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High-Pressure Behavior and Polymorphism of Titanium Oxynitride Phase Ti,gsO4N
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We report a crystallographic study of Ti, 504N, a new titanium oxynitride phase discovered using chemical
vapor deposition and combinatorial chemistry techniques, under high-pressure conditions. Synchrotron X-ray
diffraction was used to monitor structural changes in the material during compression up to 68 GPa. The data
indicate that the orthorhombic (Cmcm) ambient-pressure phase (Ko = 154 4+ 22 GPa with Ky’ = 5.2 £ 0.5)
undergoes a first-order transition at 18 GPa to a new orthorhombic (Pmc2,) structure. This new high-pressure
polymorph remains stable up to 42 GPa, after which the emergence of a second high-pressure monoclinic

(P2,/c) phase is observed.

Introduction

A new titanium oxynitride phase, Ti,ssO4N, was recently
discovered using the synthetic route of atmospheric pressure
chemical vapor deposition combined with combinatorial materi-
als exploration:! this new material was shown to be an active
photocatalyst under UV illumination.? Chemical vapor deposi-
tion (CVD) is a technique more normally associated with thin
film synthesis and industrial-scale deposition processes than with
exploratory materials discovery research.? Recent studies con-
ducted within the UCL group are now establishing the technique
as a method for synthesizing new solid-state compounds and
materials that may have technologically important properties,
including photocatalysis. This work has focused recently on
synthesis of novel semiconducting titanium oxynitride poly-
morphs that are poorly represented in the database at present.
These are of primary interest for exploration because of the
known optoelectronic and photocatalysis properties of TiO, and
its N-doped equivalents, combined with predictions of new Ti;Ny
and related oxynitrides based on ab initio theoretical studies
combined with high-pressure—high-temperature synthesis
studies.*"® Such new metal nitride and oxynitride compounds
and their crystalline polymorphs are of great interest for
development of new materials for photocatalysis, including
water-splitting for energy applications, fine chemical production,
and water decontamination and disinfection procedures.””® Two
main groups of titanium oxynitride materials have been inves-
tigated so far: first, TiO,N, phases that exist as a solid solution
between the rock-salt structured end members TiN and TiO
(x + y ~ 1) and N-doped TiO,N, phases, with the nitrogen
doping <1—5%.'%!! These latter materials have been identified
as potential visible light photocatalysts.'? Here, we have adopted
the novel technique of using the CVD-synthesized material as
a precursor for high-pressure studies to investigate the formation
and recovery of new crystalline polymorphs. We predicted that
this approach would result in higher-density titanium oxynitride
structures with useful optoelectronic properties that could be
developed for photocatalytic applications.!*!*

* To whom correspondence should be addressed. E-mail: p.f.mcmillan@
ucl.ac.uk (P.F.M.), i.p.parkin@ucl.ac.uk (L.P.P.).
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The archetype Ti;Os material for our investigations is a
member of the Magnéli series of Ti,O,,+; phases with n = 3.
It occurs at room temperature as an insulator with a monoclinic
structure (3-Ti30s). It undergoes a phase transition at 450 K to
a second monoclinic structure (") with a sharp 6% increase in
unit cell volume. Further heating to 500 K leads to a second
phase transition to the orthorhombic o-Ti;Os structure.'” The
phase transition and volume increase at 450 K are associated
with an insulator—metal transition. In the low T 8 phase, the
titanium d electrons are localized within a metal—metal bond,
which, above the transition temperature, become delocalized:
breaking the metal—metal bond results in a relaxation of the
structure and unit cell expansion. Previous work has found that
reduction of the Fermi level by substituting Ti** with cations
of lower charge causes a lowered transition T to be observed.!¢™!8
Hyett et al. demonstrated that a similar effect can be observed
using anionic substitution in the new compound Ti;gsO4N
prepared by CVD, comparable with that achieved in a-Tiz;Os
at T > 500 K.' High-pressure techniques provide a powerful
tool for investigation of polymorphism and synthesis of new
materials.!” There have been a few previous studies of titanium
oxides and nitrides under high-pressure conditions.?*?! The
polymorphism in TiO, has been investigated extensively,
including studies of nanomaterials.?>"2* Asbrink et al. investi-
gated 5-TizOs (C2/m structure) up to 40 GPa but were unable
to identify any pressure-induced phase transitions.?> Here, we
report high-pressure polymorphism of the new oxynitride
compound Ti, ¢sO4N using synchrotron X-ray diffraction tech-
niques in a diamond anvil cell.

Experimental Techniques

A thin film of Ti,gsO4N was synthesized via atmospheric
pressure chemical vapor deposition (APCVD) from the reaction
between gaseous titanium(IV) chloride, ethyl acetate, and
ammonia deposited onto a glass surface. Titanium(I'V) chloride
(Aldrich, 99.9%) and ethyl acetate (Fisher, Reagent grade) were
heated in bubblers to 82 and 39 °C, respectively, to generate
vapors of these precursors, which were then transported to a
mixing chamber with N, gas (BOC), with flow rates of 2 and
0.5 L min~! through the titanium(IV) chloride and ethyl acetate,
respectively. Ammonia vapor was transported to the mixing
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chamber using its own room temperature vapor pressure. In the
mixing chamber, the precursor gases were combined with a plain
N, flow of 12 L min~! and carried into the reaction chamber.
All gas transport pipes and the mixing chamber were heated to
200 °C to avoid precursor condensation. The reaction chamber
consisted of a 330 mm long silica tube with a diameter of 105
mm, containing a half-cylinder graphite block on which rested
the glass substrate (220 x 90 x 3 mm?®). Whatman heater
catridges inserted into the graphite block heated the substrate
to 660 °C, at which temperature the precursors reacted to form
a thin film of the titanium oxynitride. The deposition was
conducted for 5 min. Additional details of the synthesis
experiments along with chemical and structural characterization
of the samples have been given previously.!

For high-pressure experiments, the thin film sample was
removed from the substrate and ground into a powder. The
Ti, 504N material was precompressed between tungsten carbide
cubes before being loaded into a cylindrical diamond anvil cell.
Runs were carried out both nonhydrostatically without any
pressure-transmitting medium and also using nitrogen cryogeni-
cally loaded into the DAC as a quasi-hydrostatic medium over
at least part of the pressurization range. Experiments were
carried out up to 68 GPa using 200 or 300 #m diamond culets.
Rhenium gaskets were preindented to 30 #m and drilled using
electroerosion to provide 80 ym holes. Pressure was determined
using ruby fluorescence.?® X-ray diffraction data were obtained
at station ID27 of the European Synchrotron Radiation Facility
(Grenoble, 1o = 0.3738 A) and at beamline 115 at Diamond
Light Source (Didcot, 1o = 0.4441 A). At the ESRF, the 2 x
3 um beam permitted micrometer-scale mapping of the sample
chamber, whereas at Diamond, the incident beam was collimated
to 30 um. Two-dimensional diffraction data were recorded using
either a CCD detector or a MAR 345 image plate and then
integrated and transformed to 1-D patterns using Fit2D?’ and
analyzed using GSAS,?% FullProf,*® and PowderCell.>!

Results and Discussion

The composition of the starting Ti, gsO4N sample produced
by APCVD synthesis was determined previously using a
combination of chemical analysis methods and Rietveld refine-
ment of the powder X-ray synchrotron diffraction data." A minor
impurity peak at 2.52 A identified as TiC represented <0.5% of
the sample.

In a first series of high-pressure runs, we loaded the sample
using Ny as the pressure-transmitting medium and obtained high-
quality data in the low-pressure range that we could analyze
using refinement methods (Figure 1). Above 16—18 GPa, the
data quality was reduced dramatically. We can partly associate
this with the d—e¢ transition of crystalline N,.323* However, a
phase transition occurring in the Ti;gsO4N sample was also
indicated from the X-ray data in the same pressure range (Figure
2). We carried out a second series of runs with no pressure-
transmitting medium present. This clearly showed the same
transition occurring within the titanium oxynitride compound
at around 18 GPa.

The X-ray diffraction data were analyzed using Le Bail
methods to provide information on unit cell and dj, spacing
variations with pressure (see Table 1).3* These clearly identified
contributions from the N, pressure-transmitting medium and the
TiC impurity (Figure 1). The X-ray diffraction patterns of
Ti, 8504N could be modeled using the ambient-pressure structure
until ~14 GPa: above 18 GPa, the diffraction pattern first
showed the emergence of a second orthorhombic phase mainly
characterized by the appearance of a new peak at 11.6° 26. The
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Figure 1. Le Bail refinements of diffraction data obtained up to 21.4
GPa in N, pressure-transmitting medium. Data points and Le Bail fits
are overlaid in red and black, respectively, and difference plots are
shown. The tick marks indicate peaks for the Cmcm Tip gsO4N structure
(below), the high-pressure Pmc2; present at 21.4 GPa, and the TiC
impurity and the - and &-N, phases of the pressure medium. Asterisks
(x) mark an identified broad peak that was assigned to an unknown
impurity.

new structure could be refined within Pmc2, symmetry, based
on systematic hkl absences. However, the low-pressure Cmcm
phase could still be identified in the diffraction pattern until
~42 GPa, indicating that the transition must be first-order in
nature. By 24 GPa, at least five peaks were observed due to the
new high-pressure phase. These were indexed to an orthorhom-
bic Pmc2, structure with a = 2.401 A, b=4712 A, and ¢ =
6.019 A (V= 68.10 A3) at a pressure of 24 GPa (see Table 2).
This phase was found to be stable to beyond 42 GPa. By 68
GPa, at least two of the peaks develop shoulders, indicating a
potential further phase change (Figure 3). Experiments con-
ducted with no pressure-transmitting medium to above this
pressure clearly revealed a potential second high-pressure phase
transition. The second high-pressure phase is indexed as
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Figure 2. Positions recorded for diffraction peaks observed in the XRD
data as a function of increasing pressure (GPa). The data indicate the
appearance of a new phase (assigned by Le Bail refinement to Pmc2,;
symmetry) above 15—20 GPa. The low-pressure Cmcm phase persists
to at least 23—27 GPa, indicating that the transformation is first-order.
The dj vs P data clearly reveal peaks due to e and 0 phases of N,
used as a pressure-transmitting medium as well as TiC and weak
features due to an unidentified impurity phase.

TABLE 1: Cell Constants and Unit Cell Volume for
Ti, 504N (Cmcm) As Determined by Le Bail Refinement

pressure

(GPa) a (A) b (A) c (A) volume (A%)
2 3.7751(2) 9.577(1) 9.8053(8) 354.51(3)
3 3.7710(2) 9.5644(9) 9.7906(8) 353.12(3)
4 3.7636(3) 9.540(1) 9.767(1) 350.68(6)
5.3 3.7583(2) 9.520(1) 9.742(1) 348.53(5)
6.8 3.7474(3) 9.481(1) 9.730(1) 345.69(4)
8.3 3.7456(2) 9.455(1) 9.674(1) 342.58(4)
9.5 3.7364(3) 9.428(1) 9.665(1) 340.49(5)
10.2 3.7321(2) 9.409(1) 9.650(1) 338.84(5)
11.6 3.7272(2) 9.397(1) 7.638(1) 337.59(4)
12.4 3.7211(3) 9.373(2) 9.604(2) 334.95(7)
14.2 3.7207(3) 9.337(1) 9.585(1) 332.99(5)
15.6 3.7221(3) 9.325(1) 9.576(1) 332.39(5)
17.2 3.7156(4) 9.294(2) 9.530(2) 329.10(7)
18.4 3.7159(4) 9.268(2) 9.513(2) 327.63(7)
19.7 3.7149(5) 9.264(2) 9.499(2) 326.91(9)
21.4 3.7197(5) 9.190(2) 9.449(2) 323.0(1)
23.1 3.7245(5) 9.194(2) 9.442(2) 323.3(1)

TABLE 2: Cell Constants and Unit Cell Volume for the
High-Pressure Phase of Ti,3s04N (Pmc2,) As Determined by
Le Bail Refinement

pressure

(GPa) a (A) b (A) ¢ (A) volume (A%
19 2446(1)  4.799(1)  6.107(1) 71.686(3)
214 2422(1)  4714(1)  6.022(1) 68.755(3)
23.1 2.41(1) 4.692(1)  6.023(1) 68.106(3)
24 2401(1)  4.712(1)  6.019(1) 68.096(3)
30 2371(1)  4.612(1)  5.906(1) 64.582(3)
42 2315(1)  4.481(1)  5.735(1) 59.492(3)

monoclinic (P2,/c), corresponding to a distortion of the orthor-
hombic Pmc2; high-pressure phase. Le Bail analysis indicates
a=43456(5) A, b = 5.1773) A, ¢ = 2.872(1) A, and g =
99.7(1)° at P = 68 GPa.

Figure 4 shows the variation of lattice parameters of Ti; ssO4N
structures during compression, beginning with the ambient T
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Figure 3. Nonhydrostatic compression data obtained with no pressure-
transmitting medium at 24, 30, 42, and 68 GPa. The Le Bail refined
X-ray diffraction patterns are of the Pmc2, high-pressure phase of
Tiy 3sO4N. Asterisks () mark peaks resulting from remaining contribu-
tions from the ambient-pressure Cmcm phase. At 68 GPa, additional
contributions indicating a second transformation into a monoclinc (P2,/
c) phase are observed.
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Figure 4. Plot of lattice parameters for the low- and high-pressure
phases of Ti,ss04N. The a, b, and ¢ lattice parameters (A) for the
ambient phase of Ti;O4N (Cmcm) against pressure (GPa) are reported.
The lattice parameters were determined using Le Bail refinement and
are plotted with their corresponding y axis.

structure prepared by APCVD. The b and ¢ parameters show
an approximately linear decrease with pressure, corresponding
to a 4% shortening in these parameters at a pressure of 20 GPa.
However, a behaves differently: the initial compression is much
lower (~1%) and it completely ceases at ~12 GPa. Interestingly,
the same effect was observed previously for the monoclinic
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Figure 5. Representation of the unit cell of Ti,gsO4N, showing the
titanium ions (gray) and anion sites (red). View of the (a) 100 face
and (b) 001 face. From this can be seen the three coordinate anion
sites between the tense titania layers that allow the relatively higher
compressibility in the b and ¢ directions.

B-Tiz0s phase,” indicating that it does not depend on the
presence of Ti vacancies or the degree of O/N substitution. In
the case of Ti;Os, the a axis was found to have a linear
compression of 0.8% that ceased at ~10 GPa compared with
6.7 and 5.4% for the b and c axes across the entire range up to
38 GPa. In both 3-Ti;05 and Ti,gsO4N (Figure 5), the noticeably
stiffer lattice direction is associated with dense columns of
distorted edge-sharing TiOg octahedra along the 100 direction.
These highly constrained structures have little possibility for
angular distortion, and the linked Ti—O bonds resist compres-
sion along the axis. By 10—12 GPa, the maximum compress-
ibility limit of the (TiOg), chains has been reached. The
polyhedral compressibility for unlinked TiOg octahedra was
estimated to be AV/V, ~ 0.04 GPa™!, giving a maximum Ti—O
bond compression at 10 GPa of ~1.5%. Along the 010 and
001 directions, the dense layers are interconnected by three
coordinate anion sites that allow greater angular flexibility and,
thus, the larger compressibility values recorded for the » and ¢
dimensions over the entire pressure range, with no compression
limit observed in the 10—12 GPa range. This observation
indicates that the Ti;Os and Ti,3sO4sN materials constitute
remarkably rigid structures along one crystallographic direction.

The V(P) data were used to estimate the bulk modulus and
its pressure derivative for the ambient-pressure TipgsO4N
compound as well as the new high-pressure phase. The
compression data were analyzed using a finite strain Birch—
Murnaghan equation of state (EOS) expression expanded to third
order and the K, and K, values refined by constructing an
Eulerian finite-strain reduced variable F—f plot (Figure 6).3> The
data indicate a bulk modulus of K, = 154 + 22 GPa with K|
= 5.2 £ 0.5 for the ambient-pressure Cmcm phase of Ti, gsO4N.
This is slightly lower than that obtained for 5-Ti30s (Ko = 173
GPa?®) that can be attributed to the presence of cation vacancies
in the oxynitride structure.

Recovery of the high-pressure phase to ambient conditions
was studied during decompression from above 27 GPa, where
the presence of the ambient phase was minimized in the X-ray
diffraction pattern. The diffraction pattern of the high-pressure
phase (Pmc2;) is clearly visible during the first two pressure
steps down to 25 GPa (Figure 7). Here, we have superposed
the diffraction pattern obtained at 24 GPa for comparison. The
peaks that are quite broad could indicate inhomogeneous strains
present within the sample or structural disordering or even a
nanocrystalline state. Although all of the diffraction peaks can
be identified, there are marked changes in relative intensities
between pressure points that could be due to changes in
crystallite orientation relative to the incident beam. By 20 GPa,
the main diffraction peaks become further broadened and new
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Figure 6. (a) A V(P) plot of compression data for the Cmcm phase of
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plotted as a function of pressure. A discontinuity is observed between
the ambient phase (Cmcm) of Tiygs04N and that of the first high-
pressure phase (Pmc2;). (c) Normalized pressure (F) vs Eulerian strain
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Figure 7. X-ray diffraction patterns of the decompression of the high-
pressure phase of Ti;O4N from 27 to 0 GPa. Patterns shown in red are
for reference and from the compression data sets at 2 and 24 GPa
showing the patterns of the ambient structure and high-pressure
structure, respectively.

features begin to appear in the pattern. At 15 GPa, below the
first-order transition observed during the compression run, the
broad diffraction peaks of the high-pressure phase can still be
discerned in the pattern, but now a series of additional sharper
peaks are clearly present that become better defined as the
pressure is lowered to 10 GPa (Figure 7). A further new set of
peaks is observed in the 5—6 GPa region that disappear by 2—3
GPa to be replaced by a simple peak pattern superimposed on
a broad amorphous background. None of these series of peaks
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correspond to structures identified within the Ti,O,N, system
to date, and they likely correspond to metastable phases
occurring as the highly metastable high-density Ti;gsO4N
structure is decompressed beyond its low-pressure stability limit.
Upon complete decompression to a pressure of 1 atm, only weak
broad bands indicating an amorphous or high disordered
nanocrystalline material remain in the pattern. The results
indicate that, following its formation at high pressure, the
orthorhombic Pmc2, phase is not recoverable to ambient
conditions, and decompression in the diamond anvil cell at room
temperature results in recovery of amorphous material. We also
carried out preliminary experiments using a multianvil apparatus,
heating the Ti,3sO4N at a pressure greater than 20 GPa to
attempt to obtain a better crystallized sample that might be
recoverable to ambient conditions. However, all of these
investigations resulted in formation of a mixture of TiO, and
TiN that is likely to be thermodynamically stable under the high-
pressure—high-temperature conditions.

Conclusion

An investigation of the high-pressure behavior of Ti,gsO4N
was carried out using a diamond anvil cell and with synchrotron
X-ray powder diffraction techniques. The diffraction pattern of
the ambient-pressure Cmcm phase could be analyzed up to a
pressure of 20 GPa to study its compressional behavior. The b-
and c-axis parameters showed a near-linear decrease throughout
the pressure range. The a parameter had a much smaller
compressibility, and this stopped above 12 GPa. This behavior
is similar to that of -Ti;Os, and it can be explained by the
relative incompressibility of edge-sharing chains of TiOg
octahedra along the (100) direction.*® The appearance of a new
phase is indicated in the diffraction data above 18 GPa. The
new compound can be indexed as an orthorhombic Pmic2,
structure. However, the ambient-pressure Cmcm phase can still
be recognized in the diffraction pattern up to a pressure of 42
GPa, indicating that the transition is first-order. The compress-
ibility parameters of the two phases were analyzed using a third-
order Birch—Murnaghan equation of state. Further compression
to above 65 GPa indicates a further transition into a phase with
P2,/c symmetry. During decompression experiments, the Pmc2,;
phase was not recoverable to 1 atm. At least three new
metastable crystalline phases were observed to occur during
decompression that have not yet been identified. The material
recovered to ambient conditions was amorphous. High-pressure,
high-temperature synthesis experiments resulted in transforma-
tion of the material into a mixture of TiO, and TiN phases that
are thermodynamically stable under these conditions.
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