations of pyridinic, guaternary and/or
gyrrodic nitregen. The position of nitragen in the CNTs may affect the physico-chemical
praperties of the N-CNT. For example, it has been postulated that guaternary nitrogen has the
most effective catalytic activity as it is able {o contribute more electrons into the CNTs than
pyridinic or pyrrolic nitrogen. The position of nitrogen in the CNT structure may be influenced
by cantrolling the nitrogen source and/or temperature at which nitrogen doping is carried out.
For example, it has been postulated that use of a high affinity nitrogen sourge at high
temperature tends to form guaternary nitrogen.
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{00105] Suitable sources of heterocatoms for incorporation into the CNTs are wall known to
fhose of ordinary skill in the ar.

{00106} In embodiments where the hetercatoms comiprise or consist of nifrogen, any suitable
nitrogen source may be used. For example, the source may be an aming acid (&.g., L~
argining), ammonia, aniline, benzylamine, N-benzylmethylamine, butylamine, diethylaming,
N.N-dimethylacetamide, N N-dimethylformamide, sthylensdiamine, formamide,
hexamethylensdiamine, isapropylaming, melamine, 1-methylpiperazing, N-methylensdiaming
pyridine, pwrale, quinoline, trimethvlenediamineg, urea, uric acid and combinations thereof. in
some embodiments the nifrogen source may be a non-toxic or low toxicity nitrogen source. For
example, it may be an amino acid, urea, uric acid and combinations thereof. In some
embodiments, the nitfogen source may not be ammohia.

[00107] In some embodimenis, the heteroatom (e.g., nitrogen) content of the CNTs may be in
the range of about 0.1 wit%s to about 20 wils. Forexample, the heteroaton {e.g., nifrogen)
content of the CNTs may be in the range of about 0.1 wit% to about 10 wi%, about 1 wi% o
about 10 wi%, about 5wt 1o about 15 wi%, about 2 wi% 10 about 8 wi%, about 0.5 wi% o
about 10 wids, about 0.5 wit% to about 7 with, about 8.2 wit¥% to about § wi%, about 3wi% to
abowt 7 wi%, about 4 wi% to about & wi%, .., about 0.1 wit%, 0.2 Wi%, 0.5 wt%, 1 wil%, 2
Wi, 3 wi%, 4 witt%h, B wi%, 8 wi%, 7 wi%, 8 wi%, 9 wide, 10 wi%, 12 wids, 15 wi% or 20 wi%.

[00108] Hetercatoms may be infroduced into the carbon structure of CNTs by any suitable
method. Methods for doping of G Tswith heteroatoms {e.g.. nitrogen) are known in the art, for
example, chemical vapour deposition (CVD), arc discharge, laser ablation, or selvathemmal
synthesis. The CNTs may be any suitable morphology, for example, they may be single-walled
CHNTs or they may be multi-walled CNTs, giving rise fo single-walled heteroatom-doped CNTs
or mulli-walled N-CNTs respectively.

{00109] The hetercatom-doped CNTs described herein may be functionalised. Functional
groups may be introduced at any suitable time during the process of preparing the heteroatom-
doped CNTs, e.g., before, during or after heteroatom dopging. In some embodiments, functional
groups may be covalently bound to the heteroatom-doped CNTs by, for example, oxidation,
esterification, amidation, halogenation, radical addition, cycloaddition, nucleophilic addition or
electrophilic addition. Covalently bound functional groups may be attached onto the side wall
ar ends of the carbon nanoiube. Additionally or alternatively, functional groups may be non-
covalently bound to the heteroatom-doped CNTs, for example, by van der Waals forces, w-n
interactions, or adsorption of compounds on the surface of the heteroatom-doped CNTs, a.g.,
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polynuclesr aromatic compounds, surfactants, polymers or biomolecules. In some
embodiments, precious andfor non-precious metals or metal salts may be incorporated into the
CNT structure.

{00110] The heteroatom-doped CNTs may be in the form of nanoparticles having any suitable
particle size. For example, each of the heteroatom-doped CNTs particles may have an
equivalent spherical diameter in the range about 1 nm to less than about 100 pm, about 1 im
o about 50 pm, about 10 nm o about 50 um, about 100 nm to about 50 um, about 1 ym to
ahout 50 um, about 10 pm to about 500 nm, or about 500 nmt to about 100 ym. The
heteroatom-doped CNT particles may have a mean equivalent spherical diameter in the rangs
of abiout 1 nm to about 50 um, about 10 nm {0 about 50 wm, shout 100 nm to about 50 um,
about 1 um to about 50 ym, about 10 nm to about 500 nm, o about 200 nim o about 100 pm.
in some embodiments, the heterogtom-doped CNTs may be nanoporous.

{001 11] The nanccomposites describied herein may be formad by combining heterogtom-
doped carbon nanostructures. For example, they may be formed by combining heteroatom-
doped graphene and heteroatom-doped CNTs. The nanccomposites may be formed by any
suitable method, for example, by adsorption of heteroatom-doped CNTs (e.g., N-CNTs) onto
the surface of hetergatom-doped graphene {e.g., N-graphene). The heteroatom-doped
grapheng and hetercatom-doped CNTs may assemble inany arrangement to form the
nanocomposites. In some embodiments, the hetercatom-doped graphene and hetercatom-
doped CNTs self-assemble to form the nanocompaosites. In some embodiments, the
nanocomposites described herein may be formed by combining CNTs which have been pre-
doped with one or more heleroatams (2.4¢., pittogen) with graphene which has been pre-doped
with one heteroatoms (e.g., nitrogen). In other embodiments, a nanocomposite may be first
formed by combining CNTs and graphene, and the nanocomposite subsequently doped with
ane or more heteroatoms. The present inventors have observed improved gatalvtic activity in
embodiments in which the graphene and CNTs have besn doped with one pr more
hateroatoms prior to formation of the nanccomposite. In some embodiments, the hateroatom-
doped graphene (e.g.. N-graphene} does not form agglomerates or stacks of more than about
10 layers. For example, the heteroatom-doped graphene may form agglomerates of less than
about 10 layers, e.g., lessthan gbowt 8, 8, 7, 6, 5, 4, 3 or 2 layers. Agglomeration may be
ameliorated, forexample, by spacing apart of the N-graphene particles with N-CNTs. In soms
embodiments, the heteroatom-doped graphene may be present substantially as single layer N-
graphene. The nanocomposite may be formed an a solid support. v some embodiments, the
nanocomposite is formed on a support which is not a hydroxide support. Alternatively, the
panccomposite may be formed withowt 8 solid support.



WO 2016/141414 PCT/AU2016/000081
20

f00112] The nanocomposites described hersin may be in any suitable form. For exampls, they
may by in the form a dispersion or a solid, 2.9., a powder. The nanocomposites may comprise
heteroatom-~doped graphene (e.g., N-graphene) and heteroatom-doped CNTs (e.g., N-CNTs)
in & ratio of about 1:10 to aboud 1001, For example, the ratio of N-graphene {o N-CNTs may be
about 1110, 18, 18, 1.7, 1.6, 1.5, 14, 13, 112,11, 2.1, 31, 41, 51, 61, 71, 81, &1 or 1001,
The overall heteroatom {e.g., nitrogen) content of the nanocomposites described herein may
be in the range of about 0.1 wi% 1o about 20 wits. For example, the nitrogen content of the N-
CHNTs may be in the range of about 0.1 wi% to about 10 wi%, about 1 wi% to about 10wid%,
about & wi¥s to about 15 wito, about 2 wi% 10 about 8 wi%, abiout 0.5 wi% 1o about 10 wi,
about 0.5 wit% to about 7 wi%, about 0.2 wi% to about 6 wi%, about 3 wi% to about 7 wi%,
about 4 wi% to about 8 wit%, e.g., about 0.1 wi%, 0.2 wi%, 0.5 wi%, 1 wi%, 2 wi%, 3 wi%, 4
wi%, & wid, 6 wi%, 7 wi%, 8 wi%, 9 wi%, 10 wi%, 12 wi%, 15 wt% or 20 wi%.

{00113] The nanocomposites described hergin may have any suitable particle size. For
example, each of the nanocompuosite padicles may have an eguivatent spherical diameterin
the range of about 1 nm o less than about 1 mm, about 1 nam to about 500 um, about 10 nm fo
ghout 500 pm, about 108 nm to about &0 ym, about 1 um to gbout 500 pm, about 10 nm to
about 500 nm, or about 500 nm 1o about 500 . The nanocompoesite particles may have a
mean equivalent spherical diameter in the range of about 1 ant to less than about 1 mm, about
1 nim 1o about 500 pm, aboul 10 nm 1© about 500 gm, about 100 nm to about-50 um, about 1
wm to about 500 um, about 10 nm 1o about 500 nm, or about H00 nm to about 500 pm. In
some embodinents, the nanocomposites may be nanoporous. In some embodiments, the
ranocomposites described hersin may be formed by seif-assembly of the hetercatom-doped
grapheng {£.g., N-graphene} and hsteroatom-doped CNTs (e.g., N-CNTs) in solution. The
heteroatom-doped graphene and heterogatom-doped CNTs may be combined in any suitable
solvent {e.q., isopropanal}y and optionally heated for facilitate formation of the nanocomposite
andior to facilitate evaporation of the solvent. The mixture may be optionally heated to a
temperature between about 30 *C to about 150 °C. For example, the temperature may be
between about 30 °C and about 100 °C, abowt 50 °C and abouwt 150 *C, about 50 °C and about
100 °C, about 50 °C and about 80 °C, about 60 °C and about 80 °C, about 100 °C and about
150 °C, about 80 °C and about 80 °C, e.g., about 30 °C, 40 °C, 50 °C, 80 °C, 70 °C, 80 °C, 80
2, 100 °C, 110 °C, 120 °C, 130 °C, 146 °C or 150 °C. The nanocomposite may be provided in
the farm of a dispersion, or it may be dried to form a solid, e.g.. 8 powder.

001141 Among other applications, the nanocomposites described herein may be used as
catalysts for reduction and/or oxidation reactions. The nanccompesites may be usedasa
catalyst, for example, in hydrogen evolution reactions (HER), oxygen evolution reactions
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{OER), oxygen reduction reaction {ORR}, in reactions for converting carbon dioxide to carbon
dioxide reduction products (8.9, fuels) by catalysing oxidation/proton generation reactions,
and/or for the splitting of water.

f00115] In some embodiments, the nanocomposites described hergin may be used in
electrochemical cells, for example, fusl cells {e.g., hvdrogen fuel cells), pholoelectrochemical
cells, or batteries {e.g., lithium ion batteries).

[00118] The slectrochemical cells typically comprise an anode and a cathade. The anode and
cathods may b in electrical commumication with each other and comprise, respectively, an
oxidation catalyst and a reduction catalyst. The oxidation catalyst may comprise a
nanocomposite as desecribed herein. Additionally or alternatively, the reduction catalyst may

comprise g nanecomposite as described herein.

{00117] The nanocomposites described hersin may be used as a catalyst, forexample in a
hydrogen svolution reaction (HER), oxygen evolution reaction {OER), and/or the oxidation
reduction reaction (ORR}. The present inventors have found that the nanocomposites
described herein outperform traditional PYC catalysts in various oxidation and/or reduction

reactions.

[00118] By way of non-limiting example, the nanocomposites described hersin may oulperform
fraditional PYC catalysts in the HER, the most important reaction in the splitting of water.

[00119] in some embodiments, the nanocomposites may have less overpotential than a PYVC
catalyst in alkaline and/or acidic media (see Exampla 12). in some embodiments, the
nanocomposites may have an ovarpotential maasured by linear sweep voltammuogram (LSV)
curves of between about 10 mV and about 150 mV toward HER compared fo PYC catalysts in
alkaline or acidic media. For example, the nanocomposites may have an overpotential
between about 10 mV and about 100 mV, about 50 mV and sbout 150 mV, about 50 mV and
about 100 m¥, about 30 mV and about 100 mV, about, e.q., about 10 mV, 20 mV, 30 mV, 40
mV, 50 mV, 80 mV, 70 m¥, 80 mV, 80 mV, 100 mV, 110 mV, 120 mV, 130 mV, 140 mV, or
150 miv,

001207 Additionally or alternatively, the nanocomposites may exhibit a higher current density
in alkaline or acidic media than PYC, for example, hetween about 0.2 mA/em® and about 30
mA/ern” higher than PYC e.g., about 0.2 mA/em®, 0.3 mAfem?®, 0.5 mA/em?, 1 mAlem?®, 2
maA/em®, 5 mA/em®, 10 mAfem®, 15 mA/em®, 20 mAfem®, 25 mA/em®, or 30 mA/em®. The
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present inventors have glse found that less patential may be required for the HER reaction
using the nanccompoesites as a reduction catalyst compared to commaercial PYC in alkaline or
acidic environments (see Example 12). The nanocomposites may have a reduced potential
comparad o PYC in HER of between about 2 mV and about B0 mV, For example, the
nanocomposites may have a reduced potential compared to PYC in HER of between about 10
mV and about 80 mV, about 2 mV and about 80 mV, about & mV and about 70 mV, about 10
mV and about 50 oV, or about 5 mV and about 80 mV, e.g., sbout 2mV, 5 mV, 10.m\V, 20
mV, 30 mV, 40 mV, 50 mV, 80 m\, 70 mV, or 80 mV. The nanocompaosites may have &
reduced potential compared to PYC in QER of between about of between 10 mV {o about 200
mV. For example, the nanocomposites may have a reduced potential compared to PYC in
QOER of between about 10 mV and about 100 mV, about 5 mV and about 50 mV, about 10 my
and about 100 mV, about 50 mV and about 150 mV, ar about 50 mV and about 200 mV, 8.q.,
about 10 mV, 20 mV, 40 my, 60 mV, 80 mV, 100 mV, 120 mV, 140 mV, 180 mV, 180 mV, or
200 mv.

001217 Additionally or glternatively, the nanocomposites described herein may oulperform
PYC in the ORR. As known to persons skilled in the art, the ORR on a catalyst surface in
glkaline solufion can aither produce peroxide (H:0:), through a two-sleciron process, or water
{H,0) through a four-slectran process. The four-slectron pathway is considerad more efficient
and favourable.

{00122] The present inventors have demonstrated using LSV on a rotating disk electrode
{RDE) that the nanocomposites show a positively shifted onset potential in the ORR compared
fo CNT, N-CNT, RGO, and N-RGO (see Example 10). in some embodiments, the
nanocompaosites may show a positively shifted onset potential of between about -0.02 V and
about -0.5 V compared to ONT, N-CNT, RBC, and N-RGD. For example, the nanocomposites
may show a posifively shifted onset potential of between about ~0.02 V and about-05 V, -0.02
YV and sbout -0.3 V, about -0.05 V and about -0.4 V, about -0.05 V and about -0.3 V_about -
0.05 Vand about-0.358 V. e.g., sbout -0.02V, -0.04 V. -0.06 V, -0.08 ¥, -01 V, -0.13V, 02 V,
025V -03V,-035V, -04V, 045V, or-0.5 V. The present inventors have found that the
nanccomposites may demonstrate significanily higher steady state catalylic current than that
of PY/C. For examplg, the nanocomposites described herein exhibit a comparatively wide
plateau corresponding {o greater catalytic activity. A wide plateau indicates that, gfter a cerfain
potential has been reached, the current does not change with increasing potential. This is
referred to as a steady stale current. A catalyst having a higher steady state current density in

ORR is Indicative of a higher rate of oxygen reduction.
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f00123] An glecirode comprising a nanocomposite as described herein may also have
improved durghitity/stability toward the ORR than FYC. For example, the present inventors
have shown that there is no obvious shape change in the cyclic voltammogram [CV) of the
nanocompaosite chserved after 5000 consecutive potential cycling in O, saturated 8.1 M KOH,
in contrast 1o the loss of the active surface area for a commercial PUC catalyst (see Example
10 and Figure 8}. In some embodiments, the nanocomposite may show between about 75%
and about 100% retention on its onset potential and steady state cument defsity after- 5000
continuous cycles. For example, it may show retention on its onset potential and steady state
current density after 5000 continuous cycles betweern about T8% and about 85%, about 80%
and about 100%, about 80% and about 85%, about 85% and about 95%, about 80% and
about 95%, e.g., about 75%, 80%, BE%, 90%, 91%, §2%, 83%, 94%, 85%, 98%, or 100%. By
camparison, commercial PYC may show more than 30% attenuation on onset potential and
4% loss of steady state current density (see Figure 8(b)). The present inventiors have
postulated that the excellent stability of the nanocomposites described herein may be the
result of strorg covalent bonds between the active sites and the graphitic lattice in the

nanccomposite.

[00124] The nanocomposites described herein may be used as an oxidation catalyst, for
example, in an oxygen svolution reaction {QER). The present inventors have shown that the
nanocomposites described hersin exhibit high catalytic activity towards OER (see Example
11}. In some embodiments, the nanccomposites may show onset potential inthe OER in
alkalineg or acidic solution between about 8.2 V and about 3 V. For gxample, the
nanocomposites may show onset potential in the QER between about 0.2V and abbut 2.5 V,
about .2 V and about 2V, about 8.5 V and about 3V, about 0.5 V and abow 2 V. about 0.5V
and sbout 1.5V, e.g.,about 02V, 03V, 004V, 05V, 06V, 08V, 09V, 1V, 1.2V,158V 2
¥, 2.8V, 3V. The applied potential required to-achigve a specific current density may be lower
forthe nanocamposites described herain than PHYC in both acidic and alkaline media. Insome
embodiments, the difference in applied potential vs. Ag/AgCl to achieve a current density of 10
mAfcm® for the nanocomposites compared to PYC may be in the range of about 0.05 Vo
about 1 V. For example, it may be in the range of about 0.05 vic about 0.5V, about 0.1 Vo
about 1V, about 0.1 Vio about 005 V, about 0.2 Vig about 0.5V, about 0.1 Vo about 0.3V,
e.g., about 0.05V, about 0.1 V, about 0.15 V, about 0.2 V, about 0.25 V, about 0.3 V, about
035V, about 0.4V, about 0.5V, or about 1 V.

[00125] The present inventars have also demonstrated that lower potentials are needed to
change the reaction from ORR to OER in both acidic and alkaling media for the
nanocomposites described herein compared to commercial PYC (Example 11; Figure 10). The
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potential needsd to change the reaction from ORR to OER for the nanocomposites ve Ag/AgCl
compared {o PYC ve Ag/AgCI may be reduced by betwsen abouwt 0.02 V and about 2 V. For
example, the potential may be reduced by between about .02 V and about 1V, about 0.1V
and gbouwt 2V, abowt 0.05 V and about 1 V, about 8.05 V and abouwt 1.8V, or about 0.5 V and
abot 1.5V, eg.abowt 002, 003V, 01V, 08V, 1TV 15V or2 V.

{00126] Other aspects of the present invention relate to improved proton conductors for use in
photostectrochemical cells,

{00127] The proton conductors are typically porous, gas-permeable and at least partially
transparent to slectromagnetic {EM) radiation. The described proton conductors may be used
in & variety of applications. For example, the described proton conductars may be used to
provide a proton ransfer pathway in a photoedscirachenical cell. In such applicaiions, the
porosity of the proton conductor may allow rapid diffusion of reactants (e.g., CO: and HxQ)
fhrough the proton conductor to regch catalyst sites. Thus, there are dalso desoribed herein
photoelectrochemical cells comprising the described proton conductors.

[00128] Photoelectrochemical cells described herein may be solid-state. They do not require
any liquid slectrolyie as the proton transfer pathway is the porous proton conductor. Thus, the
photoelectrochemical cells may operate entirely in the gas phase using, for example, a humid
gaseous feed stream as a proton source. As no liguid media are required for any part of the
cell construction or during the reactions within the cell, they do not suffer from ion migration or
iguid leakage problems. In addition, they are relatively simple to assembile, operate and
maintain. Furthermore, any liquid reaction products (e.g., alcohols) produced by the
photoelectrochemical cell may be readily collected without the need {o separate the products
from a lquid slectrolyte phase. The photoelectrochemical cells may also be used with liguid
feed streams if required.

{00129] By virtue of the porosity and the at least partial transparency of the proton conductor,
which allow transmission of regctants and EM radiation, the proton conductor may be used as
an external coating on conmponents of the photoslectrochamical cells. This allows for
configurations of photoelectrochemical celis wherein the electrical conductivity is provided
without the need for conductive wires, as discussed in greater detail herein. Wireless
photoelectrochemical cells are simpler to assemble and maintain than cells that require
conductive wires. The use of the praton conductor as an at least partially transparent film
araund the othar componeanis of the device also provides improved efficiency as it allows

simultaneous photocataiytic oxidation and reduction reactions. In addition, some embodimants
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of the photoslectrochamicsl cells described herein include a photovoltaic cell, which provides
energy o drive photoelectrochemical reactions in the cell. Such photoelectrochamical cells
thus work in the presence of EM radiation (e.g., sunlight), no other power source being
required for thelr operation.

[00130] The pholoelectrochemical cells may be used at room temperature and at atmospheric
pressure. However, for some applications it may be appropriate o use a higher temperaiure, a
higher pressurs or both in order o tuneg pradust selectivity (e.g., where higher molecular weight
reduction products are to be formed). In some embodimenis, the photoelectrochemical oells
described herein have a modular design, enabling easy scale-up and easy disassembly if
required. The photoslectirochemical cells describied herein may be produced so asto be
extremely light weaight. They may also be flexible, allowing & variety of shapes {e.q., curved or
fiat). In addition, the photoslectrochemical cells may be regenerated by washing and/or
application of the proton conductor.

{00131] The porous proton conductor described herein is at least partially transparent fo
slactromagnetic (EM) radiation and comprises a gas-permesable polymeric material. In some
embodimants, the porosity of the proton conductor is provided by a nano-fibrous structure or g
three-dimensional network of bonded nano-fibres.

{00132] The proton conductor may comprise any suitable proton-conducting polymeric
material(s). In some embodiments, the proton conductor may comprise one or more
perflucrinated suifonic acids, radiatipr-grafted polyelectroivtes, sulfonated thermostable
polvmers, polymers obtained by acid complexation, hydrocarbon-hased block copolymers ora
combination thereof. In some embodiments, the proton-conducting polymeric material{s) may
comprise a perflucrinated polymer elecirolyte having the formula {I):
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wherein x, v and z depend on the degree of polymesrisgtion of the monomers used o prepars
the polymer. Suitable perfluorinated polymer electrolytes include Natfion®, Aciplex®, Flemion®,
GORE-SELECT® membrang and 3MB60 PFSA, which is a product of 3M company.

{00133] The proton conductor may be at least partially transparent {o EM radiation having any
suitable wavelength. The proton conductor may be at least partially transparent o EM radiation
having a wavelength suitable for the intended application of the proton conductor. For
example, the proton conductor may be atl least parlially transparent to EM radiation having a
wavelength suitable for driving photoreactions in a photoglectrochemical cell. In some
embodiments, the proton conductor may be at least partially transparent to EM radiation
having a wavelength in the range 850 to 850 nm. In some embodiments, the amount of
incident EM radiation of a specific wavelength within that range that is fransmitted by the
proton conductor may be greater than 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% or
25%.

{001:34] The proton conductor may have any suitable thickness. In general, a thinner proton
conductor allows graater transmission of EM radiation, whereas a thicker proton conductor
provides more material for proton conduction. The optimal proton conductor thickness may
thersfore depend on the specific application for which the proton conductor is employed. A
proton conductor may have a thickness of between gbout 500 nm and about 100 um, batween
ahowt 750 nm and about 80 ym, between about 1 ym and about 60 pm, or between about 10
ym and about 40 pm. In some embodiments, the proton conductor has a thickness of about 20
gm. However, it will be understooad that & thinner or thicker proton conductor may be suitable
for certain applications and s within the scopa of this disclosure. The individua! fibres within a
proton conductor may have any suitable diameter. The individual fibres of a proton conductor
may have a mean dismeler of less than about 1 gm, less than about 900 nm, less than about
800 nm, less than about 700 nm, less than about 600 nm, less than about 500 nm, less than
about 400 nm, less than about 300 nm, less than about 200 am or less than about 100 nm. In
some embodiments, the individual fibres of a proton conductor may have 'a mean thickness of
between about 100 nm and about 800 nm or between about 200 nm and about 800 nm. The
individual fibres within a proton conductor may have any suitable morphology. The individual
fibres may have a crass-sectional aspect ratio ranging from high (2.4., a ribbon-like
morphology) to low {e.g.. & cylindrical morphology).

f00135] The proton conductor describad herein may be produced by any suitable means. in
some embodimesnts, the proton conductor is prepared by slectrospinning a polymeric material.
The process of slecirospinning uses an slectrical charge to draw a fine fibre from a liquid {e.g..
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having nano- or micro-scale thickness). Thus, there is described herein a process for preparing
a proton conductor comprising the steps of: (i) providing a gas-permeable polymeric material;
and [ii) elactrospinning the polymeric material, thereby producing a porous gas-permeable

proton conductor,

[00136] Many proton-conductive polymers, such as Nafion™, have low polymer chain
entanglement. Attempting to slectrospin such polymers in pure form results in the formation of
draplets of Nafion™ on the target surface. In effect, this process is electrospraying and it results
in the formation of a non-porous film on the target surface. it has now been found that if a
carrier polymer is added to such materials to form a polymer composition, the resulting
polymer composition may be slectrospun to provide a proton-conductor that is porous, gas-
permeahle and at least padially transparent to EM radiation. Any suitable carrier polymer or
combination of carmer polymers may be used fo prepare the polymer composition. Suitable
carrier polymers are generally soluble in the same solvent system as the proton-conductive
polymer. They may be able to store slectric charge. They may have high polymer chain
entanglement. An example of a suitable carrier polymer for use with Nafion” is polyethylene
oxide (FEO). in some embodiments, the PEDQ has a molecular weight in the range of 100 {o
B0Q0 kDa, in the range of 100 to 800 kDa, or in the range of 800 to 8000 kDa, Where the
composition ncludes a carrier polymer, the proton conducting polymer and carrier polymer(s)
may be combined at any suitable mass ratic. In some embodiments, the proton conducting
polymer may be present at a concentration of at least about 50 wi.%, al least about 80wt %, at
least about 80wt %, at least about 95wt %, at least about 98 wi.% or at least about B3 wt.%
relative to the combined mass of the proton conducting polymer and carrier polymer{s}). In
preparing the composition for electrospinning, the proton-conducting polymer and carrier
polymer may be dissolved in a solvent system comprising one or more solvents. in some
embodiments, the solvent system may include one of more lower aliphatic slcohols {e.g.,
methanol), isoprogancl, 1-propanol, dimethyiformamide, delonised water or a combination
thereof. Where the composition comprises a solvent system, the total polymer concentration in
the compaosition may be any suitable concentration. In some embodiments, the total polymer
concentration in the compuosition is af least about 20 wt. %.

371 In some embodiments, the process of preparing the proton conductor may also include
a step of thermally treating the proton conductor to anneal the individual fibres. In some
embodiments, after the proton conductor is prepared it may be heated for sufficient time to
annsal individual fibres within the proton conductor t form a bonded three-dimensional fibrous
netwark. For example, in embodiments whers the gas-permeable polvmeric material is
Nafion®, the proton conductor may be thermally treated at a temperature of about 150 °C
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gnder vacuurm for & pericd of about 2 hours. Howeawer, itwill be understood that any suitable
combingtion of temperature and time may be ussed fo gohieve 3 desirsd degree of annealing.

{00138] In some embiodiments, the process of preparing the proton conductor may also include
a step of boiling the proton conductor i a strong acid (8.g., H,S0, or HCH in arder to further
protonate the proton conductor and thereby increase its conductivity.

{00139] The porosity of the proton conducter may be defined In terms of its vaid fraction, which
s the volume of empty space in the proton conductor relative to the total volume of the proton
conductor. The void fraction of the proton conductor may be dependent on the molecular
weight and strugture of the proton-conducting polvmer and any carrier polymer, if any. The
void fraction of the proton conductor may be conircdied by adjusting various parameters of the
electrospinning process. For example, the void fraction may be increased or decreased by
adjusting the relative humidity, femperature, spinneret to target distance, voltage, and needle
gauge. Additianally, or alternatively, the veoid fraction of g proton conductor may b lowered by
thermal annedling or hot pressing the proton conductor, or it may be lowered by filling the
voids with another polymer. The proton conductor may have any suitable void fragtion. in
general, a higher void fraction corresponds to greater transparency to EM radiation and more
rapid permegtion of reactants through the proton conductor. However, & higher void fraction
also generally corresponds to a lower number of fibres per unit volume gnd higher resistance
o proton conduction. A suitable void fraction may thersfore balance these effects. In some
embodiments, the void fraction may be between about 0.3 and about 0.4, between about 0.4
and about 0.5, betweear sbout 0.5 and about 0.8, between about 0.6 and about 0.7, or between
about 0.7 and about 0.8

{00140] Amaong other applications, the proton conductor described herein may be used to
provide a proton fransfer pathway in a photoelectrochemical cell. Photoelectrochemical cells
may be used, Tor example, for converting carban dioxide to carbon dioxide reduction prodicts
{e.g.. fuels) or for converting water to hydrogen gas.

001411 Photoglectrochemical cells described herein comprise an anode and a cathode. The
anode and cathode are in electnical communication with each other and comprise,
respectively, an oxidation catalyst and a reduction catalyst. Connecting the anode and cathode
is the porous proton conductor described herain, which comprises a gas-permeable polymeric
material and is at least partially transparent to eleciromagnetic (EM) radiation. The
photaetectrochemical cell may further comprise an elecirically conductive substrate, The
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slectrically conductive substrate may be included 1 provide mechanical support to any
components of the photoelectrochemical cell disposed thereon.

[001431 When used in a photodlestrachemical cell deseribed herein, the proton conductor
aliows transfer of protons between the ancds and cathode. The porosity of the proton
conductor allows for rapid diffusion of reactants (e.g., CO; and H;O) through the proton
conductor. Furthermore, as the proton conductor is at least partially transparent to
edectromagnetic (EM) radiation, it allows transmission of EM radiation through the proton
conductor. Thus, the proton conductor described herein may be used as a membrane on.or
around the catalyst components of a photeelectrochemical cell while allowing reactants and
EM radiation to reach the oxidation and reduction catalyst sites. In some embaodiments, the
proton conductor may partially or completsly envelop the anode, the cathode or both while still
allowing reactants and EM radiation 1o reach the oxidation and reduction catalyst sites.

001431 In some gmibodimants, a photoelectrochemical cell compriges an anode including an
oxidation catalyst disposed on a surface of a photovoltaic cell and a cathode including a
reduction catalyst. The photoelectrachemical cell further comprises an electrically conductive
substrate. The anode and cathode are each disposed on a surface of the electrically
conductive substrate, thereby providing electicat communication betwesn the anode and
cathade. Alsp connecdting the anode and cathode is the parous proton conductor described
herein, which comprises a gas-permeable polymeric material and is at least partially
fransparant to electromagnetic (EM) radiation. The proton conductor at least partially envelops
the anode, cathode and slectrically conductive substrate. In some embodiments, the proton
conductor is in contact with the anode and cathode, but not in contact with the alectrically

conductive substiate,

00441 The anade of the pholoelectrochemical cells dascribed includes an oxidation catalyst.
in some embodiments, the oxidation catalyst may be deposited on a substrate to provide
mechanical support far the catalyst. The subsirate may form part of the anode, or it may he the
elecirically conductive substrate described herein.

f00145] The oxidation catalyst may comprise any suitable material{s) capable of catalysing an
oxidation reaction. Far example, the oxidation catalyst may be a water-oxidising catalyst. That
is, the oxidation catalyst may be a material that catalyses the conversion of water to oxygen
gas, protons and electrons. In some embodiments, the oxidation catalyst may be a
photocatalyst, such that the anode is a photoanode. In some embodiments, the oxidation

catalyst may comprise one or more mefal oxides. For example, the oxidation catalyst may be
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selacted from the group cansisting of coball oxides, coball phosphate, manganese oxides,
nicks! oxides, and iron oxides and combinations thereof. In some embodiments, the oxidation
catalyst comprises or consists essentially of cobalt (ILHI) oxide (Co;04).

{00146] The oxdation catalyst may have any suitable morphology. The oxidation catalyst may
be in the form of a shest or nanoparticles. As used herein, the term “nanoparticles” includes
any particle of sub-micron dimensions, including nano-platelets, nano-rods and nanotubes.
Where the eidation catalyst is in the form of nanoparticles, the nanoparticles may have any
suitable size. Forexample, each of the pxidation catalyst nanoparticles may have an
equivalent spherical diameter in the range about 1 nm to less than about 1 ym, about 1 nmto
about 500 nm, about 2 nm to about 100 nm, about 5 nm to about 70 nm or about 10 nm to
about 50 nm. The oxidation catalyst nanopadicles may have a mean eguivalent sphetical
dismater in the range of about & nm 1o 730 nm, about 5 nm 1o gbout 508 nm, about 10 nm{o
about 100 nmy, about 15 nm o about 50 nm orabout 20 nm 1o about 35 nm. in some
embodiments, the nanoparticles may be nanoporous. I some embodiments, the oxidation
catalyst comprises or consists essentially of Co30, nanoparticles. In some embodiments, the
reduction catalyst may be a nanocompaosite as described herein.

[00147] In some ambodiments of the photoglectrochemical cell desoribed herein, the ahode
further camprises a photovoltgic cell. The inclusion of a photovoliaic cell provides a voltage
source which drives the reduction reaction at the reduction catalyst sites, the oxidation reaction
at the oxidation catalyst sites or both. Thus, some embodiments of the photoelectrochemical
cells deseribed herain function in the presence of EM radiation {e.g., sunlight) withaut the need
far an esdemal power source. The anade may compriss any suiliable photovoltaie cell. The
photovoltaic cell may be a multiunciion photoveltaic cell. For example, the photovoltaic cell
may be a triple junction amorphous silicon (a-Si) based photovoltaic cell or an inverted
metamorphic muiti-unction cell. The photovoltaic cell may include an slectrically conductive
layer at a p-side surface and/or n-sidle surface. An electrically conductive tayer may provide
mechanical support to the photovoltaic cell and thersfore the photoelecirochemical cell. it may
also act as an electron collector. In some embodiments, the photovoltaic cell may comprise
one or mare electrically conductive layers selected from stainless stesel, indium tin oxide (ITO)
arwd flusrine doped tin oxide (FTO)L

[Q0148] Where the anode comprises a photovoltaic cell, the oxidation calalyst may be
dispased on a surface of the photovoltaic cell. In general, the oxidation catalyst is dispased on
a p-side of the photovoltsic cell. Buch g configuration maximises the driving force for electrons
produced at the oxidation catalyst site through the photovoltaic cell. In some embodiments, a
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surface of the photoveltaic cell, such as an ITO cogted silicon surface, may act as an oxidation
catalyst,

{00149} The cathode of the photoelectrochemical call described herain includes a reduction
catalyst. In same embodiments, the reduction catalyst may be deposiled on a substrate (e.g.,
copper or aluming) to provide mechanical support for the catalyst. The substrate may form part
of the cathods, or it may be the electrically conductive substrate described herein.

[00150] The reduction catalyst may comprise any suitable material(s) capable of catalysing a
reduction reaction. For example, in some embodiments the reduction catalyst may be a proton-
reducing catatyst or a carbon divwide-reducing catalyst. In some embodiments, the reduction
catalyst may be a photocatalyst, such that the cathode 15 a photocathade. The reduction
catalyst may comprise one of mora melals or metal oxides. For example, in some
embadiments the reduction catalyst comprises one or more materials selected from the group
consisting of copper {1} oxide {CuO), copper (I} cudde [Cud), copper, iron (1) oxide (F8,04),
iron, cobalt, nicksl, zine, graphene, graphene axide, carban nanotubes and combinations
thereof. In some embodiments, the reduction catalyst may be combined with potassium
chloride (KCl) or potassium carbonate (K,COs).

{00151] The reduction catalyst may have any suitable morphology. For example, in some
embodiments the reduction catalyst may be in the form of a shest, a mesh, nanopatticles or
any combination thereof. Where the reduction catalyst is in the form of nanoparticles, the
ranoparticles may have any suitable size. For example, in some embodiments-each of the
reduction catalyst nanoparticles may have an equivalent spherical diameter in the range of
about 1 nm to less than about 1 um, about 1 nm to about 500 nm, about 2 nm to about 100
nm, about 5 nm to about 70 nm or about 10 nim to about 50 nm. In some embodiments, the
raduction catalyst nanoparlicles may have & mean equivalent spherical diameter in the range
of abowt 5 nm to about 750 nm, about 5 nm to about 500 nm, about 10 nm to:about 100 nm,
about 15 nm to about 50 nm or about 20 nm ta about 35 nm. In some embodiments, the
nanoparticles may be nanoporous.

{00152} In some embodiments, the reduction catalyst comprises one or more of the group
consisting of iron nanorods,; nickel nanorads; graphene oxide/carbon nanotube compaosites,
optionally loaded with copper, iron, caball or platinum nanoparticles; nitrogen, boran or sulfur
doped grapheng; carbon nanotubes, reduced graphite oxide in pure state loaded with copper,
iron, cobalt or platinum nanoparticles; and cerium (11} oxide {Ce:0;) hollow spheres. in some

embadiments, the reduction catalyst comprises or consists essentially of copper (1) oxide



WO 2016/141414 PCT/AU2016/000081

{Cu:0) nancparticles. In same embodiments, the reduction catalyst comprises or consists of
CusOfCuQ hvbrid nanorods. In ottier smbodiments, the reduction catalyst may be g
nanocompaosite as described herein.

{00153] The photoelectrochemical cell described herein may further comprise an electrically
conductive substrate. The electrically conductive substrate may be included to provide
mechanical support to any components of the pholoslectrochemical cell disposed thereon,
Additionally or alternatively, it may be included to facilitate eectron eollection. One or both of
the anode and cathode may be disposed on a swrface of the electrically conductive substrats.
Where the anode is disposed on a surface of the electrically conductive substrate, the
oxidation catalyst may be disposed dirsclly on a surface of the electrically conductive substrats
or, where present, the phatovoltaic cell may be disposed on a suface of the alecirically
conductive substrate.

f00154] In ambodimiants where both the anode and cathode arg disposed on a surface of the
electrically conductive substrate, the electrically conductive subsirate provides the electrical
communication between the anode and cathode. Thus, the inclusion of the slectrically
conductive substrate may allow for electrical communication betweern the anade and cathode
without the need for conductive wires.

{00155] Where both the anode and cathode are disposed on a surface of the slectrically
conductive substrate, the anode and cathode may be disposed on different surfaces of the
electrically conductive substrate. For example; the electrically conductive substrale may form a
layer between the anode and cathode. An example of such a configuration is shown
schematically in Fig. 13{a), wherein an electrically conductive substrate 10 has disposedon a
single swiface sliternating regions of anode 11 and cathode 12, In other embodiments, the
anade and cathode may be dispased on the same surface of the electiically conductive
subsirate, such that the slectrically conduciive substrate forms a first layer and the anode and
cathode form a second layer. An example of such a configuration is shown schematically in
Fig. 13{b), wherein an electrically conductive substrate 13 hags disposed on a first surface an
anode 14 and on a §acond surface a cathode 15.

{001586] The slectrically conductive substrate may comprise any suitable electrically conductive
material{s) and, optionally, one or more semi-conductive materials. In some embodiments, the
elecirically conductive subsirate may comprise one or more materials selected from the groups
consisting of electrically conductive polymears and metals. For example, in some embodiments

the slectrically conductive substrate may comprise one or more materials selected from the
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group consisting of stainless steel, copper, nickal, iran, gold and combinations thereof. In some
embodiments, the electrically conductive substrate consists of a siainless steel sheet,

[00187] The slectrically conductive substrate may comprise a single fayer of conductive
material or two or more layers of conductive material. Each layer may be comprise any
suitable conductive material(s) and may have any suitable form, as described herein. Insome
embodiments, the electrically conductive substrate consists of a single layer, which is a
stairdess stesl sheet In some embodiments, the electrically conductive substrate consists of a

first layer, which is a stainless steel sheet, and a second layer, which is a nickel mesh.

f00158] The electrically conductive substrate may have any suitable shape and dimensions.
For example, the electrically conductive substrate may be in the form of a sheet, g block, a
mash or any combination thereof. In such case, the thickness of the eleclrically conductive
substrate will typically be less than the dimensions of any face of the substrate on which the
anode, cathode or both are disposed. For example, the slectrically conductive substrate may
be in the form of a sheet, where the thickness of the sheetis less than the minimum dirmension
of the face of the sheeat, Where the anode and cathode are disposed on opposing sides of an
electrically conductive substrate, the thicknass of the elsctrically conductive substrate may be
minimisgd in order to minimise the electron path from the anode to the cathode. In some
embodiments, the eleclrically conductive substrate may have a thickness of between about 1
mm and about 0.0& mm, between about 0.1 mm and about 0.8 mm, between about 0.15 mm
and about 0.8 mm, or between about 0.2 mm and about 0.4 mm. The slectrically conductive
subsirate may have g facial area of belween about 1 em® and about 100 cm®, between about
1.5 em® and about 75 o, hetween about 2 em® and about 50 cm?, between about 4 o and
about 25 cnt®, or between about 8 cm® and about 18 om®. However, it will be understood that
an electrically conductive substrate having smalier or larger dimensions may be suitable for

certain applications and is within the scops of this disclosure.

{00159} In some embodiments, the photoelactrochemical cell described hersin may not
comprise an electrically conductive substrate. In such embadiments, mechanical support for
the photoelectrochemical cell may be provided by forming the axidation catalyst, feduction
catalyst or both into g sheet or mesh, Elsclrical commmunication between the anode and
cathode may, for example, be provided by direct contact between the anode and cathode.

001601 The photoelectrochemical cell may further comprise a thermal sink in thermal contact
with one or more companents of the photoslectrachemical cell. For example, in embodiments

where the anode and cathode are disposed on the same surface of the alectrically conductive
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substrate, tha thermal sink may be mountsd on the opposing surface of the alectrically
conductive subsirate. Inclusion of a thermal sink in the photoslectrochemical cell may siabilise
the current produce by the photoelectrochemical cell.

{00181] The photoslectrochemical cell may further comprise a means of providing one or mare
gaseous feed streams o the pholoslectrochemical cell. The means of providing ong or more
gaseous feed streams o the photoelectrochemical cell may be configured such that a gaseous
feed stream contacts the oxidation catalyst, the reduction catalyst or both. In some
embodiments, the photoelectrochemical cell is provided with & means of praviding a single
gaseous feed stream to the photoslectrochemical cell, such that the feed stream contacts both
the oxidation catalyst and the reduction catalyst.

[00182] A non-limiting embodiment of a wireless photoelectrochemical cell for reducing CGO» to
CO; reduction products is shown in Fig, 14. The photeelectrochemical cell 20 comprises an
oxidation catalyst 21 in the form of cobalt {111 odde (Co 04 nanoparticles deposited on the
p-side surface of an a-5i triple junction photovoltaic cell 22. The cobalt (LU oxide {Coa(y)
nanoparticles have a mean diameter of between about 5 and about 50 nm. The cobalt (L)
oxide (Coz04) nanoparticles are deposited on the surface of the photovoltaic cell 22 by spin
coating, spufter coating, drop casting or evaporative coating. The a-8i triple junction
photovoltaic cell 22 is a commercial photovoltaic cell with sarth abundant elements
manufactursd by Xunlight USA, which includes an electrically conductive substrate in the form
of a stainless slea| sheet 28 adhered o the n-side surface of the photovoltaic cell 22. The
stainless stesl sheat 23 has a thickness of about 0.2 mim and provides the photovoltaic cell
with mechanical strangth, while also acling as electron collecior. Adhered to the surface of the
stainless steel sheet 23 distal the photoveitaic cell 22 is 2 cathode substrate 24. The cathode
substrate 24 is a copper sheet having a thickness of about 0.5 mm. The cathode may be
adhered to the stainless steel substrate by any suitable means, such as by a conductive tape
fe.qy., copper tape) or a conductive paste. The cathode substrate 24 and stainless stee! shest
23 combing to farm a 2-ayer electrically conductive substrate, which allows transport of
electrons within the photoelectrochemical cell 20. Deposited on the surface of the cathode
subsirate 24 distal the stainless steel sheet 23 i1s:a reduction catalyst 25 in the form of copper
{1} oxide (Cuz0) nanoparticles. The reduction catalyst 25 nanoparticles are deposited on the
surface of the copper sheet by spin coating, sputter coating, drop casting or evaporative
coating, or they are grown on the copper sheet by oxidation of the surface of the copper sheet
at 400 *C for about 2 o abouwt 6 hours under air. in contact with and connecting the surfaces of
the oxidation catalyst 21 and reduction catalyst 25 is a proton conductor 26 in the form of
Nafion® nano-fibres. The Nafion® nano-fibres are transparent, porous and gas permeable and
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farm an outer coating on the csll. The mean thickness of the proton conductor is approximately
20 ym and the individual fibres within the proton conductor have a diameter of from about 200
nm 1o about 8600 nm. Tha nano-fibrous proton conductor is applied to the outer surfaces of the
photoelectrochemical cell 20 by electrospinning a Nafion™ solution. The photoelectrochemical
cell 20 has facial dimensions of approximately 2. cmx 3 cm.

{00163] Photoelectrochemical cells described herein may be used for reducing any suitable
fead straam 1o reduction products. In some embodiments, photoelectrochemical cells
described herein may be used for reducing a humid carbon dioxide (CQO) gas stream 1o GO:
reduction products. Such reduction products may include fuels or other useful chemicals,
which may be compatible with existing transportation and consumption infrastructure.

01841 I using the photosiectrochemical cell described herein for reducing GO to CO;
reduction preducts, a single humid CO; gas stream may be fed to the photoelectrochemical
cell, whereby the gaseous feed stream contscts both the anode and the sathode. Inother
embodimants, water vapourand CO; gas may be provided to the photoelectirochemical cell by
separate feed streams, such that the water vapour stream contacis the anode and the CO: gas
sfream contacts the cathode. Upon Hllumination of the anode by an EM radiation source, the
onidsation catalyst oxidises the water present to form O gas, slectrons, and protons. Where the
anode includes a photovoltaic cell, #lumination of the photovoltgic cell by the EM radiation
source provides g voltage that drives the oxidation reaction. in the absence of a photovolitaic
cell, an external voltage source may be used 1o drive the oxidation reaction. As the anode and
cathode are in electrical communication, the electrons generated at the anode move through
the photoslectrachemical call 1o the cathoda. The protons generated at the anode are
fransported to the cathode vig the proton conductor. The O, gas produced at the ancde may
be collected or it may be allowed to escape. Al the reduction catalysts sites on the cathode,
CQ, from the feed stream is adsorbed at the swface, The protons and slectrons transportad
from the anode are utilised in reduction reactions of the CO; adsorbed at the surface of the
reduction catalysi, thersby producing COs reduction products.

[00185] Thus, there is also described hiereiny a method for reducing carbon diokide {CO;) to
COy reduction products. The method for reducing $0: to CO; reduction products described
herein comprises the steps of; (i) providing water vapour and a CQ; gas streamto a
photoelectrochemical cell described herein, whereby the water vapour contacts the oxidation
catalyst and the CO» gas contacts the reduction catalyst; (i} exposing the anode 1o an
glectromagnatic (EM) radiation source, thereby oxidising the water vapour to oxygen gas,
protons and electrons; (i} transporting the protons and elscirons to the cathode; and (iv)
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exposing the cathode to the slectromagnetic (EM) radigtion source, thereby reducing the L0,
gas to 0O, reduction products. The method may further comprise the step of: {iv) collecting the
CO; reduction products.

{001686] The water vapowr and gas may be provided as a single gaseous feed stream or a5
multiple gaseous feed streams. In some embodiments of the method for reducing GG, 1o CQy
reduction products, the water vapour and CQO; gas are provided in a single gaseous feed
stream of humid CO.. Where the water vapour and COs gas are provided in a single gaseous
feed streany, the gaseous fead stream may have-any suitable water centent. in some
embodiments, the relative humidity of the humid CQ; feed stream is between about 50% and
about 100%. For example, the relative humidity of the humid CQ,feed stream may be between
about 80% and about 100%, between about 80% and about 80%, between about 70% and
about 80%, hetween about 80% and about 70% or between about 50% and 60%.

[00167] The EM radigtion may be provided by any suitable EM radiation source. The EM
radistion source-generally provides EM radiation having a wavelength or range of wavelengths
which are fransmitted by the proton conductor and which provide sufficient energy to drive the
oxidation reaction at tha anode. In some embodiments, the EM radiation source provides EM
radiation of having one or more wavelengths within the range 350 1o 850 rmm. For example, the
EM radiation source may be the sun or a sunlight simulator. The CQ, reduction products may
be datermined by the reduction catalyst, the oxidation ¢atalyst ar both. in some embodiments,
the CO, reduction products may include one or more of the group consisting of water, carbon,
carbon monoxide, alcohols, ketones, carboxylic acids, aldehydes, haterocycles, Cy g
hydrocarbons. As used herein the term “hydrocarbans” includes alkanes, alkenas, alkynes,

cycloalkanes, oycloalkenes, cycloalkynes and aromatic hydrocarbons,

Examples

{00188] The invention will now be described with reference to specific examples, which should

not be construed asg in any way limiting.

[007169] Example 1

[00170] In this Example, a method is described for preparing graphene oxide {(G0) by chemical
axidation and exfoliation of natural graphite under acidic conditions acoording o the Humimer's
method. In order to prepars the graphene oxide dispersion, first natural graphite flakes (from
Asbury Graphite Mills, US) were thermally exfoliated in a furnace af 1050 °C for 15 seconds.
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The resultant expanded graphite was further oxidised using a modified Hummers methed.
Sulfuric acid and KMnO, were added to a glass vessel with the exfoliated graphite for 24
hours. Then, distilled water and hydrogen peroxide (H.0.) were added to the same vessel to
obtain graphite oxide, The graphite oxide was stirred for 30 minutesand the resulling
suspension was washed and centrifuged with diluted HCI followed by several washings using
distilled water until the pH of the solution became 5-8, meaning that all impurities were washed
and remuoved. This stirring and washing process formed 4 graphene oxide colloidal sclution

that was dried using oven at 80 °C for 12 hours in order o obtain graphene powder.

[00171] Example 2

f00172] In this Example, a method is desoribed for preparing nitrogen doped grapheng {(N-
RGO} The graphene sheets (approx. 20 mg) were dispersed in waler by ultrasonication for 30
min at a frequency of 50 Hz, then mixed with uric acid in a ratio of 1:10 by mass. The mixtures
were then stirred continuousty and heated at 80 °C for 10-12 h to remove the'water. The
resulting solids weare fransferred to a tubular furnace and heated inan argon almosphersat 5
“C min”' to 800 °C, then annealed for 2 hr.

f00173] Example 3

[00174] Nitrogen doped carbon nanctubes (N-CNTs} were synthesised by chemical vapour
deposition in a dual zone furnace (MTIOTE-1200 X 2-1) using a2 1 miong, 44 mm inner
digmeter quartztube. 1.2 g of 5 wi% Fe on AlDs catalyst (125150 unt sige fraction, caldined
in air at 700 °C for 8 hr) was placed in an 88 mm x 13 mm alumina boat, which was placed in
the second furnace zone. The first and sevond furnace zones weres pre-heated 1o 300 *C and
800 °C at 10 "C/min respectively. During prg-heating, 475 scom Arand 25 scom Hs were
passad through the furnace for purging and in-situ reduction of the iron catalyst. Flowrates of
Arand Hy; were controlled with mass flow contreliers {Alicat Scientific). When temperatures
were réached, ethylenediamine precursor was injected to the first zone at 0.5 mLimin and
carried to the second zone under 400 scem Arand 140 scom Hy gas. The synthesis was
carrisd out for 45 min, affer which the furnace was codled to ambient temperature under 500

scom Ar.

{00175] Following synthesis, N-CNTs were purified by microwave-assisted 2. 5M H,80,
digestion for 45 min at 230 °C. Subsequently, N-CNTs were air oxidised at 3758 °C to remove

carbor impurities.
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[{00176] Example 4

[Q01777 In this Example, a method is described for preparing nanocomposites of N-RGO and
N-CNTs (N-CNT-N-RGO}. 10.0 mg N-RGO and 7.0 mg N-CNT sonicated with 34 ml
isppropanol (Sigma-Aldrich} for 2hr. The mixture solution was stirred magnetically at 70 °C
overnight to allow the solvent evaporate, and the nanocomposites were collected.

{00178] Example B

{001 79] The microstructures and moiphology of nanacomiposites synthesised by the method of
Example 4 were investigated by Field Emission Scanning Electron Microscopy (FESEM, Zeiss
ULTRA plus) and High-Reselution Transmission Electron Microscopy (HRTEM, JEGL 2200F8)
with an acceleration voltage of 200 kV. Raman spectra wers collected with Renishaw inVia
Raman Spectrometer with a laser wavelength of 514 nm. X-ray photoelectron spectroscopy
{(XP3) analyses were performead by ESCALAB250XI {Thermo Scientific, UK) with a
monochromated Al Ka (energy 1486.88 8V operating af 150 W (13 kV 12 mA) under a

vacuum of 2 x 10° mbar. The analysis spot was 500 pm in diameter.
001807 Example 6

[00181] For slectrochemical characterization and measurement of the nanocomposites
synthesised by the method of Example 4, 1 mg of the nitrogen-doped composites weare
dispersed in the 1 mbL solution: (.04 wit% Nafion in Isopropanol: Waler, 5:1), prepared by
sonicating for 30 min. 20.0 pL of this suspension was dropped and adhered on a glassy-
carbon electrode. The glassy-carbon working slectrode (5 mm outside diameter) had been
polished mechanically with a sturry of 0.05-um aluming particles, washed with Milli-Q water
and acstone, and allowed to dry beforehand. it was then tested in a thres-glectrode cell, using
platinum wire gs the counter electrode and an Ag/AgCL, KCI {3 M) electrode as the reference
electrode. Measurements were taken using Bio-logic SP300 potentiostat and CHI 760 work
station. The O, and Ar-saturated 0.1 M KOH, and 0.5M H.80; solutions were used at room

temperature as alkaline and acidic electroiytes.
f00182] Example 7

f00183] The morphology of the resulting nanocomposite synthesised by the method of
Example 4 was characterisad by scanning electron micrdscopy (SEM) and transmission
electron microscopy (TEM), Figures 2(a) and (b) show the SEM and High-Resolution SEM
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images of the N-CNT-N-RGO composite. It can be observed that tangled N-CNTs with lengths
of several hundred nanometres are sparsely distributed on thin graphene sheets. The TEM
and High-Resolution TEM images of the N-CNT-N-RGO composite are presented in Figures 2
{c) and {d). A ringlike diffraction pattern (Figure 2{e}) with dispersed bright spots of the
graphene sheet and bamboo shape structure of Carbon Nano Tubes (CNTs) in N-CNT-N-RGO
composite (Figure 2{f)) imply on intercalation of nitrogen atoms into the graphitic plans of this
fype of composite. Electron energy loss spectroscopy (EELS) (Figure 3{a)) spectrum and high-
resolution transmission electron microscopy energy dispersive X-ray (HRTEM-EDX) {Figure
3(b) mapping images, reveal the uniform distribution for the C, and N gtoms and confirm that
large-scale N-doped composite was prepared.

{00184] Example 8§

[00185] X-rav photoelectron spectroscopy (XFS) was camied out to probs the elemental
compositions and npitrogen state of the nanocomposites syrithasised by the method of Example
4. As shown in Figure 4a, the presence of C, O, and N with a nitregen content of 5.08% in N-
CNT-N-RGO was found fram the survey spectrum.

{00186] From the high resolution of N'ts spectrum of the composite {Figure 4(bY),
predominantly four kinds of nitrogen were doped: nitrogen in B-member ring (Pyridinic N: N-8),
nitrogen in 5-member ring (Pyrrolic N: N-5), nitrogen in graphene basal plane (Graphitic N: N-
G} and oxygensted nitrogen (N-0) with binding energies of 388.3, 399.6, 401, and 403 eV,
respectively (Figure 5 shows a schematic structure of bonding configurations of the N atoms).
Pyridinic N is more prevalent that other types with a content of 42.85%. interestingly, the ratio
of Graphitic N to Pyridinic N in N-CNT-N-RGQ is very high with the value of 0.87. Among these
functionalities, nittogen bonding contributions into the graphitic basal plane plays a crucial role
i1 the electrocatalytic performances, wheraas other typeas of nilrogen species mainly existed on
the edges (see Figure 5), do not significantly contribute to the slectrocatalytic performance and
are unstable under electrochemical operating conditians.

[00187] Example 9

[00188] Raman speciroscopy pravided further information of the N-doping effect in the
composite and aligned with the XPS analysis {(Figure 8). The downshiff of the & peak from
CNT-RGO (1594.93 cm™) to NCNT-N-RGD (1585.77 cm'™*) could be related to the electron
donating capability of N heteroatoms which caused the charge transfer from the doped
nitrogen to the carbon atoms in basal plane.
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{00189] In addition, increase in the intensity ratio of the Dio G band {Ipfle} In company with
slight upshift of the D band from CNT-RGO o N-CNT-N-RGO can be indicated to higher
degree of defacts and increase of defect density in the graphite structure and the deformation
induced by N-doping in the edge plane, respectively.

{00190] Example 10

{00191] The ORR performance of the metal-free electrocatalyst (N-GNT-MN-RGO) was
evaluagted by conducting & series of linesr sweep voltammograms {(LEV) on a rotating disk
electrode (RDE). The onset potential gnd steady state currentfor the ORR are important
criteria to estimate qualitatively the activity of an electrocatalyst. For comparigon, CNT, N-CNT,
RGO, N-BGO and the commercial Platinum on Carbon Black (PYC) were prepared. As shown
in Figure 7, the N-CNT-MN-RGO shows g positively shifted onset potential at ~ -0.070 V,
compared with ~ -0,126 V, -0.078 V, -0.300 V and -0.145 V measured on CNT, N-CNT, RGO
and N-RGO, respectively, with only ~ 0.08 V more overpotential than that of commercial PYC.

{00192} The N-CNT-N-RGO composite demonsirated significantly higher steady state catalytic
current than that of PYC with a wide plateau considered as the strong limiting diffusion current,

indicating a diffusion-contralied process related ta an sfficient 4¢” dominated ORR pathway.

{00193} The dursbility of the N-CNT-N-RGQ electrode toward ORR was investigated by
performing continuous potential oyeling. As can be seen in Figure 8(a), no obvious shape
change in the OV of N- CNT-N-RGUO was observed after 5000 consecutive potential cycling in
O, saturated 0.1 M KOH, which is in contrast o the loss of the active surface area for a
commercial PYC catalyst. The ORR data also reveal the reliable stability of N-CNT-N-RGO
with 92 and 90 percent retention on it onset polential and steady state current density after
5000 continuous cycles, compared to commercial PYC with more than 308% stienuation on
onset potential and 40% loss of steady state current density (Figure (b)),

{00124] Example 11

{00135] The performance of N-CNT-N-RGC catalyst towards water oxidation or Oxygen
Evolution Reaction (OER) was characterised by using rofating disc electrode (RDE)
voltammetry in Ar-saturated 0.1 M KOH and 0.5 H,50; electrolytes. The N-CNT-N-RGO
electrode exhibits high catalytic activity towards OER with an onset potential as lowas 051V
and 1.44 V vs, AgiAgCl in alkaline and acidic environments (Figure Ba, b), respectively. The
applied potential of 0.91 and 1.81 V vs. Ag/AYC! are required {0 achieve a current density of 10
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mAfsms and 20 mA/em: for N-CNT-MN-RGO compared to 1.1 and 1.85 V vs. AgiAgCl for the
commercial PYC in alkaline and acidic slectrolytes, corresponding o superior OER activity of
this composite. Moreover, the OER performance of the N-CNT-N-RGQ was evaluated by Tafel
plot {(Figure 10), revealing that low potentials are needed to change the reaction from ORR o
QER in both acidic gnd alkaline media for N-CNT-N-RGQ than commercial PYC which is in
agreement with OER performance test,

00196] Exampls 12

001971 The slectrocatalytic activity of the composite for Hydrogen Evolution Reaction (HER)
was examined by LSV in Ar-saturated 0.1M KOH and 0.5 M H:S0O, solutions {Figures 11 (a)
and (b)), The onset potential for HER was observed at -1.32 V vs. Ag/AgC! for N-CNT-N-RGO
in alkaline solution, which is 40 mV more posilive than commergial catalysts. Whereas, it only
shows 80 mV overpotential foward HER compared to PYC catalyst in acidic media. The N-
CNT-N-RGO composite exhibits a high current density of 3.12 mA/ecm? at the potential of -1.5
V vs. Ag/AgCl compared to commercial PYC catalyst of 2.64 mA/em® in 0.1 M KOH (Figure 11
{a)). However, almost the same current density of 42 mA/cm? is obtained for both catalysts in
an acidic slectrolyte (Figure 11 (B)). To further assess HER performance, Tafel plots were
constructed (Figures 12 {8) and (b)), showing that less potential is required forthe HER
reaction for N-CNT-N-RGO than commercial PYC in an alkaline environment, while the
opposite occurs in an acidic environment, An important parameder o evaluate the activity of
HER is the Tafel slope (b} which is determined by fitting polarization data to the Tafel equation
(n=a+hbloglJ|, where nisthe overpotential, b is the Tafel slope, and, Jd is the current
density). The M-CNT-N-BGD composite exhibits exceptional HER catalylic activity with low
Tafel slope of 46.8 mV/dec in acidic solution and 84.7 mV/idec in alkaline slectrolyte, which is
fower than the commergial PYC catalyst which has values of 48.6 and 86.5 mV/ dec,

respectively. The Tafel slopes are consistent with the HER performance analysis.
{00198] Example 13

[00199] In this Example, @ method is described for producing a porous Nafion® proton
conductor that is at least partially ransparent to EM radiation. Polyethytene oxide (PEQ)
having an average molecular weight of approximately 8000 kDa is dissolved in a first 2.1 co-
solvent system of 2-propancl and water to make a 5 wi% solution. Nafion® pellets are
produced by drying an aqueous solution of Nafion®. The pellets are then dissolved in a second
21 co-solvent system of 2-propanol and water to make 3 35 wi% solution. The two:solvent

solutions are combined in an appropriate ratio to give a 20 wt% solution of Nafion® and PEQ
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and mixsd for 2 howrs using a magnetic stirrer. After mixing, the product solution is allowed to
rest for about 2 days. It was found that the resting step made electrospinning easier leading fo
a morg uniform proton canductor. Howevear, this step may be omitted if @ quicker process is
desired. The solution is then poured into 8 syrings for electrospinning in an slectrospinner that
has a controllable internal atmosphere, The solution is slectrospun-at 8V with a spinneret {o
target distance of about 15 em, a relative humidity of about 32% and a temperature of ahout 24
°C. The resulting material is & uniform porous network of Nafion® fibres having a ribbon-like

morphology.

[002001 Scanning electran microscope images of the proton conductor produced in this
Example are shown Figs. 15{a) and (b). The nano-fibrous structure produced by the
electrospirning process can be sean in these images. The protofn conductor allows at least
partial transmission of EM radiation having wavelengths in the visible and ultra-violet regions.

f00201] Example 14

[00202] & photoelectrochemical cell was prepared having a configuration as shown in Fig. 18.
The photoslectiochernical cell 40 comprises an anode 41 including an oxidation catalyst,
namaly Co;0, nanoparticles. The oxidation catalyst is deposited on a p-side surface of a triple-
junction a-Si photovoltaic cell 42 (Xundight USA}Y. The edges of the a-3i photovoltaic cell 42 are
etched with 1.0 M HCI to remove the conductive layer. Mounted an the n-side surface of the
photovoltaic cell 42 is a cathode 43. The cathode 43 is a reduction catalyst, which consists of
Cu;0 nanoparticles deposited on a copper sheset. A porous Nafion® proton conductor 44 is
deposited on the photeslectrochemical cell 46 by the method described in Example 13 such
that i is in contact with and coating the anode 41 and cathode 43.

f00203] The current produced by the photoslectrochemical cell shown in Fig. 18 was
measured using a potentiosiat. The experimental sstup for measuwring the charge produced by
the photoelectrochemical cell is shown in Fig. 17. A CO; or Ar gas stream is provided o a
reactor in which the photoelectrochemical cell (PEC) is installed. Water s provided to the gas
stream, as required, by passing the gas stream through a bubbler. The PEC is under
continuous purge of the wet or dry gas. The reactor is filted with a quartz glass window to allow
EM radiation into the reactor and onto the PEC. The PEC is held in suspension in the reactaer
with the aid of two copper wiras such there is no contact between the PEC and the reactor wall
ar glass window. The copper wires are connected 1o a working electrode, a reference
elecirode and a counter electrode of the potentiostat. The EM radiation source is a sun
simulator with 1 sun output intensity. The intensity of incoming light is pericdically measured by
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a pyrometer {0 ensure the 1 sun outpld intensity is preserved. The reaction preducts produced
by the PEC exit {he reactor through the outlet on right hand side of the resctor. These reaction
products may be analysed using, for example, 8 mass spectrometer or gas chromatographer.

{00204] The current produced by the phetoelectrochemical cell, as measured by potertiostat,
is shown in Figs. 18(a)-{d) for various feed streams. The feed streams are: {a) & first huniid
CO; gas stream; (b} a humid Ar gas stream; (¢} a CO;: gas stream; and (d) a second humid
GO gas stream. The relative humidity of the feed streams in the case of Figs. 18(a), (b) and
{d) was 88%. Troughs in sach case comespond o periods during which the
photaelectrochemical cell is illuminated by the EM radiation source and current is thereby
produced. The measured current in Figs. 18(a) and (d) is related {o the reduction of carbon
dioxide at the cathode aurface. The measured curtent in Fig. 18(b) 15 relaled 10 walet splitting
and H; formation at the cathode surface. As there is no water present inthe feed stream of Fig.
18{c), o protons are generaled 1o be used by the cathode for the CO» reduction reaction and
therefore no current is produced.

{00205] As shown in Figs. 18(a) and {d}, the humid CO; feed stream produces a strong
current, whereas the humid Ar stream produces a weaker current {Fig. 18(b)). The lower
current in the case of the humid Ar stream compared to the humid O0; stream {by overone
arger of magnitude) indicates that the seledlivity of the photoelectrachemical cell toward C0;
reduction is much higher than the selsctivity toward H, formation {selectivity » 90%).

[00206] Example 15

002071 A photoelestrochemical cell was prepared having a configuration as shown in Fig. 19,
Thae photoelecirochemical cell 70 comprises any anode 71 including an oxidation catalyst,
namaly CGouldy nanoparticles. The oxidation catalyst is deposited on a p-side surface of a triple-
junction a-8i photovoltaic cell 72 {Xunlight USA). Alse mounted on the p-side surface of the
pheofovoltaic cell 72 are four cathodes 73, The cathodes 73 are reduction catalysts, which
consist of copper sheets. A porous Nafion™ proton conductor 74 is deposited on the
photoelectrochernical call 70 by the method described in Example 13 such that i is in contact
with gnd coating the gnode 71 and cathode 73.

[00208] Example 18

002091 The current produced by the photoslectrochemical cell shown in Fig. 19 was
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photoelectrachemical cell is shown in Fig. 20 fora humid Ar gas-stream and a humid Qs gas
stream. The relative hurmidity of the feed streams in gach case was 98%.

{0210 Example 17

[Q02711] A photoelectrochermiical cell was prepared having a thermal sink mounted fo the
electrically conductive substrate a phatoalectrachemical cell described herein. The current
produced by the photoslectrochemical cell was measure as desoribed in Example 15 both prior
to installing the thermal sink and after installation of the thermal sink. The current produced by
the photoelectrochemical call prior to installation of the thermal sink is shownin Fig. 21(g8) fora
homid Ar gas stream and a bumid CO» gas siream. The current produced by the
photoetectrochemical cell affer instailation of the thermal gink is shown in Fig. 21{b) for a

humid Ar gas stream and a humid GO, gas siream. The relative humidity of the feed streams

in all cases was 98%. Fig. 21 shows that current drop is much less for the
photoslectrochsmical call that includes g thermal sink.
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CLAIMS:

1. A nahocomposite comprising hetercatom-doped graphens and heteroatom-doped
garbon nanotubes (CNTs), wherein the nanocomposite has a heterogtom confent of at least
about 1 wi%,

2. The nanccomposite of claim 1, wherein the hetercgtom-doped CNTs are multi-walled
carbon nanoiubes.

3. The nanccomposite of claim 1 or claim 2, wherein the heteroatom content in the

heteroatom-doped graphene is in the range of about 1 wi% to about 10 wt%.

4. The nanocomposite of any one of claims 1 to 3, wherein the heteroatom content in the
heteroatorm-doped CNTs is i the range of about 1 wi% 0 about 10 wi%.

5. The nanocompasite of any one of claims 1 to 4, wherein the heterogtom-doped graphene
and heteroatom-doped CNTs are present in a ratio of between about 1001 and abowt 1:10,

6. The nanocompaosite of any one of claims 1 to 5, wherein the heterogtom-doped CNTs
are adsorbed gnfo the surface and/or between layers of the heteroatom-doped graphene.

7. The nanccomposite of any one of daims 1 to 6, wherein the heteroatom-doped graghene
does not form agglomerates of more than about ten layers.

&  The nanocomposite of any one of claims 1 to 7, wherein the hetercatom is selected from
the group consisting of nitrogen, sulfur, phosphorus, boron, silicon, aluminium and
combinations thereof.

9. A process for praducing a nanccemposite of any one of claims 110 B, said process
comprising:

{a) providing heteraatom-doped graphens;

{b) providing heteroatom-doped CNTs; and

{c) combining the heteroatom-doped graphene and hetercatom-doped CNTs ina

solution to form the nanocomposite.

10. The process of claim 9, wherein step () further comprises heating the solution to
facilitate formation of the nanoccomposite.
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11.  The process of claim 9 or claim 10, further comprising:
{d) drying the nanocomposite produced in step (¢} to form a solid.

12,  The process of any one of claims 9 1o 11, further comprising predusing the hetercatom-
doped graphene provided in step (a).

13. The pracess of any one of glgims 9 to 12, further comprising a step of producing the

graphens oxide.

14. The pracess of any one of claims 9 to 13, further comprising a step of producing the

heteroatom-doped CNTs.

15.  An slectrode comprising a8 nancgomposite of any one of clgims 1 to 14,

18. An electrochemical cell comprising @ nanocomposite of any one of glaims 1 to 14.

17.  The slectrochemical cell of claim 16, whetein the battery is a lithium battery.

18.  Use of the nanocomposite of any one of claims 1 1o 14 as a catalyst for & reduction

reaction.

18. The use of claim 18, wherein the reduction reaction is a hydrogen evolution reaction
{HER), or the reduction reaction is an oxygen reduction reaction {ORR), or the reduction
reaction is reduction of carbon dioxide {CO:).

20, Use of the nanbcomposite of any one of ¢lgims 1 o 14 as a catalystfor an oxidation
reaction, oras a catalyst for spliting water.

21.  Use of an electrochemical cell according to claim 16 or claim 17 for splitting water.

22. A photoelectrochemical cell comprising:
(a) an anode comprising at least one oxidation catalyst;
{b) a cathode comprising at least one reduction catalyst, wherein the cathode is in
slectrical communication with the anode; and
{c)a proton conductior having a porous structure,
wherein the proton conductor conriects the anode and the cathode, thereby allowing
fransfer of protons between the anode and the cathode.
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23. The photoslectrochemical cell of claim 22, wherein the porous structure of the proton
conductor is provided by bonded or non-bonded nano-fibres.

24. The photoelecirachemical cell of claim 22 or claim 23, wherein the proten canductor
comprises a polymedc material.

25. The photoelectracheniical cell of claim 24, wherein the polymerie matatial is gas-
permeable.

28 The photoelectraochanical cell of any oneg of clgims 22 to 25, whsigin the proton
conductor is at least partially transparent to EM radiation having a wavelength in the range of
about 350 fo-about 850 nim.

27, The photoslectrochemicsl cell of any one of claims 22 to 28, further comprising an

electrically conductive substrate.

28. The photoelectrochemical cell of ¢laim 27, wherein the elechrically conductive subsirate
comprises bwo or more layers.

29. The photoslectrochemical cell of any onsg of claims 22 to 28, wherein the ancde
comprises a photovoltaic cell.

30, The pholoelectrochemical cell of any one of claims 22 {o 29, wherein the at least one

oidation catalyst is a water-oxidising catalyst.

31, The photoelectrochemical cell of any one of claima 22 to 30, wherein the at least one
axidation catalyst is selected from the group consisting of cobalt oxides, manganese oxides,

nicke! oxides, iron oxides and combinations thersof.

32 The photoelectrochemical cell of any one of claims 22 to 31, wherein the st least one
oxidation catalyst is in the form of nanoparticles.

33 The photoelectrochemical cell of any one of claims 22 to 82, wherein the at least bne
reduction catalyst is & carbon dioxide-reducing catalyst, ora proton-reducing catalyst, or

copper {1} axids.
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34. The photoelsciraehemical cell of any one of claims 22 © 33, wherein the at least one
reduction catalyst is in the form of nangpariicles.

35. A photoglectrachemicat call comprising:

{a)yan anode comprising an oxidation catalyst disposed on a surface of a photovoliaic
cell;

{b} a cathode comprising a reduction catalyst;

{c}a proton conductor having a porous structure, wherein the proton conductar
cornects the anode and the cathade; and

(d) an electrically conductive substrate,

whaerein the anode and cathode are éach disposad on a surface of the elechically
conductive substrale, thereby providing electrical communication between the anade and the
cathode; and

whergin the proton conductor comprises a gas-permeaable polymeric maternal, which is
at least partially transparent to electromagnetic (EM) radiation, the protor conductor at least
partially enveloping the anode, cathode and electically conductive substrate.

38, A proton conductor having & porous structure, wherein said porous structure allows
permeation of 8 gas through said proton conductor,

7. The proton conductor of claim 36, wherein the porous structure is provided by bonded
or non-bonded nano-fibres.

38. The proton conductor of claim 36 or claim 37, wherein the porous structure of the
proton conductor is formed by electrospinning the polymeric material.

38 The proton conductor of any one of clalms 38 to 38, wherein the praton conductor is at
teast partially transparent to electromagnetic (EM) radiation.

40, A process for preparing & porous proton conductor comprising the steps of:
{i} providing a proton-conducting polymeric material; and
{ity electrospinning the polymeric material, thereby producing a porous proton
conductor.

41, A method of reducing carbon dioxide {COy) o CO--reduction products, the method
comprising the steps of:
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{i} providing water vapour and GO gas stream to the photoelectrachemical call of any
one of claims 22 to 35, whereby the water vapour contacts the oxidation catalyst and the CO;
gas contacts the reduction catalyst;

{it}y xposing the anods 1o an electromagnetic (EM) radiation source, thereby converting
the water vapouwr to oxygsen gas, protons andior slectrons;

{iiiy transporting the profons and electrons to the cathode via the proton conductor; and

{iv} exposing the cathode to the slectromagnetic (EM) radiation source, theraby

reducing the CQ; gas in the presence of the protons and electrons to CO; reduction products.

42, The method of claim 41, wherein the water vapour and CQ; gas are provided in a
single gaseous feed sfream.

43, The methad of claim 42, wherein the gaseous fead stream has a refative humidity of
between 50% and 100%.
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Continuation of: Box III
This International Application does not comply with the requirements of unity of invention because it does not relate to one
invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the claims into distinct
groups:

Group 1. Claims 1-21

This group of claims are directed to a nano-composite, a process of producing a nano-composite , an electrode comprising a nano-
composite , an electrochemical cell comprising a nano-composite wherein the nano-composite comprises of heteroatom doped
graphene and carbon nanotubes having heteroatom content of at least about 1.0 wt%.

Group 2. Claims 22-39, 41-43

This group of claims are directed to a photo-electrochemical cell and a corresponding method wherein a photo-electrochemical cell
comprising (a) an anode comprising at least one oxidation catalyst (b) a cathode comprising at least one reduction catalyst wherein
the cathode is in electrical communication with the anode and a (¢) a proton conductor having a porous structure wherein the proton
conductor connects the anode and the cathode thereby allowing transfer of protons between the anode and the cathode.

Group 3. Claim 40

This group of claim is directed to a process for preparing a porous proton conductor comprising the steps of : (i) providing a proton-
conducting polymeric materials; and (ii) electrospinning the polymeric materials, thereby producing a porous proton conductor.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship among the
claimed inventions involving one or more of the same or corresponding special technical features. PCT Rule 13.2, second sentence,
defines a special technical feature as a feature which makes a contribution over the prior art.

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art but are not
common to all the claimed inventions and therefore cannot provide the required technical relationship. Therefore there is no special
technical feature common to all the claimed inventions and the requirements for unity of invention are consequently not satisfied a

priori.

It is considered that search and examination for the other inventions will require more than negligible additional search and
examination effort over that for the first invention, and therefore the search and opinion is restricted to claims 1-21.
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