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Method for Producing Metal Nitrides and Metal Carbides

[0001] FIELD OF THE INVENTION

[0002] The present invention concerns a method for producing a metal nitride and/or a
metal carbide, a metal nitride and/or carbide so produced, and the use of such a metal nitride
and/or carbide in catalysis. More particularly, but not exclusively, this invention concems a
method for producing metal nitrides and/or metal carbides from at least one metal oxide and at
least one cyanometallate.

BACKGROUND OF THE INVENTION

[0003] Metal nitrides and metal carbides are sought-after materials for a variety of
applications. In particular, metal nitrides and metal carbides are useful in catalytic
hydroprocessing. Alexander and Hargreaves, Chem. Soc, Rev., 2010, 39, 4388-4401, discloses
that the catalytic behaviour of molybdenum- and tungsten-containing metal nitrides and
carbides has been the focus of much attention because of analogy between their catalytic
behaviour and that of noble metals. Tungsten nitride (W2N) has been applied in
hydroprocessing catalysis (J. G. Chen, Chem. Rev. 1996, 96, 1477-1498), catalytic oxidation
and catalytic oxygen reduction reaction (ORR) (H. J. Yan, C. G. Tian, L. Sun, B. Wang, L.
Wang, J. Yin, A. P. Wu, H. G. Fu, Energy Environ. Sci., 2014, 7, 1939-1949; Y. Liu, W. E.
Mustain, ACS Catal. 2011, 1, 212-220; D. Braga, 1. G. Lezama, H. Berger, A. F. Morpurgo,
Nano Lett., 2012, 12, 5218-5223; J. S. Jang, D. J. Ham, E. Ramasamy, J. Lee, J. S. Lee, Chem.
Commun. 2010, 46, 8600 —8602). Metal nitrides and carbides also have useful applications in
areas other than catalysis. For example, Xiao et al., ACS Nano, 2014, 8, 7846-7857, discloses
that transition metal carbides show an unusual combination of outstanding properties, such as
high melting point, high electrical and thermal conductivities, exceptional hardness, excellent
mechanical stability, and chemical stability along with high corrosion resistance under reaction
conditions. Tungsten nitride coating on steel can significantly reduce corrosion and wear due
to its exceptional mechanical strength (Wear, 2007, 262, 655-665). Tungsten nitride can also
function as a useful precursor to unique kinetically stable tungsten carbide phases because

transformation of tungsten nitride to carbide is topotactic (Chem. Soc. Rev., 2010, 39, 4388-

-1-
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4401). Metal nitrides also offer unique reactivity; for example, the prospect of lattice nitrogen

of nitrides as reactive species has been shown for mixed metal nitrides such as CozMo3zN (S.

M. Hunter, D. Mckay, R. I. Smith, J. S. J. Hargreaves and D. H. Gregory, Chem. Mater., 2010,
22, 2898-2907, D. Mckay, D. H. Gregory, J. S. J. Hargreaves, S. M. Hunter and X .-L. Sun,
Chem. Commun., 1997, 3051-3053), where up to 50% nitrogen can be reversibly added and
lost from the lattice. This reversible addition of nitrogen in nitrides 1s highly composition and

phase dependent. For example FegMo3N and NigMo3N are not as effective as N atom carriers

(J. S. J. Hargreaves and D. Mckay, J. Mol. Catal. A: Chem., 2009, 305, 125-129). Having
synthetic control over the composition and phase of these mixed metal nitrides is therefore
desirable.

[0004] Conventional synthetic methods for making nitrides involve a high temperature

reaction (typically 800°C or above) of metal precursors with ammonia via gas-solid reactions
or by vapour deposition of metal salt precursors. Wriedt, Bull. of Allov Phase Diagr., 1989,
10(4), 358-67, discloses methods of making tungsten nitrides by contacting tungsten films with
ammonia at high temperatures. Nandi et al. ACS Appl. Mater. Interfaces, 2014, 6, 6606-6615
discloses atomic layer deposition of molybdenum nitride films. Atomic layer deposition of
tungsten nitride films is disclosed in Chem. Mater, 2003, 15, 2969-2976, W000/41404 (Gelest)
and Phys. Chem. Chem. Phys., 2015, 17, 17445-17453. Deposition of tungsten nitride coatings
by reactive magnetron sputtering is disclosed in Wear, 2007, 262, 655-665. Such methods
typically provide materials with a relatively low surface area and the harsh conditions prevent
accurate control of particle size. Furthermore, it is often difficult or impossible to make mixed
metal nitrides by such methods. Recently, Xiao et al., ACS Nano, 2014, 8, 7846-7857,

disclosed a method of making porous Co3ZnC nanoparticles by annealing

Zn3|Co(CN)glo/polyvinylpyrrolidone nano-sphere precursors under a nitrogen atmosphere at

a temperature of 6009C. A method of making iron carbide is by thermal decomposition of

“Prussian Blue” (Feyq[Fe(CN)gl3) (Aparicio, C., Machala, L. & Marusak, Z., J. Therm. Anal.

Calorim. 2012, 110, 661; Mohamed B. Zakaria, RSC Adv., 2016, 6, 10341). Similar
approaches to making metal nitrides are not known. Certain metal nitrides have been prepared
at low temperature with the use of supercritical ammonia (J. Mater. Chem., 2004, 14, 228-32),
but the process requires a very high pressure and specialised equipment.

[0005] There remains a need for a low temperature, low cost and generalised synthetic
route to making a variety of metal nitrides and carbides that does not require the use of

specialist and/or complicated process equipment. More particularly, there remains a need for

-0
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a convenient route to making metal nitrides and carbides from readily available staring
materials.

SUMMARY OF THE INVENTION

[0006] The present invention provides, according to a first aspect, a method for producing

a metal nitride and/or a metal carbide, the method comprising: 1) contacting at least one metal
oxide comprising at least one first metal M1 with a cyanometallate comprising at least one
second metal M2 {o form a reaction mixture; and, ii) subjecting the reaction mixture to a

temperature of at least 3000C for a reaction period. Optionally, the method is a method for
producing a metal nitride. Optionally, the method is a method for producing a metal carbide.

[0007] The present inventors have surprisingly found that heating a mixture of a metal

oxide and a cyanometallate to a temperature of at least 300°C provides a particularly
convenient and efficient method of making a metal nitride and/or a metal carbide from readily
available, relatively inexpensive precursors. In particular, the present inventors have found
that the process of the present invention can be used to produce metal nitrides and/or metal
carbides under relatively mild reaction conditions. Furthermore, the process of the first aspect
of the present invention provides a tuneable method of making a variety of different metal
nitrides and/or metal carbides, for example by the use of different metal oxide and
cyanometallate precursors.

[0008] According to a second aspect, the present invention provides a metal nitride and/or
carbide comprising: a) a first metal nitride and/or carbide selected from the list consisting of:
iron nitride, iron carbide, cobalt nitride and cobalt carbide; and b) a second metal nitride and/or
carbide selected from the list consisting of: tungsten nitride, tungsten carbide, thenium nitride
and rhenium carbide. Optionally, the metal nitride and/or metal carbide comprises tungsten
nitride and at least one of iron nitride and iron carbide, for instance tungsten nitride, iron nitride

and iron carbide, e.g W»oN, FeqN and FezC. It may be that such metal nitrides and/or carbides

are particularly useful as catalysts, and/or can be prepared by a particularly convenient route
from readily available and relatively low-cost starting materials.

[0009] According to a third aspect, the present invention provides a metal nitride and/or a
metal carbide prepared by the method according to the first aspect of the invention, optionally
wherein the metal nitride and/or metal carbide is a metal nitride and/or metal carbide according
to the second aspect of the invention.

[0010] According to a fourth aspect, the present invention provides a use of the metal

nitride and/or metal carbide of the second or third aspect as a catalyst.

-3-
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DESCRIPTION OF THE FIGURES

[0011] Fig. 1 shows infrared (IR) spectra of cyanometallate and metal oxide precursors and
reaction mixtures following heating at various temperatures for various periods;

[0012] Fig. 2 shows Powder X-Ray Diffraction patterns of cyanometallate and metal oxide
precursors and reaction mixtures following heating at various temperatures;

[0013] Fig. 3 shows a Scanning Electron Microscopy (SEM) image of the reaction product
of a mixture of a cyanometallate and a metal oxide precursor subjected to a temperature of
6000C for three hours;

[0014] Fig. 4 shows an enlarged section of the image of Fig. 3; and,

[0015] Fig. 5 shows a Transmission Electron Microscopy (TEM) image of the reaction
product of a mixture of a cyanometallate and a metal oxide precursor subjected to a temperature
of 6009C for two hours.

DETAILED DESCRIPTION OF THE INVENTION

[0016] In the present invention, the metal oxide comprises at least one first metal M1,
Conveniently, MU is a transition metal. As used here, the term “transition metal” refers to an
element in the d- or f-block of the Periodic Table of the Elements, including elements in Groups

3 10 12 of the Period Table of the Elements, and the elements of the lanthanide series and the

actinide series. M! may for instance be a transition metal selected from the d-block of the
Periodic Table of the Elements, preferably selected from Groups 5, 6 or 7 of the Periodic Table
of the Elements such as selected from the list consisting of vanadium (V), niobium (Nb),

tantalum (Ta), chromium (Cr), molybdenum (Mo), tungsten (W), manganese (Mn), technetium

(Tc) and rhenium (Re). It may be that metal oxides comprising at least one first metal M! that

is a transition metal selected from Group 5, 6 or 7 react particularly well with cyanometallates
in the process of the invention. M! can for example be selected from the list consisting of

niobium (Nb), molybdenum (Mo), tungsten (W), and rhenium (Re). It may be that when M1

is Nb, Mo, W or Re, the reaction between the metal oxide and the cyanometallate proceeds
particularly efficiently. In a particular embodiment, Ml may be tungsten (W) or thenium (Re),

more particularly tungsten (W). It may be that when M! is W or Re, the resulting metal nitride
and/or carbide is particularly useful, for example in catalysis. In that particular embodiment,

the metal oxide may comprise WO3, in particular tungstic acid, and/or Re»O7~, in particular
perrhenic acid. It may be that WO3, in particular tungstic acid, and Re>O7, in particular

perrhenic acid, react readily with the cvanometallate to produce tungsten- and/or rhenium-

-4-
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containing metal nitrides and/or metal carbides. In a further particular embodiment, the metal

oxide may comprise WO3, in particular tungstic acid.

[0017] The cyanometallate used in the present invention may comprise a dicyanometallate,
a tetracyanometallate, a hexacyanometallate, and/or an octacyanometallate, preferably a
tetracyanometallate and/or a hexacyanometallate. Preferably, the cyanometallate is a
hexacyanometallate. It will be appreciated that a dicyanometallate comprises a metal centre
coordinated to two cyanide ligands, a tetracy anometallate comprises a metal centre coordinated
to four cyanide ligands, a hexacyanometallate comprises a metal centre coordinated to six
cyanide ligands, and an octacyanometallate comprises a metal centre coordinated to eight
cyanide ligands. It may be that tetracyanometallates and/or hexacyanometallates, for example
especially hexacyanometallates, offer a particularly efficient and convenient cyanometallate
precursor for use in the process of the present invention. Preferably, when the cyanometallate
comprises a dicyanometallate, dicyanometallate comprises copper (Cu), silver (Ag) or gold
(Au).  Preferably, when the cyanometallate comprises a tetracyanometallate, the
tetracyanometallate comprises nickel (Ni), palladium (Pd) and/or platinum (Pt). Preferably,
when the cyanometallate comprises a hexacyanometallate, the hexacyanometallate comprises
titanium (T1), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), and/or cobalt (Co).
Preferably, when the cyanometallate comprises octacyanometallate, the octacyanometallate
comprises molybdenum (Mo).

[0018] Preferably, the cyanometallate comprises a material having the formula
M3X[M2(CN)y] 2, wherein M2 and M3 are the same or different metals, in particular wherein

X is an integer from 1 to 4, in particular 1 or 4, preferably vy is 4 or 6, and preferably z is an

integer from 1 to 3, in particular 1 or 3. Optionally, xis 1, zis 1, and y is 6. Optionally, x is

4,71s 3, and y is 6. Conveniently, M2 is a transition metal. M2 may for instance be selected
from Groups 8 and 9 of the Periodic Table of the Elements, such as from the list consisting of

iron (Fe) and cobalt (Co), in particular from Fe (II), Fe(Ill) and Co (III). Especially

advantageous cyanometallate anions are of formula [Fe(H)(CN6)]4', [Fe(IID)(CN) 6]3', and

[Co(lll)(CN)6J3'. Without wishing to be bound by theory, the present inventors believe that
the process of the present invention works well with cyanometallates comprising a wide variety

of different metals as the metal M3, including, for example, cyanometallates in which M3 is
an alkali metal, an alkaline earth metal, a transition metal, a rare earth metal (i.e. a metal from

the lanthanide or actinide series), or a post-transition metal of Groups 13 to 16 of the Periodic
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Table of the Elements, preferably cyanometallates wherein the metal M3 is an alkali metal, a
transition metal, arare earth metal from the lanthanide series or a post-transition metal of Group
13 of the Periodic Table of the Elements. It will be appreciated that post-transition metals are
metallic elements located between the transition metals and the metalloids of the Period Table
of the Elements, for example including aluminium (Al), gallium (Ga), indium (In), thallium
(T1), germanium (Ge), tin (Sn), lead (Pb), antimony (Sb), and bismuth (Bi). M3 may for
instance be selected from the list consisting of potassium (K), iron (Fe), cobalt (Co), yttrium

(Y), aluminium (Al), gallium (Ga), lanthanum (L a), praseodymium (Pr), and dysprosium (Dy).
Preferably, M3 is K(I), Fe(Ill), Co(II), Y(III), AI(IIT), Ga(IIT), La(IIl), Pr(IlT) or Dy(III).
Preferably, M3 is a trivalent metal cation. As used herein, the term “trivalent metal cation” is

a metal cation in the 3+ oxidation state. Conveniently, M3 is a transition metal. M3 may for

mstance be selected from Group 3, Group 8, Group 9 or the lanthanide series of the Periodic
Table of the Elements. In a particular embodiment, M3 may be Fe(III) or Co(IlI).  In the

present application, M2 and M3 may be the same or different, advantageously the same.

Suitable examples of cyanometallate comprise Feq[Fe(CN)gl3, K3[Fe(CN)gl, Y[Fe(CN)gl,
Al[Fe(CN)g], La[Fe(CN)gl, Pr[Fe(CN)g]l, Dy[Fe(CN)gl, Co[Co(CN)g], Y[Co(CN)gl,
Al[Co(CN)gl. La[Co(CN)g] and/or K3[Co(CN)gl, in particular Feq[Fe(CN)glz and/or
Co[Co(CN)g].

[0019] In the method of the present invention, the molar ratio of metal oxide to

cyanometallate in contacting step i) may range from 20:1 to 1:20, for example from 10:1 to

1:10, such as from 10:1 to 1:5, in particular from 10:1 10 1:1. Additionally or alternatively, the

molar ratio of ratio M1:M2+M3 in contacting step i) may range from 5:1 to 1:5, for example
from 3:1 to 1:3, such as from 2:1 to 1:2, in particular about 1:1. It may be that a limited molar
ratio helps to avoid undue wastage of excess material.

[0020] Optionally, the step of contacting the metal oxide with the cyanometallate to form
the reaction mixture comprises forming an intimate mixture of the metal oxide and the
cyanometallate. It may be that the formation of an intimate mixture of the metal oxide and the
cyanometallate increases reaction efficiency and thus provides better conversion of said
precursors to the desired metal nitride and/or metal carbide. Contacting of the at least one
metal oxide and the cyanometallate may be conducted in the presence or absence of a solvent.
If a solvent is present, it may typically be selected from water, organic solvents, and mixtures

thereof, especially water. It will be appreciated that the use of water as a at least part of the
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solvent, or of no solvent, may offer a particularly environmentally friendly and relatively safe
process for making a metal nitride and/or a metal carbide, for example through the use of less
organic solvent.

[0021] For instance, in one embodiment, the cyanometallate and the metal oxide may be
provided in solid form and contacting step 1) of forming the reaction mixture may be carried
out by dry mixing the cyanometallate and the metal oxide, for example wherein the
cyanometallate and the metal oxide are provided in the form of crystals or powders. It will be
appreciated that the term ‘dry mixing’ refers to a method in which the materials are mixed
together substantially without the use of a solvent. It will also be appreciated that the term “dry
mixing’ includes any mixing method for combining two solids without the use of a liquid
solvent, and thus does not exclude, for example, the use of a solid material comprising a
compound co-crystallised with a solvate. Suitable examples of dry mixing methods include
milling (e.g. ball milling), as well as basic methods such as solid-solid mixing using a pestle
and mortar.

[0022] In another embodiment, the cyanometallate and the metal oxide may be combined
in the presence of a solvent. In particular, the cyanometallate used in the process of the present
invention may be provided in the form of a cyanogel, wherein the cyanogel comprises a mixture
of: a) the cvanometallate, and b) at least part of the solvent. Asused herein, the term “cyanogel™
means a mixture of a cyanometallate and a solvent, for example formed by combining the
solvent and the cyanometallate (for example in the form of a powder), and stirring the resulting
mixture. The mixing can be achieved using any suitable method, e.g. using a magnetic stirrer
on astir plate. It may be that the cyanogel is in the form of a solution, gel, or solid (e.g. a solid
powder or crystalline material in which the solvent is taken up in the cyanometallate by
sorption). It may be that when the cyanometallate i1s provided in the form of a cyanogel
comprising a cyanometallate and at least part of the solvent, the step of forming the reaction
mixture of the metal oxide and the cyanometallate can be carried out in a particularly efficient
and straightforward manner. For example, it may be that the use of a cyanogel allows an
especially intimate mixture of the cyanometallate and the metal oxide to be formed in the step
of forming the reaction mixture. It will be appreciated that the use of a cyanogel comprising
the cyanometallate and water may offer a particularly environmentally friendly and relatively
safe process for making a metal nitride and/or a metal carbide, for example through the use of
less organic solvent. In this particular embodiment, when the step of contacting the metal oxide
with the cyanometallate to form the reaction mixture comprises forming an intimate mixture

of the metal oxide and the cvanometallate, the cyanometallate is provided in the form of a

-7 -
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cyanogel, preferably a cyanogel comprising a mixture of the cyanometallate and the solvent,
and the metal oxide is preferably provided in the form of a solid such as crystals or powder.
The mixing of the cyvanogel and the metal oxide can be achieved using any suitable method,
e.g. using ball-milling as well as a magnetic stirrer on a stir plate depending on the viscosity of
the reaction mixture. Said mixing may optionally be conducted in the presence of a further
amount of the solvent if the cyanogel only comprises a part thereof.

[0023] The process of the first aspect of the invention comprises subjecting the reaction
mixture to a temperature of at least 30001C, preferably to a temperature equal to or higher than
the decomposition temperature of the cyanometallate. As used herein, the “decomposition
temperature” of a substance is the temperature at which the substance decomposes to form one

or more chemically different species. For instance, the reaction mixture may be subjected to a
temperature of at least 4000C, such as at least 500°C, in particular at least 600°C.  Suitable
temperature ranges may include a temperature of from 300 to 1000°C, such as 400 to 900°C,

in particular 500 to 800°C, for instance 600 to 7000C. It may be that higher temperatures
facilitate a faster reaction between the cyanometallate and the metal oxide. It may be that the
temperature that the reaction mixture is subjected to 1s a balance between providing an efficient
reaction speed and avoiding unwanted thermal decomposition of the nitride and/or carbide
product. It may also be that the temperature that the reaction mixture is subjected to is a balance
between providing an efficient reaction speed and avoiding the need for costly specialised
equipment.

[0024] The reaction period is typically up to 48 hours, such as up to 24 hours, in particular
up to 12 hours. For instance, the reaction period may be from 10 minutes to 48 hours, such as
from 20 minutes to 24 hours, in particular from 30 minutes to 12 hours. It may be that the
reaction period 1s a balance between allowing enough time for a reasonable amount of the
desired metal nitride and/or metal carbide to form and preventing or reducing unwanted thermal
decomposition of the desired metal nitride and/or metal carbide products and/or the metal oxide
and/or cyanometallate precursors.

[0025] In a preferred embodiment of the third aspect of the invention, the metal nitride
and/or metal carbide comprises a material selected from the list consisting of’ tungsten nitride,
molybdenum nitride, niobium nitride, rhenium nitride, tungsten carbide, molybdenum carbide,
niobium carbide and rhenium carbide, in particular tungsten nitride or rhenium carbide. For
instance, the metal nitride and/or metal carbide is a metal nitride, preferably tungsten nitride,

e.g WoN. Optionally, the metal nitride and/or carbide is a metal carbide, preferably rhenium
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carbide. The metal nitride and/or metal carbide of the third aspect of the invention may also

comprise at least two different metals, such as a first metal M1 as defined in the first aspect of

the present invention, in particular a first metal selected from the list consisting of W, Mo, Nb

and Re, and a second metal M2 as defined in the first aspect of the present invention, in
particular a second metal selected from the list consisting of Fe and Co. For example, the metal
nitride and/or metal carbide of the third aspect of the invention may comprise at least one of a)
an iron nitride and/or carbide, or a cobalt nitride and/or carbide, in particular iron nitride and/or
carbide; and at least one of b) a tungsten, molybdenum, niobium or rhenium nitride and/or
carbide, especially tungsten nitride or rhenium carbide, in particular tungsten nitride. In a
further particular embodiment, the metal nitride and/or metal carbide of the second or third
aspect of the invention comprises tungsten nitride and at least one of iron nitride and iron

carbide, for instance tungsten nitride, iron nitride and iron carbide, e.g W2oN, FeqN and Fe3C.

It may be that such metal nitrides and/or carbides are particularly useful as catalysts, and/or
can be prepared by a particularly convenient route from readily available and relatively low-
cost starting materials.

[0026] The metal nitride and/or metal carbide of the second or third aspect of the invention
is typically in the form of a crystalline material or a powder.

[0027] Optionally, the metal nitride and/or metal carbide comprises Fe4N and a Powder X-

Ray Diffraction pattern of the metal nitride and/or carbide includes peaks having the following
2-theta values: 23.45, 33.36, 41.17, 47.91, 53.99, 59.64, 70.06, 75.02, 79.87, 84.65, 94.03,
98.87 and 108.52, the Powder X-Ray Diffraction pattern being collected on a diffractometer
using a Cu Ka, 2= 1.5405 A, radiation source within a range of 5° < 20 < 70° using a step size
of 0.02°, a counting time of 1s/step, a ¥4 angle incident slit, 45 kv, and a current of 40mA.

[0028] Additionally or alternatively, the metal nitride and/or metal carbide optionally

comprises Fe3C and a Powder X-Ray Diffraction pattern of the metal nitride and/or carbide

includes peaks having the following 2-theta values: 26.19, 31.36, 33.93, 35.89, 41.78, 43.92,
47.05, 50.08, 53.89, 55.66, 59.18, 60.46, 61.80, 63.20, 67.31, 76.81, 79.87, 83.22, 86.90, 91.00
and 95.57, the Powder X-Ray Diffraction pattern being collected on a diffractometer using a
CuKa, A= 1.5405 A, radiation source within a range of 5° < 20 < 70° using a step size of 0.02°,
a counting time of 1s/step, a ¥4 angle incident slit, 45 kv, and a current of 40mA.

[0029] Additionally or alternatively, the metal nitride and/or metal carbide comprises WoN

and a Powder X-Ray Diffraction pattern of the metal nitride and/or carbide includes peaks

having the following 2-theta values: 37.73, 43.85, 63.73, 76.51, 80.59, 96.68, 108.86 and
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113.14, the Powder X-Ray Diffraction pattern being collected on a diffractometer using a Cu
Ka, %= 1.5405 A, radiation source within a range of 5° < 20 < 70° using a step size of 0.02°, a
counting time of 1s/step, a ¥4 angle incident slit, 45 kv, and a current of 40mA.

[0030] According to the fourth aspect of the invention, the metal nitride and/or metal
carbide of the present invention may be used to form (or as) a hydroprocessing catalyst. It will
be appreciated that a hydroprocessing catalyst may, for example, be used in a variety of
different hydroprocessing applications, for example hydrocracking, hydrodenitrogenation,
hvdrodesulfurization, hydrofining, hydroforming, hydrogenation and/or hydrotreating.
Preferably, the catalyst is a hydrogenation, hydrodenitrogenation and/or hydrodesulfurization
catalyst. It may be that a tungsten nitride-containing metal nitride catalvst is particularly useful
as a hydroprocessing catalyst, for example as a hydrogenation, hydrodenitrogenation and/or
hydrodesulfurization catalyst. For example, it may be that the catalyst is a catalyst for
hydrogenolysis of a cycloparaffin.

[0031] It will of course be appreciated that features described in relation to one aspect of
the present invention may be incorporated into other aspects of the present invention. For
example, metal carbide and/or nitride of the second or third aspect of the invention may
incorporate any of the features described with reference to the method of the first aspect of the
invention and vice versa.

Examples of the Invention

[0032] The following examples illustrate the present invention. Numerous modifications
and variations are possible and it is to be understood that within the scope of the appended
claims, the invention may be practiced otherwise than as specifically described herein.
Powder XRD data were collected using an in situ PANalytical X-ray diffractometer
under nitrogen and oxygen flow equipped with Cu Ko (3= 1.5405 A) radiation within a range
of 5% €26 <70° (step size: 0.02°, counting time: 1s/step, ¥ angle incident slit, 45 kv, and a
current of 40mA).
[0033] IR data were collected using a Vertex 80, Praying Mentis IR spectrometer in drift
mode with 128 background scans, 128 sample scans, 64 good FW scans and 64 good BW scans.
[0034] “Prussian Blue” (Fe4q[Fe(CN)glz) was obtained from Sigma-Adrich® as a dark

blue/purple crystalline powder and used as such. The infrared spectrum of Feq4[Fe(CN)gl3 is
shown as trace D in Fig. 1. The Powder X-Ray Diffraction pattern of Feq[Fe(CN)g]3 is shown

as trace D in Fig. 2.
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[0035] Tungstic Acid (HoWO,) was obtained from Sigma-Aldrich® as a yellow-orange
powder (99% purity) and used as such. The infrared spectrum of Ho WO, 1s shown as trace E
in Fig. 1. The Powder X-Ray Diffraction pattern of HyWOy is shown as trace E in Fig. 2.
[0036] Yttrium(III) nitrate hydrate (Y(NO3)3.xH»O) and potassium hexacyanoferrate(1l)
(K3[Fe(CN)g|) were obtained from Signma-Aldrich®.

[0037] A typical procedure for preparation of a mixed transition metal cyanometallate is as

follows: Y(NO3)3.xH20 (10 mmol) was added to a solution of Kjg[Fe(CN)g]

(10 mmol) in water (50 mL) resulting in a yellowish brown precipitate. The precipitate was

collected by filtration and washed with water (20 mL) to remove coproduct KNO3. The

resulting solid was dried overnight at 1200C to give Y[Fe(CN)g] in a ~75% yield. A sample
of the Y[Fe(CN)g] product was tested by Powder X-Ray Diffraction to confirm its identity.

[0038] Unless otherwise stated, the cyanogels used in the following examples were

prepared by combining the cyanometallate and the solvent (typically Feyq[Fe(CN)gl3 and

water) in a beaker and manually stirring the mixture.
[0039] Unless otherwise stated, the metal nitride/carbide samples produced in the
following examples were obtained in the form of crystalline materials.

[0040] Ce/ZrOy (ceria-zirconia), sulphated ZrQOo (sulphated zirconia) and W/ZrOs

(tungstated zirconia) are Bronsted acidic supports obtained from commercial suppliers and
used without modification.

Example 1:

[0041] HoWO4 (5 g) and Feyq[Fe(CN)gl3 (2.4 g) were combined together by solid-solid

mixing using a pestle and mortar in a molar ratio of HyWO4 to Fe4q[Fe(CN)gl3 of 7:1 (giving
a 1:1 molar ratio of W:Fe) to form an intimate solid mixture. A sample (2 g) of the resulting

mixture was subjected to a temperature of 600°C for one hour under a nitrogen atmosphere to
form metal nitride/carbide sample X1a. The infrared spectrum of sample X1a is shown as trace
C in Fig. 1. The sample X1a was then subjected to a temperature of 6009C for a further 12
hours under a nitrogen atmosphere to form metal nitride/carbide sample X1b. The infrared
spectrum of sample X1b is shown as trace B in Fig. 1. A further sample (2 g) of the mixture
was subjected to a temperature of 7500C for one hour under a nitrogen atmosphere to form

metal nitride/carbide sample X2. The infrared spectrum of sample X2 is shown as trace A in

Fig 1.
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[0042] The IR data presented in Fig. 1 show an absence of CN stretching frequency (the
CN stretch frequency is around 2100 cm!) and W=0 stretching frequency (the WO stretch
frequency is around 950 cm-1) as the Fe4[Fe(CN)g]3 is heated with HyWOy after solid-solid

mixing, thereby showing transformation of the cyanometallate and metal oxide precursors into
the desired metal nitride/carbide through at least partial disappearance of the CN and WO
peaks. The new material formed is believed to be largely IR inactive.

Example 2:

[0043] HoWO4 (5 g) and Feyq[Fe(CN)gl3 (2.4 g) were combined together by solid-solid
mixing using a pestle and mortar in a molar ratio of HyWO4 to Fe4[Fe(CN)gl3 of 7:1 (giving
a 1:1 molar ratio of W:Fe) to form an intimate solid mixture. A sample (2 g) of the resulting
mixture was subjected to a temperature of 4500C for one hour under a nitrogen atmosphere to
form metal nitride/carbide sample X3. The Powder X-Ray Diffraction pattern of sample X3 is

shown as trace C in Fig. 2. A further sample (2 g) of the mixture was subjected to a temperature

of 6000C for one hour under a nitrogen atmosphere to form metal nitride/carbide sample X4.

The infrared spectrum of sample X4 is shown as trace B in Fig. 2. A further sample (0.1 g) of

the mixture was subjected to a temperature of 7500C for one hour under a nitrogen atmosphere
to form metal nitride/carbide sample X5. The infrared spectrum of sample X5 is shown as
trace A in Fig. 2.

[0044] The peak indexing for tungsten nitride (WoN) is indicated by the lines labelled 100,

101, 102, 220 and 201 in Fig. 2 (referenced with respect to data published in J. Mater. Chem.,
2011, 21, 10761-66), showing that WoN 1s present in samples X3 to X5. The samples X3 to

X5 also contain other metal nitrides and metal carbides such as Fe4N, C3Ny, Fe3C and Fe;03.
2-Theta peak indexes for WoN, FeqN and Fe3C are listed in Table 1 (the product and by-
products being identified by comparison to literature values for each individual species — WoN:

Fiala, Central Research Institute, SKODA, Czechoslovakia, Private Communication (1973);
FeyN: Jack. Proc. R. Soc. London, Ser. A 195, 34 (1948); Fe3C: Konobejewski. Z. Kristallogr.,

Kristallgeom., Kristallphys., Kristallchem. 72, 386 (1929)). Not all of the peaks listed in Table

1 are visible at the resolution of the Powder X-Ray Diffraction patterns shown in Fig. 2.
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Wj)N (2-theta) FeyN (2-theta) Fe3C (2-theta)
37.73 2345 26.19
43.85 33.36 31.36
63.73 41.17 33.93
76.51 4791 35.89
80.59 53.99 41.78
96.68 59.64 43.92
108.86 70.06 47.05
113.14 75.02 50.08
79.87 53.89
84.65 55.66
94.03 59.18
98.87 60.46
108.52 61.80
63.20
67.31
76.81
79.87
83.22
86.90
91.00
95.57

Table 1 — X-Ray Powder Diffraction Peak Indexing for WyN, Fe4N and Fe3C present in

samples X3 to XS
[0045] The Powder X-Ray Diffraction patterns of Fig. 2 show the transformation of the
metal oxide and cyanometallate precursors into the metal nitrides and carbides after heating for
arelatively short amount of time at moderate temperatures.
Example 3:
[0046] HoWO4 (2.5 g) and a cyanogel (comprising Feq[Fe(CN)glz (1.2 g) and water (50

mL)) (giving a 1:1 molar ratio of W:Fe) were mixed together in a 250 mL beaker in a molar

ratio of HyWO4 to Feyq[Fe(CN)gl3 of 7:1 (giving a 1:1 molar ratio of W:Fe) to form an intimate
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mixture. A sample (3 g) of the resulting mixture was subjected to a temperature of 600°C for
three hour(s) under a nitrogen atmosphere to form metal nitride/carbide sample X6. A
Scanning Electron Microscopy (SEM) image of sample X6 was taken showing plate-like
morphology (views of the SEM image are shown in Figs.3 and 4).

Example 4:

[0047] HoWO4 (2.5 g) and a cyanogel (comprising Fey|Fe(CN)glz (1.2 g) and water (50
mL)) were mixed together in a 250 mL beaker in a molar ratio of HyWOy4 to Fe4[Fe(CN)gl3
of 7:1 (giving a 1:1 molar ratio of W:Fe) to form an intimate mixture. A sample (3 g) of the
resulting mixture was subjected to a temperature of 6000C for three hours under a nitrogen
atmosphere to form metal nitride/carbide sample X7. A Transmission Electron Microscopy
image of sample X7 was taken showing no apparent phase segregation (a view of the image is
shown in Fig.5).

Example 5:

[0048] Samples of untreated Feg[Fe(CN)glz (P1) and HoWO4 (T1) were separately
analysed using X-Ray Photoelectron Spectroscopy, the results of which are presented in Table

2. A further sample of Feq[Fe(CN)gl3 was subjected to a temperature of 600°C for one hour

to give sample P2. Sample P2 was also analysed using X-Ray Photoelectron Spectroscopy, the
results of which are presented in Table 2.

[0049] HoWO4 (5 g) and Feyq[Fe(CN)gl3 (2.4 g) were combined together by solid-solid
mixing using a pestle and mortar in a molar ratio of HyWO4 to Fe4q[Fe(CN)gl3 of 7:1 (giving
a 1:1 molar ratio of W:Fe) to form an intimate solid mixture. A sample (2 g) of the resulting

mixture was subjected to a temperature of 350°C for one hour under a nitrogen atmosphere to

form metal nitride/carbide sample X8. A further sample (1 g) of the mixture was subjected to
a temperature of 4500C for one hour under a nitrogen atmosphere to form metal nitride/carbide

sample X9. A further sample (1 g) of the mixture was subjected to a temperature of 6000C for

one hour under a nitrogen atmosphere to form metal nitride/carbide sample X10. A further

sample (1 g) of the mixture was subjected to a temperature of 600°C for two hours under a

nitrogen atmosphere to form metal nitride/carbide sample X11. A further sample (1 g) of the

mixture was subjected to a temperature of 6000C for three hours under a nitrogen atmosphere

to form metal nitride/carbide sample X12. A further sample (1 g) of the mixture was subjected

to a temperature of 7509C for one hour under a nitrogen atmosphere to form metal
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nitride/carbide sample X13. Each of samples X8 to X13 was analysed using X-Ray

Photoelectron Spectroscopy, the results of which are presented in Table 2.

per 1000C | 34.0 eV | 36.1 eV
Sample
Tungsten mole% Nitride mole% Oxide
P1 0.0 n/a n/a
P2 0.0 n/a n/a
T1 77.1 0 100
X8 21.2 0 100
X9 27.7 0 100
X10 94.8 56 44
X11 339 10 90
X12 31.7 14 86
X13 21.4 52 48

Table 2 — X-Ray Photoelectron Spectroscopy analysis tracking reaction of HyWO4 and
Fe4[Fe(CN)gl3

[0050] The X-Ray Photoelectron Spectroscopy results presented in Table 2 demonstrate
the formation of metal nitride from the mixture of the metal oxide and cyanometallate
precursors as the mixture is heated. It should be noted that XPS is a surface-specific technique
that gives an indication of only what material is present on the surface of a relatively small
fraction of a sample. Thus, it does not give an indication of the composition of the bulk material
of a sample, and therefore does not provide a quantitative estimate of the completeness or
otherwise of the formation of the nitride product.

Example 6:
[0051]

cycloparaffin hydrogenolysis according to the catalyst runs set out below.

The product of sample X6, prepared in example 3, was tested as a catalyst in

Run 1
[0052] Sample X6 (0.2 g) and EHC-50 (API Group II base stock comprising about 80%
naphthene rings and about 20% aromatic rings) (3 g) were combined and heated to 300°C under

Hp pressure (900 psig, 62 barg) in an autoclave with stirring at 600 RPM for 6 hrs.
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Run 2
[0053] Sample X6 (0.2 g), ~10% Ce/ZrO7 (0.2 g) and EHC-50 (API Group 11 base stock

comprising about 80% cycloparaffin and about 20% aromatic rings) (3 g) were combined and

heated to 300°C under H» pressure (900 psig, 62 barg) in an autoclave with stirring at 600

RPM for 6hrs.
Run 3
[0054] Sample X6 (0.2 g), sulphated ZrO9 (~2.3% S) (0.2 g) and EHC-50 (API Group II

base stock comprising about 80% cycloparaffin and about 20% aromatic rings) (3 g) were

combined and heated to 300°C under Hy pressure (900 psig, 62 barg) in an autoclave with

stirring at 600 RPM for 6 hrs.
Run 4
[0055] Sample X6 (0.2 g), ~15% W/ZrO5 (0.2 g) and EHC-50 (API Group II base stock

comprising about 80% cycloparaffin and about 20% aromatic rings) were combined and heated

to 300°C under Hy pressure (900 psig, 62 barg) in an autoclave with stirring at 600 RPM for 6

hrs.
[0056] The products of runs 1 to 4 were analysed by GCMS and SFC (supercritical fluid
chromatography). The data from GCMS are consistent with the SFC data in showing higher
naphthenes in the feed and lower in the product. The data also showed that paraffins were
higher in the product and lower in the feed. The results of the catalytic runs indicate that the
X6 catalyst 1s effective for conversion of cycloparaffins to iso-paraffins.
[0057] Where in the foregoing description, integers or elements are mentioned which have
known, obvious or foreseeable equivalents, then such equivalents are herein incorporated as if
individually set forth. Reference should be made to the claims for determining the true scope
of the present invention, which should be construed so as to encompass any such equivalents.
It will also be appreciated by the reader that integers or features of the invention that are
described as preferable, advantageous, convenient or the like are optional and do not limit the
scope of the independent claims. Moreover, it is to be understood that such optional integers
or features, whilst of possible benefit in some embodiments of the invention, may not be
desirable, and may therefore be absent, in other embodiments.
[0058] Additionally or alternately, the invention relates to:

Embodiment 1: A method for producing a metal nitride and/or a metal carbide, the

method comprising;
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1) contacting at least one metal oxide comprising at least one first metal M1 with
a cyanometallate comprising at least one second metal M2 to form a reaction
mixture; and,
i) subjecting the reaction mixture to a temperature of at least 3000C for a reaction
period.
Embodiment 2: A method according to embodiment 1, wherein MU is a transition metal,
preferably wherein M1 is selected from Groups 5, 6 or 7 of the Periodic Table of the Elements.

Embodiment 3: A method according to embodiment 1 or 2, wherein M is selected
from the list consisting of: W, Re, Nb and Mo; in particular from W and Re.
Embodiment 4; A method according to any preceding embodiment, wherein the metal

oxide comprises WQO3, in particular tungstic acid; and/or wherein the metal oxide comprises
Rey 07, in particular perrhenic acid.

Embodiment 5: A method according to any preceding embodiment, wherein the
cyanometallate comprises a dicyanometallate, a tetracyanometallate, a hexacyanometallate,
and/or an octacyanometallate, preferably a tetracyanometallate and/or a hexacyanometallate.

Embodiment 6: A method according to any preceding embodiment, wherein the
cyanometallate comprises a material having the formula M3X[M2(CN)y]Z> wherein M2 and
M3 are the same or different metals, preferably wherein x is an integer from 1 to 4, preferably
y is 4 or 6, and preferably z is an integer from 1 to 3, more preferably wherein xis 1, zis 1 and
yis6orxis4,zis3 andy is 6.

Embodiment 7: A method according to any preceding embodiment, wherein M2 is a

transition metal, preferably wherein M2 is selected from Groups 8 and 9 of the Periodic Table

of the Elements.

Embodiment 8: A method according to any preceding embodiment, wherein M2 is

selected from the list consisting of Fe(Il), Fe(I1I) and Co(III).
Embodiment 9: A method according to any one of embodiments 6 to 8, wherein M3 is

a transition metal, preferably wherein M3 is selected from Group 3, Group 8, Group 9 or the
lanthanide series of the Periodic Table of the Elements.

Embodiment 10: A method according to any one of embodiments 6 to 8, wherein M3
is selected from the list consisting of K(I), Fe(Ill), Co(Ill), Y(III), Al(IIl), Ga(lll), La(III),
Pr(IIT) and Dy(III), preferably from the list consisting of Fe(lIT) and Co(III).
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Embodiment 11: A method according to any preceding embodiment, wherein the

cyanometallate comprises Feg[Fe(CN)gl3z, K3[Fe(CN)gl, Y[Fe(CN)gl, Al[Fe(CN)gl,
La|Fe(CN)gl. Pr[Fe(CN)gl, Dy|[Fe(CN)gl, Co[Co(CN)gl, Y[Co(CN)gl, Al[Co(CN)gl.
La[Co(CN)g] and/or K3[Co(CN)g], preferably Feyq[Fe(CN)gl3 and/or Co[Co(CN)g].

Embodiment 12: A method according to any preceding embodiment, wherein the molar
ratio of metal oxide to cyanometallate in contacting step 1) is from 10:1 to 1:10, preferably from
10:1 to 1:5, more preferably from 10:1 to 1:1.

Embodiment 13: A method according to any preceding embodiment, wherein the step
of contacting the metal oxide with the cyanometallate to form the reaction mixture in step 1)
comprises forming an intimate mixture of the metal oxide and the cyanometallate, optionally
in the presence of a solvent.

Embodiment 14: A method according to embodiment 13, wherein the solvent is selected
from water, organic solvents and their mixtures, more preferably wherein the solvent is water.

Embodiment 15: A method according to any preceding embodiment, wherein the
cyanometallate and the metal oxide are combined in the presence of a solvent and wherein the
cyanometallate is provided in the form of a cyanogel that comprises a mixture of: a) the
cyanometallate, and b) at least part of the solvent.

Embodiment 16: A method according to any one of embodiments 1 to 13, wherein the
cyanometallate and the metal oxide are provided in solid form, and wherein contacting step i)
comprises combining the metal oxide with the cyanometallate using a dry mixing method, in
particular ball milling.

Embodiment 17: A method according to any preceding embodiment, wherein the
reaction mixture is subjected to a temperature of at least 400°C, such as at least S000C, in

particular at least 600°C.

Embodiment 18: A method according to any preceding embodiment, wherein the
reaction mixture is subjected to a temperature of from 300 to 1000°C, such as 400 to 900°0C,

in particular 500 to 800°C.
Embodiment 19: A method according to any preceding embodiment, wherein the
reaction period is up to 48 hours, such as up to 24 hours, in particular up to 12 hours.
Embodiment 20: A method according to any preceding embodiment, wherein the
reaction period is from 10 minutes to 48 hours, such as from 20 minutes to 24 hours, in
particular from 30 minutes to 12 hours.

Embodiment 21: A metal nitride and/or metal carbide comprising:
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a) afirst metal nitride and/or carbide selected from the list consisting of: iron nitride,
iron carbide, cobalt nitride and cobalt carbide; and
b) asecond metal nitride and/or carbide selected from the list consisting of tungsten
nitride, tungsten carbide, rhenium nitride and rhenium carbide.
Embodiment 22: A metal nitride and/or metal carbide according to embodiment 21
comprising tungsten nitride and at least one of iron nitride and iron carbide.
Embodiment 23: A metal nitride and/or metal carbide according to embodiment 21 or
embodiment 22 prepared by the method according to any one of embodiments 1 to 20.
Embodiment 24: A metal nitride and/or metal carbide prepared by the method
according to any one of embodiments 1 to 20.
Embodiment 25: A metal nitride and/or metal carbide according to embodiment 24,

wherein the metal nitride and/or metal carbide comprises at least two different metals, in
particular: a first metal M1 selected from the list consisting of W, Mo, Nb and Re; and a second

metal M2 selected from the list consisting of Fe and Co.

Embodiment 26: A metal nitride and/or metal carbide according to embodiment 24 or
embodiment 25 comprising a material selected from the list consisting of: tungsten nitride,
molybdenum nitride, niobium nitride, rhenium nitride, tungsten carbide, molybdenum carbide,
niobium carbide and rhenium carbide, preferably tungsten nitride and rhenium carbide.

Embodiment 27: A metal nitride and/or metal carbide according to any one of
embodiments 24 to 26 comprising tungsten nitride and at least one of iron nitride and iron
carbide.

Embodiment 28: A metal nitride and/or metal carbide according to any one of

embodiments 21 to 27, wherein the metal nitride and/or metal carbide comprises Fe4N and

wherein a Powder X-Ray Diffraction pattern of the metal nitride and/or carbide includes peaks
having the following 2-theta values: 23.45, 33.36, 41.17, 47.91, 53.99, 59.64, 70.06, 75.02,
79.87, 84.65, 94.03, 98.87 and 108.52, the Powder X-Ray Diffraction pattern being collected
on a diffractometer using a Cu Ko, A= 1.5405 A, radiation source within a range of 5° <26 <
70° using a step size of 0.02°, a counting time of 1s/step, a ¥ angle incident slit, 45 kv, and a
current of 40mA.

Embodiment 29: A metal nitride and/or metal carbide according to any one of

embodiments 21 to 28, wherein the metal nitride and/or metal carbide comprises Fe3C and

wherein a Powder X-Ray Diffraction pattern of the metal nitride and/or carbide includes peaks

having the following 2-theta values: 26.19, 31.36, 33.93, 35.89, 41.78, 43.92, 47.05, 50.08,

-19-



10

15

CA 03042942 2013%-03-08

WO 2018/067276 PCT/US2017/051054

53.89, 55.66, 59.18, 60.46, 61.80, 63.20, 67.31, 76.81, 79.87, 83.22, 86.90, 91.00 and 95.57,
the Powder X-Ray Diffraction pattern being collected on a diffractometer using a Cu Ko, 2=
1.5405 A, radiation source within a range of 5° <20 < 70° using a step size of 0.02°, a counting
time of 1s/step, a ¥4 angle incident slit, 45 kv, and a current of 40mA.

Embodiment 30: A metal nitride and/or metal carbide according to any one of

embodiments 21 to 28, wherein the metal nitride and/or metal carbide comprises WoN and

wherein a Powder X-Ray Diffraction pattern of the metal nitride and/or carbide includes peaks
having the following 2-theta values: 37.73, 43.85, 63.73, 76.51, 80.59, 96.68, 108.86 and
113.14, the Powder X-Ray Diffraction pattern being collected on a diffractometer using a Cu
Ka, 2= 1.5405 A, radiation source within a range of 5° <20 < 70° using a step size of 0.02°, a
counting time of 1s/step, a Y4 angle incident slit, 45 kv, and a current of 40mA.

Embodiment 31: Use of the metal nitride and/or carbide of any one of embodiments 21
to 30 as a catalyst.

Embodiment 32: The use of embodiment 31, wherein the catalyst is a hydroprocessing
catalyst, preferably a hydrogenation, hydrodenitrogenation and/or hydrodesulfurization

catalyst.
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CLAIMS:

1. A method for producing a metal nitride and metal carbide, the method comprising:

1) contacting at least one metal oxide comprising at least one first metal M' with
a cyanometallate comprising at least one second metal M? to form a reaction mixture, wherein
the cyanometallate comprises a dicyanometallate, a tetracyanometallate, a
hexacyanometallate, and/or an octacyanometallate; and,

it) subjecting the reaction mixture to a temperature of at least 300°C for a

reaction period.

2. The method according to claim 1, wherein the reaction is conducted under a nitrogen

atmosphere.

3. The method according to claim 1 or 2, wherein M! is a transition metal selected from

Groups 5, 6 or 7 of the Periodic Table of the Elements.

4. The method according to claim 1 or 2, wherein M! is a transition metal selected from

the group consisting of W, Re, Nb and Mo.

5. The method according to claim 1 or 2, wherein M! is a transition metal selected from
the group consisting of W and Re.

6. The method according to claim 1 or 2, wherein the metal oxide comprises WO3 and

RexOs.

7. The method according to claim 1 or 2, wherein the metal oxide comprises WOs.

8. The method according to claim 1 or 2, wherein the metal oxide comprises Re2O7.
=21 -
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9. The method according to any one of claims 1 to 8, wherein the cyanometallate is a

tetracyanometallate and/or a hexacyanometallate.

10.  The method according to any one of claims 1 to 8, wherein the cyanometallate
comprises a material having the formula M3[M*(CN)y],, wherein M? and M? are the same or

different metals, wherein x is an integer from 1to 4,y is 4 or 6, and z is an integer from 1 to 3.

11.  The method according to claim 10, wherein x is 1,zis 1 andy is 6, orx is 4, z is 3,

andy is 6.

12.  The method according to any one of claims 1 to 11, wherein M? is a transition metal

selected from Groups 8 and 9 of the Periodic Table of the Elements.

13.  The method according to any one of claims 1 to 11, wherein M? is a transition metal
selected from the group consisting of Fe(Il), Fe(Ill) and Co(IlI).

14. The method according to claim 10 or 11, wherein M? is selected from the group
consisting of K(I), Fe(III), Co(I1I), Y(IIT), A1(IIT), Ga(I1I), La(IIT), Pr(IlT) and Dy(I1I).

15.  The method according to claim 10 or 11, wherein M3 is selected from the group
consisting of Fe(IIT) and Co(III).

16.  The method according to any one of claims 1 to 14, wherein the cyanometallate
comprises Fes[Fe(CN)sls, Ks[Fe(CN)s], Y[Fe(CN)], Al[Fe(CN)s], La[Fe(CN)s],
Pr{Fe(CN)g], Dy[Fe(CN)s], Co[Co(CN)s], Y[Co(CN)s], AI[Co(CN)s], La[Co(CN)s] and/or
K3[Co(CN)s).

17.  The method according to any one of claims 1 to 15, wherein the cyanometallate
comprises Fes[Fe(CN)s]z and/or Co[Co(CN)s).

-2 .
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18.  The method according to any one of claims 1 to 17, wherein the molar ratio of the

metal oxide to the cyanometallate in contacting step 1) is from 10:1 to 1:10.

19.  The method according to any one of claims 1 to 18, wherein the cyanometallate and
the metal oxide are combined in the presence of a solvent and wherein the cyanometallate is
provided in the form of a cyanogel that comprises a mixture of: a) the cyanometallate, and b)

at least part of the solvent.

20.  The method according to any one of claims 1 to 18, wherein the cyanometallate and
the metal oxide are provided in solid form, and wherein contacting step 1) comprises

combining the metal oxide with the cyanometallate using a dry mixing method.

21.  The method according to any one of claims 1 to 20, wherein the reaction mixture is
subjected to the temperature of from 300 to 1000°C for the reaction period of from 10 minutes
to 48 hours.

22. A metal nitride and metal carbide comprising:

a) a first metal nitride and/or carbide selected from the group consisting of: iron
nitride, iron carbide, cobalt nitride and cobalt carbide; and

b) a second metal nitride and/or carbide selected from the group consisting of:

tungsten nitride, tungsten carbide, rthenium nitride and rhenium carbide.

23.  The metal nitride and metal carbide according to claim 22, prepared by the method of

claim 1.

24.  The metal nitride and metal carbide according to claim 22 or 23, comprising tungsten

nitride, iron nitride and iron carbide.

-23.
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25. A method of use of the metal nitride and carbide of any one of claims 22 to 24,
wherein the metal nitride and carbide is used as a hydroprocessing, hydrogenation,

hydrodenitrogenation and/or hydrodesulfurization catalyst.

-24 -
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