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Abstract: New routes to vanadium sesquioxide and tan-
talum oxide nitride (y- and -phase) are presented. Phase
pure V0, with bixbyite-type structure, a metastable poly-
morph, was obtained from vanadium fluoride hydrates at
~750 K. It crystallizes in the cubic crystal system in space
group Ia3 with lattice parameter a =939.30(5) pm. The
catalytical properties of the corresponding oxide nitride
phases and their oxidation and reduction solid-state
kinetics were investigated. The preparation of y-TaON as
a phase pure sample can be realized by ammonolysis of
X-ray amorphous tantalum oxide precursors at 1073 K.
This metastable tantalum oxide nitride crystallizes in
the monoclinic VO,(B)-type structure in space group
C2/m. The same precursors can be used to synthesize the
d-modification with an anatase-type structure at 1023 K. It
crystallizes in the tetragonal crystal system in space group
I4l/amd. A maximum yield of 82 m % could be obtained.
The fundamental band gaps of the synthesized and of
other metastable TaON polymorphs were calculated from
first principles using the GW method. The present results
are compared to experimental data and to previous calcu-
lations at hybrid DFT level.
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Introduction

The physical properties of solids strongly depend on the
arrangement of the atoms. For a deeper understanding of
the correlations between crystal structure and physical
properties investigations using simple compounds such
as binary oxides or ternary oxide nitrides are most promis-
ing. In particular the syntheses of metastable polymorphs
of such compounds pave the way to deeper insights into
these nexuses. In the frame of the ‘priority program’ SPP
1415, funded by the German Science Foundation (DFG),
synthesis routes to novel polymorphs of vanadium sesqui-
oxide and tantalum oxide nitride were developed, backed
by quantum-chemical calculations. In most cases it is very
difficult to obtain phase pure materials important for an
unambiguous interpretation of the data from the proper-
ties measurements. During the last years we published
on synthesis and characterization of four new metastable
phases: bixbyite-type V,0, [1], anosovite-type V.0, [2],
VO,(B)-type TaON [3], and anatase-type TaON [4]. Unfor-
tunately, only anosovite-type V.0, can be synthesized
as single phase [2]. All other samples contained large
amounts of side phases leading to severe problems con-
cerning the investigation of physical properties. However,
the crystal structures could be determined, also in com-
bination with quantum-chemical methods [1-4]. Recently,
we optimized the preparation techniques and in this con-
tribution we present simple routes to phase pure bixbyite-
type V,0, and VO,(B)-type TaON (y-TaON) [5]. The phase
purity of anatase-type TaON (8-TaON) is now increased
from 42 wt % to 82 wt %. Moreover, structure-property
relationships were studied with respect to selective oxi-
dation of light alkenes. Mixed oxide catalysts containing,
for instance, vanadium or molybdenum, are active hetero-
geneous oxidation catalysts. Bixbyite-type oxide nitrides
and corundum-type V,0, were used as model catalysts
for selective oxidation of propene. Therefore, oxidation of
the materials was studied time-resolved under oxidation
reaction conditions. Solid-state kinetics were evaluated
by model-dependent and model-independent methods
and the results correlated to structural and compositional
properties.
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Transition metal oxides and oxide nitrides are
considered as interesting materials for photocatalyis. The
photocatalytic activity of the solid compounds is to a large
extent determined by their fundamental and optical band
gaps. Their experimental determination is not in all cases
possible, in particular if the synthesized materials are not
phase-pure. In this case theoretical calculations of band
gaps have proven to be an indispensable tool to analyse
the electronic structure of solid compounds. Further-
more, quantum-chemical methods allow predictions of
structural, thermodynamic and electronic properties for
metastable phases that have not yet been synthesized. In
previous studies [4, 6, 7] we have calculated fundamental
band gaps of TaON polymorphs with hybrid functionals in
order to account for the self-interaction error of standard
density functional theory (DFT) using the semilocal gener-
alized gradient approximation (GGA). The advantages and
limitations of hybrid functionals for the study of the elec-
tronic properties of solid catalysts have been discussed
recently [8]. In principle they are semi-empirical methods
because the amount of Hartree-Fock exchange that is used
in the exchange functional is not strictly determined from
first principles. Additionally, the interpretation of Kohn-
Sham single-particle energies as ionization potentials
and electron affinities has been questioned [9]. A nonem-
pirical and physically correct description of fundamental
band gaps is provided by the GW methodology which
combines a Green function approach with a screened
Coulomb potential (W) to calculate the quasi-particle ener-
gies. Polarization effects in the environment of holes and
electrons are taken into account. It has been shown that
the GW method provides an accurate description of band
gaps for a large variety of solids [10]. Several approxima-
tions of GW theory exist, e.g. non-self-consistent GOWO,
GWO, or self-consistent GW. In the present study we apply
the plasmon-pole approximation to GW as implemented
in the GPAW program [11-13] to calculate the fundamen-
tal band gaps of those TaON polymorphs that have been
studied here and in our previous works.

Results and discussion

Bixbyite-type V,0,

Vanadium oxide-based ceramics are used versatile. Pos-
sible application areas are, for example, catalysis [14,
15], chemical sensors [16], batteries [17], and optical and
electric devices [18]. At ambient conditions, vanadium
sesquioxide usually crystallizes in the rhombohedral
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corundum-type structure [19]. At 170 K, it shows a so
called Mott-Hubbard transition [20, 21] to the monoclinic
M1 phase, which is antiferromagnetically ordered and an
electric insulator [22-25].

In a previous publication we presented the synthe-
sis of bixbyite-type V,0, with a maximum yield of about
82 wt % with corundum-type V,0, as side phase [1]. In
addition, the electronic structure and thermodynamics
have already been discussed [26]. Later on, phase pure
nanocrystals with a diameter of 5-30 nm were successfully
synthesized by Bergerud et al. [27]. Calculations predict
Sc-, Y-, and especially Mg-doped bixbyite-type V,0, to be
promising p-type semiconductors [28]. With the adjusted
synthesis conditions mentioned below we were able to
isolate a phase pure sample as a grayish-black powder
[5): V,F-4H,0 and V_F -6H,0 [29] were used as precursors
for an optimized synthesis. Those metal fluoride hydrates
can be obtained by treating vanadium powder with hex-
afluorosilic acid and heating the mixture to ~80 °C until a
dry powder is formed. The new vanadium oxide was pre-
pared in a tube furnace with a corundum tube at tempera-
tures between 748 and 758 K for 2 h with a heating rate of
300 K/h. A flow rate of 10 L/h of the reaction gas (40-60
vol% H, in Ar, gas stream piped through a water-filled
washing flask) was used. The samples were cooled down
in dry argon atmosphere.

The bixbyite-type polymorph of vanadium sesquiox-
ide crystallizes in the cubic space group Ia3 with the lattice
parameter a = 939.30(5) pm. The X-ray diffraction pattern
with the results of the Rietveld refinement is shown in
Figure 1. Details and refined parameters are presented in
Tables 1 and 2.

Description of crystal structure: vanadium is coordi-
nated by oxygen in two different ways. Both octahedra-
derived arrangements with the corresponding V-O-bond
lengths are depicted in Figure 2. The perfect octahedron
around V1 shows bond lengths of 200.8 pm, while for the
(V2)O,-polyhedra bond lengths between 197.7 and 210.4 pm
(average 203.3 pm) are observed. All these values are in
good agreement with the ionic radii of vanadium and
oxygen [30].

The ideal bixbyite-type structure can be described as a
2 x 2 x 2 superstructure of the fluorite-type by removing V4
of the anions. This new unit cell has doubled cell param-
eters and ordered anion vacancies. One of the remarkable
characteristics of this structure type is the possible par-
tially occupation of these vacancies by additional anions
leading to compositions with an oxygen excess: A X .
This is described for the sesquinitride of uranium UN,
[31, 32] and the corresponding oxide nitrides of zirconium
[33] and vanadium [34]. The oxygen content of vanadium
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Fig. 1: X-ray powder diffraction pattern (Cu K_ radiation) of bixbyite-type V,0, with results of the Rietveld refinement. The vertical bars indi-

cate the positions of the Bragg reflections.

Tab. 1: Results of the Rietveld refinement for bixbyite-type V,0..

V203
Structure type bixbyite
Space group la3
Crystal system cubic

Lattice parameters
Unit cell volume
Formula units
Calculated density
Diffractometer

260 range
Wavelength

a=939.30(5) pm
V=828.72(7)-10° pm?
Z=16

p=14.805g/cm?
PANalytical X’Pert MPD Pro
5-120°

CuK ,: A, =154.051 pm
CuK,,: A,=154.433 pm
IA)/1(A,) =0.497

Profile points 8845
Refined parameters 47
R, 0.022
o 0.019
Reras 0.038
S 1.15

Tab. 2: Refined atomic parameters of bixbyite-type V,0,.

Atom Wyckoff X y z B_/10*pm?
V1 8a 0 0 0 0.70(4)
V2 24d 0.28174(5) 0 A 0.77(3)
01 48e 0.1422(2) 0.1281(2) -0.0954(2) 0.77(3)

sesquioxides prepared by our new route was determined
by hot gas extraction: 31.8-32.2 wt %. Taking into account
the error range (the accuracy is ~2 % of the N/O contents
present), these results are in good agreement with the
ideal V,0, composition for the sesquioxide (32.0 wt %
oxygen). Calculations on DFT level show that a formation

Fig. 2: Coordination polyhedra of bixbyite-type V,0,. Bond lengths
are presented in pm.

of nonstoichiometric V,0,, phases by incorporation of
excess oxygen is possible, depending on the oxygen activ-
ity during synthesis [35]. No hydrogen was detectable
using combustion analysis. The absence of remaining pre-
cursor-fluoride was proved by EDX, WDX, and XFA. The
new vanadium oxide is metastable (about 9 kJ/mol less
stable than the thermodynamically stable polymorph [1]
and largely independent from the quantum-mechanical
method) and transforms to corundum-type V.0, at ~823 K
inargon atmosphere. An oxidation to V,0, can be observed
in air at ~523 K. At ambient conditions it oxidizes to VO, in
a period of 3 weeks.

Additionally, the synthesis of phase pure bulk mate-
rial allows the investigation of the physical properties.
Neutron diffraction experiments and the determination of
magnetic properties have already been carried out [5].

Moreover, vanadium oxides are active and selec-
tive heterogeneous catalysts for partial oxidation of light
alkanes and alkenes with gas-phase oxygen. Structure-
function correlations of bixbyite-type vanadium sesquiox-
ide were studied for the heterogeneous selective oxidation
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of propene to acrolein. Here, bixbyite-type vanadium
oxide nitrides were employed permitting an additional
variation of electronic and structural properties as a
function of nitrogen content. Preparation conditions and
materials characterization are described in Ref. [34].

Corresponding vanadium oxide nitrides and corun-
dum-type V,0, oxidized under catalytic conditions to
rutile-type VO,. Hence, oxidation behavior under catalytic
conditions was investigated by in situ X-ray absorption
spectroscopy (XAS) measurements at the V K edge. Evo-
lution of V K edge XANES spectra of corundum-type V,0,
during isothermal treatment under catalytic conditions at
633 K is shown in Figure 3. The distinct XANES features
of the various vanadium oxides permitted a quantitative
analysis of the evolution of the phase composition during
oxidation. Thus, the amount of VO,(R) was extracted
from a linear combination analysis (LCA) using reference
spectra of corundum-type V,0, and VO,(B). Principal com-
ponent analysis indicated these two references spectra to
be sufficient to describe the experimental spectra exclud-
ing the formation of significant amounts of crystalline
or amorphous intermediates or by-products. This makes
the studied oxide nitrides and oxides suitable model
systems for investigating solid-state kinetics under reac-
tion conditions.

In situ X-ray diffraction experiments under catalytic
condition (5 vol% propene, 5 vol% oxygen in helium)
were performed for oxide nitrides with the composition
V.0, :No o V,0506N 006 and V.0, N0 and for corundum-
type V,0,. Figure 4 shows the oxidation degree o traces
for the isothermal treatment of oxide nitride with the
composition V,0, N - under catalytic conditions (5 vol%
propene, 5 vol% oxygen in helium) measured by isother-
mal in situ X-ray diffraction. Isothermal measurements
were performed at temperatures of 623 K, 633 K, 643 K,
and 653 K. Similar to the oxidation degree o traces of

Norm. absorption

1.0

5.7

5.55

5.45 photon energy / keV

Fig. 3: InsituV K edge XANES spectra measured during isothermal
treatment of corundum-type V,0, under catalytic conditions (5 vol%
propene, 5 vol% oxygen in helium) at 633 K.
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Fig. 4: Evolution of oxidation degree during isothermal oxidation
as a function of time during isothermal oxidation of oxide nitride

with bixbyite structure with the compositionV,0, N/ . in5vol%

propene, 5 vol% oxygen in helium at 623 K, 633 K, 643 K, and 653 K.
Traces were extracted from in situ X-ray diffraction measurements.

V.0, N

,0,,5N,,,» the shape of the oxidation degree o traces of
VO, N

,0, 6N, 0 Was characterized by an exponentially limited
increase with reaction times. An induction period for the
early stage of oxidation was not observed.

Oxidation degree o traces were evaluated by several
solid-state kinetic reaction models. The model-dependent
analysis suggested that oxidation of V,0, N  to VO,(R)
under catalytic conditions (5 vol% propene, 5 vol% oxygen
in helium) was governed by three-dimensional diffusion.
Figure 5 shows the linearized oxidation degree o traces

using the Jander [36] and Ginstling-Brounshtein [37]

Time/lh
0 5 10 15 20 25 30
020 ———TFT—"—T7T—"—T—"—T—"—T7—"
| 3D Jander: g(o) = (1-(1-a))3)2 653 K
045 3D (GB): g(o) = 1-(213)a-(1-)2® 3D

0.05

0.00

0 18000 36000 54000 72000 90000 108000

Timels

Fig.5: Linearization of oxidation degree o traces for isothermal
oxidation of V,0, . .N, - with bixbyite to VO,(R) using three-dimensional
diffusion models (D3, Jander; D4, Ginstling-Brounshtein). Isothermal
measurements were performed under catalytic conditions (5 vol%

propene, 5vol% oxygen in helium) at 623 K, 633 K, 643 Kand, 653 K.
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solid-state reaction models that assume three-dimensional
diffusion as rate-determining step. Apparently, the o traces
can be sufficiently described by a single rate-determining
step. Schematically, three-dimensional Jander and Gin-
stling-Brounshtein diffusion solid-state reaction models
assume a spherical particle consisting of a V,0, core and a
VO,(R) shell. With ongoing oxidation, the shell is growing
until the initial reactant in the core is consumed. The reac-
tion rate is limited by diffusion of O* species through the
product shell to the core-shell interface and conduction of
electrons from the interface to the particle surface. Similar
results were obtained from a model-dependent kinetic
analysis of data measured during isothermal oxidation
of VO, N, ., and corundum-type V,0.. Hence, various
amounts of nitrogen did not induce a change in the rate
determining step g(o) for the oxidation reaction. Appar-
ent activation energies for the rate-determining step in the
oxidation of V,0, N ., V.0, N . and corundum-type
V,0, amounted to 150 kJ/mol, 122 kJ/mol, and 87 kJ/mol,
respectively.

Model-independent (isoconversional) analysis of
solid-state kinetic data measured for oxidation of oxide
nitrides with bixbyite structure and corundum-type V,0,
yielded the evolution of the apparent activation energy
with oxidation degree o (Figure 6). The obtained traces
showed an increase of the apparent activation energy E_ at
o, values below 0.4. The increase of the apparent activation
energy E  for the oxidation of V,0, N shifted to lower

3.08" "0.06

oxidation degree o values compared to V,0, N, and

corundum-type V.0, (Figure 6). In contrast to V,0, N

273.037 '0.02
and corundum-type V,0,, an initial decrease of the appar-

ent activation energy E_ was not observed for V.0, N .

The maximum value for the apparent activation energies
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Fig. 6: Evolution of apparent ctivation energies £ of the rate
determining step g(c) for the oxidation of oxide nitrides V,0, N/ .,
V,0, ,sN, o> @nd corundum-type V,0, under catalytic conditions

(5 vol% propene, 5 vol% oxygen in helium).
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E_ for both, oxide nitrides and corundum-type V,0,, were
similar (Figure 6). For the oxide nitrides, the apparent
activation energy at higher o values agreed well with the
results of the model-dependent analysis. Conversely, the
lower apparent activation energy obtained for corundum-
type V,0, appeared to correspond to an average over the
entire o range.

Mechanistically, the increasing apparent activa-
tion energy E,  may correspond to the generation of
VOZ(R) nuclei in the early stage of oxidation under cata-
Iytic conditions. This was followed by a transition into a
diffusion-controlled stage according to the three-dimen-
sional diffusion models identified by the model-depend-
ent analysis. With increasing amount of nitrogen in the
samples, the change in regimes was shifted to lower o
values (Figure 6). Apparently, nucleation, formation of a
VO,(R) product layer, and transition into a diffusion-con-
trolled stage were facilitated by incorporation of nitrogen.
With respect to catalytic properties and according to the
mechanism of selective oxidation of light hydrocarbons
on metal oxide catalysts, oxygen vacancies were gener-
ated at the surface of the catalysts and subsequently
diffused into the bulk during the catalytic cycle. Forma-
tion of VO,(R) during oxidation depended on the density
of oxygen vacancies in the bulk of oxide nitrides and
corundum-type V,0.. For oxide nitrides the refinement of
V K edge FT(x(k)-k?) revealed an increasing V-0 disorder
parameter ¢*> with an increasing amount of nitrogen.
Because ¢ scales with the density of oxygen vacancies in
the solid, this indicated an increased O* mobility under
catalytic conditions. The latter in turn resulted in facili-
tated oxidation and the observed shift of E_ to lower o

values for oxidation of V,0, N, . compared to V,0, N/ .

VO, (B)-type y-TaON

More than 50 years ago, Brauer and Weidlein reported the
first tantalum(V) oxide nitride: yellow B-TaON. Crystalliz-
ing in the well-known monoclinic baddeleyit-type struc-
ture, it is the most stable phase in this system [38]. Reports
of a nearly simultaneous discovered o-polymorph [39, 40]
have been rebutted by quantum-chemical calculations
[41]. A high-pressure modification with cotunnite-type
structure and nine-fold coordinated cations was predicted
independently by two different groups [42, 43] and syn-
thesized by Woodhead et al. [44]. y-TaON is the first meta-
stable polymorph and was described almost a decade ago
by Schilling et al. [3]. The main side phase in our previ-
ous publication was -Ta,0, and the maximum yield was
determined to 85 wt % [3]. Single phase material with
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hollow urchin-like nanostructures have been analyzed
in terms of photocatalytic activity by Wang et al. [45].
Another preparation method via a modified urea route
has also been reported by Gao et al. [46]. Based on the
work of Schilling et al. [3], optimized synthesis conditions
allow us to obtain a phase pure sample of orange colored
v-TaON via a classical ammonolysis reaction [5]. Amor-
phous tantalum oxide precursors were prepared via a
modified Pechini route [47]. Tantalum chloride (99.999 %,
Sigma-Aldrich) was solved in an ethanol-citric acid solu-
tion. Citric acid was used in a molar excess of 12 times the
TaCl,. Ethylene glycol in a molar excess of 17 times the
tantalum chloride was added for the gelling process. The
polymerization was finalized by heating the mixture up
to 473 K. The material was calcined at 623-773 K until a
colorless X-ray amorphous powder was formed. y-TaON
was synthesized by ammonolysis of these amorphous pre-
cursors in a Si0, tube at 1073 K for 3 h and a heat rate of
400 K/h. The volume flow rate of NH, was 7 L/h and of O,
0.03 L/h.

It should be mentioned that possible applications
of tantalum oxide nitrides are fast ion conductors [48],
the usage as nontoxic color pigments [49] or as anode-
materials for photocatalytical water splitting under sun-
light [50]. Our optical measurements on the phase pure
samples gave an indirect optical band gap of 2.03 eV and
a direct band gap of 2.59 eV, respectively [51]. Thus also
this material might be a candidate for photocatalytical
water splitting. It crystallizes in the monoclinic VO,(B)-
type structure in space group C2/m. The X-ray powder dif-
fraction pattern with results of the Rietveld refinement is
shown in Figure 7. Tables 3 and 4 summarize the refined
parameters.
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The density of this metastable polymorph (8.756 g/cm?)
is smaller than the density of baddeleyite-type B-TaON
(11.02 g/cm?) [52]. According to the Ostwald-Volmer rule,
metastable polymorphs are usually characterized by
lower densities and transform to more stable modifica-
tions at increased temperatures [53]. A discrepancy of this
rule will be discussed later.

The crystal structure and the Ta coordination poly-
hedra are depicted in Figures 8 and 9. Oxygen and nitro-
gen are occupying four different anion-sites, marked as
X1 to X4. The corresponding coordination numbers are
increasing from 2 for X1 to 3 for X2 and X3 up to 4 for the
X4 position. Investigations regarding the precise anion
ordering are impossible due to the fact that N and O are
not distinguishable in X-ray diffraction experiments. DFT
calculations using a large variety of methods not only
determined the most probable of the six possible arrange-
ments (oxygen occupying the X1 and X2 positions, nitro-
gen the other two anion sites (X3 and X4) [3, 6]) but also
provided theoretical standard deviations for all structural
parameters.

Besides the poor quality of the fit, the presented bond
lengths in Figure 5 are a further hint for insufficient struc-
tural parameters. Tal is coordinated by anions with an
average distance of 211.2 pm, which is considerably larger
than the calculated value based on quantum-chemical cal-
culations (2074 pm) [6]. A better agreement can be found
for the Ta2 polyhedron: the average bond length (203.0 pm)
is slightly shorter than the calculated length (203.4 pm).
Especially the disproportionately large Tal-N2 bond length
of 260.5 pm and the short Ta2—N1 length of 187.3 pm are not
reasonable in respect to the corresponding ionic radii of
tantalum and nitrogen (sum of radii: 210.0 pm) [30, 54].

Intensity / arb. units

0 Im (R N R

(UL LR R I AL IR
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2 Theta / deg.
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Fig.7: X-ray powder diffraction pattern (CuK , radiation) of y-TaON with results of the Rietveld refinement. The vertical bars indicate the

positions of the Bragg reflections.
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Tab. 3: Results of the Rietveld refinement for y-TaON.

Y-TaON
Structure type VO,(B)
Space group C2/m
Crystal system Monoclinic

Lattice parameters a=1293.1(2) pm
b=387.37(5) pm
c=669.80(10) pm
B=107.442(6)°
V=320.08(8)-10¢ pm?
Z=8

p=8.756 g/cm’
Siemens D5000

Unit cell volume
Formula units
Calculated density
Diffractometer

20 range 5-120°
Wavelength CuK ,:A=154.051 pm
Profile points 6144
Refined parameters 66
R, 0.111
o 0.022
Rerage 0.061
S 5.03

Tab. 4: Refined atomic parameters of y-TaON.

Atom Wyckoff X y z B_/10°pm?
Tal 4j 0.3075(2) 0 0.2027(4) 0.94(7)
Ta2 4j 0.6014(2) 0 0.2052(4) 1.08(7)
01(X1)  4i 0.390(2) 0 0.505(4) 0.91*
02 (X2) 4j 0.142(2) 0 0.173(3) 0.91°
N1 (X3) 4j 0.456(3) 0 0.127(5) 0.4(5)°
N2 (X4) 4j 0.764(3) 0 0.199(5) 0.4(5)°

aManually refined parameters.
°Not refined independently.

Fig. 8: Crystal structure with eight unit cells of y-TaON.
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As mentioned above, the difference plot, the
residuals, and the goodness of fit S are indicating a not
satisfying accordance between experimental data and
theoretical structure model. A more detailed look at the
powder diffraction diagram shows that the deviations
mainly come from intensity problems together with
reflection shifts. All this is probably caused by the pres-
ence of shear planes in the layer-like VO,(B)-type crystal
structure. There are no indications for severe anisotropic
reflection broadening. These observations are already
known from previous investigations regarding y-TaON [3].
Furthermore, the determination of the anion positions is
very difficult besides the heavy scattering Ta atoms. The
Rietveld refinement provided always negative values for
B, for the anion positions. Consequently, the isotropic
Debye-Waller factors for oxygen were altered manually
until those factors for oxygen and nitrogen were positive
and therefore reasonable under physical aspects. Interest-
ingly, the same refinement problems can be observed for
the single phase material with hollow urchin-like nano-
structures [45] pointing to a general problem in the struc-
tural description of y-TaON.

Quantitative N/O analysis resulted in 8.1 wt % oxygen
and 6.2 wt % nitrogen, resulting in a composition of
TaO, N, ,.. Respecting the experimental accuracy of 2 %
this is in an acceptable accordance with the expected ideal
composition TaON. It should be mentioned that investiga-
tions regarding non-stoichiometric phases of 3-TaON and
Ta,N, have been published recently [55]. From these results
a deviation from the ideal anion composition should not
be completely ruled out. In situ temperature-dependent
X-ray diffraction experiments show a transformation to

@z (x4
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Fig.9: Coordination polyhedra of y-TaON. Bond lengths are pre-
sented in pm.

-TaON in nitrogen atmosphere at ~900 °C. Calculations
show that this metastable polymorph is ~17 kJ/mol less
stable than 3-TaON [3].

A comparison to our first publication on this phase
could be misleading. The provided weighted residual
(pr =0.089) [3] of the Rietveld refinement is better than the
value in this new investigation (pr= 0.111). The presence
of Ta, 0, as a side phase, which can be better refined than
the oxide nitride, has impact on the overall phase analysis.
Besides the unsatisfying refinement results, the success-
ful preparation of phase pure bulk material is the first step
to solve most of the discussed problems. A more detailed
analysis with the help of neutron diffraction measurements
is strongly advised and an objective for future studies.
Besides, the anion ordering has only been discussed theo-
retically [3], which can be analyzed with this method.

DE GRUYTER

Anatase-type 6-TaON

First discoveries of an anatase-type structure in tanta-
lum oxide nitride phases have been made by incorporat-
ing small amounts of Mg* [56] or Sc3* [57] ions. In fact,
Mg, . Ta .0, N, . was the first example for this particu-
lar structure type without the element titanium. Relative
stabilities for pure TaON in different crystal structures
have been determined by quantum-chemical calcula-
tions, resulting in the following order of structure types
with decreasing stability: baddeleyite — VO,(B) — anatase
[7]. The latter has already been synthesized as thin film
by Suzuki et al. [58, 59]. The optical band gap has been
determined to 2.37 eV. Analyses on bulk material has
been published recently (indirect band gap: 1.73 eV,
direct: 2.06 eV) [51]. It should be noted that those meas-
urements have not been carried out on phase pure
samples.

In our previous work we were able to synthesize a
sample of anatase-type 6-TaON with a maximum yield
of 43 wt % [4]. Structural refinements were performed
on a sample (35 wt % 8-TaON) without y-TaON as a side
phase to avoid the above mentioned difficulties in the
structure refinement. With our new synthesis condi-
tions (ammonolysis of amorphous precursors mentioned
above in an SiO, tube at 1023 K, reaction time of 0.75 h,
heat rate of 400 K/h, and flow rates of 12.50 L/h ammonia
and 0.03 L/h oxygen) it was possible to increase the yield
of the desired phase up to 82 wt %, but it was unavoid-
able to get y-TaON (6 wt %) as a side phase in addition
to the always present dark red Ta,N, (12 wt %). The latter
has a significant influence on the red color of the product.

Intensity / arb. units
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Fig.10: X-ray powder diffraction pattern (Cu K_radiation) of 3-TaON with results of the Rietveld refinement. The vertical bars indicate the
positions of the Bragg reflections (blue: 5-TaON 82 wt %, red: Ta,N, 12 wt %, green: y-TaON 6 wt %).
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The powder diffraction pattern is shown in Figure 10. The
Rietveld refinement was carried out using the tetragonal
space group I4,/amd, which does not allow an ordered
anion arrangement. This problem has already been dis-
cussed elsewhere multiple times [4, 7, 56, 60]. Refined
parameters are listed in Tables 5 and 6.

The presence of two side phases with strongly over-
lapping reflections has a noticeable influence on the Riet-
veld refinement, which is indicated by a relatively high
Ry, Value of 0.047 for the main phase. At an angular
region of 20 = ~24°, for example, the strongest reflections
of both metastable TaON modifications and Ta N, are
located. Additionally, the difficulties regarding the refine-
ment of the y-phase mentioned above must also be taken
under consideration. This was the main reason to choose
a sample without this side phase in the previous publi-
cation [4]. The isotropic Debye-Waller-factors have been
fixed to values from neutron diffraction experiments on
Mgo.osTao.9501.15No.85 [5 6]'

In contrast to the Ostwald-Volmer rule [53], this
metastable polymorph of tantalum oxide nitride has a

Tab. 5: Results of the Rietveld refinement for -TaON.

&-TaON
Structure type Anatase
Space group 14, /amd
Crystal system Tetragonal

Lattice parameters a=391.872(17) pm
¢=1010.66(5) pm
V=155.201(13)-10¢ pm?
Z=4

p=9.028 g/cm?
PANalytical X’Pert MPD Pro
10-120°

CuK ,: A, =154.051 pm
CuK ,:A,=154.433 pm
IA)/1(A,) =0.497

Unit cell volume
Formula units
Calculated density
Diffractometer

20 range
Wavelength

Profile points 4224
Refined parameters 36
R, 0.022
o 0.010
Rires 0.047
S 2.18

Tab. 6: Refined atomic parameters for 6-TaON.

Atom Wyckoff X y z B, /10%pm?
Ta 4b 0 Y 0.375 1.3°
N/O® 8e 0 Y 0.5875(6) 1.4°

Fixed to the results from neutron diffraction, Ref. [56].
®Not refined independently.
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slightly larger density (p =9.029 g/cm?) than the more
stable y-TaON (p = 8.756 g/cm?) with its huge tunnels.
Anatase-type structures are also characterized by
tunnels along the a- and b-axis (Figure 11), but the cavi-
ties are not as distinctive as in the VO,(B)-type structure.
Just one type of coordination polyhedron can be found in
the anatase-type structure (Figure 11). Tantalum marks
the center of an elongated and slightly distorted octahe-
dron with anions on its edges. The four nearest anions
with a distance of 199.6 pm are tilted out of the ideal
equatorial plane by an angle of +11°, whereas the bonds
in the axial direction are noticeably larger (214.8 pm).
In comparison to Mg, Ta 0 .N . the bond lengths
are in a good agreement with experimental (200.3-211.3
pm) [56] and calculated (200.0-214.0 pm) [60] values
of the Mg-containing compound. Such deformed octa-
hedra are also well known from anatase-type TiO,
(193.4-197.9 pm) [61].

A phase transition to -TaON can be observed at tem-
peratures between 1073 and 1123 K. 3-TaON is a metasta-
ble polymorph and about 20 kJ/mol less stable than the
thermodynamically stable B-polymorph [7]. No intermedi-
ate phase was observed during the experiments. It should
be mentioned that thermoanalytical measurements
(DTA/TG) were performed for all described compounds.
No significant thermal effects (exo- or endothermic) or
mass changes were observed in the relevant temperature
regions.

A comparison of this work and formerly presented
results might be difficult due to diversity and amount of
side phases. Those problems were discussed above. The
coordination polyhedra are now more conformable with
experimental and theoretical data of the Mg-containing
compound. A detailed study on physical properties, espe-
cially photocatalytic activity, might be difficult due the
insufficient phase purity. A severe problem for neutron
diffraction studies, important for the experimental deter-
mination of the anion distribution, is the small product
yield (~10 mg) per reaction.

Quantum-chemical calculations

The calculated fundamental band gaps of the synthe-
sized TaON [-, y-, and d-polymorphs and the hypothetical
rutile, fluorite and t-ZrO, polymorphs are summarized in
Table 7. For the §-polymorph the experimental structure
parameters reported in this study were used. For all other
polymorphs the lattice parameters optimized at DFT level
in previous works were used. In all cases the smallest
band gap energy corresponds to an indirect transition.

Bereitgestellt von | Technische Universitat Berlin
Angemeldet
Heruntergeladen am | 13.12.17 18:08



12 — T.Liidtke et al.: Metastable metal oxides and oxide nitrides

DE GRUYTER

gvie

Fig. 11: Crystal structure of anatase-type TaON. Left: unit cell with coordination polyhedra. Right: Ta—O/N bond lengths. Bond lengths are

presented in pm.

Tab. 7: Fundamental band gaps (eV) of TaON polymorphs calculated
with the plasmon-pole approximation to GW implemented in GPAW.

Polymorph Thiswork  Previous studies Exp.
B-TaON 2.99 (3.20) 3.2° 2.4,2.8°
v-TaON 2.38 (2.59) 2.9¢ 2.03(2.58)°
5-TaON 2.52(3.01) 2.85°% 3.24 1.73 (2.06)? 2.4¢
Rutile 1.85(2.21) 2.3%

Fluorite 1.78 (2.50) 2.46°

t-Zr02 1.57 (1.77)

All calculated gaps obtained in this work correspond to indirect tran-
sitions. The corresponding direct gaps are given in parentheses.
30ptical band gaps, Ref. [51].

bCombined experimental and theoretical study using the hybrid
functional PW1PW, Ref. [7].

‘Theoretical study using the hybrid functional PW1PW, Ref. [6].
dCombined experimental and theoretical study using the hybrid
functional PBEO, Ref. [4].

Compared to the band gaps obtained in our previous
hybrid DFT calculations, the GW gaps are systematically
smaller, by 0.2-0.7 eV. Where comparison with experi-
mental values is possible, this decrease corresponds to
an improvement of the theoretical results. As a general
trend, the band gaps decrease with decreasing stability
of the polymorphs, in nice accord with the principle of
maximum hardness [62]. It has to be noted that optical
and fundamental band gaps differ by the exciton energy
which is typically in the order of a few hundred meV for
oxides. It is therefore not surprising that the calculated
gaps are in all cases larger than the experimental values.

In order to correct for the excitonic effects, solution of the
Bethe-Salpeter equations is necessary, which was beyond
the scope of the present study. Based on the present
results it can be concluded that the plasmon-pole GW
approximation is useful as a computationally efficient
screening method.

Conclusion

After the first publications on bixbyite-type V,0,, y-TaON,
and 8-TaON powders we were able to improve the prepa-
ration conditions of all these metastable polymorphs. In
the first two cases phase pure products were obtained and
the yield of 6-TaON was almost doubled to a phase purity
of 82 wt %. This clearly shows that new metastable poly-
morphs of simple compounds can be prepared by classi-
cal synthesis routes, pointing to additional new phases
in the future. Moreover, metastable polymorphs may
show structure function correlations distinctly different
from those of the corresponding stable phases. These fea-
tures will make them suitable model systems to advance
our understanding of the properties and the design of
improved functional materials. A first-principles quan-
tum-chemical method was used to study the electronic
structures of TaON polymorphs and their excitations.
A semiquantitative agreement with measured optical
spectra was obtained, so that it can be expected that this
approach can be used for predictions of photocatalytic
activity of solid compounds.
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Experimental
X-ray diffraction

A PANalytical X’Pert MPD Pro (Cu K radiation) and a Siemens D5000
(CuK , radiation) powder diffractometer were used for XRD measure-
ments at room temperature. Rietveld refinements including quantita-
tive phase analyses were carried out using the program FULLPROF
2000 [63, 64]. Profiles were fitted with a pseudo-Voigt function.

In situ XRD experiments were carried out in a 60 scattering
geometry on a STOE diffractometer equipped with a PAAR reaction
chamber using Cu Ko radiation (40 kV, 40 mA). Isothermal experi-
ments were performed from 613 K through 653 K. Prior to isothermal
measurements under reaction conditions the samples was heated
to the corresponding temperature in helium (25 mL/min). Subse-
quently, flow conditions were changed to 25 mL/min propene (10
vol% propene in helium) and 2.5 mL/min oxygen. The gas-phase
composition at the in situ cell outlet was analyzed online with a mass
spectrometer (Pfeifer Omnistar). The VO,(R) (110) main peak was
measured between 26.6° and 28.8° (20) in steps of 0.012° (26) and
at a sampling time of 9 s/step. For a solid-state kinetic analysis, the
program package WinXAS v3.2 [65] was used. Quantitative analysis
of the phase composition was performed with the Rietveld program
package FULLPROF [63, 64].

X-ray absorption spectroscopy

In situ transmission X-ray absorption spectroscopy (XAS) was meas-
ured at the V K edge (5.465 keV, Si(111), beam line C, measuring time
~3.5 min/scan), at the Hamburg Synchrotron Radiation Laboratory,
HASYLAB. In situ XAS measurements were performed in an in situ
measuring cell. Samples were mixed with boron nitride (Alfa Aesar,
99.5 %) and pressed to a self-stabilized 5 mm diameter pallet [66]. The
sample mass was calculated to obtain an edge jump of Au(d)~0.4
[66]. XAS data analysis was performed using the software WinXAS
v3.2 [65].

Elemental analyses

The contents of nitrogen and oxygen were determined by hot gas
extraction using a LECO TC-300/EF-300 N/O analyzer. ZrO, and steel
were used as standard materials. The accuracy is ~2 % of the N/O
contents present. Hydrogen and carbon contents were measured
using a Thermo Fisher Scientific Flash EA1112, which can also detect
nitrogen and sulfur (CHNS-analysis).

Quantum-chemical calculations

The fundamental band gaps of TaON polymorphs were calculated
with GPAW [8]. The Kohn-Sham wave functions were represented by
real-space grids with converged grid size parameters h =0.12-0.15.
The Monkhorst-Pack grids were chosen as dense as possible within
the limits of the computational resources. For example the irreduc-
ible Brillouin zone of y-TaON was sampled with a 2x 6 x4 grid.
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PBE wavefunctions were used as basis for GW quasi-particle energy
calculations. The plasmon-pole GW approximation was applied in
order to reduce the computational effort. A cut-off energy of 400
eV was used which gave converged results for the band gaps within
0.05 eV. The number of bands was restricted to twice the number of
occupied bands again due to limitations of computer resources. Test
calculations for selected compounds showed only small changes
<0.1 eV if the number of bands was further increased.
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