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In recent years, transition metal oxynitrides have gained increasing attention due to offering attractive
properties, such as high electronic and thermal conductivity, high melting points and hardness, as well
as high catalytic activity. Niobium oxynitrides, especially, have been suggested for a diverse range
of applications, including potential electrocatalysts (e.g., water splitting, nitrogen reduction, etc.),
antibacterial agents, superconducting materials, and coatings, among others. One of the most promising
ways to synthesize these materials is by ammonolysis. However, by this route the final composition can
be heavily dependent on the ammonolysis conditions, with this factor currently understudied in the
available literature. Thus, in this work, we carefully explore the impact of ammonolysis conditions on the
crystalline phase formation of niobium oxynitride compounds. Several techniques were used to fully
characterize the materials, including XRD, SEM-EDS, TGA/DSC, XPS, and chemical analysis. Depending
on the ammonolysis temperature and time, different composition-dependent changes in crystallo-
graphic structure can be induced across 8-NbN,O, (cubic) — Nby(N,O)s (tetragonal) — &-NbN
(hexagonal) phases. Potential defect-chemistry models were proposed to support measured
compositional variations. A detailed kinetic analysis was then performed on the cubic materials to
understand how composition can influence the thermal oxidation behaviour within this structure-type.
An F,-type reaction was used to fit the experimental and calculated data. The selection of the Avrami
model, which describes the crystallization kinetics, was supported by the identification of amorphous-
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DOI: 10.1039/d3tc01068f crystalline phase transformations during thermal oxidation. This work demonstrates that samples with
higher N-content are more resistive to oxidation and shows that the anion composition, cation/anion

rsc.li/materials-c ratio, and the crystallographic structure can be tailored by careful control of ammonolysis conditions.

Both niobium nitride (NbN) and its oxynitride Nb(N,O), have
been explored for use as catalysts in a wide range of different

1. Introduction

Transition metal nitrides (TMNs) are very interesting materials
exhibiting a combination of outstanding properties. They have
exceptional mechanical properties, high melting points, high
electrical conductivity, refractory character, and chemical sta-
bility in hostile environments." For this reason, they have
recently received increasing interest for use in a wide variety
of applications, with great potential shown in electrochemical
energy conversion, storage, and in heterogeneous catalysis
fields.>?
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electrochemical and photochemical processes, such as the
oxygen reduction reaction (ORR),* water splitting reaction>®
and the nitrogen reduction reaction (NRR).”® They have also
been suggested as photocatalytic materials, due to their narrow
band gaps and high light absorption,’®'' energy storage-
applications, such as supercapacitors,’*** and anode materials
for rechargeable lithium-ion batteries,"® as well as potential
superconductors.'®*® A recent computer modelling study by
Abghoui et al.,” for example, highlighted niobium nitride to be
among the most promising candidates for the nitrogen
reduction reaction (NRR), due to a predicted high catalytic
activity for NRR, as well as a good resilience to the production
of hydrogen. It was emphasized that nitride materials were
highly suited to suppress the H, evolution reaction (HER), an
essential electrocatalytic criterion for a good NRR," thereby
avoiding the main limitation of typical noble metal catalysts.>’
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Despite this predominance, it has not yet been clarified in the
literature why specific niobium nitride or oxynitride composi-
tions are targeted for each of the aforementioned applications,
and how such compositional control could be potentially
provided by modifications in their synthesis route.*™*

The Nb-N phase diagram®’ is a complex system, and differ-
ent phases can be formed depending on the nitrogen-niobium
atomic ratio, NbN,, permitting a wide range of potential cation/
anion stoichiometries that extend from under- to over-
stoichiometric**> and with a critical influence of composition
reported on subsequent structure-property relations.>*"**
The base nitride materials can also incorporate oxygen in
their anionic sublattice to form oxynitrides, giving rise to an
additional dimension in which to tailor their properties for
potential applications,*® whilst further extending their compo-
sitional complexity.

Niobium oxynitrides can be readily produced by the ammo-
nolysis route, which can be described as the thermal treatment
of metal-based precursors (i.e., Nb,Os, NbCls) at high tem-
peratures under a flow of ammonia (NH;).>” As documented
for other transition-metal oxynitrides, the experimental para-
meters utilized during this synthesis route can have great
impact on the final oxynitride composition."""*>**?° Among
these experimental variables, temperature, dwell time, heating/
cooling rates and flow rate of NH; are reported to be key
parameters that can introduce significant variations in the final
stoichiometry.*>® From a thermodynamic point of view, ammo-
nia decomposition to nitrogen and hydrogen is predicted to
start at low temperatures (~200 °C), Fig. 1(a). However, from a
kinetic viewpoint, ammonia dissociation only becomes signifi-
cant at temperatures higher than 550 °C, being more extensive
at lower flow rates, as shown in Fig. 1(b),** due to increased
residence times. Thus, changes in the stoichiometry of the
oxynitride material may also be intimately linked to changes in
the actual gas phase composition of the ammonia reactant,
which is expected to alter as a function of the synthesis
conditions.
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This is important, as high control of the stoichiometry of the
oxynitride material is required to tailor the resultant physical
and chemical properties to specific applications, a factor pre-
viously underscored for the superconducting behavior of nio-
bium-nitride-based films,** the catalytic behavior of niobium
oxynitride towards NRR® or ORR,* and the effectiveness of this
system for water splitting."" Despite this, the literature shows
distinct divergences in the stoichiometry of niobium oxynitride
materials formed by the ammonolysis procedure,'>>%*° with
very limited data currently available to understand the impact
of ammonolysis conditions on their resultant composition.
Under ammonolysis of a Nb,Os precursor in dry ammonia,
niobium oxynitride is reported to crystallize in the face-
centered cubic rock-salt type 3-NbN-based structure at lower
temperatures, 600-900 °C (Fig. 2(a)), converting to the hexagonal
&NbN-based structure-type at higher temperatures > 900 °C.>%3%3>
In these previous studies, the impact of dry ammonia gas, the
crystallographic structure of the precursor oxide, and the use of
promoter additives on ammonolysis were assessed, while the
impact of dwell time was not reported. All prior reports showed
the resultant compositions to contain cation/anion ratios that
were significantly lower than unity, giving rise to a general
formula denoted as NbN,O, by these authors. Conversely, for
niobium oxynitrides formed by ammonolysis using amorphous
precursors, in wet ammonia atmospheres at 850 °C, a different
structure type with tetragonal symmetry was observed, which is
derived from the cubic rock salt 6-NbN, with a fifth of the
niobium sites vacant to give the general formula Nb4(N,0)s.*
In dry ammonia-oxygen mixtures, a further structure type,
based on monoclinic baddeleyite, is obtained, designated as
NbNO.? One should note that the average oxidation state of
niobium decreases from 5" in NbNO towards < 3.75" in
Nby4(N,0)s, as the NbNO, NbN, O, and Nb,(N,0); structure types
are descended. The respective crystallographic structures of the
parent 3-NbN cubic phase, the Nb,N; (tetragonal phase), and
the &NDbN hexagonal phase are shown in Fig. 2(a)-(c),
respectively.
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(a) Gibbs free energy change (AG) and equilibrium constant (K;,) as a function of temperature for ammonia decomposition and ammonolysis

reaction of niobium pentoxide, calculated using HSC chemistry (b) ammonia decomposition as a function of flow rate at 600 °C and 700 °C. Data

extracted from ref. 31.
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Fig. 2 Crystal structure visualized by Vesta®” of the (a) 5-NbN cubic (Fm3m) (b) tetragonal NbsNs phase and (c) hexagonal e-NbN (P63/mmc) phases.
The large green and the small blue spheres represent the Nb and the N atoms, respectively.

In this work, we aim to study the influence of temperature and
time during ammonolysis on the resultant stoichiometry of the
niobium oxynitride materials, as well as to identify the most
probable mechanism for oxygen and nitrogen incorporation. Sub-
sequently, we correlate this knowledge by a study of the kinetic
mechanism of their oxidation, for samples of the cubic structure.
This kinetic study is of major importance in, for example, the
heterogenous catalysis field, were tuning the stability of oxynitride
catalysts to resist nitrogen loss or oxygen uptake has been shown to
strongly influence their catalytic activity.’ In the current work, this
study also serves to demonstrate how important properties, such as
oxidation resistance, can be tailored by control of ammonolysis
conditions and, thus, composition, even for oxynitride materials
within a single structure type. In order to attain this goal, a wide
range of different techniques were used to characterize the final
compositions, including X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), thermogravimetry and differential
scanning calorimetry (TGA/DSC), elemental analysis, and scanning
electron microscopy and energy-X-ray dispersive spectroscopy
(SEM/EDS). We aim to provide a detailed correlation between
synthesis conditions and composition, as well as to provide one
of the first studies dedicated to a detailed kinetic analysis of the
oxidation behavior of cubic niobium oxynitride compounds.

2. Experimental procedure

Sample preparation

Niobium pentoxide (Nb,Os, Sigma-Aldrich, 99.9%) was used
as a precursor to produce the niobium oxynitride materials.
The nitridation of 0.4 g of Nb,Os was carried out in a tubular
furnace using an alumina boat from room temperature to the
desired temperature (650-900 °C) at 5 °C min ' and held for
different periods of time (1, 6, 12, and 24 h) under a continuous
flow of 50 cm® min " of NH; (Airliquide, 99.9%; H,O < 400 ppm)
gas under atmospheric pressure. After cooling, the obtained
product was passivated with a flow of 50 cm® min~" of nitrogen
for a period of 20 minutes at room temperature.

Characterization

X-ray phase analysis was performed using a Rigaku SmartLab
diffractometer, 20 = 20-80°, with a scan rate 3° min~" (Cu Ka

9962 | J Mater. Chem. C, 2023, 11, 9960-9973

radiation, wavelength of 1.5406 A, 40 kv, 30 mA). The lattice
parameters were determined by the Rietveld refinement
method using the Smartlab Studio II software. For this purpose,
a pseudo-Voigt peak profile function was used for the profile
fitting, and the background was fitted with the B-spline function.

XPS spectra were acquired in an Ultra High Vacuum (UHV)
system with a base pressure of 2 x 10 '° mbar. The system was
equipped with a hemispherical electron energy analyzer (SPECS
Phoibos 150), a delay-line detector, and a monochromatic
Al Ko (1486.74 eV) X-ray source. High-resolution spectra were
recorded at a normal emission take-off angle and with a pass-
energy of 20 eV, which provides an overall instrumental peak
broadening of 0.5 eV.

The binding energy scale was normalized to the C 1s peak
(284.0 eV), which appears in all the samples because of adven-
titious carbon contamination. Survey spectra and high-
resolution Nb (3d), N (1s), and O (1s) were collected. All the
spectra were fitted using an XPS peak fitting program (XPSPEAK
Version 4.1).

The microstructure of the precursors and the final products
obtained were observed by scanning electron microscopy (SEM,
Vega 3 TESCAN SEM microscope) coupled with Energy-
dispersive X-ray spectroscopy (EDS, Brucker SCU) for analyzing
the elemental distribution.

The nitrogen content of nitrides was calculated by elemental
analysis using standard combustion analysis (Truspec 630-200-
200) detected by the use of a thermal conductivity detector.
The oxygen content was determined by thermogravimetry/
differential thermal analysis (TGA/DSC; Model STA449/6/G,
Netzsch, Jupiter, Germany), by fully oxidizing samples in pure
oxygen (O,) at 1000 °C, as follows:

25—y

NbN,O,(s) + ( 5

)Oz(g) - %szo5 ¥ (f) No (1)

Nitrogen release was also followed using a QMS 403 Aeolos
quadrupole mass spectrometer coupled to the TGA/DSC, STA
449, by means of a heated transfer line.

The solid-state kinetics were studied using the Kinetics Neo
software developed by Netzsch. The data were collected at
different heating rates (f = 3, 5, 10 and 15 °C min™') in a
10% O,/N, atmosphere, at 1000 °C and dwell time of 6 h.

This journal is © The Royal Society of Chemistry 2023
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Model-free and model-based methods, namely, Kissinger-
Akahira-Sunose (KAS), were applied.
The conversion (x) was determined by

mi; — my
o =— 2
pe— (2)
where m; is the initial mass, m, is the mass at the instant ¢, and
mg is the final mass after complete oxidation.
The kinetic triplet (f(«), E, and A) parameters of a reaction
rate (d/d¢) can be determined by the following equation:

o= areen( ) ()

where « is the extent of conversion, E, is the activation energy
(k] mol™"), T is the absolute temperature (K), R is the gas
constant (8.314 J K ' mol '), A is the pre-exponential factor
(min~") and f(«) is the reaction model.

The kinetics of reaction by integral isoconversional KAS
method can be described as the change of the temperature as
a function of different heating rates based on the following

equation:
B; AR E,
1 =1 -
“(Tmi2 "\Es() " RT: )

where g(o) is the integral function of conversion. The subscripts
i and « denote the given heating rate and conversion values,
respectively. The apparent activation energy can be obtained by

Bi

Txi 2

using the KAS method®® from a plot of 1n< ) versus 1000/T,

where the slope is equal to —E,/R.

The model-based kinetic analysis allows our data to be fitted
to multiple reaction models (f(), g(«),. . .), where the meaning
of these models is described elsewhere.>® From each reaction
model, it is possible to determine the kinetic parameters as well
as their contribution to each reaction step.

3. Results and discussion
Structural characterization

Fig. 3 shows the XRD patterns of the powders obtained at
different ammonolysis temperatures and dwell times (1, 6,
12 and 24 h). It can be seen that, by using only 1 hour of
dwell time, a single phase, with the cubic rock salt §-NbN
structure'>*°(#225, Fm3m), can only be obtained at high tem-
peratures (i.e., 800 and 900 °C). However, when the dwell time
is increased, the formation of the pure cubic 6-phase can be
extended to lower synthesis temperatures, e.g., 700 °C for 6 h or
650 °C for 12 h, Fig. 3(b) and (c), respectively. The control of
ammonolysis dwell time is, therefore, highlighted as a critical
parameter to ensure that pure rock-salt oxynitride phases can
be formed at lower temperatures. The importance of dwell time
is further underscored by observing the XRD pattern recorded
for the sample formed at 800 °C for the longest dwell time of
24 h, Fig. 3(d). Under these conditions, supercell reflections are
shown to be present, identifying the formation of a pure
tetragonal structure, consistent with the reported Nby(N,0)s

This journal is © The Royal Society of Chemistry 2023
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phase (#87, 14/m).>° Finally, at the highest temperature mea-
sured, 900 °C, with a dwell time of 6 h (Fig. 3(b)), the formation
of a phase mixture is observed, which contains the cubic rock-
salt phase together with minor quantities of the hexagonal
phase, &NbN (#194, P63/mmc).>**° Regarding these results,
it is possible to conclude that the crystalline phase evolution
of Nb,Os during nitridation follows the sequence: Nb,O5 —
0-NbN-based cubic phase structure — Nby(N,0)s; based-
tetragonal phase — cubic 6-NbN-based + e-NbN-based hexagonal
phase mixture. Although the presence of the end members is in
good agreement with previous literature,”® the dwell time investi-
gation in the current work additionally reveals that pure tetragonal
Nb4(N,O)5,36 can also exist as an intermediate phase. Here, the
tetragonal Nb,(N,0); phase®® can be prepared by careful control of
ammonolysis conditions, at 800 °C for 24 h, even in the pure, dry
NH; atmosphere used in the current work, contrasting with the
wet ammonia conditions that had to be used in previous
literature.”* Conversely, the reported baddeleyite NbNO phase™
with a Nb°* oxidation state, is absent under the current, strongly
reducing, dry NH; synthesis conditions.

To understand these observations, the exact stoichiometry
of these materials was evaluated using the combination of two
further techniques, namely, nitrogen elemental analysis and
TGA/DSC (see ESIf). Here, the elemental analysis directly
quantifies the amount of nitrogen present in each sample,
while the oxygen content is provided by the combination of
this information with TGA, where the latter is performed in
pure oxygen at 1000 °C for six hours, to allow the full oxidation
of the powder to the parent oxide, Nb,Os, as confirmed by XRD.
This combination of experiments permits full characterization
of the cation/anion and N/O ratios in these materials, as
described by eqn (1), and summarized in Table 1.

Using Rietveld refinement, the lattice parameters for the
pure, cubic NbN, O, powders are also obtained and presented in
Table 1, together with the pseudo-cubic lattice parameter of the
tetragonal sample formed at 800 °C, 24 h, calculated by the
following relationship*?

1
a= anm, a=6.8421 (5)
€ =c¢o=4.3088 (6)

where a, and ¢, are the lattice parameters of the tetragonal
cell, and the pseudo-cubic lattice parameter, a*, is given by
at = v ag - c.

The results show that variations in the synthesis conditions
can strongly influence the cell lattice parameter, producing
variations in the range of 4.299 to 4.328 A, in accordance with
previous values reported in the literature for this material.>***
From these data, these tendencies are examined by plotting the
O/N ratios, the cation to anion ratios, Nb/(N + O), the lattice
parameters, and the stoichiometry-dependent average oxida-
tion state of Nb for these samples as a function of dwell time
and sintering temperature (Fig. 4). Fig. 4(a) clearly shows a
strong, inverse dependence between O/N ratio and cation/anion
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Fig. 3 XRD patterns of niobium oxynitride produced by ammonolysis for dwell times of (a) 1 h (b) 6 h (c) 12 h and (d) 24 h. The XRD pattern of the
niobium pentoxide (Nb,Os) precursor is also shown for comparison.

Table 1 Lattice parameters and the quality statistical parameters (R, and S factors) determined by Rietveld refinement, the N and O contents for the
samples prepared at different temperatures and dwell times (expressed for the nominal general formula NbN,O,), and the respective oxidation state of

niobium
. Statistical and factors .
Lattice i Niobium

Time/h Temperature/°C parameters/A Ryp (%) S N content O content oxidation state
1 800 4.3018(3) 3.70 1.3564 1.02 0.66 4.41

900 4.3283(9) 3.16 1.5680 1.09 0.23 4.13
6 700 4.3078(0) 3.78 1.5313 1.11 0.38 4.09

800 4.3200(2) 2.14 1.6054 1.12 0.29 4.17

900 — — — 1.05 0.1 3.35
12 650 4.2996(7) 3.12 1.9316 1.11 0.54 3.96

700 4.307(2) 2.95 1.1853 1.13 0.39 4.38

800 4.3199(12) 3.52 1.7758 1.14 0.27 3.94

900 — — — 1.03 0 3.09
24 650 4.3055(3) 3.40 1.8446 1.11 0.40 4.13

700 4.3099(3) 3.41 1.3808 1.12 0.30 3.96

800 4.3219¢ 3.15 1.6130 1.15 0.12 3.69

900 — — — 0.98 0 2.94

¢ Pseudo-cubic lattice parameter.
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Fig. 4 (a) O/N (solid symbols) and Nb/(N + O) ratios (open symbols), (b) niobium average oxidation state, and (c) cubic and pseudo-cubic lattice

parameters as a function of dwell time for niobium oxynitride samples prepared in the temperature range of 650-850 °C.

ratio, as a function of ammonolysis dwell time or temperature.
With increasing dwell times and/or sintering temperature,
the oxygen-to-nitrogen ratio decreases, while this is inversely
followed by an increase in the cation/anion ratio. Although
short dwell times are prohibited at temperatures of 700 °C and
below, due to incomplete nitride phase formation, as high-
lighted in Fig. 3, a more extensive range of dwell times can be
assessed for the temperature of 800 °C, spanning from 1 h to
24 h. At this temperature, the O/N and cation/anion composi-
tional ratios are shown to vary rapidly during the initial stages
of the dwell, while continuing to gradually change even up to
extended dwell times of 24 h. These compositional variations
are followed by alterations in the average oxidation state of
niobium that is, in general, shown to decrease with increasing
dwell time and temperature, Fig. 4(b). Fig. 4(c) further reveals
that this initial rapid change in stoichiometry is reflected in an
initial increase in lattice parameter, while longer dwell times
produce only minor further increases. Conversely, this figure
shows a strong positive dependence between ammonolysis
temperature and lattice parameter.

The observed increases in the O/N ratio and decreases in the
cation/anion ratio with ammonolysis temperature correspond
well with those previously noted in the literature,*® while the
continued alteration of composition with extended dwell times

has not been previously documented. Thus, to provide a further
understanding of the potential importance of temperature and
dwell time, the current stoichiometry data for dwell times of
12 h and 24 h are replotted in Fig. 5, together with litera-
ture data of Kim et al*® (dwell time, 12 h) as a function of
temperature. Fig. 5(a) reinforces the aforementioned strong
and inverse temperature dependencies of the O/N and cation/
anion ratios, while Fig. 5(b) confirms the negative dependency
of average niobium oxidation state on temperature. The good
correlation between these stoichiometry dependencies with
temperature in the current work and literature data, suggests
that these tendencies are reproducible, while the slightly more
oxygen-rich compositions in the work of Kim et al,”® in
comparison to the current work, of a similar dwell time, 12 h,
possibly reflects a longer ammonia residence time used in the
current work, 0.02 ¢f 0.003 min ml™" g, respectively. The
impact of the more extended dwell time of 24 h in the current
work can also be clearly observed in Fig. 5, with the formation
of lower O/N ratios for the longer dwell time, with higher
cation/anion ratios, Fig. 5(a), lower Nb oxidation states,
Fig. 5(b), and higher lattice parameters, Fig. 5(c), which are
shown to approach at the highest temperatures.

Hence, ammonolysis produces materials with cation/anion
ratios below unity for all conditions, in agreement with that of
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Fig. 5

(@) O/N (solid symbols) and Nb/(N + O) ratios (open symbols), (b) niobium average oxidation state, and (c) cubic and pseudo-cubic lattice

parameters for niobium oxynitride samples prepared for 12 h and 24 h as a function of temperature. Literature data from ref. 26 are included for

comparison.
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previous literature.”">>>%3%3%% Baged on this observation, one
may suggest potential defect-chemistry mechanisms to form
these compounds. The observed low cation/anion ratio has
previously been suggested to be related to the formation of
cation-deficient compounds,’’*>** given by the following
mechanism using Kréger-Vink notation for oxygen incorpora-
tion into the base nitride:
(i) Cation vacancies

3
50 TON 308, + VI, 7)

Nevertheless, Fig. 4(b) and 5(b) suggest that the niobium
average oxidation state must also change with processing
conditions, varying in the broad range, 4.8" to 3.6, in line with
the measured stoichiometry of these materials, with notable
negative dependences of average oxidation state shown on
ammonolysis time and temperature. The cation-vacancy mecha-
nism of (eqn 7) cannot fulfill this requirement, as this equation
infers a constant cation oxidation state of 3*, with ammonolysis,
as recently experimentally shown for vanadium oxynitrides.”®
An equivalent case to vanadium oxynitride is not seen in the
current work, and, thus, cation vacancies alone cannot explain
the measured stoichiometries of the present niobium oxynitride
system.

In order to examine the Nb oxidation states present in the
current materials, XPS analysis was performed, using a repre-
sentative composition of high O/N content, NbN; 0,00 66. Fig. 6
illustrates the high-resolution spectra of Nb 3d, N 1s and O 1s
obtained for this composition.
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In the Nb 3d spectrum (Fig. 6(a)), three doublets at binding
energies (BE) of 207.47 eV, 204.76 eV, and 205.6 eV can be
observed. As discussed in prior literature,’® the higher BE can
be associated with the binding of niobium to oxygen (Nb>*-0),
while the lowest can be ascribed to the binding of niobium to
nitrogen (Nb**-N), where the lower binding energy of Nb-N
compared to Nb-O is attributable to the lower electronegativity
of nitrogen.*® The intermediate BE shown at 204.76 eV can be
associated with the binding of Nb>*-N.**"*®* The O 1s high-
resolution spectrum shows a strong peak at ~531.8 eV, which
can be assigned to Nb-N-0.""*® Two weaker peaks are also
shown at higher BE that can be related to adsorbed O and OH
groups.”® The N 1s high-resolution spectrum shows a charac-
teristic peak associated with Nb-N bonding.”® The remaining
peaks at ~399 eV and ~401 eV can be associated with N-C and
N-O bonding, respectively, which can be related to some impu-
rities on the surface of the powder, as in previous literature.>*

Although the XPS technique can measure only the first few
nanometers of the materials’ surface chemistry (2-4 nm), the
stated results show a good correlation with the compositional
data of Table 1. Thus, the oxynitride materials of the present
study contain mixtures of Nb>" and Nb**, giving rise to the
average oxidation states shown in Fig. 4(b) and 5(b). Taking this
into consideration, another potential defect mechanism that
could lead to cation/anion ratios below unity, on increasing
O/N ratio, would be that of the formation of anion interstitials:

(ii) Anion interstitials

0, 2 207 + 2NbY, (8)
b
) N1s
5
@©
>
@
c
)
c
T T T T T T T
410 405 400 395
Binding energy / eV

Fig. 6 High-resolution XPS spectrum of (a) Nb 3d, (b) N 1s (c) O 1s regions measured in NbN; 720g 66 cOMposition.
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where O/ is an oxygen atom that occupies an interstitial lattice
site and where charge balance is given by the formation of
Nby,; which denotes a net doubly positively charged species
due to a change in Nb oxidation state from 3+ to 5+. None-
theless, the potential formation of anion interstitials in nio-
bium nitride materials is controversial in the literature, with
recent simulation studies predicting the formation of these
defects to be energetically unfavorable under typical synthesis
conditions, for example, the work by Balasubramanian et al.*'
In contrast, such a situation is suggested by other authors, such
as Kalal et al.,”* to become energetically favorable upon the
presence of both cation vacancies and anion interstitials, i.e.,
a combination of (eqn 7 and 8).

Another possibility could be based on the prior existence of
Schottky defects, which are predicted by Balasubramanian et al.
to be energetically favorable in all conditions in these niobium
nitride-based materials,*" followed by partial filling of the
nitrogen vacancies by oxygen, as given by the following equations:

nil 20N v 4oy )

eee , Lo NN . o
b+ VX +§O2—’ b + OX + NbY,

(10)

Both mechanisms, eqns 8, 9 and 10, express an increase in
the oxidation state of Nb and decreasing cation/anion ratio with
increasing oxygen incorporation, as observed in Fig. 4 and 5.
One could predict that the formation of cation vacancies,
(eqn 7), would suggest a strong decrease in lattice parameter
on increasing oxygen content, as previously seen for the vana-
dium oxynitride system,*® whilst (eqn 8, 9 and 10), may result in
weaker lattice parameter changes, as the expansion of the
lattice by oxygen incorporation may be partially offset by the
reduction in lattice parameter expected by the oxidation of
Nb** to Nb®", for charge compensation. To confirm these
hypotheses, further experiments are recommended, which
can provide higher sensitivity to the anion lattice, such as that
of neutron diffraction.

The observed alterations in the crystallographic structure in
the sequence: NbN, O, (3-NbN-based cubic phase) — Nb4(N,0)s
(tetragonal phase) — &-NbN hexagonal, on a decreasing O/N
ratio and increasing cation/anion ratio with ammonolysis time
and temperature, can be evaluated based on these crystallo-
graphic changes and the likely defect chemistry. From the
discussion above, the composition NbNj; 150.1,, prepared at
800 °C for 24 h, is likely to contain sufficient Nb vacancies in
order to form the Nby(N,0)s (tetragonal phase).**>* It should be
noted that the ideal tetragonal Nb,Nj5 structure type contains
two distinct octahedral Nb sites, at Wyckoff positions 8h
and 2a, where all 2a Nb sites are vacant to give the overall
general formula, (1%*Nb,*"N;.>® The cation/anion ratio of the
NbN; ;500.1, composition, prepared at 800 °C for 24 h, is noted
to be 0.78, which is very similar to that in Nb,N;, 0.8, under-
scoring the reasoning for the formation of this structure for this
oxynitride composition. The addition of oxygen to this com-
pound, either by eqn 8 or by the combination of (eqn 9) and

This journal is © The Royal Society of Chemistry 2023
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5

Fig. 7 Scanning electron microscopy micrographs of (a) Nb,Os precursor
and NbN,O, powders synthesized at (b) 650 °C, (c) 700 °C, (d) 800 °C for
12 h. Insets show magnification at higher resolution.

(eqn 10), leads to disruption of this ordering, resulting in the
disordered cubic phase 3-NbN,O,, as observed for the materials
prepared at lower temperature or lower dwell times. The
8-NbN,O structure is observed to accommodate considerably
larger O/N ratios and low cation/anion ratios, with significant
concomitant reductions in observed lattice parameters, Table 1.
Conversely, the highest ammonolysis temperatures and times
are shown to be capable of stripping virtually all oxygen from
the structure, e.g.,, 900 °C for 12 h (Table 1), where the
associated increases in voluminous, Nb*" content and cation/
anion ratio require a structure type that can offer greater Nb-N
bond lengths, which is provided by conversion to the &-NbN
hexagonal structure.*’

Finally, to evaluate the effect of ammonolysis experimental
parameters (time and temperature) on the powder morphology,
scanning electron microscopy (SEM) was used. Fig. 7 shows the
SEM micrographs of the Nb,O5 precursor as well as niobium
oxynitride powders synthesized for 12 h as a function of
temperature. From the SEM results, no significant morpho-
logical differences were observed, in good agreement with
previous literature,® in which authors reported that the use
of ammonolysis does not substantially influence the final
morphology of the obtained powders.

Kinetic model

A kinetic analysis was used to explore the effect of the O/N ratio
on the thermal oxidation resistance of niobium oxynitrides,
for samples of the cubic structure-type. Therefore, TGA/DSC
measurements were performed in 10% O,/N, gas atmosphere
using different heating rates (3, 5, 10, and 15 °C min ')*
as a function of composition. For this analysis, three cubic
compositions were selected: NbN; 110¢ .54, NbN; 130039, and
NbN; 1,00 .,7. As an example, Fig. 8 depicts the TGA/DSC profile
measurements performed at a fixed heating rate of 3 °C min "
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and the red line is the NbN; 1400 27 sample.

for the measured compositions. All curves show a similar shape
while exhibiting different absolute values of weight change. The
presence of multiple ‘shoulders’ in DSC on the obtained
profiles may indicate that we are in the presence of a multi-
step oxidation mechanism.>?

To support this hypothesis, further TGA/DSC measurements
coupled with mass spectrometry (MS) (Fig. 9(a)) were used to
monitor the N, released as a function of weight change, for the
example composition NbN; 1404,7. To understand potential
phase changes along the thermal oxidation, quenching experi-
ments were also performed by removing the sample at different
temperatures (420 °C, 500 °C, and 550 °C), with subsequent
analysis by XRD (Fig. 9(b)). From TGA/DSC coupled with MS
one may observe that the onset temperature for oxidation of
niobium oxynitride starts at around 300 °C. During thermal
oxidation, the TGA shows a characteristic increase in weight,
reaching a maximum at 500 °C. During this step, oxygen is
taken up by the material, and this is shown to be simultaneously
accompanied by the release of N, by the MS measurement. XRD
reveals that this step of combined oxidation of niobium nitride
and nitrogen release converts the sample into an amorphous
phase.>® After this step, the N, emission briefly drops to zero as
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(a) Weight change (%) and (b) DSC as a function of temperature. The blue line is the NbN; 1100 54 sample, the green line is the NbN; 1304 39 Sample,

the weight stabilizes. Finally, a sharp decrease in weight, together
with a second emission peak of N,, is shown. These results clearly
highlight that a significant amount of nitrogen continues to be
retained even after the material has become amorphous. This N,
incorporated in the amorphous intermediate is finally released at
the highest temperatures, with the crystallization of Nb,O5 formed
as a final product, as depicted by XRD (Fig. 9(b)).>” The amount of
N, released (Table 2) in both the first and second steps is shown
to be composition dependent and, thus, influenced by the ammo-
nolysis conditions.>®

To examine the total oxidation process, which also includes
the weight loss, a multi-step model is utilized to simulate the
total reaction,> allowing the determination of a kinetic triplet
(Ea, A, and f(o)) that can best fit each reaction step.

The experimental data of all compositions were successfully
fitted using two single steps, A - B — C, as presented in
Fig. 10. The first step (A — B) was successfully assigned to a
F,-order reaction type, with n ~ 0.6 showing the highest
contribution (~1.2) to the overall process, with an apparent
activation energy of ~100 k] mol ' and log of the pre-
exponential factor of ~4.8 s'. The consecutive step (B — C)
was ascribed to n-dimensional nucleation according to the

10020 D)
] Nb,Os
10.015 ;
J 7)) o
] Q ~
Joos 2 | oo soe
] = £
] 6\ 2 —/\_______\\5028-
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(a) TGA profile of the sample NbOg »7N1 14 in O, atmosphere at 600 °C and respective MS signal. (b) XRD patterns obtained at RT, after quenching

at 420, 500, and 550 °C, after complete oxidation and comparison with Nb,Os.
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Table 2 Results of TGA coupled with MS data

Temperature of exothermic peak/°C Weight change/% Total N, release/mol
Sample 1 2 Step 1 Step 2 1 2 Total
NbNj 110054 318.8 551.4 15.59 —3.10 0.2557 0.055 1.0459
NbN; 130030 334.3 536 18.37 —3.04 0.3270 0.0631 1.4275
NbNj 140057 348.2 540.6 20.34 —3.22 0.3419 0.0666 1.4947
30 30
a 1 NbN; 1100 54 _ ] NbN; 130039
"= 20 '
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Fig. 10 Conversion rate of NbN;1;0q.54, NbN; 1300 36 and Nb Ny 140057 samples for different heating rates (3, 5, 10, and 15 °C min™3).

Table 3 Kinetic parameters obtained by model-based analysis from the sample synthesized at 650 °C, 700 °C, and 800 °C

Nb00.54N1.11 Nb00.39N1.13 Nb00.27N1.14
A—-B B—-C A—-> B B—->C A—-B B—-C
Model parameters Reaction type F, A, F, A, F, A,
E, (k] m0171) 97.83 532.85 98.95 939.517 104.54 1307.27
log (4) 4.890 32.103 4.647 59.381 4.929 83.025
Dimension (1) — 0.965 — 0.364 — 0.324
React order (n) 0.620 — 0.790 — 0.617 —
Contribution 1.226 —0.226 1.183 —0.183 1.194 —0.194
Statistics data R 0.99801 0.99931 0.99966
Sum of dev. squares 314.171 132.836 79.086
F-test 1.00 1.00 1.00
Avrami-Erofeev (An) equation with a negative contribution The first step, A — B, can be assigned to the conversion of

(~—0.2) to the oxidation process. Table 3 shows the kinetic niobium oxynitride to an amorphous intermediate, which may
parameters obtained for NDbN; 10054, NbN; 130039 and be related to a linear law (F,) equation involving the successive
NbN; 140¢.57. oxidation of the sample.*® The second step, B — C, can be
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Fig. 11 Conversion as a function of time for the selected compositions.

associated with an Avrami model, which specifically describes
the kinetics of crystallization.®®®* Namely, the transformation
of the amorphous compound to the hexagonal Nb,Os phase
(indexed to ICDD 00-028-0317), a process that follows by
continued oxidation of the product and further N,-release.
From 600-1000 °C, the weight remains almost constant as the
oxynitride is now fully oxidized, with final transformation into
the monoclinic Nb,O5 phase.

Furthermore, using the established model, it is possible to
predict the time necessary for the complete oxidation of these
cubic niobium oxynitride samples with different O/N ratios. The
results from Fig. 11 show that the sample with a lower O/N ratio
(prepared at 800 °C for 12 h), when exposed to oxidizing conditions
at 300 °C, needs more than 10 h to be fully oxidized. Conversely,
for the other two samples, complete oxidation is reached after only
~3 h for the high oxygen-containing sample prepared at 650 °C,
NbN; 110054, and after ~8 h for the sample prepared at 700 °C
(NDbNj 1300 30)- In this way, it is possible to infer that the O/N ratio
can influence the resistance of niobium oxynitride to oxidation
and, thus, the possibility to tune these oxynitride materials against
oxidation by changing their anion stoichiometry.

4. Conclusions

Niobium oxynitride material was successfully produced by the
ammonolysis route, crystallizing in different structures depend-
ing on the temperature and/or dwell time. It was found that
ammonolysis occurs following the structural transformations,
Nb,Os; — NbN,O, (6-NbN-based cubic phase) — Nb,(N,0);
(tetragonal phase) — &-NbN hexagonal phase. Moreover, the
results of this work demonstrated that the composition of
the niobium oxynitride material is strongly influenced by the
ammonolysis parameters, with a decreasing O/N ratio, an
increasing cation/anion ratio, a decreasing average Nb oxida-
tion state and increasing lattice parameter with increasing
ammonolysis temperature or dwell time. In an attempt to
explain the resultant compositional variations, the possible
defect chemistry mechanisms of a combination of cation
vacancies and anion interstitials or the combination of
Schottky defects and oxygen incorporation in the anion lattice
were described, supported by an XPS analysis to confirm the
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presence of Nb** and Nb®" oxidation states. To distinguish
between these defect possibilities, further techniques are sug-
gested, which offer greater sensitivity to anion locations.

Finally, a kinetic analysis was developed for the samples of
the cubic structure-type, aiming to understand the mechanism
behind the niobium oxynitride oxidation process. For fitting
the experimental data, an F,-type reaction was used followed by
an Avrami model. The selection of the Avrami model was
supported by the crystallization of an amorphous intermediate
phase during the thermal oxidation, as shown by XRD patterns
of quenched materials. Importantly, it was found that increas-
ing the ammonolysis temperature and consequently increasing
the N/O ratio can improve the resilience of the cubic niobium
oxynitride materials towards oxidation.

In conclusion, we found that by tuning the ammonolysis
conditions, we are able to tailor both the niobium oxynitride
composition and the crystallographic structure. We further
demonstrate how this compositional control can have influence
on the oxidation behavior of the cubic oxynitride materials, even
within this single structure-type. This knowledge has significant
impact on the use of these oxynitride compositions for potential
applications, such as in energy-related research as well as in
heterogenous catalysis fields.
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