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which have provided materials suitable for potential application in optical data storage. However, for
the last decade, attention has also been devoted to expanding the available options by which CusN can
be synthesized and deposited. Consequently, the focus has switched to the development of chemical syn-
thetic methods towards the fabrication of this semiconductor and to broadening the range of related
compounds that might be discovered. Simultaneously, the formulation of novel techniques and the suc-
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Zsl;r;tl?ce;tlisons cessful preparation of new nanostructured functional materials has resulted in the rapid evolution of new
Ternary copper nitrides and relevant applications; e.g. catalytic and electrochemical. The overview presented here concentrates
Quaternary copper nitrides on the chemical methods that have been devised to synthesise both bulk samples and thin films of
Thin films CusN. Our article also shows how these approaches have been developed to achieve significant progress
in the creation of multinary copper based nitrides and in identifying their potential applications. It pro-
vides a concise history of previous copper nitride research and sets the context for the most current
advances. These will no doubt provide the springboard for future research areas that will impact both

transition metal nitride chemistry and materials science more generally.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In recent years, there has been growing interest in the chem-
istry of nitrides [1-4]. The progress in this field not only concerns
developing new or modified methods of synthesis and deriving the
structures of these compounds, but also exploring previously
unknown, useful applications for both bulk and nanostructured
nitrides. Many binary nitrides from the periodic table have been
characterized in depth. Increasingly, detailed analysis has also
been extended to multinary systems, which have already been
shown to exhibit tremendous compositional and structural diver-
sity [5-10]. Scientific reports are still continuously expanding the
scope of applications for this broad class of binary and higher com-
pounds. Nitrides such as TiN [11,12], Si3N4 [13,14], and BN [15,16]
are utilized as materials with high resistance to heat, or materials
with remarkable hardness. Gallium nitride is widely used in opto-
electronic technologies [17,18] and lithium nitride is capable of
reversible hydrogen sorption and, when doped, can be employed
for hydrogen storage [19,20] or as an anode material in Li-ion bat-
teries [1,21,22]. Nitride-based materials also warrant study from
the perspective of basic science, because they constitute a rela-
tively unexplored and very diverse class of inorganic compounds,
compared to oxides which have been studied more extensively in
the past decades. In the family of transition-metal nitrides, studies
have focused mainly on the thermodynamically stable binary
nitrides formed by the early transition metals from groups 3 to 6.
In recent years, less thermally stable transition-metal nitrides
(often containing the later transition metals from groups 7 to
12), which are more difficult or even impossible to obtain by con-
ventional high-temperature synthetic methods, have become the
subject of more extensive research [23]. Copper nitride, CusN, is
one such example.

This review attempts to offer a comprehensive compilation of
research related to the chemistry of copper nitrides, covering syn-
thetic methods, as well as structural and physicochemical proper-
ties of these promising functional materials. Copper nitride itself
appears at first sight to be a rather simple cubic compound with

Fig. 1. The cubic, anti-ReOs type crystal structure of copper nitride, CusN. N (dark
blue) occupies the corner sites of the primitive unit cell with Cu (light blue)
occupying the edge positions.

an anti-ReO; type structure (space group Pm3m) in which nitrogen
ions occupy the corners of the primitive unit cell and copper ions
are located at the center of the cubic edges (Fig. 1) [24]. This type
of open, low density crystal structure would seem to be a perfect
candidate for intercalation and in fact the structure is well-suited
for the insertion of metal atoms at the interstitial body center site
(15,¥5,¥4) under certain conditions [25,26]. The insertion of addi-
tional metallic elements results in alteration of the chemical inter-
actions between the copper and nitrogen atoms, which
significantly affects the electronic structure of the material. In par-
ticular, experimental and computational studies revealed that
CusN character changes to metallic as a result of doping
[25,27,28]. It is worth mentioning that although copper(I) nitride
itself has been studied quite extensively over a long period of time,
there are still some significant gaps in the knowledge of the parent
material, for example, even the size of the electronic band gap for
CusN is still not firmly established and is reported, presumably also
by inconsistent terminology, across a surprisingly wide range of
values from 0.23 to 1.90 eV. These apparent disparities are reasons
alone for further systematic research in the future [29]. It also
shows that the chemistry and physics of copper nitride are still
far from rationalised and that copper nitride presents challenges
for both disciplines that in turn could impact materials science
and engineering. Recently, computational methods have been cen-
tral in correlating the thermodynamic properties of copper nitride
with its structure and bonding, as well as in predicting new related
materials that are yet to be discovered experimentally [27,30].
For such a seemingly simple compound, research on copper
nitride has proven to be multi-faceted and despite the lingering
uncertainties surrounding its chemical and physical properties
research has already branched off to consider the possibility of cre-
ating thin films of CusN. Investigations of nanostructured 2D CusN
layers starting from preparation, fabrication and characterization
[29], soon progressed to consider applications, for example in the
technology of write-once optical data storage [31,32], magnetic
tunnel junctions [33] or opto-electronic devices, e.g. photodetec-
tors [34]. CusN film deposition can be used also as a route to print-
ing 1D microscopic copper lines and dots with intended uses in
miniaturised electronic devices [35]. This latter usage is facilitated
by the fact that copper nitride can be easily thermally decomposed
into nitrogen and pure metal (decomposition temperature: 350 °C),
as characterized by the material’s significantly higher reflectivity
and conductivity [36,37]. The above-mentioned films were each
fabricated by one of a variety of physical methods, the most com-
monly used being RF magnetron sputtering [37-42]. Pulsed laser
deposition [43,44], molecular beam epitaxy [33,45], atomic layer
deposition [46], ion-assisted deposition [47] or DC triode sputter-
ing [48,49] are also among the physical deposition techniques that
have been successfully applied. In fact, the CusN films that have
been reported to have been fabricated by these methods are not
always consistent in their nominal stoichiometry. Often referred
to in the literature more broadly as a family of Cu-N compounds,
the electronic properties of these materials varies considerably
with chemical composition, ranging from copper-rich CusN which
is metallic to CusN, which demonstrates the expected semicon-
ducting behavior. Films thus apparently exist as stoichiometric
(CusN) or either in nitrogen-rich or copper-rich forms [29,50,51].
Reports suggest that the film stoichiometry can be tuned by
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changing the deposition conditions [52]. Furthermore, the physical
properties of deposited CusN thin layers could be manipulated by
including additional elements within the films, such as alkali met-
als (lithium), transition metals (Ti, Pb, Ni, Zn, Cr, Fe, Mn, Al and Sc)
or non-metals (H and O) [53].

Despite the fact that chemical synthesis routes to obtain pow-
ders of CusN predate the above-mentioned thin films studies by
several decades [54], they were represented by relatively little
research until the end of the first decade of the 21st century. A siz-
able increase in the number of new synthesis methods, mainly
devoted to the production of copper nitride nanoparticles, were
reported at this time. The effect of this was to unlock new and
potentially useful applications for copper nitride that could take
advantage of both its physical and chemical properties. New
research areas are emerging in which the catalytic and electro-
chemical properties of copper nitride have come under scrutiny.
For example, CusN has been proposed as an inexpensive alterna-
tive to Pt/C catalysts for the oxygen reduction reaction (ORR)
[55], as an effective new conductive ink [56] and as material useful
for rechargeable Li-ion batteries [57,58]. Moreover, there are the
additional possibilities of using CusN as a starting material to
new and more complex nitrides. The often otherwise-challenging
syntheses of multinary nitrides considerably broadens the poten-
tial of binary nitrides such as CuszN as such starting materials
(e.g. the use of CusN to prepare nanocrystals of the anti-
perovskite, CusPdN is just one example) [59].

In light of the many developments in the chemistry of CusN and
of higher copper nitrides, it is timely to collate these advances and
to place them into a wider historical context. In fact, to the best of
our knowledge, this article represents the first comprehensive
review to present a systematic and critical assessment of the
chemistry and materials science of copper nitrides. It brings
together essential information on structure, properties and, impor-
tantly, the growing corpus of chemical synthetic pathways to cop-
per nitrides. Selected examples from experimental and some
theoretical studies are discussed to demonstrate the function of
these materials and to show how they find application.

Following this introduction, the review begins by considering
the various techniques by which first bulk powders and secondly,
thin films of copper nitride, might be fabricated. The growing num-
ber of choices that one can make in adopting a preferred synthesis
method has important implications for the structure of CusN
across length scales and this is reflected in the following section
which considers these effects on properties and the lead-in to
applications. The article then turns to systems of higher composi-
tional complexity and the chemistry of the ever-growing tranche
of ternary and higher copper nitrides. The synthesis, crystal struc-
tures and known properties of these nitrides are presented in detail
with reference to theoretical studies and to cases where higher
nitrides have been characterised and tested experimentally. We
finish by considering the many possible future directions for cop-
per nitride research and development before drawing the article
to a conclusion.

2. Binary copper nitride
2.1. Synthesis strategies to copper nitride powders

Gaseous dinitrogen is widely perceived to be inert, with a triple
bond that is exceptionally difficult to break, especially when com-
pared to dioxygen, for example (the BE for N, is 945 k] mol !,
whereas for O, it is 498 k] mol~! [60]). Metastable nitrides there-
fore need to be prepared from nitrogen-containing precursors
which exhibit higher activity/reactivity than the N, molecule itself.
Chemical ways to introduce nitrogen as nitride without recourse to
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extreme conditions, rely on using less thermodynamically stable
nitrogen compounds, such as ammonia (NHs) in the gaseous or lig-
uid phase or azides in the solid state [61].

The general synthesis method of copper nitride is thus based on
the reaction of a copper precursor with a nitriding agent, often
above ambient temperature. Among the reported preparation
methods of CusN, the most comprehensive are either solid-gas
reactions, where a solid copper-containing precursor reacts with
a gaseous high activity nitrogen source or solution-based tech-
niques, which are performed in non-aqueous solvents.

2.1.1. Ammonolysis reactions

The most commonly-used method for the synthesis of binary
late transition metal nitrides is the ammonolysis reaction of a
metal precursor with gaseous ammonia. Such reactions are per-
formed at moderate temperatures in solid state chemistry terms
(typically < 500 °C) and require air (oxygen and water) to be
excluded at all times during synthesis and handling. Ammonolysis
reactions are usually optimised by varying the temperature, reac-
tion time, heating/cooling rate, ammonia flow rate and/or choice
of solid state precursor. CusN, in similarity to many other late tran-
sition metal nitrides, thermally decomposes at relatively low tem-
perature and so the reaction temperatures in such ammonolysis
processes are severely limited. The first reported synthesis of cop-
per(I) nitride was achieved by ammonolysis and was performed by
Juza and Hahn in 1938. In this case, a solid precursor of copper(II)
fluoride (CuF,) was heated under a flow of gaseous ammonia to
280 °C for 3 h (Table 1). On the basis of X-ray diffraction measure-
ments, the authors determined the crystal structure of CusN pow-
der as anti-ReO3 [54,62]. Gregory et al. utilized the same precursor
and obtained a single-phase CusN powder consisting of submicron
plate-shaped particles (Fig. 2a). The phase-pure material was
achieved within a temperature range of 250-325 °C over periods
of 6-45 h (NHj3 flow rate: 500-700 ml/min). Above 325 °C, how-
ever, although the major product remained as CusN, the powder
began to show traces of Cu metal impurity, whereas at 400 °C cop-
per nitride had completely decomposed to metallic copper [24]. In
this work, the authors used a combination of powder X-ray diffrac-
tion (PXD) and powder neutron diffraction (PND) techniques to
obtain a definitive structural model for CusN and to confirm the
fully stoichiometric composition of the binary phase. The
ammonolysis process was recommended as a convenient route
for the reproducible synthesis of large amounts of high-purity
CU3N.

Many recent studies have demonstrated how CusN powders can
be similarly synthesized using various other copper-containing
precursors. In many cases, by selecting an appropriate precursor
and suitable reaction conditions it is possible to produce CusN
nanoparticles, either in supported or unsupported forms. Lee
et al. synthesized CusN nanoparticles of ~ 22 nm diameter, which
were supported on mesoporous materials (Fig. 2b) in a two-step
synthesis involving impregnation followed by ammonolysis. A pre-
cursor of Cu(OAc),-H,0 was impregnated into FesN@SiO, micro-
spheres that had been previously prepared by similar
impregnation methods using iron precursors supported on silica
spheres. The acetate-coated FesN@SiO, microspheres were then
heated at 250 °C for 6 h in a mixed NH3/N, atmosphere (NHjs:
N, = 7:3) to yield the corresponding supported copper nitride
nanoparticles [63]. The activity of the final CusN/FesN@SiO, cata-
lyst was tested towards the Huisgen 1,3-dipolar cycloaddition
(HDC) of azides and alkynes. Li et al. compared two different pre-
cursors to prepare the nitride powder; copper(Il) fluoride and cop-
per(Il) pivalate (Cu(OPiv),). Ammonolysis of CuF, (dried at 140 °C
for 6 h under flowing nitrogen) was performed at 300 °C for 8 h
and resulted in the formation of large, dense particles with a
refined crystallite size of 412 + 11 nm. In contrast, the ammonoly-
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Table 1
Methods and conditions for the various synthesis routes to CusN powders complete with a description of the morphology and size of the resulting crystallites.
Method Precursors/Substrates Conditions Shape/Morphology Size [ nm Ref.
XRD TEM/SEM
Ammonolysis  CuF,, NH3 gas 280°C,3h [54,62]
CuF,, NH; gas 250-325 °C, 6-45 h, NHj; flow rate: 500- plate- and ill-shaped particles <1000 [24]
700 ml/min
Cu(OAc),-H,0 250°C, 6 h, (NH3:N; =7:3) spherical particles supported on SiO, 224 [63]
(incorporated to shell
Fe3N@SiO,), NH3/N, gas
CuF;, NH; gas 300°C, 8h dense particles 412 £ 11 [67]
Cu(OPiv),, NH; gas 180-300°C, 10 h aggregated particles 51.3+1 20 [67]
Cu(CF5C00),, NH3 gas 250-350 °C, 45 min-5 h dense, ill-shaped particles <500 [64]
(particles)
CuSiOs, NH;3 gas 350°C, 1 h, NH; flow rate: 101h™! spherical particles on SiO, surface 31 ~ 100 [65]
Cu0@Si0, (obtained from 300 °C, 10 h, NH; flow rate: 101h~! irregular particles encapsulated in SiO, 17 <30 [65]
Cu(NO3),/CS/SiO,), NH3 spheres
gas
Cu0@Si0, (obtained from 350 °C, 2 h, NH3 flow rate: 151h™! irregular particles encapsulated in SiO, 15 <50 [65]
[Cu(NH3)4(H,0),]%*), NH3 spheres
gas
Cu,0, NH;3 gas 250 °C, 21 h, NH; flow rate: 60 ml min~!  aggregated spheroidal particles 15 22+7 [66]
Solution- Cu(NO3),, KNH,, NH3 160 °C, rapid reaction [69]
based liquid
synthesis [Cu(NH3)4](NO3),, Cu, 350-580 °C, 600 MPa [70]
NH; liquid
Cu(hfac),, NH3 liquid 200 °C, 16 MPa cubes 10,000 [74]
CuCl,, NaNs, solvent: THF 1. ~50°C,4h fused mass of large aggregates (THF), ~50 [23]
or toluene 2. ~100°C, 10-12 h irregular particles with distorted cubes (toluene)
3. temperature increase over several (toluene) N/D (THF)
days: ~40 °C/day for toluene; ~25 °-
C/day for THF
Cu(NOs3),-3H,0, ODA 220 °C, 20 min spherical particles slightly resembling 50 [77]
220-240°C, 10 min cubes 15
260-240 °C, 10 min 15
280 °C, 5 min 10
Cu(NOs3),-3H,0, ODA (or 1. 150°C, 3 h, uniform cubes 26 (ODA) 19 [55]
HAD or OAm) + ODE 2. 250°C,0.5h (HAD) 11
(OAm)
Cu(NOs),-3H,0, ODA 1. 110°C, 1 h, uniform cubes ~25 [78]
+0Am 2. 240°C, 10 min
Cu(NOs),-3H,0, 1. 150°C, 1 h, spherical particles (230 °C) [79]
ODA + OAm 2. 230-260°C,0.5h uniform cubes (240-260 °C) 20 (230°C)
25 (240 °C)
20 (250 °C)
10 (260 °C)
Cu(NOs),-3H,0, OAm 1. 110°C, 0.5 h, distorted cubes 105 [80]
+ODE 2. 210°C, 15 min
PPC, ODA 1. 105°C, 1h spherical particles 2.8+06 [81]
2. 260°C, 5 min.
Cu(NOs),-3H,0, HDA 1. 110°C, 1 h, spherical nanocrystals 42+3.2 [82]
2. 230°C, 5 min
Cu(NOs),-3H,0, ODA 1. 115°C, 1 h, uniform cubes ~99 41 [83]
2. 240°C, 15 min
Cu(OMe),, benzylamine 80-180 °C, 5-60 min spherical particles <3 <3 [58,86]
Cu(NOs3),;-5H,0, HMT, n-  200°C, 1h quasi-spherical particles 80 [87]
hexanol
Cu(OAc),-H,0, NH;3 gas, 130-200°C, 1h aggregates of distorted cubes <30 <300 [56]
CyHzp+1OH (n=5-9) NHj3 flow rate: 100 ml/min
Cu(OAc),-H,0, CO(NH3),, 190°C, 1h aggregates of distorted cubes (5-10 Eq) 100 (10 Eq) [88]
1-nonanol 1-10 Eq of CO(NH,); spherical particles (1-2 Eq) 150 (5 Eq)
300 (1-2 Eq)
(CnH2n+1C0O0),Cu 190 °C, 40 min aggregates of distorted cubes, ~200,n<2 [89]
(n=1,2,5,7,9,11,13) NHj3 flow rate: 100 ml/min n<2
NH; gas, 1-nonanol clusters of platelets, n > 5 <40,n>5
Cul, pyridine, NHsaq, 1. —=35°C spherical particles 4.2 42+0.7 [90]
KNH, 2. 130°C, 30 min
CuO, NHsaq, MeOH 250 °C, 12 MPa, 30 min pyramidal microcrystals growing from 3000-5000 [91]
cubic crystalline faces
Cu,CO3(0OH); or Cu(OH),, drying 35-200 °C porous particles (foams) ~ 1000 [92]
NH4OH - NH4HCO3 pyrolysis 100-400 °C
Solid-state Cu,0, CO(NH;), 190°C,6h irregular shape 22 <500 [66]
synthesis Cu(OAc),, CO(NH;), 300°C,2h distorted cubes 60-100 [93]
CuO, NaNH, 150-170°C, 12-60 h ill-shaped particles < 1000 [85]
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Fig. 2. SEM (a, ¢) and TEM (b, d, e, f) images of different CusN structures synthesized via ammonolysis: (a) plate-like CusN submicron particles obtained from a CuF, precursor
[24]; (b) CusN particles supported on silica microspheres from Cu(OAc),-H,0 [63]; (c) spherical CusN particles obtained from Cu(CF3CO0), [64], (d) CusN particles aggregated
on the silica surface obtained from CuSiO; [65], (e) CusN particles encapsulated in silica microspheres from CuO [65]; (f) Cu,0O-derived CusN particles [66]. The figure was

reproduced from Ref. [24,63-66] with permission from the rightsholders.

sis of the Cu(OPiv), precursor was studied at various temperatures
from 180 to 300 °C in order to optimize the reaction process, and
pure-phase CusN nanoparticles of ~ 20 nm diameter were obtained
by heating at 250 °C for 10 h. In both cases, combustion analysis
indicated that the ammonolysis products contained 6.6% N and
6.5% N when using the copper(ll) fluoride and copper(ll) pivalate
precursor, respectively (as compared with a theoretical value of
6.8% N for CusN). The small disparity between the experimental
N contents and the theoretical value was within an estimated mea-
surement error level of around + 0.30%. Moreover, no carbon or
hydrogen were detected [67]. Szczesny et al. described preparation
of submicron CusN particles (Fig. 2c) using copper trifluoroacetate
(Cu(CF3C00);) heated under ammonia in a horizontal tube furnace
between 250 and 350 °C over durations of 45 min to 5 h. Single-
phase CusN was obtained only in the very narrow temperature
range 300-310 °C. The progress of the ammonolysis reaction was
monitored in situ by FTIR spectroscopy and it was indicated that
at lower temperatures the reaction was not complete according
to the presence of COO, CF;, NH and CNN bands [64]. Deshmukh
and Schubert studied CusN nanoparticles, aggregated on the sur-
face of silica spheres (Fig. 2d), obtained by nitridation of a CuSiO3
precursor at 350 °C for 1 h [65]. The same authors suggested that
binary copper oxides themselves could also be used successfully
as precursors in ammonolysis reactions. They obtained CusN
nanoparticles (size < 30 nm) encapsulated within hollow silica
spheres (CusN@SiO,) (Fig. 2e) by starting from copper(Il) oxide
composite (CuO@Si0,). In this case, the CuO nanoparticles were
first obtained in a separate stage from a Cu(NOs3), or [Cu(NH3)4(H,-
0),]** precursor which was adsorbed on a surface of carbon
spheres (CS) and coated with a silica shell. The calcination of the
as-synthesized Cu(lIl) precursor/CS/SiO, composite led to the selec-
tive decomposition of the carbon sphere, and CuO nanoparticles
contained within the silica spheres were formed. Ammonolysis of

the composite was subsequently performed at 300 °C (10 h) or at
350 °C for 2 h, respectively driving the formation of CusN inside
the SiO, spheres (a scheme of the synthesis process is presented
in Fig. 3) [65].

In a different variation of the oxide precursor ammonolysis
experiment, Reichert et al. heated copper(l) oxide (Cu,0) nanocrys-
tals under ammonia at 250 °C for 21 h and obtained spheroidal
CusN nanocrystals of 22 + 7 nm size (Fig. 2f). However, the authors
discovered that under these conditions the contamination of the
product with some residues of unreacted Cu,0 (6%) was inevitable
[66]. Similarly, it is not impossible to consider using Cu(0) as an
ammonolysis precursor, but the outcomes appear to be less con-
trollable. As with many other precursors, the temperature band
for nitride synthesis appears to be extremely narrow, with copper
nitride formation and decomposition competing at temperatures
high enough for ammonolysis to occur; the decomposition rate is
almost always greater [68].

The ammonolysis reaction is therefore a very versatile way to
prepare nitride crystallites of various size - from micro- to
nanometers and these dimensions can often be controlled by tem-
perature, ammonia flow rate and reaction time. The technique can
be used to produce both unsupported and supported powders with
relevance in catalysis. As shown in Fig. 2, nanoparticles of CusN can
be deposited in situ on substrate surfaces or encapsulated to form
different types of nanocomposites (for example, with silica). There
is therefore plenty of scope for ammonolysis reactions in the fabri-
cation of a host of new copper nitride-based (or indeed other metal
nitride-based) materials, with prescribed dimensions and shapes.
Such parameters can indeed be vital for the surface-driven pro-
cesses that are important in gas sorption or catalysis. There is evi-
dently a large selection of viable copper precursors that can be
utilised for ammonolysis reactions, with the most common being
Cu(Il) salts, oxides or carboxylates. Carboxylates are especially
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Fig. 3. Schematic showing the multistep synthesis process that yields CusN nanoparticles contained inside hollow mesoporous silica spheres. The figure was reproduced from

Ref. [65] with permission from the rightsholder.

promising due to their relatively low stability above 200 °C. The
repeatability of ammonolysis and the possibilities of scaling up
are also clear advantages of this method.

2.1.2. Solution-based synthesis

The earliest accounts of the solution-based synthesis of CusN
originate from 1912, when Edward C. Franklin described the isola-
tion of “ammonated” copper nitride (CusN-nNH3) from the reaction
of potassium amide (KNH,) with a liquid ammonia solution of cop-
per(Il) nitrate. Heating the obtained precipitate at 160 °C led to the
formation of black CusN powder [69]. A solution-based synthesis of
copper nitride was not reported subsequently until 1990 when
Zachwieja and Jacobs described a solvothermal method leading
to the growth of CusN crystals via the reaction of [Cu(NHs3)4]
(NO3), with Cu in liquid ammonia. Further heating of either the
tri- or di-amine copper(l) nitrate ([Cu(NH3)x]NOs3, 2 < x < 3)
between 350 and 580 °C range under 600 MPa of NH3 resulted in
decomposition to copper nitride, nitrogen and water [70] (Eq. (1)).

3 [Cu(NH3)aJNO; — CusN + 9 H,0 + 4 N, + (3n-6) NH; (1)

The Jacobs and Zachwieja method was denoted “ammonother-
mal” synthesis to describe a solvothermal method analogous to the
hydrothermal methods used with water as a solvent. The method
has since been widely adopted in the synthesis of metal nitrides.
In the most general sense, solvothermal synthesis is usually
defined as a reaction in a solvent, in which the reaction mixture
is heated above the solvent boiling point at a pressure exceeding
1 atm. The synthesis is performed in a sealed reaction vessel (stain-
less steel autoclave) due to the autogenous pressure that develops
during the progress of the reaction [71]. In practice, ammonother-
mal synthesis is performed at near-critical or supercritical condi-
tions (Tc = 132 °C, Pc = 11.3 MPa for ammonia) [72,73]. An
adapted ammonothermal method has since been employed to
grow cubic CusN monocrystals (~10 um in size) from a Cu(hfac),
precursor at 200 °C and 16 MPa. The modification to the experi-
ment involved the use of methanol as a cosolvent (molar ratio
NH3:CH50H = 7:3) to improve the precursor solubility and to
decrease the onset temperature of decomposition [74].

The main advantages of the solvothermal method are the sim-
plicity of a single-step synthesis approach and the removal of
post-synthesis thermal treatments to achieve highly crystalline
products [75]. Solvothermal synthesis enables otherwise-
impossible metathesis reactions to be performed to yield meta-
stable transition metal nitrides. The highly exothermic conditions
of solid-state metathesis would preclude the formation of such
compounds [76]. The true power and versatility of solvothermal
techniques, however, was revealed later by Choi and Gillan, who
demonstrated that the method could be tuned from one of single
crystal growth to one of nanoparticle production. Nanocrystalline
CusN was obtained via solvothermal synthesis using either THF
or toluene as a solvent and occurs through the in situ thermal
decomposition of copper azide (Cu(N3),). A CuCl, precursor was
reacted with NaNs in toluene or THF (Eq. (2)) in an argon-filled
stainless steel reactor by heating to ~ 50 °C for 4 h and
to ~ 100 °C for 10-12 h (ensuring a maximum reaction tempera-
ture of 140 °C for toluene and 120 °C for THF). By then slowly
increasing the reaction temperature to 185 °C for 1 day the initially
formed copper azide was thermally decomposed to CusN (Eq. (3)).
When using THF, the resulting nitride product in the form of a
fused mass was composed of large aggregates of microstructures,
with irregular empty spaces. If THF is replaced by toluene as the
solvent in the reaction, then fine powders consisting of well-
defined structures with some slightly distorted nanocubes
(~50 nm across), of higher crystallinity and purity are formed [23].

CuClz + 2 NaN; — CU(N3)2 + 2 NadCl (2)

CU(Ng)z — CuNy + (3—05X) N, (3)

The use of non-aqueous solvents in the synthesis of nitrides
continued to pique the interest of researchers in the following
years, who were enticed by the opportunity to control the size
and shape of such materials for the first time. The thermal decom-
position of copper salt precursors in long-chain amines or alcohols
quickly became a much-used technique. Wang and Li obtained
pure, single-crystalline CusN nanocubes with sides of 15 nm by
the thermal decomposition of Cu(NOs),-3H,O at 240 °C in 1-
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octadecylamine (ODA) at atmospheric pressure [77]. It was sug-
gested that ODA plays a key role in the shape-selective process
with a function similar to a catalyst. The long-chain amine modi-
fies the decomposition routes of Cu(NOs), as compared to the
equivalent solid state process or to decomposition reactions per-
formed in solution formed with other solvents (Egs. (4) and (5)).
ODA is proposed to offer electrons to Cu?* and N°* to facilitate
reduction but the amine is not hypothesised to participate in the
reaction as a nitrogen source. To confirm this viewpoint, authors
used other copper salts (Cu(OAc),, CuCl,, or CuSO,4) and results
demonstrated that CusN was not obtained.

2 Cu(NO3); — 2 CuO + 4 NO, + 0, (solid state reaction) (4)

3 Cu(NOs3); — CusN + 5 NO;, + 4 O, (reaction in ODA) (5)

Size and morphology control can be exerted by variation of the
synthesis conditions, for example, increasing the temperature from
220 °C to 280 °C resulted in the reduction of the particle size from
50 nm to 10 nm. Moreover, the phase composition of the products
could be modified through the Cu(NOs),:ODA molar ratio and
single-phase nitride was obtained only at a ratio of 3:80, which
appears to be sufficient to exceed the potential barrier of reaction
(5) and Cu®* and N°* can be co-reduced. Changing the Cu(NO3),:
ODA ratio resulted in the formation of Cu and Cu,0 nanocrystals
with or without CusN. Wu and Chen also synthesized CusN nano-
cubes (NCs), each 26 nm across, from copper(Il) nitrate using a
mixture of 1-octadecylamine and 1-octadecene (ODA/ODE) (vol-
ume ratio 1:1) [55]. The degassed solution was heated at 150 °C
for more than 3 h and further at 250 °C for 30 min. The authors
related the formation of the cubic nanocrystals to the binding of
ODA at the (100) faces of CusN, which in turn retarded the growth
of the crystals in that direction. The primary amines therefore
likely act as both solvents and capping agents in this reaction. In
addition, if a different selection of amine reagent is made then it
becomes possible to influence the size of the nanocubes. Reaction
with hexadecylamine (HAD) or oleylamine (OAm), instead of
ODA, resulted in the formation of nanocubes with sides of 19 nm
or 11 nm, respectively. The discovery of these relatively simple
and controllable methods of CusN nanocube syntheses led to fur-
ther subsequent studies in which either other reagents were inves-
tigated specifically to engineer cubes of different sizes or in which
the synthesis routes could be modified to create nanocomposites of
increased compositional and structural complexity. Employing dif-
ferent solvent mixtures, reaction temperatures and reaction times
could all have profound effects on the size and/or morphology of
the product. For example, Xi et al. obtained nanocubes that
were ~ 25 nm across (Fig. 4a) utilizing again Cu(NOs),-3H,0 as a
copper precursor, which was dissolved in a mixture of ODA with
OAm solvents, followed by degassing at 110 °C for 1 h and heating
at 240 °C for only 10 min [78]. A three-stage mechanism was pro-
posed to describe the growth of the nanocubes: (i) nucleation to
form nanoparticles; (ii) growth of the nanoparticles to form nano-
cubes as a result of the surface tension effects of the solvents and
finally, (iii) a “molding stage” which leads to homogeneously dis-
persed uniform nanocubes. Yin et al. synthesized CusN nanocubes,
in an ODA/OAm mixture (~1:0.8 mass ratio), with side dimensions
of 25, 20 and 10 nm respectively by heating at either 240, 250 or
260 °C (for 30 min in each case) [79]. It was suggested that a higher
processing temperature promotes faster nucleation and results in
smaller NCs. Moreover, cubic-like nanostructures require a reac-
tion temperature of at least 240 °C, whereas at 230 °C spherical
nanoparticles are formed. Barman et al. succeeded in obtaining
nanocubes that were 10 + 5 nm across using an OAm/ODE solvent
mixture (1:1 vol ratio) at 210 °C for 15 min [80]. These small nano-
cubes were then decorated by gold nanoparticles using thermal- or
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light-induced growth processes. In the first case, the Au stock solu-
tion, prepared from chloroauric acid dissolved in OAm/ODE mix-
ture solution, was added to a CusN dispersion in ODE. The final
mixture was heated at 50 °C for 10 min and Au-CusN heterostruc-
tures with Au NPs with an average size of ~ 5 nm were obtained.
Decoration via a light-induced process was performed by the addi-
tion of a sonicated transparent Au solution (chloroauric acid dis-
solved in OAm) to CusN dispersion (prepared analogously as in
the thermal process) followed by stirring upon light irradiation
for 4 h. After that the mixture was heated at 40 °C for 15 min. As
a result, single Au NPs with an average size of ~ 10 nm were dec-
orated on particular corners of the CusN structures. Therefore,
light-induced thermal growth promotes selective Au NPs deposi-
tion. The authors explored optical properties and photocatalytic
activity towards methylene blue and methyl orange. The Au-
CusN heterostructures exhibit enhanced catalytic activity in com-
parison to pure CusN nanocubes.

A modified synthetic approach was presented by Sithole and co-
authors. They prepared copper nitride nanocrystals using a bis(pyr
role-2-carbalpropylominato) (PPC) Cu(ll) complex as a precursor
and employed only ODA as a solvent. After degassing the solution
at 105 °C, for 1 h, followed by very brief heating at 260 °C for 5 min,
it was observed that the resulting CusN nanocrystals were spheri-
cal in stark contrast to the nanocubes that form almost by default
when using a copper nitrate precursor [81]. The authors concluded
that the pre-existing Cu-N bond in the PPC complex starting mate-
rial prevents the formation of either CuO or Cu among the reaction
products and that, by analogy, the use of precursors containing
NOs3 also act as nitrogen sources and similarly prevent the forma-
tion of oxide products. It was not obvious from these data alone,
however, as to why spheres were formed using the PPC precursor.
Some of the same authors then also studied the effects of returning
to Cu(NOs),-3H,0 as a precursor and contrasting ODA with HAD as
solvents in the CusN synthesis. The ODA and HAD solvent reactions
led to 41 nm sided nanocubes and 4 nm diameter spherical parti-
cles, respectively. It was also found that the synthesised CusN NCs
could be easily sulfided to form Cu,S and CugSs [82,83].

The latest research in this field has focused on the effect of time
on the synthesis of CusN nanoparticles in octadecylamine (ODA)
[84]. Copper(II) nitrate was used in these experiments as a precur-
sor and thermally decomposed at 260 °C. The authors proposed
that four steps were involved in the nitrate thermolysis: nucle-
ation, growth, ripening and decomposition. After maintaining the
temperature for 15 min, well-defined copper nitride particles with
a size of 39 + 8.4 nm were obtained. Increasing the time to 20 min
induced the disintegration of the cubes and all the copper nitride
decomposed to metallic copper within 60 min. In contrast to the
earlier proposed role of ODA, the authors suppose that the amine
acively participates in the reaction. The presence of a nitrile
(RCN) as a product of the thermal decomposition of octadecy-
lamine and, possibly, a capping agent of CusN particles was consis-
tent with the results of FTIR and NMR spectrum analyses, and the
following reaction was proposed (Eq. (6)):

3 Cu(NOs); + 3 CH3(CH, )16CH2NH, — CusN + 5NO + 7/2 0, + 6 H,0 + 3 CHs(CH, )16C=N
(6)

From the various solvothermal syntheses reported above, a per-
ceived disadvantage of the procedures using long-chain amines
such as ODA and OAm would be the requirement for reaction tem-
peratures above 200 °C. This issue was overcome by Deskmukh
et al. who discovered that the fabrication of ultrasmall (~2 nm)
CusN particles (Fig. 4b) could be achieved by the reaction of a cop-
per(Il) methoxide (Cu(OMe),) precursor with benzylamine (under
argon) at lower temperatures for short reaction times (e.g. 140 °C
for 15 min). The reaction mechanism for the CusN synthesis that
was proposed by the authors is presented below (Egs. (7)-(10)).
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Fig. 4. SEM (f, g, i) and TEM (a-e, h) images of different CusN structures synthesized via solution-based (a-g) and solid-state (h-i) synthesis showing: (a) an ordered array of
Cu3N uniform nanocubes from Cu(NO3),-3H,0, precursor in ODA/OAm [78]; (b) spherical particles from Cu(OMe), precursor and benzylamine [58]; (c) quasi-spherical
particles from Cu(NOs),-5H,0 precursor and HMT/n-hexanol [87]; (d) aggregates of distorted cubes from Cu(OAc),-H,O precursor with NH3 gas and 1-nonanol [56]; (e)
clusters of platelets synthesized from a copper tetradecanoate precursor with NH; gas and 1-nonanol [89]; (f) pyramidal microcrystals growing from cubic crystalline faces
formed in the reacion of CuO, NHsaq and MeOH (SEM image) [91]; (g) porous microparticles (foams) synthesised from a Cu,CO3;(OH), precursor and NH,OH - NH4HCO3
solution [92]; (h) irregular nanocrystals produced from Cu,0 and urea [66], and (i) ill-shaped submicron particles from the solid state reaction of CuO with NaNH, (SEM
image) [85]. The figure was reproduced from Ref. [56,58,66,78,85,87,89,91,92] with permission from the rightsholders.

Altering the reaction temperature and time had somewhat pre-
dictable effects on the average crystallite size; crystallites
increased from 1.8 to 2.8 nm across as the temperature was
increased from 80 °C to 180 °C (reaction time was 1 h in each
experiment), whereas upon extension of the reaction time from 5
to 60 min (at 140 °C), the crystallite size increased from 2.2 to
2.5 nm accompanied by a more uniform size distribution. FT-IR
and TEM studies indicated that the benzylamine modifies the sur-
face of nanoparticles and plays the role of a surfactant that pre-
vents NP agglomeration [58].

N
©/\NH2 + 2Cu(OMe), — @/\NH + 2 CuOMe + 2 MeOH

()

AN ~
©/\NH2 . @/\NH . ©/\N/\© -
(8)
ZN
N £
©/\NH + 2Cu(OMe), — = + 2CuOMe + 2 MeOH

9)

3 CuOMe + NH3 —Cu3N + 3 MeOH (10)

The CusN NPs prepared using benzylamine were subsequently
used as a component of the first reported transition metal nitride
aerogel in the form of 3D network of ultrasmall nanoparticles
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bridges. The specific surface area of the nitride aerogel was deter-
mined to 381 m? g~!, which is almost 40 times greater than that of
bulk CusN powder (10 m? g~!) and significantly higher than
reported value for CusN nanostructures (48 m? g~') [85]. The aver-
age density of the aerogel was calculated to be 0.31 g cm >, which
makes this value about 20 times lower than that of the bulk pow-
der (5.84 g cm~3). Such highly porous CusN-based materials, show-
ing extremely different properties from the corresponding bulk
powders, can be used for improved applications, e.g. in the field
of catalysis [86]. Mondal et al. reported a solvothermal process
realized by using hexamethylenetetramine (HMT), in which the
amine acted both as a reducing and nitriding agent, albeit indi-
rectly (Eqs. (11)-(13)). The process involved the dispersal of the
precursor Cu(NOs),-5H,0 in n-hexanol prior to the addition of
HMT. The mixture was purged with argon and heated at 200 °C
for 1 h. Three reaction steps were proposed to occur: (i) in situ gen-
eration of ammonia and formaldehyde, (ii) reduction of Cu(Il), and
(iii) nitridation of Cu(I) by NH5 produced in situ. Quasi-spherical
shaped CusN nanoparticles with an average size of 80 nm were
obtained (Fig. 4c) [87].

C¢Hi2Ny + 6 H,O — 6 HCHO + 4 NH; (11)
2 Cu?* +HCHO + H;0 — 2 Cu* + HCOOH + 2H* (12)
3 Cut + NH; — CusN + 3H* (13)

Nakamura et al. demonstrated that amines could be replaced by
long-chain alcohols and ammonia in the synthesis of CusN
nanoparticles from a suitable copper precursor (in this case, cop-
per(Il) acetate monohydrate; Fig. 4d). Ammonia gas (100 ml min~!)
was fed into solutions formed from long-chain alcohols ranging
from 1-pentanol to 1-nonanol heated from 130 °C to temperatures
close to the respective solvent boiling points (~200 °C). Single-
phase CusN was obtained only in 1-nonanol, 1-octanol or 1-
heptanol. It was observed that the purity of the nitride product
was improved with increasing alkyl chain length, thus the
increased hydrophobicity of the solvent and at higher temperature,
thus eliminating water from the reaction mixture [56]. The authors
proposed three stages in the mechanism of the nitridation reaction
on the basis of visual assessment of the solution color, UV-Vis
spectroscopy measurements, and GC-MS analysis of the super-
natant solution after CusN synthesis. They explicitly evoked the
formation of an ammine complex in the first step, viz. (i) the for-
mation of the copper(ll) ammine complex by reaction with ammo-
nia; (ii) the reduction of the Cu?* centre to Cu* by the long-chain
alcohol; (iii) decomposition of the ammine complex under ammo-
nia to form the nitride (Scheme 1).

Urea (CO(NH,),) was proposed as a more environmentally
friendly source of active nitrogen than ammonia. Nakamura and
co-workers showed that the composition, size and morphology of
the product could be controlled by varying the molar ratio of urea
to the copper-containing precursor (Cu(CH3C00),-H,0) [88]. Pure
copper nitride was obtained in the form of fairly large nanoparti-
cles (ca. 150 nm across) when at least 5 equivalents of urea were
used (5:1 urea:copper salt). By contrast, two or fewer urea equiva-
lents resulted in copper(I) oxide formation. Nakamura went on to

NH, NH,
Cu(OAc),(NH,),

Cu(OAc),H,0 Cu,N

HOCH,R 0O=CH-R
Scheme 1. The proposed reaction mechanism of copper nitride formation using
long chain alcohols and ammonia. (The font color corresponds to the colors of the

solutions.) The figure was reproduced from Ref. [89] with permission from the
rightsholder.
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demonstrate that varying chain length fatty acids could be inte-
grated within the salt precursor itself to produce CusN nanoparti-
cles of varying morphology [89]. Using a series of fatty acid copper
(11) salts (C,H21+1C00),Cu; wheren=1,2,5,7,9,11 and 13) as pre-
cursors, anisotropic plate-like particles were formed for n > 5
(Fig. 4e), while for shorter chain lengths, approximately isotropic
spherical particles were obtained [89].

Alternatives to ‘“standard” solvothermal syntheses demon-
strated that CusN could also be synthesized under relatively
extreme conditions, despite its metastable nature. Egeberg et al.
[90] developed an oxygen-free synthesis of CusN nanoparticles at
low-temperature, using pyridine as a solvent and copper(l) iodide
as a precursor. In this approach, liquid ammonia and KNH, were
added to a starting solution of Cul in pyridine at —35 °C, resulting
in formation of a copper(I) amide, Cu(NH;). The amide could then
be refluxed in pyridine at 130 °C to yield single phase CusN spher-
ical nanocrystallites (size ca. 4 nm) [90]. A radically different
approach was adopted by Li et al. who succeeded in growing
CusN pyramidal microcrystals (Fig. 4f) by heating a copper oxide
(CuO) precursor in a mixture of supercritical methanol and ammo-
nia over a temperature range of 200-280 °C under a self-generated
pressure of between 9 and 14 MPa [91]. Pure-phase CusN was
achieved at 250 °C and 12 MPa and it was suggested that MeOH
acts not only as a solvent but also as a reducing agent under super-
critical conditions.

An even more unconventional variation of a solution-based
CusN synthesis was developed by Kieda and Messing who applied
a spray pyrolysis technique using copper-ammine complex solu-
tions [92]. The precursor solutions were prepared by dissolving
Cu,CO3(0OH), or Cu(OH), in NH40H - NH4HCOs3 solutions, which
were then passed into a tube furnace as an aerosol using an ultra-
sonic nebulizer. A single-phase CusN product could be obtained
when using a Cu(OH), precursor in 1 M NH4HCO3 solution, which
after nebulization was dried at 100 °C and subjected to pyrolysis at
400 °C. However, it was not possible to obtain a pure nitride pro-
duct when using a Cu,CO3(OH), precursor and multi-phase pow-
ders composed of CuO, Cu,0 and CusN resulted (Fig. 4g).

From the evidence presented in this section, the solution-based
synthesis of copper nitride (Fig. 4) can present several advantages
in comparison to the ammonolysis of a solid copper precursor by
ammonia gas: (i) it is possible for solution reactions to be per-
formed at lower temperature (usually at elevated, autogenerated
pressure) with the main limiting factor being the boiling tempera-
ture of the solvent; (ii) it is not unusual to produce single-phase
product with appropriate choice of precursor and solvent; (iii) sol-
vents themselves (such as long chain amines) can be employed as
the nitrogen source, often fulfilling principles of green chemistry;
(iv) the temperature of the reaction can be used to control the size
and shape of CusN crystallites and can be exploited to particularly
favour nanoparticle formation; (v) the use of non-gaseous nitrogen
sources as starting materials (such as amines or urea) ensures easy
handling and higher precision in controlling the molarity of the
reagents, which is crucial for the quality of the product; (vi) there
is considerable flexibility in the available choice of copper precur-
sors from simple salts through hydroxides and oxides, to Cu(ll)
complexes and chelates. The only restriction appears to the oxida-
tion state of the copper in the precursor; in all reported cases
except one (when a Cu(l) precursor was utilized), suitable precur-
sors have contained copper(Il) ions and one electron reduction has
proved to be an important step in the synthesis process.

There would still appear to be a large number of chemical tools
available towards the ambition of producing copper nitride of con-
trolled size and shape reproducibly and in sizeable quantities.
From the many solution synthesis studies already performed, it is
evident that degrees of CusN synthesis control can be exerted by
physical parameters such temperature and pressure and by chem-
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ical variables such as solvent, nitrogen source, and precursor
selection.

2.1.3. Solid state synthesis

While by no means as widespread as solution or solid-gas tech-
niques, methods have also been reported to prepare copper nitride
exclusively in the solid state. Reichert et al. [66] successfully syn-
thesized CusN (Fig. 4h) by nitridation of Cu,O nanocrystals with
urea in a steel autoclave at 190 °C for 6 h. The study determined
that the solid state reaction with urea instead of reaction with gas-
eous ammonia used by authors as a second nitrogen source (see
2.1.1.), resulted in improved phase purity of CusN leaving only
1.6% Cu,0 and 0.4% CuO as contaminants [66]. In 2019 Panda et.
al. developed another angle to urea-based CusN synthesis which
incorporated aspects of both solid state synthesis and gas-solid
reactions (ammonolysis). In their experimental set up, a solid cop-
per(Il) acetate precursor was placed downstream from solid urea in
a tube furnace operating with a flow of Argon gas (2-3 1 h™!). The
advantages of this arrangement, as opposed to the use of NH3 gas,
come from the easy handling of urea and the ability to prevent the
over-reduction of the precursor to metallic copper in a controlled
manner. On heating (at 300 °C for 2 h), liberated ammonia (from
urea decomposition) reacts with the copper precursor to produce
phase-pure nanocubes (60-100 nm across), which were subse-
quently deposited on either nickel foam or fluoride-doped tin
oxide as electrodes for water electrolysis studies in alkaline media
[93].

Aside from urea, amides could prove to be a reactive alternative
solid state nitrogen source, but studies have to-date been very lim-
ited. Miura et al. were able to prepare sub-micron CusN particles by
the solid-state reaction of the oxide precursor, CuO and sodium
amide, NaNH,. Heating the powders under nitrogen at tempera-
tures of 120-190 °C over periods between 12 and 60 h was suc-
cessful in producing the required nitride product (Eq. (14);
Fig. 4i). Single-phase CusN formation was possible over the nar-
rower temperature range of 150-170 °C when heated for 60 h [85].

3 CuO + 3 NaNH; — CusN + 3 NaOH + NH; + 1/2 N, (14)

Solid state synthesis methods to CusN remain relatively
untested and have been performed almost exclusively with urea
as a nitrogen source. It is unclear whether the reaction proceeds
by the initial thermal decomposition of urea in all these cases.
The copper precursors in these reactions need be no different from
those used in solid-gas or solution state syntheses and just as in
the latter case, the particle size appears to be controllable as a
function of reaction temperature and time. In principle, however,
the range of solid nitrogen sources extends significantly beyond
urea (and sodium amide) and their successful selection is likely
to be governed by their relative stability; highly exothermic reac-
tions will undoubtedly lead to CusN decomposition and has previ-
ously excluded the use of solid state metathesis techniques to
synthesise metastable late transition metal nitrides using alkali
or alkaline earth metal nitrides for example [94].

2.2. Thin films of copper nitride

Methods to prepare transition metal nitride thin films can be
divided essentially into physical and chemical approaches [95].
Among these fabrication techniques, the vast majority can be clas-
sified under the category of physical deposition methods (PVD),
which mostly comprise RF or DC magnetron sputtering techniques,
but also include molecular beam epitaxy (MBE), pulsed laser depo-
sition (PLD) and ion-assisted deposition (IAD). By contrast, the
number of different CusN chemical deposition methods that have
been described is rather more limited and approaches are domi-
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nated by variations on chemical vapor deposition (CVD) or
ammonolysis reactions (AR) for this purpose. In this following sec-
tion, the requirements of both physical and chemical growth meth-
ods will be considered with an emphasis on the latter strategy. The
parameters that govern the successful deposition of copper nitride
films will be presented and discussed.

2.2.1. Physical deposition methods

When considering the history of CusN thin film studies, it is
worth beginning with the research dedicated to the reconstruction
of a copper surface exposed to nitrogen. Several experimental stud-
ies have been conducted in order to understand the interaction
between gaseous nitrogen and the Cu(100), Cu(110) and Cu
(111) surfaces [96-100]. Since molecular nitrogen does not readily
chemisorb on a copper surface, due to the strong N-N bond, the gas
first has to be activated in an electron beam during exposure
[101,102]. Lee and Farnsworth reported the first studies on N/Cu
(100) interactions using low-energy electron diffraction (LEED)
and observed formation of a two dimensional surface Cu(100)c
(2x2)-N (i.e., CuzN) [101]. Further research on the N-Cu(100) sys-
tem performed by Burkstrand et al. indicated that the nitrogen
binds to the surface at a four-fold-hollow (ffh) symmetric site,
while adsorbed 0.145 nm above the first layer of copper
[103,104]. Deposition of more than a half of a disordered mono-
layer was performed using a 100 eV beam and a pressure of
5-107° Torr, followed by heating at 445 °C, which resulted in layer
modification and the formation of an ordered c(2x2) pattern [99].
Zeng et al. prepared an ordered Cu(100)c(2x2)-N surface by expos-
ing copper to nitrogen gas activated by a 200 V ion gun at 5-107°
Torr, and annealed at 270 °C [105]. The detailed study of the recon-
structed surface structure was based on a comparative model of
bulk copper nitride. Heskett et al. suggested that copper nitride
layers formed due to the nitrogen-induced reconstruction of the
Cu(110) surface into a (2x3) pattern (under an applied pressure
of ~ 5-10~° Torr, using a beam energy of 200 eV and a current
of ~ 2 pnA) [98]. Also Grimsby et al. studied the Cu(110)-(2x3)-N
surface formed after nitrogen-ion bombardment (with a beam
energy of 200, 250 or 500 eV and a nitrogen pressure of 5-9-107°
Torr) and suggested a model in which every other <001> row is
missing and a structure analogous to the CusN(110) surface, where
every third nitrogen atom was lacking [106]. Scanning tunneling
microscopy (STM) studies of the Cu(100)c(2x2)-N surface
(5-10~* Torr, 500 eV) revealed formation of square-shaped struc-
tures with 5.2 nm sides, running parallel to the [100] directions
[97]. In subsequent years, numerous reports in the literature
described the structure of the so-formed ultrathin Cu,N layers or
islands also referred to as ‘copper nitride’, but a detailed descrip-
tion of the different N/Cu adsorption phases will not be discussed
in this review, since it has already been the subject of a large num-
ber of experimental and theoretical studies [107-109].

Sputtering is well-known among physical vapour deposition
(PVD) methods used for the fabrication of films of metals, alloys,
oxides, fluorides, carbides and nitrides (among others). Four varia-
tions of sputtering are commonly employed: radio-frequency (RF),
direct current (DC), magnetron and reactive sputtering [110]. Since
the pioneering work by Terada et al. (1989) on the epitaxial growth
of copper nitride, RF sputtering has become the most widely used
mode of copper nitride thin film fabrication. The authors obtained
a single crystalline CusN thin film using a Cu metal target and sev-
eral alternative substrates: (0001)-cut Al,03, MgO, SrTiOs, glass
and highly-oriented Pt films epitaxially grown on MgO (Pt/MgO).
An argon/nitrogen mixture (Ar:N, = 3:2) was used as a sputtering
gas at a pressure of 30 mTorr while maintaining a substrate tem-
perature of 100 °C. The highest quality CusN films were grown
on Pt/MgO substrates, with a preferred (100) plane orientation
[111]. Later, Maya successfully deposited nitride films of tin, cop-
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per and nickel by DC reactive sputtering in a nitrogen plasma [41].
The quality of the films was such that the chemical composition
and thermal behavior of the Sn3zN4, CusN and NisN materials could
be studied systematically; the crystalline CusN film was discovered
to decompose at 465 °C (He; 10 °C min~!), which is significantly
higher than the temperature usually observed for bulk powder
(see section 2.3). Various other modifications of sputtering tech-
niques have also been successfully employed to fabricate CusN
films, including reactive RF magnetron sputtering ion plating
(MSIP) [112], DC triode sputtering [48], ion beam assisted DC mag-
netron sputtering [113] and pulsed magnetron sputtering [96].

From the point where CusN films were first grown, the majority
of subsequent physical deposition studies was focused on manipu-
lating the sputtering process conditions to improve the structural
properties of the nitride films. In consideration of the thermody-
namic metastability of copper nitride, it is the nitrogen activity
on the substrate surface that is the factor that determines the
growth and physical properties of a CusN film [29]. This, in turn,
can be tuned via the sputtering process parameters such as the
total gas pressure in the reaction chamber, the nitrogen content
in the gas mixture, the substrate temperature and the substrate-
target distance; each of these processing variables has been stud-
ied in detail. In one such systematic study, Maruyama et al. depos-
ited highly [100] oriented polycrystalline CusN films by RF reactive
sputtering (RF power: 20-400 W, substrate temperature: 50-
300 °C, total sputtering pressure: 0.76-28 mTorr) and noted the
correlation of the cubic CusN lattice constant, a, with the substrate
temperature, total reaction chamber pressure, and the power of the
RF source [114].

The nitrogen partial pressure has also proved to be a significant
variable in sputtering and can have a considerable impact on the
grain size, crystal orientation and stoichiometry of CusN films.
These features of the film are critical in determining the optical
and electrical properties of the deposited material
[39,42,52,115,116]. The composition of copper nitride films was
demonstrated to be highly sensitive to the total sputtering pres-
sure (over an applied range of 6.7-130 Pa) and on the N, content
within the chamber (0-100%) [52]. Four categories of Cu-N films
could be defined under these conditions of varying nitrogen partial
pressure: (i) metallic Cu-rich films with a positive temperature
coefficient of resistivity (TCR), (ii) semiconducting Cu-rich films,
(iii) semiconducting stoichiometric CusN films and (iv) semicon-
ducting N-rich films with a negative TCR. The transition from
sub-stoichiometric (Cu-rich) phases to the stoichiometric phase
was noted at a 75% (minimum) content of nitrogen and a total
pressure of 67 Pa (or a 50% nitrogen content at a total pressure
of 130 Pa), whereas the change from metallic to semiconducting
Cu-rich phases occurred at an N, content of 50% at 67 Pa (or 10%
N, at 130 Pa). Soon afterwards it was observed that the film depo-
sition rate slightly increases for nitrogen partial pressures between
0.03 and 0.13 Pa prior to decreasing again gradually (above
0.13 Pa). Strongly textured films, again with a [100] crystal growth
direction, were produced at a temperature of 100 °C, an applied RF
power of 100 W and a nitrogen pressure of 0.4 Pa [42].

Other studies focused on the substrate temperature during the
deposition process and its impact on the structural, mechanical
and opto-electrical properties of copper nitride films
[49,117,118]. The microhardness of films can increase from 2.7 to
4.4 GPa by increasing the substrate temperature from 30 to
200 °C, although this declines to 4.1 GPa when the temperature
is raised further to 250 °C [49]. Simultaneously, these substrate
temperature increases from 30 to 250 °C had the effect of decreas-
ing the electrical resistivity of the films from 8.7-107" t0 1.1.10> Q
cm and narrowing the optical band gap from 1.89 to 1.54 eV. Kim
et al. noted an important correlation between sputtering condi-
tions and growth showing that film growth in the [111] direction
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became preferable at N, pressures below 2.50 mTorr (at a substrate
temperatures of 150 °C), whereas the normal [100] growth direc-
tion resumed at 3.75 mTorr (and a substrate temperature of
250 °C) [38].

Perhaps unsurprisingly, just as N, partial pressure can have an
impact on the composition and structure of copper nitride films,
so can the nitrogen flow rate exert a considerable influence and
its effect on growth rate, grain size and morphology has been stud-
ied extensively [37,119-122]. For example, Pierson et al. investi-
gated the sensitivity of RF-sputtered CusN film composition and
structure to the nitrogen flow rate and noted that below 4 sccm
(cm® min~! under standard conditions) the films were sub-
stoichiometric, while at higher flow rates they were over-
stoichiometric in nitrogen. At the critical nitrogen flow rate of 4
sccm, the layers are almost stoichiometric. The size of the
nodular-like grains within the films became larger as the nitrogen
flow rate was increased and the usual [100] orientation was
observed for N, flow rates in excess of 4 sccm. Just as was observed
for lower nitrogen partial pressures in earlier studies, the film
growth switched to the [111] direction at lower N, rates (3-4
sccm) and accordingly the morphology of the film changed to
one of a “facetted” (pyramid-like) crystalline appearance [120].

Generally the dominance of sputtering methods in the fabrica-
tion of metal nitride thin films arises from the rapid deposition
rate, strong adhesion and high quality that can be achieved
[123]. Sputtering methods offer versatility and fine control of
deposition parameters (e.g. nitrogen partial pressure and flow rate,
deposition pressure and temperature, applied RF power), which
yield copper nitride films of high specification, repeatably and reli-
ably. Physical deposition methods are likely to be central in the
future development of materials based on copper nitride films. This
is equally true of evolving physical deposition techniques - such as
ion-assisted deposition [47], deposition by RF plasma chemical
reactor-supersonic plasma jet systems [124,125], shielded reactive
vacuum arc deposition [126], molecular beam epitaxy (MBE)
[33,45] or reactive pulsed laser deposition (RPLD) [44] - as it is
of established RF and DC sputtering methods. Studies using these
newer physical deposition methods are also focusing on how pro-
cessing parameters can be managed to deposit copper nitride to
prescribed standards.

2.2.2. Chemical deposition methods

Chemical deposition methods towards the fabrication of CusN
films mostly concern gas-phase processes, such as chemical vapor
deposition (CVD) and atomic layer deposition (ALD). CVD and ALD
processes were originally studied using precursors such as Cu
(hfac), and [Cu(*Bu-Me-amd)], with an onus on determining the
phase composition, growth rate and morphology of the resulting
copper nitride films [127-131]. It should be noted, however, that
none of these CVD or ALD syntheses involve single-source precur-
sors and that combining the precursor with reactive ammonia gas
in the reaction chamber is essential.

Just as ammonolysis reactions can be used to prepare bulk pow-
der samples of copper nitride, as described in section 2.1.1, so it
can also be applied for the fabrication of CusN thin films, on the
condition that substrate preparation (which might necessitate a
prior precursor deposition step) is possible. The simplest form of
such a reaction is arguably to ammoniate a copper surface directly
and Terao originally performed such an ammonolysis experiment
using metallic copper at 350 °C for 2 h [132]. The resulting films
were characterised by electron diffraction. In recent years, two-
step processes have been developed consisting of: (i) the deposi-
tion of a copper precursor followed by (ii) the ammonolysis of
the fabricated layer. Szczesny et al. reported preparation of
microstructured CusN thin films by the ammonolysis of a Cu(CFs-
COO0), precursor using solution-based deposition techniques, such
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Fig. 5. A scheme for the synthesis of CusN nanowires supported on copper foam.

as spin- and dip-coating or via nebulization [64]. The same authors
attempted to utilize wet chemical deposition methods and copper
(I1) ketoxime complexes but homogeneous nitride films could not
be realised [133].

Recently, the fabrication of copper nitride nanowire arrays
grown on copper foam substrates has attracted considerable inter-
est. The synthesis route starts from the growth of Cu(OH), nano-
wires on a Cu foam in an alkaline solution of (NHs),S,0g and
NaOH, followed by nitridation of the hydroxide nanowires under
a flow of gaseous ammonia (Fig. 5) [134,135]. Similarly, Li et. al.
synthesized a CoN/CusN nanotube array decorated with carbon
and supported on Cu foam using this facile method as a basis
and investigated the applicability of the supported nanotubes to
act as an electrocatalyst for overall water splitting [136]. The hier-
archical nitride nanocomposite showed activity towards both the
hydrogen and oxygen evolution reactions. Similar simple
solution-initiated deposition methods can be used to fabricate
many different arrays of related low-dimensional supported cop-
per nitride nanostructures. These intricately designed structures
have potential applications as supercapacitors or sensors
[134,135,137]. One such example of a prospective device was con-
structed from CusN nanowires grown on Cu foam combined with
ultrathin CoFe-layered double hydroxide (LDH) nanosheets to form
composite 3D hierarchical architectures termed as CusN@CoFe-
LDH core-shell nanowire arrays (NWAs) (Fig. 6) [137]. The asym-
metric supercapacitors built from the high surface area Cus-
N@CoFe-LDH electrodes exhibit impressive energy densities of
2.474 mW h cm® and 92.6% reversibility after 10,000 cycles. The
enhanced conductivity of CusN cores in comparison with Cu-
based oxides are a vital component towards achieving this level
of performance. The latest research presents CusN nanowire arrays
synthesized also by an ammonolysis reaction but from copper(Il)
oxide precursors grown on electro- or PVD-deposited copper sur-
faces in an ammonia solution [138].

2.3. Properties and applications of binary copper nitride

Properties of copper nitride thin layers strictly depend on stoi-
chiometry [139] and in many cases nonstoichiometric materials

were deposited. In the case of bulk copper nitride these properties
are more harmonised. CusN is firmly established as a non-toxic,
metastable intrinsic semiconductor characterised by a relatively
high electrical resistivity and low reflectivity. The reflectivity of
CusN was studied in depth by Cremer and co-authors when they
considered the applicability of the material for write-once optical
data storage [31]. They determined that the laser induced decom-
position of thin films resulted in a change in the reflectivity from
3.2% to 33.2% as nitrogen was removed from CusN to form Cu
metal. The optical energy gap (E;) is one of the most important
parameters that characterises semiconductors, especially in the
context of materials design and the suitability of a semiconducting
material for a given device and application. According to the liter-
ature, CusN has an experimental band gap of between 0.8 and
1.9 eV [42,45,114,118,125]. Corresponding theoretical studies
arrive at values that are generally smaller, ranging from 0.23
to ~ 1.0 eV [27,28,141,141], but it is not unusual for density func-
tional theory (DFT) to underestimate the band gaps of solids. Here
it is worth mentioning a recently published report on CusN layers
prepared from Cu on fused SiO,, by heating under an NH3:0, atmo-
sphere. These layers exhibit maxima in the optical transmission
related to the M and R direct energy band gaps of copper nitride,
which are in very good agreement with density functional theory
calculations (Fig. 7) [142]. In general, the size of the band gap
depends on the experimental conditions, which in turn determine
the chemical composition and microstructure of the material
[143]. The possibility of the practical application of copper nitride
is determined not only by the size of the band gap, but also by the
stability of the material under ambient conditions and at elevated
temperature. Compared to many more ionic nitrides, CusN is quite
stable under ambient conditions and can be stored over about
2 months, according to the literature [144]. Combination of both
moisture and air at room temperature lead to the spontaneous
degradation of CusN to CuO. The exposure to deionized water for
15 days results in production of ammonia in 60% chemical yield
(measured by the indophenol method) [66]. Copper nitride
nanoparticles were also stable in buffer solutions, excluding
ammonium acetate buffer, for 11 days [144]. The stability in air
enables many typical operations and manipulations to be per-

500nm

Fig. 6. SEM images of Cu(OH), nanowire arrays (NWAs) (a) and CusN NWAs (b, c). The figure was reproduced from Ref. [137] with permission from the rightsholders.
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Fig. 7. Electronic band structure of CuzN with the M and R direct band gap
transitions detected experimentally and with the I' — R indirect transition. The
figure was reproduced from Ref. [142] with permission from the rightsholders.

formed in ambient conditions and allows for generally unproblem-
atic characterisation of CusN. Given its acknowledged metastabil-
ity, the thermal stability of CusN is not high yet according to the
literature, there is some discrepancy in its thermal decomposition
temperature at ambient pressure; typically the decomposition of
copper nitride films and powders can vary over a range of approx-
imately 350 °C (from 100 °C to 450 °C), but the powders are
reported to decompose from ca. 350 °C [35,50,64|. The lowest
decomposition temperature detected for CusN films annealed in
vacuum conditions (pressure = 6-10 ~ * Pa) amounted to 100 °C
[39].

Applications of copper nitride have been mainly considered in
the context of thin films until quite recently. Due to the low ther-
mal decomposition temperature, low reflectivity and high electri-
cal resistivity CusN films were extensively studied towards their
implementation in optical storage technology. Many authors have
investigated the use of CusN as a useful precursor to elemental
copper and the transformation of copper nitride to metallic copper
by thermal treatments [145,146], laser irradiation [36,47,148,148]
or electron beam-induced decomposition [35,150,150]. The signif-
icant change in reflectance that occurs during this CusN-Cu trans-
formation signals the applicability of copper nitride as a material
for use in optical data storage devices and the nitride is a very
attractive non-toxic alternative to tellurium-based materials in
this context [37,47,116]. The easily induced metallization process
has been promoted to be a readily implementable way to generate
microscopic Cu metal lines in the production of integrated circuits
[147]. Furthermore, the electrical properties of CusN itself are
likely to be advantageous for spintronics applications and specifi-
cally to serve in low resistance magnetic tunnel junctions for mag-
netic random access memories [33,45]. Other novel applications
where the development of copper nitride films can be seen as
advantageous are based on the use of CusN as a component in elec-

CuzN NW foil
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-
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tronic devices such as thin-film transistors (TFTs) and complemen-
tary metal-oxide semiconductor (CMOS) circuits [151].

Aside from electronics, the major applications of copper nitride
are likely to involve its integration into energy storage or conver-
sion systems. Over the last 2 decades a growing number of inves-
tigations of copper nitride electrochemistry have lent support to its
use as an electrode in lithium ion batteries [57,58,67,152]. Follow-
ing original investigations by Pereira et al. where the behaviour of
CusN as a conversion anode was first mooted [55], subsequent
studies have investigated the suitability of the material in both
Li-ion and Na-ion cells. Li and co-workers, among others, used cyc-
lic voltammetry to assess the performance of a CusN electrode
using powder prepared from a Cu(OPiv), precursor in sodium
and lithium half cells [67]. Stable cycling behavior was observed
for CusN both in sodium and lithium cells and for the latter an
extremely impressive capacity of 1811 mA h g~! was measured
in the first cycle (at 0.5 C). The cycleability was not so impressive,
however and by the 50th cycle the capacity dropped to
287 mA h g . According to theoretical calculations, the large voids
present in bulk CusN crystals should be advantageous both in
terms of high lithium mobility and the ability to store large
amounts of lithium (thus achieving high specific capacity) [141].
Moreover, CusN nanosheets were predicted to exhibit much lower
energy barriers to lithium ion motion (ca. 0.09 eV) than other exist-
ing or proposed electrode materials, including graphene, for exam-
ple (with an activation energy for Li-ion conductivity of 0.37 eV
[153]). Furthermore, for hypothetical CusN nanosheets the maxi-
mum capacity is predicted to reach 1008 mA h g~' [141]. For com-
parison various transition metal compounds (oxides, sulfides,
fluorides, nitrides etc.) can reach theoretical capacities of between
500 and 1500 mA h g~! [154]. In contrast, commercial graphite
electrodes exhibit a Li capacity of 372 mA h g ! [155]. Given the
prospects of high ionic and electronic conductivity when using
CusN as a conversion electrode, but noting also the less than spec-
tacular reversible capacity, copper nitride would appear to be more
viable as a component of the electrode-electrolyte interface than
as an anode itself. With this in mind, copper nitride nanoparticles
were combined with styrene butadiene rubber to form a layer not
only with high ionic conductivity (when lithiated, Cu metal and
fast ion conducting LisN are formed) but also with the high
mechanical strength and flexibility that would subdue the dendrite
growth that occurs on cycling a lithium metal anode. When tested
as an artificial solid electrolyte interphase (SEI) layer the CusN-
rubber nanocomposite was found to sustain the performance and
cycle life of a Li metal anode-lithium titanate (LTO) cathode cell
considerably [156]. Recent work has built on this CusN SEI princi-
ple either employing a copper nitride layer at the external surface
of the copper current collector at the Li anode (in a cell using an
LiFePO4 cathode) or by printing CusN nanowires directly on to
the Li anode surface [157,158]. In this latter example, CusN nano-
wires were transferred onto the surface of lithium foil by roll-
pressing (Fig. 8). During operation this surface layer is converted

Li;N@Cu NWs — Li

Fig. 8. The scheme of fabrication of CusN NWs printed on Li foil by a roll-press method. The figure was reproduced from Ref. [158] with permission from the rightsholders.
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to LisN/Cu nanowires. The LisN@Cu coating was used as an artifi-
cial SEI with an Li anode successfully over multiple cycles without
significant capacity fade for cells with either an LiCoO, (300 cycles)
or Li,Tis0,5 cathode (1000 cycles) at a current density of 2 mA cm 2
[158]. Moreover, according to Park et al. [159], forming CusN onto
3D Cu foam or 3D Cu rod surfaces allows for smooth Li stripping/-
plating without dendritic growth of Li. The Li/3D Cu anodes pre-
pared by this procedure exhibit stable long-cycle performance in
symmetric cell tests.

Not only has copper nitride recently been shown to exhibit high
electrochemical activity, but also it has been revealed to demon-
strate appreciable catalytic activity for a range of important reac-
tions. CusN nanoparticles supported on superparamagnetic SiO,
microspheres (CusN/FesN@SiO,) were investigated towards the
Huisgen 1,3-dipolar cycloaddition (HDC) of azides and alkynes
(Scheme 2), which is a process conventionally catalysed homoge-
nously using soluble Cu(I) complexes. All of the reactions per-
formed in the presence of tertiary amines proceeded rapidly with
good yields and high selectivity and with reaction kinetics compa-
rable to the equivalent processes catalysed by the aforementioned
Cu(I) complexes. Moreover, the CusN catalyst is non-cytotoxic and
easily recovered for further use, which makes it an extremely
attractive alternative to the existing state of the art and encourag-
ing for the development of a new generation of catalysts [63].

As briefly indicated above in the section on chemically-
deposited thin films (section 2.2.2), substantial efforts have been
made to investigate copper nitride as a new catalyst in the fields
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Scheme 2. The scheme for the synthesis of 1,2,3-triazoles using a CusN/FesN@SiO,
catalyst. The figure was reproduced from Ref. [63] with permission from the
rightsholders.
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of sustainability, energy and the environment and not least in
the context of water electrolysis. Exploration of the electroactivity
of the nitride in the oxygen and hydrogen evolution reactions (OER,
HER respectively) and also in the oxygen reduction reaction (ORR)
has already shown that CusN holds considerable promise for
renewable energy production systems [55,78,79,87,93,159-162].

Encouragingly, recent reports also indicate that copper nitride
can be used very effectively as a catalyst in the carbon dioxide
reduction reaction (CO,RR). Presently, Cu-based electro-catalysts
are considered among the best suited for electrode materials in
the CO,RR, readily catalysing the reaction of CO, to hydrocarbons.
However, studies now indicate that the selectivity offered by poly-
crystalline copper-based electrodes is not easily improved and a
wide range of hydrocarbon products are often formed [163]. In
an effort to overcome this problem, extensive research has been
conducted on new Cu-based electrodes with the aim of reducing
the required overpotential and of improving selectivity. Mi et al.
synthesized CusN-derived Cu nanowires which exhibited a maxi-
mum Faradaic efficiency of 86% at —1.0 V and stability over 28 h
electrolysis [164]. The CusN-derived nanowires offered superb C2
selectivity without a significant loss of activity and could consti-
tute a future direction for electrocatalyst design for CO,RR. Yin
and co-workers went one step further and used nanostructures
of CusN itself as a highly effective CO,RR catalyst [79]. They
showed that CusN nanocubes were stable and selective to ethylene
production (yielding a C;H4:CH,4 molar ratio of greater than 2000)
at —1.6 V, with a Faradaic efficiency of 60%. It was suggested that
the high CO,RR selectivity to CoH4 was dependent on the presence
of Cu(I) and that the species was stabilised within the CusN struc-
ture. Liang et al. indicated that CusN fulfilled a role as an inert sup-
port modifying the electronic structure of Cu metal at the surface
(Fig. 9) [165]. This catalyst showed higher selectivity towards C,.
species formation than was observed when using either CuO or
pure Cu as an alternative. It is already evident from these recent
studies that not only is Cu-CusN a very promising catalyst combi-
nation for CO, reduction but also that with further understanding
of the role of each component, it should be possible to tune the sta-
bility, activity and selectivity further [166].

3. Multinary copper-based nitrides

We would like to start by defining the scope and limits of this
section. The physical and chemical approaches to the deposition
of copper nitride thin films were covered in detail in the sections
above. As briefly alluded to in those sections, the doping of films
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Fig. 9. Synthesis scheme for a Cu-on-CusN catalyst. The figure was reproduced from Ref. [165] with permission from the rightsholders.
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to increase compositional complexity and to induce new beha-
viours is an important part of nitride thin film research. Such dop-
ing of PVD- and CVD-deposited CusN films to create pseudo-
ternary and higher compositions has been discussed comprehen-
sively in a recent review and we do not intend to repeat that infor-
mation here [53]. Rather, in this section we would like to focus on
compounds representing families of complex (multinary) copper
nitrides, which can be synthesised as bulk powders, nanoparticles
or single crystals by chemical rather than physical methods. These
compounds are intrinsically very difficult to prepare and handle
and consequently it is unsurprising that only a handful of these
have been described to date.

3.1. Preparation and structural characterisation

Extensive studies have provided an array of synthetic methods
that give access to a wide range of compounds spanning very dif-
ferent structures in which Cu-N bonding is present. These exam-
ples encompass well-known structure types such as (anti-)
perovskite and delafossite, as well as compounds that exhibit
unprecedented crystal structures that typically contain infinite -
Cu-N- chains, discrete copper nitride units, or a mix thereof. The
predominant oxidation state of copper is + 1 throughout and it is
worth mentioning that in all reported compounds, the Cu(I) ions
are linearly coordinated by N atoms with bond lengths remaining
close to a value of 1.9 A. In fact, the longest Cu-N distances in an
inorganic nitride were revealed in a set of compounds containing
Ta or Nb (with Cu-N distances of 2.08 A and 2.07 A respectively)
[167-169]. This moderate increase in bonding distance has been
explained by the fact that corresponding Ta/Nb-N interactions
are significantly covalent in character and stronger than those
observed with, for example, alkaline earth metals in ternary and
higher nitrides [170].

3.1.1. Ternary copper nitrides

3.1.1.1. Compounds with the anti-perovskite structure, CusMyN. It is
perhaps not surprising that copper is able to form anti-perovskite
nitrides given that the structure of the binary compound, CusN,
is already so closely related. The anti-ReO3 copper(I) nitride struc-
ture transforms to that of perovskite simply by the occupation of
the cubic body centre (Fig. 10).

The first of the anti-perovskite copper nitrides were discovered
in 1991. The two compounds CusPdyN, with M = Pd occupying the
central voids present in the CusN framework (Fig. 10), were
reported with x = 0.020(3) and 0.989(5) [25]. The cubic unit cell
expands as a result of progressive Pd insertion with a = 3.812(1)
Aand a=3.850(1) A for x =0.020(3) and x =0.989(5) respectively.
(In fact, the cell volume of the ternary nitrides appears to initially
contract on the introduction of Pd as compared to the parent,
CusN; a = 3.817(1) A). The compounds were prepared at high pres-

Fig. 10. Schematic showing the relationship between the anti-ReO; structure of
CusN (left) and the anti-perovskite structure of the ternary nitrides, CusMxN (right).
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sure and high temperature by reacting [Cu(NHs3),]NO3 with [Pd
(NH3)4](NO3), in supercritical ammonia at 500 °C and P(NHs) ~ 6
kbar in autoclaves. The silver-coloured phases appeared to be
metastable by analogy to the parent CusN and decomposed at
470 °C (a comparable temperature to CusN under similar condi-
tions [70]) to CusPd, and N,. The fact that the reaction conditions
were not extremely harsh and that the decomposition temperature
is not overly high meant that CusPd,N anti-perovskites were excel-
lent candidates to target via alternative and gentler synthesis
methods. It was considered that nanoparticles might exist as more
stable alternatives to the metastable microcrystalline bulk pow-
ders. It thus transpired that CusPdN was the first ternary metal
nitride prepared in the form of colloidal nanocrystals, which were
obtained by heating copper(ll) nitrate and palladium(II) acetylace-
tonate in 1-octadecene with oleylamine under inert atmosphere to
240 °C and keeping the reaction at this temperature for 10 min
[59].

A second series of anti-perovskites was reported in 2004 as a
result of attempts to insert Li cations into the CusN framework
[26]. To achieve this, the authors attempted a typical chemical
lithiation procedure in which freshly prepared CusN was reacted
with n-butyllithium at 60 °C. The reactions resulted in black pow-
ders of composition Li,CusN (0 < X < 1). The anticipated intercala-
tion was not straightforward and was accompanied by a
substitution of Cu® by Li* in parallel. The reaction products could
be formulated as Li(2)y.,Cu(2),[Li(1),Cu(1);.yN], where (citing the
authors) ”x stands for the amount of intercalated Li determined
by chemical analyses and y for the amount of Cu being replaced
by Li, as determined by structure refinement”. This implies that
in the case when x =y, an anti-perovskite structure exists with (re-
duced) metallic copper captured inside the body centered voids of
the parent framework. It is also worth mentioning here that the
successful synthesis of ternary lithium copper nitrides had already
been achieved more than 50 years earlier, in 1949 [171]. However,
the original syntheses involved the reaction of lithium nitride with
metallic copper under a nitrogen atmosphere at 700 °C (with the
reaction initiating at ca. 620 °C). This was thus the “inverse” of
the chemical lithiation reaction (Cu(I) + Li(0) vs. Li(I) + Cu(0))
and the reaction products were entirely different, being the solid
solution of ternary compounds, Liz_xCu,N (0 < x < 0.3) [172]. Inter-
estingly, however, both these reactions are effectively topotactic,
with the M(0) reactant integrated into the parent structures of
the respective binary nitrides (either CusN or LisN).

3.1.1.2. Compounds with the delafossite structure. The novel and
isostructural ternary copper nitrides of formula CuMN, (M = Nb,
[167] Ta[168,169]) were obtained in solid state ion exchange reac-
tions, in which the pre-synthesised ternary nitride precursor
NaMN, was combined with a 5-fold excess of Cul under a nitrogen
atmosphere. In the case of Nb, this process could be achieved at
300 °C, whereas the equivalent Ta reaction required a higher tem-
perature of 400 °C; both reactions were complete over 48 h. The
two ternary CuMN, compounds form with the delafossite structure
(Fig. 11) which, despite the presence of linear N-Cu-N units, is
otherwise very different from the anti-ReO3 structure of CusN. In
fact, the CuMN, nitride structures are more closely related to the
NaMN, reaction precursor (with the o-NaFeO, structure); both
structures contain MN, layers and differ principally in the posi-
tions of the Na(Cu) atoms between the planes. As a result, despite
both starting material and products having the same space group,

R3m, the Na or Cu atoms between MN, layers are octahedrally or
linearly coordinated by nitrogen respectively.

3.1.1.3. Compounds with structures containing bent -Cu-N- nitri-
docuprate chains. There are two known ternary compounds of this



A Scigafa, E. Sztyk, L. Dobrzanska et al.

Fig. 11. Representation of the delafossite structure of CuNb(Ta)N, with Nb(Ta)Ng
octahedra arranged in layers which are interconnected by linear N-Cu-N units.

type, which have the general formula ACuN (A =Sr[173],Ba[170]).
Both can be synthesized in adapted solid state reactions with the
addition of a Na flux (liquid Na) to the solid state starting materi-
als. The method takes advantage of the low melting point (98 °C) of
metallic Na, and has proved increasingly popular in the synthesis
of ternary and higher nitrides since it facilitates the dissolution
of nitrogen-containing polyatomic species while depressing the
crystal growth temperature below the decomposition temperature
of the product(s) [174]. This technique appears to function best for
nitrides with some degree of ionic character, particularly those
containing alkali and alkaline earth metals, which have superior
solubility in sodium. Moreover, the sodium flux method can be
applied to the synthesis of a range of nitrides of which the ACuN
compounds are just a small subsection (although it appears most
suited to nitride structures containing discrete or 1D chain com-
plex anions, which could be a reflection of the solubility limits of
nitrogen in the sodium melt).

The synthesis of SrCuN (black crystals) was performed in an
autoclave using CusN powder, strontium pieces and NaNs as a
source of both sodium and nitrogen. The reaction involved heating
at a rate of 100 °C h~! to 800 °C and soaking for 24 h before cooling
to 500 °C over a period of 99 h. Above 300 °C, the sodium azide
decomposes rapidly to sodium and nitrogen, producing a maxi-
mum nitrogen pressure of ca. 25 bar at 800 °C [173]. The authors
also report that SrCuN can be accessed via an alternative reaction
under less extreme conditions in which Sr,N and CusN powder
(1:1) are heated under 1 bar of nitrogen pressure at 800 °C for
48 h [175]. The structure of the product, crystallising in the
orthorhombic Pnma space group (a = 9.045(2) A, b = 13.234(3) A,
c = 5.388(1) A), shows the presence of infinite, zig-zag 1D -Cu-N-
chains, which are kinked at every fourth N atom (or after every
third N-Cu-N dumbbell) (Fig. 12a). One remarkable feature of the
structure is the short intrachain distance between the closest Cu-
Cu ions in the zig-zag chains (between Cu atoms across a chain
kink, 2.476(3) A), indicating the presence of rather significant
cuprophilic interactions (by comparison, the single Cu-Cu bond
in the diatomic Cu, molecule is 2.22 A while in the solid state,
the Cu-Cu distance in metallic copper is 2.56 A) [176]. The zig-
zag chains run along the b-axis of the unit cell, with their packing
adopting a herringbone motif.

The synthesis of closely related BaCuN (black crystals) differs
from that of SrCuN mostly in the use of Cuy0 or Cu rather than
CusN as the copper-containing starting material. Thus, Cu,0(1)eq
uivalent/Cu(1)equivalent, BaNg;g(4)equivalents/Ba(2)equivalents,
NaNs; and sodium were sealed under argon in a niobium tube
and heated to 800 °C over a period of 12 h. After a further 12 h
at this reaction temperature, the tube was slow-cooled to ambient
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Fig. 12. Representations of the infinite nitridocuprate 1D zig-zag chains present in
(a) SrCuN and (b) BaCuN.

temperature over 100 h [170]. The sodium flux needs to be
removed post-reaction in order to isolate the crystalline ternary
nitride product and this is effectively achieved by washing or
extracting with dry liquid ammonia.

Interestingly, BaCuN is not isostructural with SrCuN (C2/c space
group of a monoclinic system with a = 14.462(2) A, b = 5.5700(8) A,
c=9.478(1) A, p =102.960(2)°). The zig-zag chains formed in this
case are asymmetric about each kink, each of which forms at every
third and second nitrogen, alternately (or after every 2 and 1 N-Cu-
N dumbbells) (Fig. 12b). The closest intrachain Cu-Cu distance,
which is between Cu atoms across a chain kink, is equal to 2.490
(2) A, which is virtually the same as that in the corresponding
strontium compound, again indicating the presence of notable
cuprophilic interactions.

3.1.1.4. Compounds with structures containing mixed complex nitri-
docuprate anions. There are a few examples of ternary copper
nitrides containing both the linear and bent moieties that exist
otherwise individually as described in the examples in the previ-
ous sections above. In fact, the kinked chains in SrCuN and BaCuN
could be considered as V-shaped units and linear dumbbells con-
nected by vertices to propagate infinitely in one crystallographic
direction. In contrast, metallic blue SrgCusNs5 forms a structure con-
taining linear (CuN,)>~ and V-shaped (Cu,N3)’~ nitridometallate
anions as separate isolated species [173]. Interestingly, this com-
pound was obtained as one of the co-products in the above-
mentioned sodium flux synthesis of SrCuN, using high pressure
nitrogen in an autoclave. The highest yield of SrgCusNs was
achieved using a Sr:Cu:NaNjs ratio of 1:2:10. The Cu(I) species pre-
sent in each complex anion can be clearly regarded as chemically-
different rather than simply crystallographically inequivalent. As
seen in the chain kinks of SrCuN and BaCuN, there is a significant
interaction between copper ions across the width of the V-
shaped anions. The Cu---Cu distance of 2.448(4) A is very similar

(b)

(@)

Fig. 13. Representations of the complex nitridocuprate anions present in SrgCusNs
and Ba;g[(CuN)s][Cu,N3][CusN,]; (a) linear (CuN,)® and V-shaped (Cu,Ns)’~ units
in SreCusNs; (b) fragment of a helical chain in Ba;g[(CuN)g][CusN3][CusNy].
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- although notably even shorter - than that in the infinite chains of
the 1:1:1 compounds (Fig. 13).

The black barium nitridocuprate, Ba;gCu;3N;s, which is more
helpfully formulated as Ba;g[(CuN)g][Cu,N3][CusN,], was obtained
by following the same synthesis procedure as that for BaCuN, but
by using a 1:5 M ratio of Cu:Ba and with barium nitride formed
as by-product [170]. The nitride has a crystal structure comprised
of an even more complex variety of nitrodocuprate anion geome-
tries. Each of these anions can again be viewed as being con-
structed from discrete linear [Cu,N5]’~ dumbbells and Z-shaped
[Cu3N4]°~ units. Meanwhile, the remaining infinite -Cu-N- helical
chains can be construed as a continuous ribbon of vertex-
connected V-shaped units (Fig. 13b). Since the compound crys-
tallises in the centrosymmetric monoclinic P2;/c space group, the
CuN chains present in the structure rotate in both senses relative
to the propagation direction. The closest contact between Cu-Cu
ions in the helical chains is 2.668(5) A, which is strikingly longer
than the equivalent distances seen in the kinked chains of BaCuN.
The helical chains form pseudo-layers which are separated by lay-
ers of discrete anions.

3.1.2. Quaternary copper nitrides

3.1.2.1. Compounds with structures containing either discrete or
infinite chain nitridocuprate ions. There are relatively few known
quaternary nitridocuprates and CaysBa[CuN;], is the only one of
these to contain only discrete complex anions (of any type). The
nitride was obtained as black crystals from a mixture of Cu, Ca
and Ba (2:1:1) following a synthetic procedure otherwise very sim-
ilar to that for the preparation of BaCuN. Large amounts of unre-
acted copper and barium nitride were found in the reaction
product [170]. The crystal structure (tetragonal, P4/ncc space
group, a = 8.2366(4) A, b = 12.5731(6) A) is perhaps surprisingly
simple in view of the structures of similar alkaline earth metal-
containing ternary compounds and the additional compositional
complexity of CazBa[CuN;],. Nitridocuprate ions are present only
as discrete linear [CuN,]°>~ dumbbells, which form pseudo-layers
together with the alkaline earth ions.

Two isolated compositions in the Sr-Ba-Cu-N quaternary sys-
tem were obtained as non-stoichiometric compounds, namely,
Sro.53Bag47CuN and SrggBag 1CuN. Each was prepared under similar
conditions to SrgCuslngNs, as described in the next section, using
Sr:Ba molar ratios of 1:1 or 1.5:1, respectively [177]. Interestingly,
structural studies revealed the presence of different types of nitri-
docuprate infinite zig-zag chains in each of the crystal structures. A
symmetrical zig-zag chain with four connecting N-Cu-N “links” in
each repeat unit of the chain (i.e. with a kink at every third nitro-
gen,; after every second N-Cu-N dumbbell) was revealed in the for-
mer, with a closest Cu---Cu distance of 2.4728(13) A. This might
also be viewed as an infinite chain of vertex-sharing, alternately-
inverted V-shaped (N-Cu-N-Cu-N) units, thus resembling a saw-
tooth wave (Fig. 14). By contrast, the chain motif in SrggBag;CuN
is almost identical to that in the compositionally very similar
SrCuN; namely with six N-Cu-N links in each repeat unit of the
chain (i.e. with a kink at every fourth nitrogen), with a much
shorter closest Cu---Cu distance of 2.36 A). By comparing the struc-
tures of these two quaternary compounds, Srgs3Bag47CuN and

Fig. 14. Fragment of the type of infinite nitridocuprate 1D zig-zag chain present in
Sro53Bag 47CuN.
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Sro.9Bag.1CuN and also the “parents” BaCuN and SrCuN, it is appar-
ent that the number of N-Cu-N links in each repeat unit of the
chain is dependent on the (average) size of the respective alkaline
earth cation, with an increasing cationic radius correlating with
zig-zag chains with fewer links per repeat unit (and thus a higher
concentration of kinks).

3.1.2.2. Compounds with structures containing both discrete and
infinite nitridocuprate ions. A series of intriguing indium-containing
quaternary nitridocuprates were each also synthesized by sodium
flux methods. Each of these compounds are noteworthy not only
because of the diversity of the component copper anions but also
due to the co-existence of In Zintl clusters within the same struc-
tures. The isostructural black metallic nitrides, BagCuslngNs [178]
and SrgCuslngNs [177] were prepared via an Na flux method in
which Ba (or Sr), Cu, In and Na were mixed in a molar ratio of
2:1:1:6 and heated following a complex temperature regime under
7 MPa pressure of Ny. Initially the reactants were heated to 1023 K
for 1 h, before slow cooling first to 823 K at a rate of 2 K h™! fol-
lowed by natural cooling to room temperature. High purity single
crystalline products were obtained by washing in liquid NH; to
remove remnants of the Na flux. The structures show the presence
of very different structural units. Complex nitridocuprate anions
are present as both infinite chains and discrete units whereas the
indium exists entirely in the form of homoatomic Zintl polyanions,
which themselves self-organise into infinite chains of metal clus-
ters (formed from the edge sharing of two crystallographically-in
equivalent In, tetrahedra) (Fig. 15).

A third compound of this general type, Ba;4Cu,IngN, was also
obtained by a sodium flux method similar to that described for
BagCuslngNs above, in this case using a larger amount of Ba starting
material (a Ba:Cu:In:Na molar ratio of 6:1:1:6 was employed)
[179]. This compound can be classified as a subnitride (with tenta-
tive charge allocations of (Ba®)(Ba%*),7(N>")g([CuN2]> " )a([Ing]® ),
and contains isolated [CuN,]°~ nitridocuprate units and no equiv-
alent infinite chains, however. The indium exists in isolated [Ins]®~
clusters. With a recent resurgence of interest in Zintl cluster chem-
istry, [180] these unusual hybrids have attracted curiosity in terms
of their fundamental inorganic chemistry, but could also prove to
have intriguing properties. Thus far, preliminary tests have shown
them to be metallic.

3.2. Properties and applications

Structural studies are often the first step towards uncovering
new applications. With regards to ternary and complex nitrides
and as shown in a recent review, [181] structure-property rela-
tionships are relatively well understood for the anti-perovskite
nitrides and with respect to copper, it is this family of multinary
nitrides that are consequently perhaps closest to potential applica-
tions. The ternary anti-perovskite nitrides, CusPdxN can be
switched from semiconductors to semimetals by increasing the
amount of Pd inserted into the anti-ReOs-type structure of CusN.
Computational studies reveal that a transition from essentially
covalent bonding to metallic bonding as Pd is introduced is mainly
caused by the hybridisation of Pd 5 s and 5p states with Cu 3d
states [28]. It was also suggested (based on computational studies)
that CusPdN could exist as new three-dimensional Dirac semimet-
als showing unique transport properties, [182,183] but this
hypothesis was not confirmed by studies performed on thin films
of the compound [184]. The successful synthesis of colloidal
nanocrystals of CusPdN has also had a big impact in terms of
new properties and applications. Nanoparticles of the ternary
nitride have proven to be promising and highly active electrocata-
lysts for the oxygen reduction reaction (ORR) under alkaline condi-
tions, proving to demonstrate competitive or higher ORR activity to
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Fig. 15. Representation of (a) the species present in isostructural Sr/BagCusInsNs compounds; alkali earth metals omitted for clarity, (b) packing shown down the a axis,
discrete N-Cu-N units presented in green, 1D linear -Cu-N- chains in blue, Ba/Sr cations in red.

similarly synthesised nanoparticles of Pd and CusN respectively.
Moreover, nanoparticles of CusPdN exhibit higher cycling stability
than Pd equivalents [59].

Equally, however, novel applications are also emerging for
ternary compounds with delafossite type structures. The delafos-
sites appear to have good prospects as energy conversion mate-
rials particularly as absorbers in solar energy conversion, [185]
but also, potentially as thermoelectrics for the harvesting of
waste heat [186]. In the latter context, calculations indicate that
CuTa(Nb)N, might emerge as promising p-type thermoelectrics,
but their properties and performance are difficult to predict with
precision given that their electronic structures vary depending
on the calculation method employed (Generalized Gradient
Approximation Perdew-Burke—Ernzerhof functional potential;
GGA-PBE vs. modified Becke—Johnson; mB] methods). Figures
of merit, zT, of ca. 0.5 were predicted but, ultimately, practical
application is likely to be limited by their low decomposition
temperatures.

Conversely, the delafossite copper nitrides possess impressive
optical properties that should favour solar conversion applications,
particularly when compared to binary CusN, for example. Particu-
larly problematic for the latter in this regard is that the optical
absorption onset occurs 0.4 eV higher than the 1.0 eV indirect fun-
damental band gap, which is not optimal for photovoltaics. The
value of 1.5 eV determined experimentally for CuTaN, is close to
optimal and correlates well with DFT calculations, which suggest
a direct band gap of 1.4 eV [169]. Subsequent investigations
showed that the analogous niobium delafossite, CUNbN, possesses
a direct band gap of 1.3 eV (with an indirect gap of 0.9 eV) which
has sparked considerable interest in these materials. Their pro-
spects are enhanced further by their stability; although both
CuTaN, and CuNbN, are thermodynamically metastable, they exhi-
bit kinetic stability over lifetimes of many years. In fact, it is worth
noting that the thermodynamic instability of the delafossite copper
nitrides arises primarily due to the high binding energy of N, as
compared to the Cu—N bond formation energy, but that in terms
of enthalpy, decomposition to NbsNg, Cu and N, is computationally
predicted as favoured over decomposition to the elements. This
outcome becomes even more favourable when considering the
entropy contribution of N, gas [167].

As illustrated by the preparation of multinary nitridocuprates
via the Na flux method in the previous section, synthesis routes
to complex compounds - and especially nitrides - can often lead
to unanticipated products, which in many cases co-exist with other
phases and can only be retrieved as single crystals. Such reactions
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can be difficult to control and can involve various degrees of
serendipity. However, these fundamental studies can, in many
cases, lead to more targeted syntheses subsequently and opportu-
nities to apply rational design as understanding of the composi-
tional systems increases. Nevertheless, the preparation of higher
metal nitrides is not a trivial task and an alternative approach that
is gaining increased traction is to undertake computational studies
prior to synthesis to identify hypothetical compounds with specific
properties that could in all likelihood exist thermodynamically.
This so-called inverse design strategy is a novel approach in mate-
rials science, with functionality being the first step in the design
process (i.e. in the preparation of a compound with the predicted
desired properties) [187,188]. This philosophy was adopted
recently to construct a first comprehensive stability map of ternary
nitrides; seven new nitrides were subsequently realised experi-
mentally as thin films by sputtering. [189]. While identifying
new thermodynamically-stable ground-state materials is ulti-
mately the desired result of such predicative forays, it is notable
among nitrides - and copper nitrides are a particularly good exam-
ple - that metastable phases constitute many of the compounds
discovered to date and that those with good kinetic stability (such
as the delafossites above), can also be prime candidates for a range
of practical and viable applications. With solar energy conversion
the priority, a more focused computational study was performed
to predict ternary Cu-M—N materials and their crystal structures
[167]. The DFT calculations accomplished by Zakutayev et al. pre-
dicted the thermodynamic stability of 44 copper nitrides with sto-
ichiometries, CuyMyN, (where z < 4 and x, y, z are integers) which
fulfil the octet rule. An analysis of the optical properties of these
solids was conducted on the provision that greater than 30% effi-
ciency should be achievable for semiconductors with absorption
at band gaps, E, of 0.8-1.7 eV [190]. The search led to seven com-
pounds deemed worthy of further study; SrCuN, CuNbN,, CuTaN,,
MgCuN, CaCuN, CuszGa,N3, and Cusln;N. Of these, the first three
compounds were already known (see above), with the properties
of CuNbN, and CuTaN, already known to be favourable. The
remaining four compounds are still to be experimentally realized
and it will be extremely interesting to see if they are discovered
in the coming years.

4. Conclusions
The chemistry of transition metal nitrides continues to reveal

both opportunities and challenges throughout the materials devel-
opment cycle, from synthesis through to practical applications. In
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this review we have sampled a small section of this growing field
by presenting the current state-of-the-art in the chemistry of bin-
ary and higher copper based nitrides as obtained as bulk powders
and crystals or in thin film form. We have explored the wealth of
now available synthetic pathways to both the parent binary nitride
and to substituted/doped variants and examined how the choice of
preparation route affects the final products; in the case of thin film
fabrication, preparation can be via physical deposition methods as
well via chemical processes. The formation of copper nitride thin
films is pivotal on modes of developing Cu-N bonds by inserting
adsorbed N atoms into a lattice of Cu atoms. There are many
sophisticated ways in which this can be achieved and the constant
improvements made in film homogeneity and quality have spurred
on research concerning the electrical and optical properties of both
stoichiometric and non-stoichiometric Cu-N thin films. Moreover,
reproducible methods of doping such films lend additional versa-
tility to the devices that can be created, expanding the range of
potential applications. Physical properties of copper nitride thin
films can be manipulated by judicious doping of main group metals
(Li, Al, Pb), other transition metals (e.g. Ti, Ni, Zn, Cr, Fe, Mn, Sc, Pd
etc.), lanthanides and even non-metals. In many cases, the funda-
mental chemistry and physics that underpins the formation and
function of these materials (such as doping mechanisms, the solu-
bility limits of the doping atoms and their location in the CusN
structure and the effects of optical impurities) remain to be
elucidated.

Bulk copper nitride powders (crystallites) have been prepared
almost exclusively by chemical synthesis techniques, and the solid
state chemistry is dominated by the only well-characterised com-
pound in the binary system, CusN (a likely line phase). Despite the
evident stoichiometric rigidity of the binary nitride and the lack of
apparent polymorphs, it is possible to prepare many different mor-
phological forms of copper nitride at the micron scale and below;
the growth and resulting size and shape of such particles can be
very sensitive to physical and chemical synthesis with significant
implications for the physical properties of the synthesized materi-
als. The control of electronic and optical properties is particularly
important for the potential applications of this narrow band gap
semiconductor, but equally surface reactivity is proving decisive
in new developments of the material as a catalyst to rival less nat-
urally abundant and more expensive already-established competi-
tors. Moreover, whereas the chemistry and physics of CusN are
now relatively well-studied, the same cannot be said for those of
the ternary and higher copper nitrides. In fact, still only a handful
of multinary copper nitrides are known and studies are largely lim-
ited to their synthesis and crystal chemistry. Their local structures
are dominated by the same linear N-Cu-N units observed in CusN,
yet their extended structures can be entirely different and 1D and
2D structures prevail, whether these are based on known oxides
(e.g. delafossite) or adopt unprecedented structure types. It is also
apparent that the just as much of the chemistry of oxide cuprates is
governed by Cu(Il), flexible coordination geometries and the Jahn-
Teller effect, so both binary and higher copper nitrides focus on Cu
(I) in low coordination environments. It remains to be seen
whether these valence and bonding restrictions are universal and
what effect this has on physical properties as more complex
nitrides are discovered.

CusN and certain ternary nitride semiconductors (e.g. the
delafossites, CuTa(Nb)N,) already show promise for development
in optoelectronic devices, catalytic systems, as composite elec-
trodes in batteries and supercapacitors or for solar energy conver-
sion. It seems likely that further useful properties and applications
will be discovered for CusN and for ternary nitrides with known
structural analogues in, for example, oxide chemistry. For other
ternary and higher copper nitrides, the systematic measurement
of physical properties is yet to begin but as this uncharted territory
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is explored, one might hope and expect the unearthing of new
functional materials. It is nonetheless clear, however, that much
of the basic inorganic, solid state and materials chemistry research
is currently missing and that this fundamental research is essential
to expand the range of known copper (and other transition metal)
nitrides. Until the location of the boundaries of nitride existence
becomes clearer, it will not be possible to develop the level of
understanding in structure and bonding that allows the materials
design process to take place. Besides the materials discovery pro-
cess that is achieved via novel synthesis, advanced computational
approaches will be vital in predicting where the synthetic chemist
might look. Indeed, the interaction between experimental and the-
oretical scientists will be vital for the progression of copper
nitrides just as it is in so many other spheres of modern science.
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