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Abstract

TGA of particular oxynitrides shows an unexpected
intermediate phase between starting oxynitride and
final oxide. Transition between this intermediate
phase and the oxide step, studied by high resolution
mass spectrometry, reveals that this phenomenon can
be ascribed to a nitrogen retention. We deduce the
general formulation M"* O,;>N,. Particular prop-
erties of those phases are: low density, structure type
analogous to the one of their oxynitride precursor
and a nitrogen binding energy, measured by XPS,
near 403 eV. By comparison to the binding energy
range of organometallic dinitrogen complexes, we
assume the presence of M—N=N-M entities included
in an oxide lattice with cationic defect structure.
© 1997 Elsevier Science Limited.

Résumeée

Le suivi de l'oxydation d’un certain nombre d’oxy-
nitrures par analyse thermogravimétrique sous air
(ATG) a révélé l'existence d’une phase interme-
diaire inattendue entre le stade oxynitrure initial et
le stade oxyde. La transition, sous atmosphere inerte
a haute température, entre cette phase intermédiaire
et l'oxyde se traduit par une importante perte de
masse. Nous avons montré par spectrométrie de
masse haute résolution, que ces phases étaient car-
actérisées par une rétention d'azote et pouvaient se
SJormuler: M"™ 0,;N,. Ceci se traduit par un degré
d’oxydation formel de l'azote proche de zéro. Ces
phases intermédiaires sont toutes caractérisées par
une densité faible, un type structural similaire a celui
de leur oxynitrure précurseur ainsi qu'une énergie de
liaison de l'azote, mesurée par XPS, proche de 403
eV. Cette caracteristique XPS induit, par comparai-
son avec les gammes d’énergie de liaison de I'azote
de complexes organométallique diazotés, l'existence
d'entites M-N=N-M en interaction avec une
matrice oxyde hautement lacunaire.
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1 Introduction

This paper describes and characterizes a so-called
‘intermediate phase’ phenomenon which has been
evidenced in oxidation of different types of oxy-
nitrides. ™

When heated in an oxygen atmosphere, a nitride-
type compound, either a nitride or an oxynitride, is
systematically transformed at more or less high
temperature into an oxide, or mixture of oxides,
with nitrogen release as molecular dinitrogen. The
reaction results in a gain in weight which is
represented in Fig. 1(a) by a ‘normal’ curve of
thermogravimetric analysis (TGA). However, some
oxynitrides show different behavior under similar
conditions. As illustrated by the TGA curve (b)
of Fig. 1, an intermediate state appears between
starting oxynitride and final oxide, with an associ-
ated weight gain surprisingly higher than that cor-
responding to the transformation into oxide. It
concerns a nitrogen retention and the correspond-
ing ‘intermediate phases’ have been isolated and
characterized as a new class of nitrogen-containing
inorganic compounds.

The present work deals with the preparation
of eight different ‘intermediate phases’ from oxy-
nitrides belonging to different structure types.
Structure of these phases has been studied by
XRD, density measurements and XPS. A struc-
tural model is presented and discussed.

2 Experimental

2.1 Precursor oxynitrides

Table 1 gathers the studied oxynitride composi-
tions as well as the reference of their synthesis
conditions. They were generally prepared by ther-
mal nitridation in flowing ammonia of corre-
sponding oxide. The compositions were deduced
both from chemical analysis of nitrogen and



1814 L. Le Gendre et al.

(a) dm/m

oxide

Oxynitride
0,00 pm

Curve A

(b) gm/m intermediate phase
L
oxice
|
Oxynitrice  /
0,00
— T
i i
Tox Curve 8 Ts

Fig. 1. TGA types (a) and (b) encountered during different oxynitride oxidations.

oxygen by the LECO method and from TGA
results after total transformation into oxide.

2.2 Thermogravimetric analysis (TGA)

The oxidation behavior of the different oxynitride
phases was investigated with a thermobalance
Setaram TGDTA 92 in the room-1400°C tem-
perature range. The samples were tested in static
air (P =1 atm) with constant heating rates always
lower than 1-00 Kmn~!. The phases present after
oxidation were identified by powder X-ray diffrac-
tion (XRD).

2.3 Density measurements

Density measurements were performed by pycno-
metric method using tetrachloromethane. First,
powder was degassed under a vacuum of 1.3 Pa
over a 2h period. Before bringing it back to atmo-
spheric pressure, the sample was recovered by CCly
in order to prevent air contact.

2.4 X-ray photoelectron spectroscopy (XPS)

The XPS measurements were performed on an
SSI model 206 spectrometer (Surface Science
Instrument) equipped with a monochromatic Al
Ka X-ray source (1486-6 e¢V). More experimen-
tal details are given elsewhere.* The reported
binding energies are referenced to the Cjs peak at
284.8 eV.

Table 1. Composition and structure type of the studied

oxynitrides
Composition Structure type  Ref.
BaTaO,N perovskite 5
La 991 Wo.91 0.1801.37N1.63 perovskite 6
LaTiO,N perovskite 7
Aly.8500.1503.45No.s5 spinelle 1
Y2.61W133(03.9N2.80[1.41) fluorite 8
Crg.77000.2300.69No.31 NaCl 9
Ti 0.67[30.3300.42No.58 NaCl 4
Nb 0.5430.4600.4No.6 NaCl 10

3 Intermediate Phase Phenomenon

Oxidation TGA curves of LaTiO,N(a), Y2.6:W1.33
03.79N2.801.41 (b), BaTaO,N (c), Nbo.54[Jo0.46004
No. (d) are presented in Fig. 2.

Considering first the total weight gain, such
thermogravimetric experiments are represented by
the very general equation: MOKN, + (z—x)/2
0,—MO,+ y/2 N,1, where the oxidation state of
M is (2x + 3y) in the starting oxynitride phase and
2z in the final oxide. Nitrogen is always released in
molecular form. No other nitrogen species, such as
NO/NO, for example, has ever been detected. By
way of illustration, when 2x + 3y = 2z, i.e. when
the M oxidation state is the same before and after
the ‘oxidation’ reaction, the oxynitride — oxide
transformation corresponds to the substitution of
30?%~ for 2N3-, resulting in a total weight gain of
19-9848 g per released N, mole.

On the other hand, the mass variation with tem-
perature shows, for every oxynitride presented in
Table 1, an intermediate phase phenomenon asso-
ciated, as will be shown below, to a nitrogen
retention. Isothermal graphs, at temperatures
deduced from TGA curves, clearly demonstrate
that this nitrogen retention is not a kinetic phe-
nomenon. The TGA curves may be slightly modi-
fied by the variation of heating rate or oxygen
partial pressure. However, the thermogravimetric
intermediate step position is independent of those
parameters, moreover, the intermediate phases
have an extremely high thermal stability. For
example the transition temperature (Ts) between
intermediate phase and final oxide reaches 930°C
in the case of Y2.67W1.3303.79N2.80D1.41 (Fig. 2(b))
Such a temperature is incompatible with nitrogen
gas bubbles confined inside the solid lattice.

In addition to the oxynitride systems listed in
Table 1, in which preparation of intermediate
phases was performed, this nitrogen retention
phenomenon was also observed in the following
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Fig. 2, TGA of LaTiOzN(a), Y2.67W1.3303.79N2.30D1.41 (b), BaTaOzN (C) and Nb0.54 [:]0-4600-4N0~6 (d) under air (P =1 atm) at
0-8 Kmn-!

systems: Li-Ge-O-N; Cd-Ge-O-N; Ga-O-N
(tetrahedral wurtzite-type structure); Nd—W-O-N,
La-V-O-N (perovskite); St—-Ta—O-N (K;,NiF, and
perovskite types); Al-V-O-N (X-ray amorphous).
This list is not exhaustive.

4 Intermediate Phase

4.1 Synthesis

Intermediate phases were isolated in significant
amounts by isothermal treatment in air (P = | atm)
of starting oxynitrides, in a tube furnace. In each
case, the step temperature was chosen near thresh-
old temperature in order to prevent any contami-
nation by the oxide phase. Using this process,
pure intermediate phases could be prepared after
a long step time at the reaction temperature,
except for the Ti-O-N phase in which presence of
TiO, was always detected by XRD whatever the

experimental conditions. The transformation was
controlled by sample weighing, XRD and determi-
nation of nitrogen and oxygen content by LECO
analysis. In each case, the sample composition after
reaction corresponds to the top of the associated
TGA curve. Synthesis conditions are indicated in
Table 2. Note that all the reaction products are
stable in ambient air.

4.2 Formulation

An intermediate phase produced from BaTaO,N
precursor was heated in pure argon at a tempera-
ture (1000°C) higher than its transition tempera-
ture Ts (Fig. 1(b)). X-ray diffraction revealed the
same powder pattern as by TGA in air, i.e. the
formation of the same oxide phases. Moreover,
high resolution mass-spectrometry only detected
nitrogen (N;) release. The type of formulation of
the intermediate phase can be deduced from these
results and taking into account the relative weight

Table 2. Intermediate phase synthesis conditions

Oxynitride precursor Intermediate phase synthesis temperature Thermal treatment time

°C) (h)
BaTaO,N 580 50
Y2.61W1.33(03.79N2.80[1.41) 440 60
Cro.77002300.69No.31 330 4
Aly850.1503.45No.s5 860 50
La 9.91Wo.91 [J0.1801.37N1.63 490 16
Ti0.670003300.42No.s8 390 14
LaTiO,N 470 50

Nbyg.s54[10.4600.4No.s 325 40
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loss of the TGA curve, the decomposition reaction
is written as follows

1000°C under Ar
BaTa03.5Ny.3 —  ‘BaTa0Os3.5 +0-155N,7
Intermediate phase oxide

The oxide phase obtained is in fact a mixture of
BasTa,0,5 and BaTa,Os. We generalize this
decomposition behavior to all studied intermediate
phases. (M®* represents the whole cationic net-
work.)

Ts
Mn * On /sz —
Intermediate phase

M"+ Oy +%x/2N,1
oxide

All the intermediate phase compositions deduced
from TGA curves are given in Table 3. Unit cell
content will be discussed later. They are in good
agreement with the oxygen and nitrogen LECO
measurements.

4.3 X-ray diffraction (XRD)

In most studied systems, the intermediate phase
crystallizes in the same structure type as its oxyni-
tride precursor. However, an amorphization is

observed which, in some systems (La—W-O-N,
Nb-O-N), is complete. In addition, a slight
increase in the unit cell volume (less than 1%) can
be noted for the Ba-Ta—O-N, Y-W-O-N and
La-Ti-O-N systems. As an illustration, XRD
spectra of (a) BaTaO,N and (b) Ba,Ta;07NOg.62
are shown in Fig. 3, both with a perovskite unit
cell.

4.4 Density measurements

Experimental density values are given in Table 4,
for three couples oxynitride precursor of intermediate
and associated phases. In each case, the density of
the intermediate phase is significantly lower (up to
20%) than that of the starting oxynitride. Such a
difference is independent of the density measurement
method, even if this weakly underestimates the den-
sity value. This fact is quite surprising, a priori, since
each intermediate phase is obtained with a weight
gain from its precursor and without noticeable unit
cell volume variation. This intermediate phase
property will be discussed in the final section.

4.5 X-ray photoelectron spectroscopy (XPS) study
Table 5 displays the values of N1s binding energies
of several intermediate phases and corresponding
precursors (5(a) and (b)).

Table 3. Intermediate phase formulations

Oxynitride precursor Intermediate phase

Composition Structure type Composition Unit cell content

BaTaO,N perovskite Ba;Ta;07Ng.2 Ba o.72[0.28Tag.720.2802.51(N2)Yo-11 o8
Y2.61W1.33(03.79N250[1.41) fluorite Y;WOgNo.40 Y2.13W1.06 Jo-8106.38(N2)o21 (D141
Cro.77002300.69No.31 NaCl Cr03Np30 Cro.6300.2700.95(N2)o.0s (*4)
Aly3500.1503.45No.55 spinelle Al;03No.19 Alp.5911.4103.88(N2)o.12 (*8)
Nby.54[10.4600.4No.6 NaCl Nb,OsNoy.g6 Nbo.37000630282(N2)o.18 (*4)
LaTiO,N perovskite La,;Ti,07N 23 Lag.79 CJo-21 Tio.79002102.75(N2)p.25

La 9.91Wo.91 0.1801.37N1.63 perovskite La;W09No.g4 Lag.63[Jo.27Wo.63[0.2702.85(N2)o.15

Ti 0.67000.3300.42No.s8 NaCl TiO;No.12 Tig.49[d0.9700.51(N2)o.03 (*4)

Intensity (A.U.)

(b) Ba;Ta,0,N, ¢,

(a) BaTaO,N

8.0 4 T T T T
20 38 40

Fig. 3. XRD of (a) BaTaO;N and (b) Ba;Ta;07Ng.¢>.
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Table 4. Densities of oxynitrides and associated intermediate

phases
Oxynitride precursor/intermediate phase Density
Ba g.9000.10T2 0.90Jo.1001-80No.so[lo-30 (1) 79
Ba g.72000.28Ta 9.72J0-2802.51(N2)o.11 To-38 6-4
Y267W133(03.79N2.8011.41) 68
Y213Wios[Jos1 Os.38(N2)o-21 (141 55
Al 85[J0.1503.45 No.ss 3.7
Al.59[71.4103.88(N2)o.12 34

(1) This formula corresponds to the previous BaTaO,N for-
mulation, according to its density measurement.

Table 5. (a) Oxynitride precursors N1s binding energies

Oxynitride N1is binding energy FWHM
precursor (eV) (eV)
Tig.67J0-330042No.s8 396.7 1-6
Nby.54[0.4600.4No.6 3969 1-6
La .91 Wo.1[J0.1801.37N1.63 396-0 1-6
Crg.77000.2300.69No.31 3964 1-6
Y261W133(03.79N2.8031.41) 3963 1-6

Table 5. (b) Intermediate phase N1s binding energies

Intermediate Nls binding energy FWHM
phases (eV) (eV)
TiO;Np.12 403.2 I-8
Nb,OsNy.s6 402-8 <> 403.2 1.8
L32W209N0.94 403-3 1-8
CI'203N0.30 402 <= 4023 1-8
Y,WOgNy.40 403.0 1.8

The Nils peaks situated at 396-0<=396-9 eV are
characteristic of nitride N3~ species in agreement
with the literature. The intermediate phase synth-
esis is accompanied by an important shift in Nls
binding energy since they present values up to
403 eV, (the precise energy position is influenced by
oxidation step and metal type involved).

4.6 Discussion

Such intermediate phase composition and particu-
lar nitrogen binding type determined by XPS
induce an interaction of metal-nitrogen at the near
zero oxidation step. In organometallic chemistry,
several complexes!!'!? can be found which show

different binding modes, but the most frequently
observed is linear (end-on): M-N=N-M. Part of
those complexes have been studied by XPS
(Table 6). Nitrogen binding energies are function
of the ligand type and of the complex geometry.
The different co-ordination modes, M(N;) or
M(N,),, of XPS-studied complexes involve a mul-
tiplet Nls signal. N1s binding energies associated
with these dinitrogen species are in the range
401-4403 V.

On the other hand, by low energy implantation
(N,* bombardment) of TiO, layers, Milosev et
al.'® and Wolff et al.'® have shown that part of
implanted nitrogen exists as molecular N,. The
other part of nitrogen is represented by nitride
species N3~. A peak in the range 402-5-403-7 eV is
ascribed to those N, entities in interaction with
TiO, lattice. Electrochemical reoxidation of such
films shows an increase of the Nls XPS surface
peak near 403 eV associated to the N3-/N,
transformation. In the same way, dinitrogen
complexes?® of aluminum have been isolated at
alumina/AIN interface. Those dinitrogen species,
characterized by an XPS Nls peak near 401 eV, are
a partial result of the reaction between trimethyla-
luminum and ammonia on alumina at 600 K.

All these results are indications that, in the
intermediate phases M"*O,,Ny, metal-nitrogen
interaction corresponds to an organometallic type:
M-N=N-M.

This suggests the following oxidation process of
the oxynitride precursor: part of the nitrogen
leaves the lattice as molecular dinitrogen and is
replaced by incoming oxygen which locates in nor-
mal anionic positions. The remaining nitrogen
forms dinitrogen bridges between metallic atoms.
N-N or M-N bond lengths encountered in orga-
nometallic complexes are compatible with the
lattice oxide. This model involves the creation of
cationic vacancies in order to simultaneously
respect metal-oxide stoichiometry and lattice
crystal type determined by XRD. The resulting
unit cell content is given in Table 3. Assuming that
the amount of anionic vacancies does not change,
our notation effectively induces an important

Table 6. Nls binding energies of dinitrogen complexes

Complexes N° XPS Nls binding energy (eV) Ref
PdCL((PhCH,)Me, NNCOPh), 401-4 398.5 13
PdCI,(R'R2R3*NNCOR*%), 2 402— 400-0 396-9— 14
402-5 (NH) 398-5
M-N=N-Ar 3 endo €x0 15
401.7 400-6
Ir3* (NH,CH,COO™),(NH;CH,COO ™) 4 402-2 400-4 16
(RuCI(N;)(diars),)SbF 5 402-3 4007 17
Mn(n-CsHs}CO)(N2) 403-0 401-8 17
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decrease of the powder density during the inter-
mediate phase synthesis (Table 4).

Our model does not give, at present, all the
answers to all the questions concerning the oxidation
states of the different anionic and cationic elements
involved. For example, in the Al/O/N system, alu-
minum is trivalent in the starting oxynitride and
this state (+3) cannot change during its thermal
treatment under oxygen. In the intermediate phase,
that we have written as Al,O3Ng. 9, Oxygen,
according to its Ols XPS signal, is still formally
(—2). Therefore, even if nitrogen is present as
M-N=N-M, we must associate a weak negative
charge to this NN species: N,®~. Consequently, the
only coherent intermediate phase notation would
be: Mn+02—(n/2)_(ax/2) (N,*7)x. According to the
organometallic literature and to our formulation,
n/2 is much higher than ax/2. This fact explains
why we cannot detect associated oxygen vacancies
in the oxide phase obtained by intermediate phase
decomposition under argon. Complementary stu-
dies are planned and in this first approach we
will keep this M**O,,,N, notation.

5 Conclusion

Oxidation of transition metal oxynitrides with defect
structure leads to new compounds M®*O,,Ny
called intermediate phases. XPS Nls of this nitro-
gen retention reveals a nitrogen type of bonding
very close to the one encountered in organometallic
dinitrogen complexes.
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