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Abstract: The three nitrides &-TaN, 8-NbN and y’-Mo,N
have been synthesized electrochemically from the ele-
ments at 450°C in a molten salt mixture LiCl/KCI:Li,N.
For all compounds the working electrode consisting of a
tantalum, niobium or molybdenum foil was anodically
polarized and the system was fed with dry nitrogen. The
applied constant voltage was 2.5 V (for e-TaN), 2.2 V (for 8-
NbN), and 2.8 V (for y’-Mo_N). Chemical analysis on N and
O resulted in compositions of TaN_ 0, 5, NBN, ., 0/ )
and MoN_ .. O, ,, respectively. Lattice parameters of
e-TaN refined by the Rietveld method are a= 519.537(4)
and ¢=291.021(3) pm. The other two nitrides crystal-
lize in the cubic system (rocksalt type) with a=436.98(2)
pm for &-NbN and with a=417.25(2) pm for y’-Mo,N.

Keywords: binary transition metal nitrides; electrochemi-
cal synthesis; molybdenum; niobium; salt melt; tantalum.
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1 Introduction

The interest in the chemistry of nitrides has stead-
ily increased during the past decades, due to their high
potential in various fields of applications [1]. One category
of these nitrides are interstitial nitrides, which possess
several technologically relevant characteristics like high
hardness and strength, high thermal and electrical con-
ductivity, primarily in non-stoichiometric phases due
to a complex electronic situation and chemical bonding
including ionic, metallic and covalent components [2].
Frequently, the synthesis of binary nitrides employs high
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temperature reactions of the metals or precursors thereof
with nitrogen or ammonia [1, 3, 4]. Such reactions suffer
from the low thermal stability of nitrogen-rich phases con-
comitant to the elevated temperatures necessary to acti-
vate dinitrogen, or, alternatively, from the corrosive and
harmful properties of ammonia. For some time, we have
been developing an electrochemical synthesis in a molten
salt system in order to produce bulk nitrides at rather low
temperatures avoiding the use of ammonia [5, 6]. Earlier,
thin films of AIN [7], GaN [8], InN [8], TiN [9], CtN/Cr,N
[10], Co,N [11], E-Feleix/y’-Fe[‘N [12, 13], ZrN [14] and amor-
phous SnN_[15] were produced by a similar technique.
Recently, we have presented the electrochemical bulk syn-
thesis of eFeN, ,, Co,InN and Ni,InN, all with rather high
nitrogen contents [5, 6].

The system Ta—-N contains a variety of stable and
metastable phases ranging from the nitrogen-richest com-
pound Ta,N, [16] via Ta,N, [17], Ta,N, [18], Ta,N, [18], three
modifications of TaN (g, 8, 6) [19-25], and -Ta,N [18-20,
26], to o-Ta(N), the solid solution of nitrogen in tantalum
[19, 20]. One focus of the work presented here is the elec-
trochemical synthesis and characterization of e-TaN. This
hexagonal phase with a very narrow homogeneity range
was proposed by Schonberg and Brauer in 1954, having
a B35 CoSn-type structure (space group P6/mmm) and a
composition of TaN, [19, 20]. For the synthesis, Schon-
berg reacted tantalum metal or tantalum hydride with
gaseous ammonia at T=1000°C [19]. Another possibility is
the heating of tantalum powder in a nitrogen atmosphere
for 6 h at 1400°C, which was proposed by Brauer and Zapp
[20]. Later, Christensen reinvestigated the crystal structure
of e-TaN using neutron diffraction and suggested P62m as
the correct space group [27]. For the synthesis he reacted
tantalum powder and nitrogen gas, which resulted in a
mixture of e-TaN and -Ta,N. In order to produce a single-
phase sample the mixture was heated to 1450°C under a
nitrogen pressure of 1.4 MPa [27]. In 2005, a phase mixture
of nanocrystalline hexagonal e-TaN and cubic 6-TaN was
obtained from the mixture of TaClS, NH,Cl and Na kept in
an autoclave at 650°C for 8 h [28].

As already noted by Schonberg [19], those tanta-
lum nitrides are very susceptive for incorporating oxide
impurities. In some way, materials like T: aNyOX benefit
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from the combination of favorable properties of tantalum
nitride and tantalum oxide: tantalum nitrides are known
for being corrosion resistant and chemically inert hard
ceramics. Tantalum oxide, Ta0,, is known for its high
refractive index, large band gap and high dielectric con-
stant [29]. In 1954, Schonberg described four phases in the
ternary system Ta—N-O, namely TaNO'QOOOJO, TaNOJSOO.ZS,
TaN, O, ., and TaN O, ... The preparation of the samples
was performed from &-TaN or 6-TaN , ., as starting mate-
rials with the help of steam in the presence of hydrogen
at about 700°C. Unfortunately, the synthesis of the differ-
ent phases was not described in more detail [30]. Shortly
thereafter, Brauer et al. reported the formation of B-TaON
from Ta 0, and wet NH, at 790°C [31, 32]. A second poly-
morph o-TaON was claimed by Buslaev, obtained from
the decomposition of NH,TaCl, at 400°C, which resulted
in the formation of Ta,N.Cl, followed by hydrolysis [33].
However, this phase seems to be questionable according
to quantum-chemical calculations [34]. In 2007 the meta-
stable polymorph y-TaON was synthesized by ammonoly-
sis of f-Ta,0, at 600-1000°C [35].

The system Nb-N is similarly complex and contains
several phases, namely Nb3N4, Nb4N5, NbSNG, NbN (5,
&, €, m), Y-Nb,N,, B-Nb,N and o-NbN (x<0.13) [36-38].
Especially, 6-NbN is a high-temperature phase, stable
above 1370°C. It crystallizes with a rocksalt-type structure
and the exact composition depends on the temperature
and nitrogen pressure applied during synthesis [39]. At
T=1400°C, the homogeneity range is located between
NbN, .. and NbN ., [40]. Due to its favorable combina-
tion of superconducting and mechanical properties,
0-NDbN is a promising material for hot electron photode-
tectors, carbon nanotube junctions or radio frequency
superconducting accelerator cavities [41]. One pos-
sibility to synthesize this niobium nitride is the reac-
tion of niobium in an N, atmosphere at 1450°C [42]. At
1400°C in an NH, atmosphere, fibers of 6-NbN can be
obtained by thermal conversion of niobium alkoxide-
cellulose acetate gel fibers [43]. Oxide nitrides are also
known for niobium. A very slow temperature rise leads
to the thermal decomposition of NbOC12N3 at 500°C,
which results in baddeleyite-type NbON crystals [44].

The Mo-N phase diagram includes hexagonal Mo N,
[45], three modifications of MoN (WC-type, NiAs-type, dis-
torted NiAs-type) [46-49], and the nitrides B-Mo,N and
v-Mo,N. The B-phase is a tetragonal low-temperature
modification, and the y’-form the corresponding cubic
high-temperature modification [50-52]. Both phases are
separated by a two-phase region. In general, the homo-
geneity range of y-Mo,N ranges from 28.7 to 34.5 at% N
[53]. Especially, y’-Mo,N is known for its superconducting
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properties below 5.2 K [52] and its catalytic activity [54].
There are various methods to synthesize this compound,
like a metathesis reaction between MoCl, and Ca,N, [55]
or heating of MoCl, under N,/H, gas at 650°C [56]. Further
possibilities are the conversion of nitridotris(neopentyl)
molybdenum(VI) in N, at 500°C [57] or of a mixture of
MoCl, and urea in acetonitrile in N, at 600°C [58], but the
preparation of bulk y"-Mo, N with x>1 in high quality is
still a challenge. y’-Mo,N, ,, was obtained from Na,MoO,
and h-BN at 1300°C and pressures of up to 5 GPa [59].
Reports about the preparation and the structural proper-
ties of molybdenum oxide nitrides are rare [60]. Mostly
MoO, was used as a starting material. Mo(O,N), ,, for
example, can be produced by ammonolysis of o-MoO, at
275°C in a topotactic reaction [61].

In this study, we demonstrate the electrochemical
synthesis of three binary refractory nitrides, namely e-
TaN, 6-NbN and y’-Mo,N, as an alternative method, avoid-
ing harmful gases or high temperatures.

2 Experimental section

The description of the electrochemical cell used in this
study was earlier given in detail [6]. All manipulations
were carried out in an argon-filled glove box. Prior to the
electrochemical transition metal nitride synthesis, Li,N
was produced from Li pieces annealed under nitrogen at
170°C (36 h) followed by heating to 225°C (2 h). Addition-
ally, LiCl (Griissing, 99%) and KCI (Burdick & Jackson, for
analysis) were dried under dynamic vacuum for several
hours at 200°C. A tantalum (for e-TaN), niobium (for -
NbN) or molybdenum foil (for y’-Mo,N) was connected
to a pure molybdenum wire and served as the working
electrode. A second pure molybdenum wire was used
as a counter electrode. 0.5 mol% Li,N were added to the
eutectic chloride mixture (59 mol% LiCl, 41 mol% KCl)
to assist as nitrogen reservoir. The mixture was molten
in a high-purity alumina crucible under argon atmos-
phere. The operation temperature of the electrochemical
synthesis was 450°C and the applied constant voltage
2.5 V (for eTaN), 2.2 V (for 3-NbN), and 2.8 V (for y’-
Mo_N). During synthesis, the electrical current at con-
stant voltage diminished continuously and after 5 h (for
e-TaN), 2.5 h (for 5-NbN) and 4 h (for y’-Mo,N) the elec-
trochemical synthesis was interrupted when the current
reached zero. The binary transition metal nitrides were
recovered at the bottom of the crucible below the elec-
trode, washed several times with deionized water and
dried at 50°C for 3 days.
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2.1 Characterization

Powder X-ray diffraction patterns of the microcrystal-
line samples were obtained at room temperature on a
STOE Stadi-p diffractometer (STOE, Darmstadt, Germany)
equipped with a Ge(111) monochromator and a Mythen1K
detector in the 20 range of 5-65° applying MoK« radiation
in transmission geometry. The structure refinements were
carried out using the FULLPROF program suite [62].

CSD 1897836 (e-TaN) contains the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Chemical analyses of N, O and H were performed
by the hot gas extraction method with a LECO ONH836
instrument (LECO corporation, Saint Joseph, MI, USA).

An electron-beam microprobe analysis of type
CAMECA SX 100 (Cameca SAS, Gennevilliers, France)
with a Si-drift detector (Thermo Fischer Scientific,
Waltham, MA, USA) proved the absence of further metal-
lic elements.

TG measurements were performed on a STA 449C
Jupiter instrument (Netzsch Gerdtebau GmbH, Selb,
Germany).

3 Results and discussion

Compared to conventional syntheses of binary transi-
tion metal nitrides, the electrochemical synthesis avoids
harmful and corrosive ammonia for direct nitridation of
refractory metals or for the ammonolysis of precursors like
transition metal halides, hydrides or else. Concomitantly,
the synthesis is successful at significantly lower tempera-
tures than those required for the reaction of the metals
with gaseous nitrogen [5, 6]. Merely a nitrogen reservoir
of Li,N is needed to be added to the LiCI-KCl electrolyte
in order to provide an initial nitride source for the melt.
Li,N was reported to show a good solubility in molten LiCl
(15 mol%) at 650°C, although this solubility decreases by
adding KCI [63]. In this study, only a small amount of Li,N
served as a nitrogen reservoir in the eutectic mixture LiCl-
KCl. Therefore, we regard it as save to assume the LiN is
dissolved in the salt mixture, particularly since there is no
evidence for the formation of a second phase. A nitrogen
gas electrode (pure nitrogen gas fed into the system to bath
the cathode) allows a continuous supply of nitride ions
for the surface nitriding process of the anode via cathodic
reduction of nitrogen gas [64]. The formed binary nitrides
can be recovered below the working electrode in bulk
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form. Typically, the nitrides obtained in the electrochemi-
cal synthesis show a rather high nitrogen content at the
upper border of the homogeneity range or even beyond,
as we have observed previously also for iron nitrides and
ternary perovskite nitrides [5, 6].

3.1 Electrochemical synthesis of €-TaN

After the anodic nitridation of tantalum foil at a voltage of
2.5V and an operation temperature of 450°C in a salt melt,
a black sample of e-TaN was obtained. Figure 1 shows the
Rietveld refinement of -TaN in space group P62m with a
small impurity of 3-TaN_, in Pém2 [19, 21].

The predominant phase eTaN crystallizes hexago-
nally in space group P62m with a=519.537(4) pm and
€=291.021(3) pm. The obtained lattice parameters are
close to the reported data of a=519.6 pm and c=291.1
pm [21]. Additionally, a small amount of 3-TaN, (about
0.5 wt.-%) crystallizes hexagonally in space group
P6m2 with a=293.77(8) pm and c¢=288.2(1) pm, in agree-
ment with the reported data of a=293.1 pm and c=287.9
pm [19]. In order to properly describe the reflections of
this minor impurity, the nitrogen content was fixed to 0.8
according to the literature report. The elemental analysis
on N, O and H of the bulk product results in a composi-
tion of TaNO_Sm)OOVB(Z)HO_OMU), representing a composition
Ta(N,0),,, with relatively high occupation of the non-
metal site as already indicated by the rather large unit
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Fig. 1: Rietveld refinement of the crystal structure of e-TaN (MoKc.):
observed (red circles), calculated (solid black line) and difference
(observed - calculated, blue line) powder diffraction pattern.
Vertical bars indicate the Bragg positions of e-TaN (above) and a
minor impurity of 5-TaN (below, green). Reflections marked with
an asterisk (*) are due to a minor impurity of unknown composition,
which do not seem to belong to a simple superstructure of the
known hexagonal unit cell.
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cell parameters. The partial substitution of nitride ions by
oxide ions in such compounds typically leads to slightly
reduced unit cell parameters compared to a pure nitride
due to the smaller ionic radius of 0> (140 pm [65]) rela-
tive to N°- (150 pm [66]). The oxide nitride TaN_, O_, - has
reported lattice parameters of a=1034 pm and c¢=580.2
pm with a ratio of ¢/a=0.561 [30], which resembles the
obtained value ¢/a=0.560 for e-TaN (see Table 1). The
high oxygen content in the product is probably caused by
oxygen impurities in the feed nitrogen gas, on the transi-
tion metal foil surfaces or in the electrolyte, despite rigor-
ous drying. N and O cannot be distinguished by powder
X-ray diffraction due to their similar electron numbers.
EDX measurements have indicated that no additional ele-
ments are present. Coherent particles with sizes between

Table 1: Unit cell parameters, residual values and structural data
of e-TaN from the Rietveld refinement (MoKc:,) with Ta(1) located at
Wyckoff site 1a (0,0,0), Ta(2) at 2d (1/3,2/3,1/2) and N at 3f (x,0,0),
and of 3-TaN_ , with Ta located at Wyckoff site 1a (0,0,0) and N at 1d
(1/3,2/3,1/2).

Parameter e-TaN &-TaN,,
Crystal system Hexagonal Hexagonal
Space group P62m P6m?2
a/pm 519.537(4) 293.77(8)
c/pm 291.021(3) 288.2(1)
V/10¢ pm? 68.028 21.541

D /gcm= 14.28 14.82
Rp/% 3.32

pr/% 4.44

X 1.29

x(N) 0.393(2)

Fig. 2: SEM image of e-TaN.
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50 and 60 um are shown in the SEM image (Fig. 2), which
is in qualitative agreement with the sharp reflections
observed in PXRD.

As reported earlier, e-TaN represents a high-temper-
ature stable material: a thermogravimetric measurement
of TaN 0 50 Hoouq i Ar atmosphere with a heating
rate of 5 K min showed no weight loss until 1000°C and
no change of the PXRD pattern before and after this heat

treatment.

3.2 Electrochemical synthesis of 3-NbN

Figure 3 shows the PXRD pattern of black microcrystalline
6-NbN obtained after the anodic nitridation of niobium
foil at a voltage of 2.2 V and at T=450°C in a molten salt
system.

Because of the broad peak shape of the reflections
Rietveld refinements of the structure and composition
were not possible, but the lattice parameter of the cubic
rocksalt-type phase could be determined to a=436.98(2)
pm. Reported lattice parameters of the 6-NbN phase are
near 439.2 pm for stoichiometric NbN, while the value for
N-deficient NbN . may be as low as 438.2 pm and for Nb-

0.86

defective Nb N even reach 437.6 pm [67]. We note that
the lattice parameter obtained in this study is even lower.
A comparison between the observed and the simulated
PXRD pattern indicates the product to be single phase. In
an EDX measurement no additional elements heavier than
sodium were detected. Elemental analyses on N, O and H
gave a composition of NbNW(Z}OOJS(DHO.OHU translating into
Nb, (N,0). This composition explains the smaller unit
cell parameter, which is due to severe Nb deficiency, or in
other words due to a high nitride — and oxide — content,

concomitant to partial substitution of larger nitride by

g et
= g 58 §2 538 sas
UL 8 22 538 5as
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20 [deg

Fig. 3: Observed PXRD pattern of 8-NbN (upwards, MoKe,) and
simulated pattern from crystal structure data (downwards).
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smaller oxide ions. Again, the comparably high oxygen
content is probably due to impurities within the reactor
system.

The SEM image (Fig. 4) of the obtained &-NbN
product reveals particles with sizes between 5 and 7 um,
but the surface morphology already indicates that these
particles consist of smaller grains, in agreement with
the broadened reflections in the PXRD pattern. Particle
sizes calculated by the Scherrer equation [68] are around
130 nm.

A TG measurement of §-Nb_ (N,0)=NbN, O .. up to
1000°C in Ar atmosphere has revealed a total mass loss of
2.3% (Fig. 5) occurring in three distinct steps. Assuming a
loss of exclusively nitrogen up to 700°C, the resulting com-
position after the second step is calculated to NbN,, 0, ...
The final step is not completed up to T=1000°C. The
mass loss leads to an overall composition of NbNO_QSOO_Zs,
however, a PXRD measurement of the product has shown
two phases: one phase can be associated with NbO.,.
In experiments described in the literature, the reaction

Fig. 4: SEM image of 5-NbN.
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of Nb,O, with NH, at T=700°C resulted in &-niobium
oxide nitride, which appears to be the most stable phase
between 600 and 800°C. In the temperature range of
800 and 850°C this niobium oxide nitride was shown to
be no longer stable and to decompose into NbO, and a
second phase [69]. The second phase has a cubic lattice
parameter of a=438.67 pm, which is close to the reported
unit cell of 8-NbN, . [67], but this comparison might be
ambiguous due to an unknown minor oxygen content pos-
sibly still present in this phase. No further mass change
was observed upon cooling the sample after reaching
T=1000°C.

3.3 Electrochemical synthesis of y’-Mo,N

During the anodic nitridation of a molybdenum foil at a
voltage of 2.8 V and an operation temperature of 450°C
in salt melt, y’-Mo,N was electrochemically produced as
a black material, which precipitated at the bottom of the
crucible.

The results of powder X-ray diffraction (Fig. 6) suggest
a single phase cubic rocksalt-type compound. Rietveld
refinements were not possible because of the broad peak
shape of the reflections. Compared to e-TaN and &-NbN,
y’-Mo,N has the smallest particle size in the range of 2-7
um according to the SEM image (Fig. 7). However, the
broad reflection profiles in PXRD indicate far smaller
grains. Calculations with the Scherrer equation [68]
resulted in particle sizes around 70 nm. The lattice para-
meter of the y” phase was determined to a =417.25(2) pm.
This value is again significantly larger than a =416.13(1)
pm found for a sample with nearly exact composition
Mo,N according to neutron diffraction, however, reported
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Fig.5: TG measurement of 3-NbN in Ar atmosphere, with a rate of
5 K min~* for heating (black) and cooling (red).

Fig. 6: Observed PXRD pattern of y-Mo,N (upwards, MoKe,) and
simulated pattern from crystal structure data (downwards).
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Fig.7: SEM image of yY-Mo,N.

values in the literature cover a broad range of 412-430
pm, indicative of a significant homogeneity range [52,
59, 70]. No further elements were observed by EDX analy-
sis. Bulk elemental analysis on N, O and H gave a com-
position of MoNO_88(1)00.11(1)H0‘060(5), i.e. Mo, N 0O . close
to Mo(N,O) with again a rather high oxygen content.
y’-Mo,N is described as rocksalt-type phase with an
extremely high degree of randomly unoccupied nitrogen
positions. Notably, upon heating of MoO, in a stream of
NH, at T=700°C a molybdenum oxide nitride Mo,0, N
intermediate with a face-centered cubic structure und
a lattice parameter of 416.8 pm was observed, which
finally was converted into y’-Mo,N [70, 71].

The results of a TG measurement of y’-Mo,N, O .,
in argon atmosphere are shown in Fig. 8. The nitride
decomposes between 100 and 1000°C with liberation
of nitrogen gas and a total mass loss of 9.3%. The mass
loss of 5.2% in the first step appears to be due to the

transformation of y’-Mo,N, O ., into y’-Mo,N, probably

277176 T 0.22

FR— PR

700 800 900 1000

m i L n A i I i A " L
100 200 300 400 500 600
Temperature T / °C

Fig. 8: TG measurement of y-Mo_N. O

N, ,0,,, in Ar atmosphere, heating
rate 5 Kmin™.
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retaining the oxygen content and forming Mo,(N,,0,.,)-
According to its PXRD pattern this phase crystallizes
cubically with a lattice parameter of a=414.99(2) pm.
Mo,(N, ,0,,,) decomposes between 700 and 800°C with
a mass loss of 3.5%. After the second step three phases
were observed in PXRD: the main phase is represented
by y’-Mo,N with an again enlarged lattice parameter
of a=416.66 pm, indicative of segregation of the oxide
into a second solid phase, next to MoO, and a small
amount of Mo. The third step is not completed up to the
maximum temperature of 1000°C. The final product con-
sists of Mo, MoO, and tetragonal B-Mo,N according to
PXRD. Rietveld refinement of this product was not pos-
sible because of the even further increased broad shape
of the reflections of the molybdenum nitride. It has been
previously reported that y’-Mo,N-samples lose nitrogen
and oxygen at 800°C, and at 900°C there is a complete
elimination of oxygen from the nitrided products [71].

4 Conclusion

In summary, anodic electrochemical synthesis of &-TaN,
8-NbN and y’-Mo,N is possible by reaction of the respec-
tive metal foils with nitrogen gas in a salt melt. This
method of preparation can be carried out at significantly
lower temperatures in comparison to those required for
reacting metal powders directly with N, or NH,, which
typically proceeds at temperatures well above T=977°C
[18, 42]. As we have earlier observed for binary iron
nitride phases as well as ternary intermetallic nitrides
[5, 6], the products are rather rich in nitrogen, typically
at the thermodynamic upper limit of the corresponding
nitrogen-rich homogeneity range of the phases, or even
beyond. However, in contrast to phases where no oxide
nitrides are known in the systems, the oxyphilic refrac-
tory transition metals used in this study for nitride forma-
tion are highly susceptive for uptake of oxygen impurities
present in the system, e.g. at the surfaces of the applied
electrodes, and as impurities in the electrolyte and the
feed nitrogen gas at the cathode, and form oxide nitride
phases with significant substitution of nitride by oxide
ions. Thus, the electrochemical synthesis technique
in future needs considerable improvement in order to
produce pure nitrides, and work in this direction has just
been started in our group.

Acknowledgement: We thank William Clark for perform-
ing the TG measurements and Martin Schweizer for the
generation of the SEM images.
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