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Abstract

Niobium oxide exists in several crystal phases and valence states yielding a variety of
properties. Phase transitions between polymorphs significantly alter the properties of
functional niobium oxide nanostructures, which are applied in many different renewable
energy applications.

This study uses environmental transmission electron microscopy to investigate the
oxidation of NbO nanowires to T-NboO5. Small oxygen partial pressures (< 1 mbar)
suffice to initiate the oxidation which initially causes the destruction of the lattice
ordering prior to the crystallization of the new phase. Different oxygen partial pressures
and temperatures are used to manipulate the reaction kinetics. The crystallization is
slow at room temperature and confined to the nanowire surface. Elevated temperatures
accelerate the crystallization resulting in the transformation of the complete nanowire.
The transformation proceeds via dislocations yielding the woven-like structure of the
transformed nanowire. Despite the dramatic changes of the atomic composition of the
material, an orientation relationship between the different phases is preserved.

The phase transformation of NbO to T-NbyOs observed in situ complies with ex
situ phase diagrams. This illustrates the importance of environmental transmission
electron microscopy for the investigation of oxidation and reduction reactions of metal

oxide nanostructures to identify the impact of shape and intrinsic defects.

Keywords

environmental TEM, solid state oxidation, dislocation-mediated transformation, niobium

oxide, crystal defects

1 Introduction

Niobium oxides belong to a complex class of materials.’ Most phases share a common struc-

ture unit: NbOg octahedra whose connectivity gives rise to a large variety of stoichiome-
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tries? yielding different electronic properties.>® Especially one polymorph — orthorhombic
T—Nb,O; — has attracted a lot of attention in recent years due to its anomalously fast en-
ergy storage behavior through LiT intercalation.%® Its crystal structure consists of sheets of
edge- and corner-sharing distorted polyhedra yielding natural tunnels which enable fast ionic

9,10

transport.® Other phases were successfully applied as transparent conductive oxide or

photoelectrode in dye-sensitized solar cells. 112

The common NbOjg structure unit is at the heart of a complex phase space in niobium
oxide, making them a great model system for studying phase transformations in situ. Cen-
tral questions about solid-solid transitions focus on their kinetic pathways and the impact
of defects formed during the transformation. Hence, dynamic insights into the reactions
happening at the atomic scale during solid-solid transitions, which can be provided by in
situ transmission electron microscopy, are crucial for our understanding of the underlying
mechanisms. >4 Solid-solid transitions are induced by a multitude of factors, e.g. tempera-
ture, pressure, strain or changes of the atomic composition. Besides classical physical forces,
irradiation by high-energy electrons can likewise cause structural transformation in materi-

1516 or by changes of the elemental composition due

als due to local heating of the sample,
to radiolysis or knock-on damage.'”? In this regard, the electron beam induced reduction
of Nb;O,(OH) to NbO was analyzed in detail using in situ TEM experiments.?® A highly
intense electron beam and elevated temperatures are required for efficient sputtering of oxy-
gen from the crystal lattice. Initially, the loss of oxygen is compensated by changes of the
connectivity of the NbOgy octahedra. Subsequently, the crystal ordering is lost before NbO
crystallizes leading to the formation of pores inside the nanowire to compensate the volume
difference between Nb;O-.(OH) and NbO.*

Environmental transmission electron microscopes (ETEM) enable the investigation of
specimen in different gas atmospheres and can be used to study redox reactions, growth

phenomena or gas storage with atomic resolution.?!2® This study uses ETEM to observe the

re-oxidation of porous NbO, which was obtained by reducing Nb;O,(OH) with the electron



beam following the protocols of previous studies.?® Small oxygen partial pressures (< 1 mbar)
suffice to drive the re-oxidation reaction allowing high spatial resolution during the experi-
ment; higher gas pressures in the column enhance scattering of the electron beam reducing
the spatial resolution. High resolution images yield new insights into changes of the crystal
lattice during the re-oxidation reaction. Different experimental conditions, with respect to
sample temperature and oxygen partial pressure, were applied to manipulate the kinetics of
the re-oxidation reaction. The experiments yield new insights into the role of dislocations

during the phase transformation and their impact on the final crystal structure.

2 Results and discussion

Hydrothermally grown Nb,O.(OH) nanowires?®?” can readily be reduced to NbO by the
electron beam if the specimen temperature is above 500 °C. The volume difference between
the two phases is compensated by a porous structure formed inside the nanowires as described
in detail in previous studies.? This study focuses on an understanding of the re-oxidation

of these porous NbO nanowires induced by the introduction of oxygen into the column of an

ETEM (see scheme in fig. 1).

environmental transmission electron microscope

SiN| Nb,O,(OH)
T>700 °C
e-beam  NBO™ 1 6 mbar 0,
vacuum T-Nb,O,

Figure 1: Schematic representation of the reaction performed in this study. A silicon nitride
heating chip was used to control the specimen temperature. In a first step the Nb3O7(OH)
nanowires were reduced to NbO by the electron beam, in a second step they were re-oxidized
by O, introduced into the column of the ETEM.

In situ TEM experiments are sensitive towards artifacts introduced by the electron irra-

diation. Radiolysis is the dominant damage mechanism in many transition metal oxides. ?82°
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We therefore used an acceleration voltage of 300 kV to reduce the damage cross-section in our
experiments.®® In addition, a recent study demonstrates that a gas atmosphere prevents the
electron beam induced reduction of niobium oxides.?" The combination of a high acceleration
voltage with the presence of a gas atmosphere reduces the impact of the electron irradiation
and we therefore assume that electron beam induced changes play a subordinate role in this
study. The oxygen partial pressure is increased steadily during the ETEM experiment (from
0 mbar to 0.6 mbar) while monitoring changes of the sample either with electron energy-loss
spectroscopy (EELS) or in image mode. The EEL spectra were collected in diffraction mode
averaging over a large area of the nanowire concealing local variations of the oxidation state.
A quantitative analysis of the O-to-Nb ratio was hindered by the dynamic changes of the
oxygen partial pressure during the re-oxidation. Therefore, the valence state of niobium was
used as fingerprint by analyzing the electron energy-loss near-edge fine structure (ELNES)
of the Nb-My 3 edge: The energy position of the peak maximum of the Nb-Mj3 edge was
analyzed as a function of the oxygen partial pressure yielding a rapid shift of 0.8 eV from
364.5 eV to 365.3 eV induced by the introduction of less than 0.1 mbar oxygen at room
temperature (fig. 2a). The final position of the Nb-M3 edge was 365.5 + 0.1 eV for oxygen
partial pressures exceeding 0.2 mbar, which agrees well with the energy position of pentava-
lent niobium (tab. S1).%? This is confirmed by the fine structure of the Nb-Mj; edge, which
exhibits a characteristic high energy shoulder for the pentavalent state (fig. 2b). This shoul-
der is already clearly visible at an oxygen partial pressure of 0.1 mbar, suggesting that the
oxidation reaction happens rapidly after oxygen supply. Similarly, the fine structure of the
O-K edge shows distinct changes: features I and II have a similar intensity for NbO while the
intensity of feature II decreases relative to feature I for pentavalent niobium (fig. 2¢). The
porous structure of the NbO nanowires most likely assists the oxygen diffusion through the
lattice. In this regard, studies demonstrate that interconnected networks of mesopores yield
higher diffusion rates,3® but even isolated mesopores improve diffusivity of guest molecules

at elevated temperatures.3



365.8

a)
365.6
n |} n n
365.41 [T ] n n
; [ 1] [ ]
L 36521
>
5 365.0F
3
W o3ea8f m
364.61
u
1 1 1 1 1 1 1
364450 01 02 03 04 05 06
O, partial pressure (mbar)
b) c) I
> >
B @ 0.6 mbar
c c
2 ) —
£ £ 0.1 mbar|
9 3
N N
© ©
E £
o o
c c

560 580

520 540
energy loss (eV)

380 390

360 370
energy loss (eV)

Figure 2: EEL spectra recorded during the re-oxidation of niobium oxide nanowire induced
by the introduction of oxygen gas into the TEM column at room temperature. a) Energy
shift of the Nb-Mj edge as a function of the oxygen partial pressure. The oxygen pressure
was increased slowly during the experiment: for pressures below 0.21 mbar with a rate of
0.006 mbar/min, for partial pressures above 0.21 mbar with a rate of 0.016 mbar/min, giving
the sytem enough time to equilibrate (see fig. S1). The fine structure of the Nb-Mj 5 edge (b)
and O-K edge (c) observed at specific oxygen partial pressures during the re-oxidation. x
* Marks an artifact during spectrum acquisition.

Figure 3a shows TEM images recorded during the re-oxidation of the nanowire at room
temperature while gradually increasing the oxygen partial pressure. The re-oxidation of the
material causes dramatic changes of the crystal lattice of the nanowire leading to changes of
the pore structure depending on the oxygen partial pressure. Hence, we define the projected
pore area, which describes the area of the pores inside the nanowire relative to the total area
of the nanowire, as a quantitative measure for changes of the pore structure. The introduction
of small oxygen amounts has a drastic effect on the pore structure of the nanowires. The
pores close to the surface disappear featuring a decrease of about 20% projected pore area

(fig. 3b). Concurrently, the initially rectangular pores, which are characteristic for in situ



reduced NbO, lose their shape and become round. The analysis of the projected pore area
indicates a slower filling of the pores subsequent to the filling of the pores close to the surface.
This might be related to the limitation of the method which analyzes the two dimensional
projection of the pore volume and pore distribution. This can create an error at high pore
concentrations due to the overlap of multiple pores in z-direction potentially concealing
changes of the pore concentration. However, the analysis of changes of the projected pore
area as a function of the oxygen partial pressure indicates slightly faster reaction kinetics
for higher oxygen partial pressures (see fig. S2). During our experiments we decided to
actively manipulate the reaction speed to reduce the experiment time and steadily enhance
the oxygen partial pressure. It is important to note that the nanowire contours coincide
before and after the re-oxidation (fig. S3), except for a small deformation of the nanowire
tip. This indicates the filling of the pores instead of a shrinking of the nanowire through
a redistribution of material during the re-oxidation reaction. Altogether, our experiment
shows that the filling of bulk pores is significantly slower than the filling of surface pores.
It would be interesting to probe the incorporation process of oxygen at the pore surfaces
with localized EELS experiments. Unfortunately, the overlap of multiple pores in z-direction
yields a convoluted signal which prevents meaningful results.

The re-oxidation is associated both with an increase in mass and changes of the crystal
structure. Fast Fourier transformation (FFT) pattern illustrate the changes of the crystal
lattice during the reaction. They show the immediate loss of lattice ordering induced by
small oxygen concentrations and only two reflections with a lattice spacing of 2.1 A (NbO
(200)) remain. Subsequently, a new crystal phase, which is characterized by d-spacings of
3.9 A and 3.2 A, forms. Bragg filtering identifies the regions of the nanowire which contribute
to distinct reflections in the pattern. The analysis demonstrates small NbO islands within
the nanowire while small seeds of the new phase form in regions close to the nanowire surface
(fig. 4). The size of these crystal seeds increases with time, but even after all pores were filled

the crystallization of the new phase is limited to regions close to the nanowire surface. It was
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Figure 3: Re-oxidation of NbO nanowires induced by the introduction of oxygen gas. a) TEM
images recorded for one nanowire at different oxygen partial pressures at room temperature.
The changes of the pore concentration are clearly visible. b,c) Quantitative analysis of the
projected pore area, which describes the area of the pores relative to the area of the total
nanowire. The data are represented in dependence of the projected pore area before the
re-oxidation experiment. b) Projected pore area as a function of the oxygen partial pressure
at room temperature (dose rate 3900 e~ A=2s71). ¢) Changes of the projected pore area at a

constant oxygen partial pressure (0.2-0.3 mbar) but with increasing temperature (dose rate
3100 e=A=2s71). The heating profile is superimposed.

not possible to observe the transformation of the complete nanowire within the timeframe

of our in situ experiments, which can be up to 12 hours.

The crystallization of the new crystal phase is very slow at room temperature which is
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Figure 4: HRTEM images recorded during the re-oxidation of NbO at room temperature
(dose rate 3900 e‘A‘2s_1). The images show the crystal lattice at different oxygen partial
pressures starting with a partial pressure of 0.35 mbar. The analysis focuses on a region at
the nanowire surface whose pores were filled due to the exposure to oxygen. Bragg filtering
was applied to identify the localization of the two phases (red and blue) in the nanowire at
different oxygen partial pressures and reaction times. The respective reference FFT pattern
for the two phases are given on the left.

why the re-oxidation experiment was repeated at elevated temperatures: A constant oxygen
partial pressure of 0.2-0.3 mbar was used while gradually increasing the temperature to
800 °C. In accordance with the previous experiment the pore density decreases due to the
introduction of oxygen, which reflects in a reduction of the projected pore area by 40%. In
agreement with the experiment at room temperature the projected pore area does not change
dramatically up to 300 °C. Higher temperatures increase the reaction kinetics yielding the
complete disappearance of the pores within 20 minutes (fig. 3¢). Again, most of the lattice
ordering is lost due to the introduction of oxygen yielding small NbO islands embedded in
an amorphous matrix. Bragg filtering of HRTEM images demonstrates that these crystalline
regions decrease in size with increasing temperature and reaction time (see fig. S4 & S5).
At 500 °C small crystallites of a new crystal phase appear inside the nanowire (fig. 5).
In contrast to the re-oxidation at room temperature, the formation of the new phase is
not limited to the surface of the nanowire. We believe that the elevated temperatures
and local variations of the elemental composition resulting from the pristine pore structure
facilitate the crystallization of the new phase in distinct regions. The number and sizes
of its crystallites increase with temperature and time until they cover a significant part of
the nanowire at 700-750 °C reflecting in diffusive reflections centered at 3.6 A in the FFT

pattern. The crystallites continue to grow in size while the specimen is kept at 800 °C



ultimately leading to the formation of a woven-like structure. In addition, crystallites with a
lattice spacing of 5.0 A occur (tab. S2). After prolonged calcination times single crystalline
regions with lattice spacings of 3.9 A and 3.2 A form (fig. S7). These values match the lattice

spacings observed for the small crystal grains which form at room temperature (fig. 4).

Figure 5: HRTEM images recorded during the re-oxidation performed at constant oxygen
partial pressures between 0.2 and 0.3 mbar while gradually increasing the temperature (dose
rate 3100 e A=2s7!). The heating profile used for the experiment is displayed in fig. S6.
The formation of a new phase can first be observed at 500 °C as small crystallites with
a larger lattice spacing become visible within the nanowire. Other than observed at room
temperature the formation of the new phase is not limited to the nanowire surface. The
new phase is more pronounced at 700-750 °C reflecting in diffusive reflections centered at
3.6 A in the FFT pattern. Calcination at 800 °C yields sharper reflections in the FFT
pattern, with lattice spacings of 5.0 A and 3.2 A. These reflections result from different
crystal orientations of the new phase (see tab. S2). The initial crystals grow in size with
continuous heating forming a woven-like pattern.

Rapid re-oxidation — achieved by introducing less than 0.1 mbar O, at 850 °C — gives
further insights into the mechanism of the re-oxidation reaction (fig. 6). The exposure to
oxygen causes dramatic changes of the crystal lattice and the immediate filling of the pores.
Lattice planes with a spacing of 3.7 A form along one direction directly after the exposure
to oxygen gas. A high concentration of dislocations is visible within the lattice planes,
highlighted in white in figure 6a. The dislocations seem to accumulate in distinct planes,

promoting the lattice ordering in the perpendicular crystal direction which ultimately result
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in the formation of the woven-like pattern within the crystal lattice. A similar structure
was observed during the slow re-oxidation (fig. 5). The concentration of these dislocations
decreases with continued heating, however even after 25 minutes at 850 °C a significant

number of dislocations remains (fig. S8).

Figure 6: HRTEM images acquired during the rapid re-oxidation of NbO due to the in-
troduction of oxygen at 850 °C (dose rate 1700 e‘A‘zs_l). the oxygen partial pressures
are indicated in the images. The time was arbitrarily set to the starting time of the imag-
ing. a) Initially crystal lattice planes with a spacing of 3.7 A form. The lattice contains a
high concentration of dislocations which seem to accumulate in distinct planes, exemplary
dislocations are highlighted in white. b)-d) the dislocations subsequently promote the es-
tablishment of lattice ordering in the perpendicular direction of the crystal lattice. While a
high defect concentration is still visible in b) the lattice ordering improves with continuous
heating.

The interaction of the electron beam with the oxygen gas alters its reactivity.?? Thus, the
re-oxidation experiment was also performed in the absence of the electron beam to avoid the
beam effects. High resolution images and electron diffraction experiments yield important
insights into the crystal structure of the re-oxidized nanowire (fig. S9). EELS investigations
confirm that it was fully re-oxidized to pentavalent niobium oxide (see tab. S1). The niobium
oxide system is characterized by a high variety of crystal phases, which complicates the iden-
tification of the phases formed during the re-oxidation.?3> The diffraction pattern exhibits a
hexagonal symmetry composed of reflections with d-spacings of 3.2 & 0.1 A and additional
diffuse reflections. Its symmetry suggests a hexagonal crystal structure. TT—Nb,O; is the

36,37

only niobium phase with a pseudo-hexagonal symmetry (space group P6/mmm) and

the observed d-spacing matches its (1010) and (1100) planes (see table S2). The crystal
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structure of TT—Nb,O; is not well understood and is usually described as less-crystalline
variation of orthorhombic T—Nb,O,. The unit cell of T—Nb,O, comprises 16.8 niobium
atoms and is characterized by paired positions close to z=0.5 each with an occupancy fac-
tor of 0.5. The additional 0.8 niobium atoms are distributed over sites located in the a-b
plane at z=0 with occupancy factors between 0.08 and 0.04 (fig. 7c).3® The structure of
TT—Nb,O; can be derived from this structure by assuming that the niobium atoms are not
distributed between the two paired sites but instead are located at z=0.5 with an occupancy
factor of 1. Unfortunately, this approach solely yields the positions of the niobium atoms
relative to the T—Nb,O unit cell and the exact positions of the oxygen atoms remain un-
known.? The close similarity between and TT—Nb,O; complicates the distinction of the
two phases and simulated electron diffraction patterns were used for a better understanding
of the experimental pattern. The simulation of T—Nb,O; yields sharp reflections that corre-
late with the main reflections in the pattern. In addition, it reveals closely spaced reflections
that could explain the diffuse reflections observed in the experimental data (fig. S10). The
diffraction patterns were simulated for different crystal structures to distinguish T—Nb,O,
and TT—Nb,O;. The simulations show that the low occupancy niobium positions in the
a-b plane cause a pair of two reflections with similar intensities and additional strong reflec-
tions close to the primary beam. Hence, the diffuse reflections are reproduced more clearly
for T—Nb,O5, making it more probable that T—Nb,O; is formed rather than TT—-Nb,Os.
These results match other studies which analyze the crystallization of amorphous Nb,O;
respectively NbO, during continuous heating in ambient atmosphere.3¢4? For the sake of
simplicity we will limit the following discussion to T—Nb,O;, but we cannot rule out the
presence of TT—Nb,O; based on the available data. Quantification of EELS data recorded
for samples oxidized at 800 °C in the presence and absence of the electron beam yields an
atomic O-to-Nb-ratio of 2.5 for both samples (see fig. S11), and no impact of the electron
beam on the atomic composition can be detected within the sensitivity of the method. In

addition, a previous study shows that an oxygen or nitrogen gas atmosphere can fully pre-
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vent the electron beam induced reduction of niobium oxide even at high temperatures and
dose rates.?! Hence, we assume that the pressure and temperature conditions outweigh the
effect of the electron beam during our experiments and predict the formation of T—Nb,O,
for all in situ re-oxidation experiments performed in this study. In agreement with this
assumption we assign the crystals observed during the re-oxidation in the presence of the
beam to T—Nb,O; in [010] direction. All d-spacings observed during the oxidation reaction
can be assigned to T-NbyOj (see tab. S2), which suggests that no meta-stable phases occur

intermediately during the phase transformation.
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Figure 7: HRTEM images of the crystal structures of the pristine Nb;O.(OH) (a), the
in situ reduced NbO (b) and the re-oxidized nanowire (c¢). The reoxidation experiment
was performed at 850 °C in the presence of 0.2-0.3 mbar oxygen partial pressure. The
corresponding FFT pattern and simulations of the crystal structure are displayed in addition.

The data presented here allow the formulation of a mechanistic model for the re-oxidation
reaction. Upon exposure to oxygen gas, oxygen diffuses through the NbO crystal lattice.
Solid state diffusion of anions/cations in metal oxides often proceeds in the respective sub-
lattice. In this regard, the crystal structure of the material determines the likelihood of
either cation or anion diffusion. Cation diffusion is preferred in close packed structures due
to the higher formation enthalpies of defects in the anion sublattice. On the contrary, oxygen
diffusion dominates in metal oxides with a more open anion sublattice like perovskites or

fluorite structures.** NbO cyrstallizes in a defective cubic rocksalt-type structure with the
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shortest O-O distance being 2.98 A (fig. 7b),! which is similar to the perovskite structure
(2.80 A).*2 The open anion sublattice facilitates the diffusion of the oxygen atoms through
the anion sublattice via interstitial sites (fig. S12). EELS analysis indicates that low oxygen
partial pressures suffice to re-oxidize the material, indicating fast diffusion of oxygen through
the crystal lattice even at room temperature. The loss of valence electrons causes a reduc-
tion of the ionic radius of the niobium cations.*® These massive changes in both the anion
as well as the cation sublattice result in the loss of the overall lattice ordering yielding a
predominantly amorphous structure. Initially the porous structure is preserved in the center
of the nanowires, but it becomes less pronounced with time and finally disappears indicating
the diffusion of both oxygen and niobium atoms. At room temperature the crystallization of
the new crystal phase is limited to the nanowire surface, while elevated temperatures help to
overcome the activation barrier for the crystallization resulting in the transformation of the
complete nanowire. Still, a high defect concentration remains yielding a woven-like struc-
ture of the crystal lattice. Interestingly, we find that main crystal directions of the different
phases are aligned (fig. 7 and fig. S13), despite the dramatic changes of the atomic composi-
tion of the different phases (starting phase Nb;O,(OH), reduced phase NbO and re-oxidized
phase T—Nb,O;). This suggests that the cation sublattice is partly preserved throughout
the phase transitions. Considering the Nb-Nb distance (4.2 A) in the NbO crystal lattice, the
pre-ordering explains the initial formation of lattice planes with a spacing of 3.7 A (fig. 6).
The transformation subsequently proceeds via the introduction of dislocations which accu-
mulate in distinct planes. Solid state transformations frequently commence via dislocations,
which act as diffusion pathways, release strain and compensate lattice mismatch between
phases.**4" The dislocations mediate the crystallization of T-NbyOs, observed in this study,
yielding a woven-like pattern. Continuous heating reduces the defect concentration resulting

in small single crystalline regions of T-NbyOs.
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3 Conclusion

This study investigates the oxidation of porous NbO nanowires using environmental trans-
mission electron microscopy. We use different oxygen partial pressures and temperatures
to manipulate the reaction kinetics to obtain an understanding of the underlying reaction
mechanism. The porous morphology and open crystal lattice facilitate the diffusion of oxy-
gen into the nanowires and small partial pressures suffice to completely transform NbO to
NbyOs. The diffusion of oxygen through the crystal lattice initially destroys the lattice or-
dering, before a new phase forms. At room temperature the formation of the new crystal
phase is confined to the surface of the nanowire, while higher temperatures accelerate the
crystallization reaction so that the complete nanowire transforms. The crystallization of the
new phase proceeds via dislocations which initially accumulate in distinct planes and finally
yield a complex lattice structure, which resembles a wove-like pattern. Diffraction data indi-
cate that the new phase is T—Nb,O; independent of the conditions used for the re-oxidation.
This agrees with the ex situ phase diagram of niobium oxide. Despite the drastic changes
of the elemental composition an orientation relationship is preserved between the different
crystal phases. Most niobium oxide phases consist of NbOg polyhedra which might facilitate
topochemical phase transitions between different phases. Different niobium oxide phases
have profoundly different properties, thus an indepth understanding of the transformation
between different phases is critical for their application.

This study illustrates the impact of defect structures on solid-state oxidation reactions.
The observed phase transformation complies with the phase diagram of niobium oxide, which
illustrates the importance of ETEM for the study of redox reactions of metal oxide nanos-

tructures.
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