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FUNCTIONALISED PHOTO-ELECTROCATALYST AND METHOD FOR CHEMICAL
CONVERSION

FIELD OF INVENTION

{0001} The present invention relates {o the field of photo-slectrocatalysts.

(00021  In one form, the invention relates to a functionalised photo-electrocatalyst for

uss in chemical conversion.

{00031  In anotherform, the invention relates to pholo-glectrochemical procasses.

00041  In one particular aspect the present invention is suitable for use in sunlight
drivert ammonia synthesis.

(00057 I will be convenient {0 hereinafier descrnbe the invention in relation fo
production of ammonia, or the conversion of nitrogen to ammonia, however it should be
appreciatad that the presant invention is not limited to that use only and can be used for
& much wider range of reactions such as conversion reactions including the production of

H; and the degradation of coloured dye solutions.

BACKGROUND ART

f0008] W is to be appreciated that any discussion of documents, devices, acts or
knowledge in this specification is included to explain the context of the present invention,
Further, the discussion throughout this specification comes about due to the realisation
of the inventor and/or the identification of certain related art problems by the inventor.
Moreover, any discussion of material such as documents, devices, acts or knowledge in
this specification is included to explain the context of the invention in terms of the
nventor's knowledge and experience and, accordingly, any such discussion should not
be taken as an admission that any of the material forms part of the prior art base or the
commaon general knowledge in the relevant art in Australia, or elsewhere, on or before

the pricrity date of the disclosure and claims herein.
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{00077 Ammonia (NH3) is one of the most widely produced chemicals worldwids.
More than 1% of global energy consumption is usad for ammonia production. It has
apphcation in the production of many important chemicals, particularly in fertilisers, but
also polymers, dyes, refrigerants and explosives. Ammonia is also, potentially, an
important energy storage intermediate and clean energy carrier. Total ammonia
production is predicted to reach 0.23 billion tonnes annuslly by 2019, (Tuna et &l
Environ. Prog. & Sust. Energy, 2014, 33, 1280-1297)

[G008] For more than a hundred years, ammonia has been produced from nitrogen
and hydrogen by the Haber—Bosch process, a discovery that has been of key importance
in producing the inexpensive fertidlisers that have supported the large global population
growth over the past century. The Haber-Bosch process utilises an iron based catalyst,

high pressures and high temperatures according to the following reaction:

tren—based catalvst

Nogy +3Hyg <

‘ 2NHa,
15-30M Pa:d430-480°C *

Equation 1

[0008] Ammonia production, mostly for the aforementioned use in fertilisers, currently
accounts for more than 1.6% of global CO; emissions. (Lan et al, Sci. Rep. 2013,
3.1145{1-73) This process uses very high temperatures and pressures, and requires
substantial amounts of natural gas, oil or coal for the production of the required
hydrogen. Given the need fo feed a growing world population, whilst simultaneously
raducing giobal carbon emissions, it s highly desirable to break the link between
industrial nitrogen-based fertiliser production and the use of fossil fuels. Therefore,
resgarchers have been seeking alternative pathways to ammonia. ( Anderson et al,
Nature, 2013, 501, 84-88)

[0010]  The ideal system for the conversion of nitrogen into ammonia would have few
process stages, be easily scalable and would operate at ambient temperatures and

pressures using renawable energy sources.

(00111  Attempis have been made in the past to harness solar energy for chemical

reduction reactions using various processes including photo-electrochemical (PEC)
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processes. The first PEC was demonstrated by Honda and co-workers in 1872, using a
single crystal of TiO: to carry out photo-slectrolysis of water under the influence of an
anodic bias. {(A. Fujishima and K. Honda, Nature, 1972, 238, 37) PEC msthods involving
p-type semiconductor electrodes have proved to be feasible for water and CQ» reduction,
and various p-type semiconductors have been investigated (Bachmeier et al, J. Am.
Chem. Soc. 2014, 136, 13518-13521; Gao et al, Chem. Comm. 2013, 49, 3440-3442; Gu
et al, J. Am. Chem. Soc., 2014, 136, 830-833; 1 et al, J. Am. Chem. Soc., 2013, 135,
11696-11699; Kou et al, J. Catal,, 2014, 310, 57-66)

{0012]  In comparison with water splitting and CQ; reduction, relatively few electro-
catalysis, for example, palladium, and alioys, and polypyrrole and sven fewer photo-
catalysts, for example metal/TiO; (Ranjit et al, J.Phototchem.& Photobial. A- Chemistry
1996, 96, 181-185), diamond {Zhu et al, Nature Materials, 2013, 12, 836-841), and
SrTi03 (Oshikiri et al, Angew.Chem. ~-Int. Ed., 2014, 53, 9802-9806) have bsen reported
for Nz reduction. Van der Ham et al have recently reviewed the progress and challenges
in achieving this goal. {Van der Ham et al, Chem. Soc. Rev. 2014, 43, 5183-5181). The
main obstacle is the high stability and chemicslly inert nature of nitrogen. In addition, the
low solubility of nitrogen in water {20 mg/l. at 20°C and 1 bar) leads to low reactions
rates.

[0013] Black silicon (BSi) is a relatively recently developed form of siticon in which its
surface is covered by a layer of nanostructures (usually nanowires, nanorads or
nanotips), which effectively suppresses reflection, by enhancing the scattering and
absorption of light. (Lin et al, Phys. Stat. Solidi C. Vol 7, No 11-12, 2010, 7, 2778-
2784). As a conseguence, the silicon wafers appear black, instead of the silver-grey
typical of planar silicon wafers. BSi possesses many aftractive properties, including low
reflectance, a large and chemically active surface area, super-hydrophobicity, and a
high luminescence efficiency when surface-feature sizes are reduced to a few

nanamsters.

[0014] BSi has been considered as a promising candidate for efficient solar energy
conversion. The morphology and orientation of silicon nanostructures can provide
excellent photon trapping and absorption properties; an aimost complete suppression of

the reflectivity in a broad spectral range (250-1000nm) has been achieved by surface
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texturing. Besides, the optical bandgap of nanostructured silicon can alse be tuned by
decreasing the size of the nano-features, due to the splitting of energy levels caused by

guantum confinement.

[0015] Functionalisation of the BSi by combination of its surface with nano-metals
can be used to further improve the efficiency of charge separation, charge transfer and
catalytic processes. The resultant shift in the Fermi level has been observed to result in
an increase of photocatalytic reduction efficiency and photocurrent generation in water
splitting. The metal nano-particle can also in many cases act as a catalytic site for the
reduction reaction. In addition, the surface plasmon resonance (SPR) exhibited by
noble metals such as silver and gold can enhance absorption and hence this kind of
functionalisation has significant promise in photo-catalysis. This effect has been
successfully used in solar cells and solar-driven water splitting. More recently, plasmon
induced ammonia synthesis has been demonstrated on gold nanoparticles on a Nb
doped SrTiQ; photoelectrode, although the yield is very low {less than 6 nano muol per
day). (Oshikiri et al, Angew. Chemie-Int. Ed. 2014, 53, 8802-9806)

[0016] A prior attempt {o synthesise ammonia using nanc-size metal or matal alloy
catalyst particles has been described in US patent application 2012/0308467 {US serial
no. 13/585,640). Hydrogen and nitrogen gases are passed through a system
comprising, nana-sized metal catalyst particles disposed on a ferrous support and in the
prasence of a nano-sized promoter. This would include, for example, using a bed of
magnetite supporting nano-size iron or iron alloy catalyst particles having an oxide laver

that forms the catalyst

[00171  Another prior attempt 10 synthesise ammonia has been described in US patent
8,801,915 (US serial no. 13/809,677). In this synthesis method, an anode and a cathode
are arranged in an electrolyte phase at a predetermined interval; a photocatalyst is
provided to the anode; water is supplied to an anode zone and light is radiated so that
water is decomposed by a photocatalytic reaction to generate protons, electrons, and
oxygen gas. Nitrogen gas is supplied to a cathode zone, and the electrons generated in
the anode zone are allowed {0 transfer to the cathode zone through a lead, thereby
generating N* in the cathode zone. Ammonia is synthesized through the reaction

between the protons that have moved toward the cathode zone from the anode zone in
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the electrolyte phase and N°7, characterized in that an anode substrate is made of
mdium tin oxide or fluorine tin oxide. The cathode is a Ni porous body, a nickel-, iron-, or
ruthenium-loaded Ni porous body, carbon paper, or nickel-, iron-, or ruthenium-loaded
carbon paper; and the photocatalyst is a vigible light-responsive photocatalyst comprising
an oxynitride compound, an oxysulfide compound, or an oxide containing metal ions of

4" electron state.

(00181  Ammonia has also been produced using @ mixture of N» and steam in a molten
hydroxide suspension of nano-Fe:0z at a cell voltage of 1.2 V and columbic efficiency of
35%. {Licht et al. Science 345, 637-6840 (2014)). Although this advance shows great
promise for competition with current ammonia industry processes, the high temperature
used (~200°C) still requires significant input of heat and energy. So far, electrochemical
conversion has not been sufficiently successful to be considered as a viable replacement
for the Haber-Bosch process. Furthermore, electrochemical conversion of the prior arnt

has not reached sufficiently high efficiency levels such as those exhibited by dinitrogen-

[0018] US patent application 2006/0048063 and US patent 6,712,950 teach the
synthesis of ammonia gas by ancdic reaction from nitrogen-containing species or
dinitrogen gas, and hydrogen-containing species or hydrogen gas in a non-aqueous
Hquid slectrolyte such as a molten salt or a liquid salt. The method involves the
production of the Ni” ion i the electrolyie and then the reaction of the N2 ion at the
anode to produce ammonia. This method is limited by the need for the medium o be
selectad such that it can dissolve useful amounts of the Ny {o support practical rates of

ammonia production.

[0020]  In contrast to hydrogen generation or CQq reduction, very few prior art electro-
catalysts or photo-catalysts have been reported to exhibit useful activity for N2 reduction.
Little is known about the requirements or possible mechanisms for such reactions.
However it is known that {o become commercially viable, electrochemical conversion of
dinitrogen has to overcome the obstacles presented by the high stability and chemically

imnert nature of dinitrogen.
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[0021] Ammonia has the potential fo bscome an important energy storage
intermediate and clean engrgy carrier if an energy efficient technology can be devaloped
for s generation. The use of ammonia as a fuel, ideally in a fuel cell, generates only N»
and water and hence could be part of a sustainable fuel cycle. This is a strong driver for
provision of new and efficient ways to generate ammonia. Although various processes
for converting nitrogen {in ils various forms or as dinitrogen) to ammonia have bheen
proposed in the prior art, it is important that the conversion process can be realized by

using renewable energy sources

SUMMARY OF INVENTION

[0022] An object of the present invention is to provide a novel family of

nanostructured photo-electrocatalyts.

[0023] Another object of the present invention is to provide a system for the

conversion of nitrogen in any convenient form, such as dinitrogen, into ammaonia.

[0024]  Another object of the present invention is to provide a system for conversion of
nitrogen, such as sunlight driven synthesis of ammonia.

[0025]  Another object of the present invention is to provide a catalyst material that
can replace fossil fuel based chemical processes with solar energy based processes.

[00268] A further object of the present invention is to alleviate at least one

disadvantage associated with the related art.

{00277 It is an object of the embodiments described herein to overcome or alleviate at
lsast one of the above noted drawbacks of related art systems or to at least provide a

useful alternative {o related art systems.

[0028] In a first aspect of embodiments described herein there is provided a photo-

electrocatalyst comprising a funclionalised semiconductor.
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[0029]  Preferably the semiconductor is chosen from the group comprising S such as
black silicon (BSi), HI-V type semi-conductors such as GaAs or nP, -V semiconductors

such as Z2nS, CdS, Cd8e, TeSe, or oxide semiconductors such as BiVO, or iron oxide.

[0030] In a particularly preferred embodiment the semiconductor is a silicon

nanostructure, or more preferably a BSi nanostructure.

(00311 Where used hergin the term ‘photo-electrocatalyst’ is intended to refer to a
catalyst structure compromising one or more materials which have the effect of
absorbing light energy and creating separated electrons and holes. The electrons are
capable of driving a reduction reaction and the holes are capable of participating in an
oxidation reaction. The aforementioned oxidation and reduction reactions may take
place on a single isolated particle of the catalyst or may take place on one or more

separate electrodes connected to the catalyst.

[0032] In a second aspect of embodiments described herein there is provided a
photo-electrocatalyst comprising a functionalised black silicon (BSi) nanostructure in
which the BSi is functionalised by one or more types of nanoparticle. Without wishing to
be bound by theory it is believed that the functionalisation of the BS8i nanostructure
altows highly efficient charge carrier generation and separation and provides 2 large

number of reactive sites for the adsorption and conversion of nitrogen.

{00331 In a third aspect of embodiments described herein there is provided a photo-
glectrocatalyst comprising a functionalised black silicon (BSi} nanostructure in which the
BSi is functionalised by one or more thin layer coating(s). Optionally the photo-
electrocatalyst may be functionalised by both one or more types of nanoparticles and
one or more thin layer coating(s).

[0034] In a preferred embodiment the nanoparticle or layer for functionalisation is
chosen from chemical species that optimise the reactions at the photo-electrocatalyst, for
example, through plasmonic enhancement effect or by providing electrocatalytic sites for

the electrochemical reactions.
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[0035] With reference to FIG. 1 and without wishing to be bound by theory it is noted
that photoexcitation in the semiconductor (1), produces holes and electrons. The holes
migrate acrass the junction with the hole collector (2) (such as Cr, PEDOT, 1TO), which is
chosen such that it has a lower work function than Si. This aids in increasing the lifetime
of the photogenerated holas and electrons. The hole then migrates to the oxidation
electrocatalyst (3) {such as Cr, MnQ,, CoQ,), where an oxidation reaction takes place.
The electrons migrate to the reduction electrocatalyst (4) (such as Fe, Noble metals,
carbon, polypyrrole), where the desired raduction reaction takes place. Plasmonic
nanoparticles (B) {such as Au, Pt, Cu) may serve to enhance the photoabsorption
efficiency of the Si through a plasmonic resonance effect. Ut is possible that a single

material may carry out several of these functions.

[0036] By manipulating the composition, shape and size of the functionalising
nanoparticles or layers, i is possible to design nanostructures that interact with the
entire solar spectrum and beyond. Catalysts such as carbon quantum dots, poly(3.4-
sthylenedioxythiophene) (PEDOT) also exhibit excellent activities for CO; or Oy
reduction and can be used to functionalize semiconductors such as BSi. These
functicnalisation sffects can be synargistically combined to develop high-efficiency
photo-electrocatalytic devices for chemical conversion, such as the conversion of
nitrogen to ammoenia. Typically the photo-electrocatalytic device is driven by solar
power.

{00371 In another embodiment described hergin there is provided a photo-
electrocatalyst for the reduction of nitrogen to ammonia and/or ammonium salts or other
ammonia based products, the photo-electrocatalyst comprising a metal nanoparticle or
layer modified BSi nanostructure.  In a preferred embodiment the metal shows a good
pltasmonic absorption effect. Preferably the metal nanoparticles or layer are chosen from
the group comprising gold, silver, copper, platinum, palladium and alloys thereof. In a

particularly preferred embodiment the metal nanoparticles are gold nanoparticles.

[0038] In a further preferred embadiment the photo-electrocatalyst of the present
invention may have a further functionalising nanoparticle or layer for the purpose of

providing the site or sites for the accompanying oxidation reaction. Preferably this
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additional functionalization is Cr, Pt, Ni, or indium tin oxide or fluorine doped tin oxide or

carbon, or mangangse oxide, or cobalt oxide, or nickel oxide.

[0038]  In a particularly preferred embuodiment the oxidation reaction is the oxidation of
sulphite to sulphate. In an allermative preferred embodiment, the oxidation is the

axidation of water to oxygen.

(00401 In a further preferred embodiment the photo-electrocatalyst of the present
invention may have a further functionalising nanoparticle or layer for the purpose of
providing the site or sites for the desired raeduction reaction. Preferably this additional
functionalization species is chosen from the group comprising Au, Ag, Pt, Pd, Cu, Fe and
their alloys, carbon guantum dots and polypyrrole or poly(3 4-ethylenedioxythiophene)
(PEDOT). Preferably the functionalising species are deposited on the surface of the BSi
by E-beam spultering, or wet chemical methods, or slectrochemical methods.

(00411  Optionally the photo-slectracatalyst of the present invention can catalyse

reactions using solar energy at ambient temperature and pressures.

{00421  In ancother aspect of embodiments described herein there is provided a method
of preparing a photo-electrocatalyst comprising the step of nano-scale deposition of a

functionalising species on the surface of a semiconductor.

{0043] The method may optionally include an initial step of passivation of the surface
of the semicondugctor.

[0044] In yet a further aspect of embodiments described herein there is provided a
method of functionalising a semiconductor to provide a photo-electrocatalyst, the method
including the steps of:

{H optional passivation of the surface of the semiconductor, and

(i) nano-scale deposition of a functionalising species on the surface of the

semiconductor.
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[0045] As described above, the photo-electrocatalyst comprising & functionalised
semiconductor according to the present invention can be used for the reduction of

nitrogen o ammonia and/or ammonium salts or other ammaonia based products.

[0048] In a further aspect of the present invention there is provided a photo-

glectrochemical cell suitable the cell comprising:

() & functionglised semiconductor photo-electrocatalyst according to the

present invention, and

{1}  an agueous, non-aqueous or iquid salt electrolyte.

(00471  In a preferred embodiment, nitrogen is infroduced to the electrolvte and the
products of the photo-electrochemical cell are ammonia based products including

ammonia per se and ammonia salts.

Liquid Salt Electrolyte

{0048] Where used herein the term liguid sall is intended to refer to an electrolyte
medium that is liquid at the temperature of use and that contains one or more salfs. The
saits may be chosen from any suitable metal salts, organic salts, complex jon salls or the
ike.

[0048] The liquid salt madium can also be formed by mixing two or more salts, which
individually may be liguid or solid at room temperature, fo create a liquid salt of the
desired characteristics.

[0050] Whils the liquid salt medium is principally comprised of ions it may contain

additional components including water or other molecular liquids.

[0051] The liquid salt electrolyte (LSE) provides an ion conductive, non-volatile

medium in which the process reactions occur.
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[0052] In a preferred embodiment the LSE comprises ong or more eFAP salts (whare
eFAP is tris(pentafiuorosthyhitriflucrophosphate)

[0053] In a preferred embodiment the LSE comprises one or more hydrophobic
fiquids based on the Pggs 14 cation. In a particularly preferred embodiment the LSE is

substantially comprised of Psgs e €FAP.

[0054]  In a particularly preferred smbodiment the LSE is preconditioned prior fo use,
such as, by contacting it with an aqueous hydroxide solution. Without wishing to be
hound by theory, the preconditioning may introduce a frace amount of OH into the liquid

sait that provides a defined proton activity in the L3E.

[0055] In a particularly preferred embodiment the photo-slectrocatalyst comprising a
functionalised semiconductor according to the present invention can be used for cathodic

dinitrogen reduction.

[0056] In a further aspect of embodiments described herein there is provided a photo-
electrochemical cell comprising:

- a cathodic working electrode comprising a functionalised semicanductor photo-

electrocatalyst according to the present invention for reduction of dinitrogen,

- a counter electrode connected electrically to the cathodic working electrode, and

- an electrolyte comprising an agueous solution, or a liquid salt electrolyte
comprising one or more liquid salts in contact with the working electrode.

[0057] In a further aspect of embodiments described herein there is provided a
method for the electrochemical reduction of dinitrogen to ammonia, the method

comprising the steps of:

- gontacting a cathodic working electrode comprising a nanostructured photo-
electrocatalyst comprising a functionalised semiconductor with an electrolyte

comprising one or more liquid salls,
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- introducing dinitrogen and a source of hydrogen to the electrolyte,

wherein the dinitrogen is reduced to ammonia at the cathodic working electrode.

[0088] Typically the dinitrogen is reduced at the cathodic working electrode to
aramonia in the presence of a source of hydrogen, preferably water. In a particularly
preferrad embodiment of the mathod, the dinitrogen gas is humidified with water vapour
to a controlled degree and then the humidified gas is passed in a stream over the

cathode where the dinitrogen is electrochemically reduced to form ammonia.

{00591  Typically, when the source of hydrogen is water, the anodic counter electrode
converts the hydroxy! ions formed at the cathode into water and oxygen.

{0060} The counter slectrode may be placed in the same electrolyte or may be
separated by a membrane or separator material.  The counter selectrode compartment

may contain a different electrolyte medium, such as an aqueous solution.

{00811 The counter electrode reaction may be water oxidation or another
advantagsous oxidation reaction such as sulphite oxidation.

[0062] Preferably the photo-slectrochemical reaction is solely driven by photoelectric
energy from sunlight.

[0063] The present invention may further provide a method of gaenerating electricity

comprising the steps of:

1. photoelectric generation of ammonia using the photo-slectrochemical cell

of the present invention; and

2. providing at least part of the ammonia generated in step 1 to an ammonia
fuel cell for generation of electricity and nitrogen.

[0064] In a preferred embodiment, at least part least part of the ammonia generated

in step 1 18 stored in a reservoir for supply to the ammonia fuel cell as needed.
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[0065] In another preferred embodiment, at least part of the nitrogen gensrated in
step 2 is recycled into to step 1.

[0066] In a further aspect of the present invention there is provided a device for
elactricity generation according to the aforementioned method, the device comprising a
photo-glectrochemical cell according to the present invention and an ammonia fuel cell,

wherein in use;

1. the photo-electric cell is driven by photoelectric energy from sunlight to

generate ammonia; and

2. at least part of the ammonia generated in step 1 1s provided to an ammaonia

fuel cell for generation of electricity and nitrogen.

{00671 In a preferred embodiment, the device includes a reservoir for storage of

ammonia generated in step 1.

[0068] In another preferrad embodiment, at least part of the nitrogen gensrated in
step 2 is recycled into to step 1.

(00891  Using this method and device, at times of low solar input the ammonia solution
can be used to power an ammonia fuel cell to generate electricity. Nitrogen generated in
this step can be recycled for a further solar energy capture, when needed.

{00701 An alternative embodiment of the photo-slectrochemical cell of the present
invention has a functionalised semiconductor (preferably BSi) photo-elecirocatalyst
connected electrically to a second electrode. The oxidation reaction occurs on the
second electrode. In this embadiment it is possible to include a voltage source in the

electrical circuit 1o provide energy input additional to the light energy.

[0071]  Other aspects and preferred forms are disclosed in the specification and/or

defined in the appended claims, forming a part of the description of the invention.



WO 2016/172760 PCT/AU2016/000151

14

[0072] In essence, embodiments of the present invention stem from the realization
that by manipulating the compuosition, shape and size of the functionalising nanoparticles,
it is possible to design nanostructures that work in a synergistic combination to develop
high-efficiency PEC devices for conversion of nitrogen to ammonia, mare particularly,

solar-driven conversion.

(00731 Advantages provided by the present invention comprise the following:

» the catalyst can replace fossil fugl based process with solar energy based
processes with obvious positive impact on greenhouse gas induced climate

change;

. can be used for solar powered reactors (eg for ammonia generation)
capable of wider geographical distribution, increasing access and lowering
transportation costs;

® provision of high catalytic efficiency, specificity and selectivity under mild
conditions;

. a new paradigm in the production of ammonia and ammonia based
compounds;

e a system for conversion of nitrogen info ammoenia having few process

stages, easily scalable and operating at ambient temperatures and

pressures.

[0074]  Further scope of applicability of embodiments of the present invention will
hecome apparent from the detalled descnrption given herginafter. However, it should be
understood that the detailed description and specific examples, while indicating preferred
gmbodiments of the invention, are given by way of illustration only, since various
changes and modifications within the spint and scope of the disclosure hersin will

hecome apparent to those skilled in the art from this detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0075]  Further disclosure, objects, advamtages and aspects of preferred and other
embodiments of the present application may be better understood by those skilled in the
relevant art by reference io the following description of embodiments taken in conjunction
with the accompanying drawings, which are given by way of illustration only, and thus

are not Bmitative of the disclosurs herein, and in which:

FIG. 1 llustrates the structure of the catalyst and the roles of the different

functionalised sites.

FIG. 2 illustrates the band positions of silicon (7, B8i CB; 9, BSi VB) in contact

with aqueous solution at pH = 0.

FIG. 3 illustrates graphically the ammonia yields from photo-electrochemical
reduction of N at nanofunctionalised BSi under 2 Sun ilumination {11) and in the
dark {(13).

FIG. 4 comprises schematic illustrations of the photo-electrochemical cell designs:
FIG. 4a represents the internal connectad “wireless” cell; FIG. 4b represents a
wired fwo electrode PEC; and FIG. 4¢ represents a driven PEC. In each
iHustration is shown the P-Si {15), nanocatalyst/BSi layer (17), carbon {19},
oxidation catalyst {(21) and ITO or FTO (23}

FIG. 5 is a schematic diagram of the cell used showing the light source (25), N»
infet pipe (27), N2 outlet pipe {29), electrolyte (31), and electrode (33)

FIG. 6 illustrates the vield of ammonia obtained on different substrates after
illumination with 2 Sun for 24 hours (catalyst geometric area = 1 cm® {=0.12 g
catalyst), nitrogen flow rate 10mi/min in 10 mi deionized water. where: (A) P-type
silicon, (B) b&i, (C) (gold nano-particles) GNP/bSI, (D} GNP/WSICr, and (E)
Au/SiICr after Hlumination with 2 suns and (F) GNP/BSKCr in dark;
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FIG. 7 is 8 schematic representation of the mechanism N3 reduction at the
catalyst surface comprising chrome (41) and black silicon {43), with light (45)

impinging on the black silicon.

FIG. 8 illustrates aspects of the example described herein, more specifically, it
lustrates the cell design for photoslectrochemical experiments. In this view can
clearly be seen the light source (50), Nz inlet pips (51}, Ny outlet pipe (53),
electrolvte (55), reference electrode (57), anode (59), cathode (61) and
potentiostat (63). electron flow is in the direction of the arrow. The inset (85)

illustrates the catalyst surface as shown in FIG. 7.

FIG © graphically illustrates the light intensity dependence of ammonia yield
obtained after illumination for 3 hours (error bars are an estimate of the combined

grrors of measurements

FIG. 10 graphically ilustrates UV-Vis specira of gold nanoparticle coated bSi (60)
compared with the pristine Si (62). The difference in absorption is a result of the
nano-structure modification created by the dry etching. Also, the plasmonic effect
of the attached GNP appears at 513nm.

FIG. 11 illustrates the quantum efficiency (n% x 10°%) of ammonia synthesis on a
GNP/LSICr photoelectrochemical cell as a function of wavelength (error bars are
estimates of the combined errors of measurements);

FIG. 12 illustrates the yield of ammonia in three hours as a function of nitrogen
gas pressure at 2 suns illumination in a fixed volume glass reactor (error bars are
the standard deviation of at least three replicates of independent measurement).

FIG.13 is a flow chart illustrating the use of a solar powered {81) ammonia
generating photo-electrochemical cell (80) according to the present invention in
conjunction with an ammonia fuel cell (81) for generation of electricity and
nitrogen, the nitrogen being made available for recycling for further solar driven
energy capture. Specifically, atmospheric nitrogen (83) is fed into the cell (80)
which generates ammonia solution (85) that is transferred to an ammonia storage
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tank (87} until #t is needed for consumption in the fuel call (81). Nitrogen and

media from the fusl cell {81) can be recycled (89} to the csll (80)

DETAILED DESCRIPTION

(00761 The present invention will now be described with reference to the following

non-limiting examples and descriptions of experiments.

[0077] Photoexcitation in a semiconductor is fundamental to operation of the present
invention and FIG. 1 illustrates how it produces holes and electrons. The holes migrate
geross the junction with the hole collector, which has is chosen such that it has a lower
work function than &i. This aids in increasing the lifetime of the photogenerated holes
and electrons. The hole then migrates o the oxidation elecirocatalyst where an
oxidation reaction takes place. The electrons migrate fo the reduction electrocatalyst
where the desired reduction reaction takes place. The plasmonic metal particles serve fo
enhance the photoabsorption efficiency of the Si through a plasmaonic resonance sffect.

It is possible that a single material carries out several of these functions.

[0078] Photo-electrodes based on gold nanoparticle decorated BSi have been
fabricated and their optical properties and photo-electrochemical activity have besn
measured. Black silicon is a surface modification of silicon with very low reflectivity and
correspondingly high absorption of visible and infrared light. Recent investigations have
shown that BSi exhibits enhanced photo-electrochemical and photocatalytic
parformance. BSi is known to have relatively small band gap (about 1.1 eV}, and ifs

conduction band level appear to be high enough to reduce nitrogen.

[0079] The gold nanoparticle modified BSI nanostructure of the present invention
allows highly efficient charge carrier generation and separation and provides a large

number of reactive sites for the adsorption and conversion of nitrogen.

[0080] For a pholo-electrochemical reaction to be possible, the band-gap of the
photo-aclive component, usually a semiconductor, should exceed the free snergy of the
reaction, as well ag have band energies suitable for the individual half reactions that

need to be driven. Based on the disclosures and teaching of the prior art it is not
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apparent whethar silicon can be used to reduce nitrogen to ammeonia. Specifically, the

potential for nitrogen reduction under standard conditions is:
Nz (g) + 8H+{ag) — 2NH; (q) E°=0.05V{vs NHE)atpH =0

which is shightly more positive than the potential of hydrogen generation. In other words,
thermodynamically N; reduction requires less reducing conditions than proton reduction.
In fact, the onset of conversion of nitrogen into ammonia has been observed at potentials
higher than the H+/H» potential. (Koleli and Kayan, J.Electroanaly. Chem. 2010, 838,
118-122). As shown in FIG. 2, the nitrogen reduction potential is also suitably lower than

the conduction band energy level of Si.

(00811  Accordingly investigations were carried out to show that nitrogen reduction can
he driven by conduction band slectrons in Si. More specifically, the investigations were
directed at confirming that p-lype silicon can be successfully used for nitrogen reduction,
benefiting from its suitable band edge energies, and whether the band edge position can

be tuned and the band-bending can be enhanced by changing the doping conditions.

{00821 The N reduction capability of the photo-electrocatalyst of the present

invention may be optimised by the choice of solvent.
Nitrogen Conversion

[0083] Pholo-elactrodes have been fabricated based on gold nanoparticle decorated
BSi and the optical properties and photo-electrochemical activity of these slecirodes
have been measured.

[0084] In particular, nitrogen has been successfully converted to ammonia in high
yield (FIG. 3). The yield is 33 pglcm? after 24 hours under 2 Suns (AM 1.5 G) solar
guuivalent irradiation, which is sbout 18 times and 350 fimes higher than previously
reported results using diamond (Zhu et al, Nature Materials, 2013, 12, 836-841) and gold
nanoparticle/SrTiO; pholoelectrode, (Oshikini et al, Angew . Chem. - International Edition,
2014, 53, 9802-9806) respectively. It can be inferred that the gold nanoparticle modified
BSi nanostructure allows highly efficient charge carrier generation and separation and
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provides a large number of reactive sites for the adsorption and conversion of nitrogen.

Fabrication of Functionalised Nanostructured BSi

Fabrication of BSi by Reactive Etching

[0085] Most of the work on the fabrication of BSi to date can be classified into two
types of method: wet efching and dry etching. The wet efching method uses efchants,
typically HF based solutions, to remove materials from the wafer or surface. (Algasinger
et al, d, Advanced Energy Materialg, 2013, 3, 1068-1074)

[0086] The present invention provides a novel procaess which avoids the use of HF.

This method is significantly more benign to operate and can be scaled up easily.

{00871  The dry etching method refers to the removal of material, typically in a masked
pattern, by ion bombardment that dislodges portions of the material from the exposed
surface. The desired surface morphology is achieved by controlling the plasma
chamistry, radio frequency {(RF) power, and pressure and using a mask. The resulting
morphology can be isotropic, positively and negalively tapered, or even fully vertical,

walls,

[0088] Etching methods, using p-type silicon of different doping concentrations, can
also be used to achieve the highest electrochemically active and accessible surface

area, consistent with high photo-absorption and charge transport in the Si.

Functionalisation of BSi

[0088] Nanomstals Au, Ag. Pt, Cu and their alloys, and some existing catalysts such
as carbon quantum dots and PEDOT, with controlled size, morphology and amount may
be used to functionalize the nanostructured BSi. Nanoparticles and nanolayers can be
deposited on BSi by using E-beam spultering and wet chemical or electrochemical
methods. One of the roles of these nanomaterials is to act as reduction electro-

catalysts. For photocathodes prepared for use in aqueous electrolytes, the surface of
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the BSi may be protected through surface passivation beforehand, based on the existing
techniques.

Material Characterisation

(00801 The phase formation and growth mechanism of nanostructures can be
characterised using a wide range of techniques such as X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
atomic force microscopy (AFM). Their oplical properties can be characterised using
known methods including UV-vis absorption, as well as surface enhanced Raman

spectroscopy and in-sity Fourier transform IR spectroscopy.
Photocathodes for Solar-Driven Conversion of Nitrogen to Ammonia

{0081} The photo-electrocatalysts of the present invention may be used as photo-
glectrochemical cathodes for solar-driven conversion of nitrogen to ammonia. For
example, a standard two- or three-electrode photo-electrochemical cell configuration
may be suitable.

(00921 In a preferred embodiment the photo-electrocatalysts of the present invention
are used as photo-glectrochemical cathodes for solar-driven conversion in the presence
of sacrificial reductants such as SOs%. By providing a low potential oxidation reaction,
these reagents ensure efficient capture of the photo-generated holes. Sulfite in the form
of sulfurous acid is particularly attractive in this role (805% + HO = 8Q,% + 2e- + 2H",
Ep= +0.16 vs NHE at pH=0) since the overall product of the reaction i ammonium
sulfate, which is directly useful as a fediliser. In the absence of a sacrificial reductant,
the dasired counter-slectrode oxidation reaction is water oxidation.

[0083] This may require additional applied potential over and above that available at
the valence band edge of Si however, the band adjustment that can be achieved by the

presence of the metal nano-particle may reduce this need for applied potential.

[0084] Both agueous and liquid salt electrolytes may be utilized and investigated as

follows:
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[0085] Aqueous electrolytes: The effect of the ion compoenents, pH, concentration,
nitrogen flow rate and temperature of the electrolytes on the nitrogen conversion reaction
can affect the reaction, and thus the performance of the photocathode including quantum
efficiency, turn-over number, and ammonia yield. The pH is preferably controlled by the

usa of an appropriate buffer medium.

[0086] The production of ammonia based products, such as ammonium sulfate may
be achieved through the addition of the corresponding anions (either as the sulphite or
the sulphate anions or their monoprotonated forms) into the aguecus electrolytes where

such compounds can be easily separated.

[0097] Liguid salt electrolytes: Various liquid salt can be used, and for this purpose
the highly fluorinated anions such as bis{trifluoromethanesulfonyl) amide and
tris{perflucroethyl) trifluorophosphate anion based families of liquid salts are of interest.
Recent discoveries have shown that certain liquid salts can lower the energy of a
solvated {COxl-intermediate, and thereby lower the initial reduction barrier in CO;

conversion.

Product ldentification and Quantification

[0098] The products of nitrogen conversion can be characterised by known
techniques such as nuclear magnelic resonance spectroscopy (NMR), gas
chromatography (GC), gas chromatography-mass spectrometry (GC-MS) and other
standard analysis techniques. For example, two concordant methods of quantifying the
NH3 vield are (i) the ion selective electrode method, and (i) the indophenol method. The
photo-activity can be guantified at different fight intensities and the action spectrum
determined by use of bandpass filters.

Solar-powered photo-electrochemical cell for the synthesis of ammonia and

ammonia based products

[0099] Cell designs: There are a number of approaches to designing and operating a
photo-driven cell suitable for use with the photoslectrochemical catalyst of the present

invention. FIG. 4 shows a schematic of possible PEC designs. FIG. 4a shows the
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“‘wireless” setup in which the counter-electrode, such as a carbon layer, is deposited onio
the back of the BSi layer t0 support the oxidation process. Sodium sulfite is used as a
sacrificial hole-absorber. Thus, the whole electrochemical device is integrated into a
single component. This has the advantage that the distance the photo-generated hole

has to travel before engaging in the oxidation reaction is minimisad.

[0100] FIG. 4b shows a “wired” design which separates the oxidation and reduction
slectrodes. This has several practical advantages - (i) it allows direct external
measurament of the current in the cell and therefore rapid characterisation of its
response to parameters such as light intensity, wavelength, electrolyte, etc (i) it allows
separation of the products from oneg another such that reverse reactions are minimised,
improving the Faradic efficiency of the process.

[0101] FIG. 4¢ shows the wired PEC cell with an applied bias, allowing additional

potertial to be applied if this is needed o drive the desired counter electrode reaction.

Example 1

[0102] The present invention will be further described with reference to the following
non-limiting example which illustrates solar light driven conversion of nitrogen fo
ammonia using a photosiectrochemical structure, based on plasmon enhanced b&i, as
the photo absorber, decorated with gold nano-particles as the reduction catalysis sites
and a hole-sink layer of Cr. This multi-layer structure creates an autonomous
glectrochemical device capable of carrying out oxidation and reduction reactions on

different areas of the device, powered by photo-excitation

[0103] To prepare the nanostructured photo-catalyst in this work, a p-type boron-
doped commercial silicon wafer was used as a substrate material and etched using a dry
giching method. A gold nanoparticle (GNP) layer was sputtered onto the etched surface
as the photocathode. A chromium metal (Cr) layer with a thickness about 50 nm was
sputtered onto the back surface of the silicon wafer as an anode. Without wishing to be
hound by theory, it is believed that the GNP’s enhance the scattering of light within the
silicon structure and generate a plasmonic resonance contribution to the absorption in

the 500-560nm region of the spectrum. Also, more importantly it could act as a sink for
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electrons, enhancing separation from the holes. Also, research has confirmed the ability
of metals to facilitate the reduction process by weakening the nitrogen tripie bond
through the interaction with the metal surface, suggesting that the coordination by dx —

pr interaction may be essential for efficient reduction of dinitrogen.

(0104}  The attachments of a metal 1o semiconductor surface may enhance the overall
efficiency of semiconductor in their reduction or oxidation processes. The chromium
metal layer is expecied to play the role of the counter-slectrode; in other words, Cr
facilitates hole collection and transfer to the solution. Because, the chromium work
function is about (4.5 eV} which is smaller than that of p-3i {(5.0-5.2} eV, holes will readily
transfer into the Cr from the p-Si.

[0105] A nifrogen photo-reduction cell was constructed (FIG. 5), with nitrogen gas
from an inlet (27} bubbling over the surface of the B&i catalyst (33) and using artificial
solar light (300W Xe lamp) as an illumination source (25). The medium used is distilled
water {(pH 5.8). The vield of ammonia was measured as a funclion of time with a
regularly calibrated ammonia-ammonium ion selective electrode. The final vield was
confirmed using the indo-phenol method. The yield of ammonia over 24 hours cbtained
on differant substrates is shown in FIG. 6 for (A) P-type silicon, (B} bSi, (C) GNP/bSI, (D)
GNP/BSICr, and (E) Au/SI/Cr after illumination with 2 suns and (F) GNP/BSI/Cr in dark.
The GNP/bSICr photoslectrochemical cell exhibits vield of 320 mg/m® over 24 hours.

[01068] Control experiments were conductad (i) without light, (i) using un-etched
silicon {reflective} and (i) using pure gold alone and in all of these cases there was no

ammonia produced.

[0107] The p-BSHGNP) material shows superior vield over the catalyst containing p-
BSi only. This comparatively high yield is expected given the plasmonic and other
effects of gold. With p-B&{GNP) plated (from the back) with Cr even better reduction
efficiency is observed. Ammonia production can be observed at a low level on bSi;
however, after coating with gold nanopanticles, the yield of ammonia is increased by
nearly 4 times.
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Example 2

[0108] To avoid silicon oxidation and enhance charge separation, a Cr layer was
coated on the silicon in Example 1 to act as the hole sink and anode; in other words, Cr
facilitates hole collection from the Si and acis in this case as a sacrificial anode.
However, the oxidation of Cr was also chserved, indicating that the hole energy exceeds
the Crz0/HCOrO¢ potential (0.7 V vs NHE at pH = 8} thus Cr is playing the role of a
sacrificial agent in this process. To protect the Cr from dissolution, sulphite (SO5™, redox
potential = —0.18 vs NHE at pH= 8), was added to the solution as a sacrificial agant. No
axidation of Cr was then detectable. While a number of possible reagents could be used
i this role, this sacrnificial reagent was chosen on the basis that this reagent when used
in its aqueous acid form {routinely produced from S0;) product of the averall reaction in

this case is ammonium sulfate.
N2 + 3H:80; +3H0 = 2H:80, + 2 {((NHs) S04

[0109] This is a commonly used form of ammonia as a fertiliser; the sulphate
heneficially adds sulphur to the soil in addition to the nifrogen from the ammonia; the
residual acid in this process can be neutralised with KOH to form K50, which is also

used in fertiliser formulations.

(01101 In this example a Na;503 at 150ppm in distilled water is used as the medium.
To ensure that the added Na,S0, did not interfere with the ammonia analysis methods,
the ISE was recalibrated using standard solutions containing the same amount of
sacrificial agent. The final product under these conditions over a 24 hour pericd was 320
mg per m® or 13 mg/mh. A durability test consisting of repeated 3 hours runs using this
sodium sulphite electrolyte also showed very reproducible and stable behaviour for up to
18 hours.

Example 3
[0111]  3ince the reduction reaction of N2 involves protons a variety of media with

different pH values were studied. pH was adjusted between 2 and 9 by adding

appropriate amounts of HCl or KOH to water. The yield {with 2 Sun llumination for 3
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hours) was optimised in the region pH 4 — 5. The highest yield was 71 mg/m®, or 23.6
mgz’mzf’h.‘

Example 4

(01121  Since the process is fundamentally consists of two coupled redox reactions
taking place on different areas of the material, it is also possible to construct a *wired”
version of the catalyst in which the two reactions are separated onto different electrodes
(FIG. 8). This allows direct measurement of the photogenerated electron flow in the cell.
In this wired cell, the {photo) cathode consists of p-Si (GNP) while the other sleclrade,
the anode, is Cr metal in a Na;30; electrolyte solution. Two experiments were
conducted to separate the current generated from the reduction of nitrogen from other
reduction processes that may generate current.  Different potentials (-0.1 to -0 .5V were
applied using Ag/AgU reference electrode. The data obtained shows that, the
photocurrent generated below -Q.3V {about 10pA/em”) may be attributed to nitrogen

reduction.
Example §

[0113] To understand the effect of light intensity, the intensity was varied as shown in
Fig 90. The canversion reaches a maximum at about 2 Suns in this Example. This limit
is likely to be related to other factors such as the concentration of N in the medium.

Example &

[0114] Quantum vield experiments (FIG. 11) were carried out with 50 nm wide
bandpass filters, confirming that the nitrogen reduction can oceur in whole visible rangs,
dropping away as the band gap energy of Si is approached. A small absorption
maximum that is observed in the region of the surface plasmon resonance region for
gold nanoparticles also appears at 512 nm (FIG. 10). This suggests that excitation of
surface plasmons in the GNF particles provides an additional photoexcitation mechanism
that contributes to the overall yvield in this region of the spectrum, as has been observed

inn other SPR enhanced processes.
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Example 7

[0115]  To understand the relationship between the dissolved amounts of nitrogen in
the solution and the generated ammonia-ammaonium yield, the effect of Ny pressure on
the reaction was investigated in a closed glass pressure vessel. An approximately linear
dependence of vigld on pressurs was observed (FIG. 12) over the range studied, and the
yvield was 60 mg/m¥h at 7 atomsphere. As would be expected from a Henry's law
dependence of nitrogen solubility on pressure in the agueous medium. This suggests
that the concentration of nitrogen at the reactive sites on the surface is a rate limiting
factor in these experiemnts. On the other hand, in our ambient condition experiments,
bubbling nitrogen gas generates strong agitation of the medium created near the surface
as well as a dynamic gas-liquid-solid interface, which enhances reactions rates by
facilitating transport to and from the reaction sites in the strucure (this also explains the
relatively lower vields at lower pressures in (FIG. 12). This suggests that strategies to
further enhance yield in either case could seek to enhance the kinetics of these

processes via further manipulation of the nanostructure of the bSi

Example 8

[0116] FIG. 13 is a flow diagram illustrating a further example of the use of a solar
driven photo-electrochemical cell (80) according to the present invention in conjunction
with a fuel cell (81) for generation of electricity. In this example the photo-
electrochemical cell generates ammonia (B5) which is passed to g storage tank {87) for
tater use. When needed the ammonia solution flows into the ammonia fuel cell (81) to
generate electric power. The spent salution and the nitrogen produced in the fusl cell is
passed back (89) to the generating cell {(80) for reuse.

[0117] While this invention has been described in connection with specific
embodiments thereof, t will be understood that it is capable of further modification(s).
This application is intended fo cover any variations uses or adaptations of the invention
following in general, the principles of the invention and including such departures from
the present disclosure as come within known or customary practice within the art to
which the invention pertains and as may be applied to the essential features

herginbefore set forth.
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[0118]  As the present invention may be embodied in several forms without departing
from the spirit of the essential characteristics of the invention, it should be undersiood
that the above described embodiments are not to limit the present invention unless
otherwise specified, but rather should be construed broadly within the spirit and scope of
the invention as definad in the appended claims. The described embodiments are {o be

considered in all respects as Hlustrative only and not restrictive.

[0119]  Various modifications and equivalent arrangements are intended to be
included within the spirit and scope of the invention and appended claims. Therefora,
the specific embodiments are 1o be understood to be illustrative of the many ways in
which the principles of the present invention may be practiced. In the following claims,
means-plus-function clauses are intended 1o cover structures as performing the defined

function and not only structural equivalents, but also equivalent structures.

01201 “Comprisesfcomprising” and “includesfincluding” when used in  this
specification is taken to specify the presence of stated features, integers, steps or
components hut does not preclude the presence or addition of one or more other
features, integers, steps, components or groups thereof. Thus, unless the context clearly
requires otherwise, throughout the description and the claims, the words ‘comprise’,
‘comprising’, ‘includes’, ‘including” and the like are to be construed in an inclusive sense
as opposed fo an exclusive or exhaustive sense; that is to say, in the sense of “including,
but not limited {0”.
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CLAIMS
1. A photo-electrocatalyst comprising a functionalised semiconductor.
2. A photo-glectrocatalyst according to claim 1 wherein the semiconductor that is

functionalised is chosen from the group comprising silicon, -V type semi-conductors, I

V1 semiconductors, or oxide semiconductors.

3. A photo-slectrocatalyst according to claim 1 whersin the semiconductor that is

functionalised is a black silicon nanostructure.

4. A photo-glectrocatalyst according o claim 1 wherein the semiconductor is

functionalised by one or more types of nanaparticles.

5. A photo-electrocatalyst according to claim 1 wherein the semiconductor is

functionalised by one or more thin layer coating(s).

8. The photo-electrocatalyst of claim 1 when used to convert nifrogen to an ammonia
product.

7. A method of preparing a photo-electrocatalyst compnising the step of nano-scale
deposition of a functionalising species on the surface of the semiconductor.

8. A method of functionalising a semiconductor to provide a photo-alectrocatalyst
according to claim 1, the method comprising the step of nano-scale deposition of a
functionalising species on the surface of the semiconductor.

9. A photo-elsctrochemical cell the cell comprising

{H g first eclectrode comprising 8 functionalised semiconductor photo-

electrocatalyst according to claim 1, and

(i)  an aqueous or liguid salt electrolyte.
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A photo-slectrochemical cell according to claim 8 wherein the functionalised

samiconductor is connected slectrically 1o g second electrode and an oxidation reaction

geours at the second elactrode.

11. A photo-electrochemical cell according to claim 9 wharein:
- the first electrode is a cathodic working electrode comprising the
functionalised semiconductor photo-elactrocatalyst according to claim 1,
- the first electrode is connected elactrically to a counter electrode, and
- an electrolyte comprising an agueous solution, or one or more liquid salts in
contact with the working electrode.
12. A photo-electrochemical cell according to claim 171 when used for the reduction of
dimitrogen to ammonia, the reduction of the dinitrogen occurring at the cathodic waorking
glectrode.
13. A method of generating elecincity comprising the steps of:

14.

1. photosleciric generation of ammonia using the photo-electrochemical cell
of claim 9; and

2. providing at least part of the ammonia generated in step 1 to an ammonia

fuel cell for generation of electricity and nitrogen.

A method according to claim 13 wherain at least part least part of the ammonia

generated in step 1 is stored in a reservoir for supply to the ammuonia fuel cell as needed.

18,

A method according to claim 13 wherein at least part of the nitrogen generated in

step 2 is recycled into to step 1.
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16. A device for electricity generation according fo the method of claim 13, the device

comprising a photo-slectrochemical cell according to claim 8 and an ammonia fugl cell,
wherein in use:

1. the photo-electric cell is driven by photoelectric energy from sunlight to

generate ammonia; and

2, at least part of the ammonia generated in step 1 is provided to an ammonia

fuel cell for ganeration of electricity and nitrogen.
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