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ABSTRACT: Nanostructured niobium oxides and hydroxides are potential candidates for photochemical applications due to
their excellent optical and electronic properties. In the present work the thermal stability of Nb;O,(OH) superstructures
prepared by a simple hydrothermal approach is investigated at the atomic scale. Transmission electron microscopy and electron
energy-loss spectroscopy provide insights into the phase transformation occurring at elevated temperatures and probe the effect
of the atmospheric conditions. In the presence of oxygen, H,O is released from the crystal at temperatures above 500 °C, and the
crystallographic structure changes to H-Nb,Os. In addition to the high thermal stability of Nb,O,(OH), the morphology was
found to be stable, and first changes in the form of a merging of nanowires are not observed until 850 °C. Under reducing
conditions in a transmission electron microscope and during electron beam bombardment, an oxygen-deficient phase is formed
at temperatures above 750 °C. This transformation starts with the formation of defects in the crystal lattice at 450 °C and goes

along with the formation of pores in the nanowires which accommodate the volume differences of the two crystal phases.

B INTRODUCTION

Many different polymorphs are reported for niobium
pentoxide, with monoclinic H-Nb,O; being the thermodynami-
cally stable high-temperature phase."”” This phase is observed
after calcination of amorphous Nb,Og at 1200 °C via the
intermediate formation of T-Nb,Os’ (T > 600 °C) and
M-Nb,O* (T > 1000 °C).” Starting from Nb(IV)O,, an
alternative heat induced transformation pathway to H-Nb,Os
occurs with orthorhombic L-Nb,Oy forming as intermediate
phase which transforms into H-Nb,O5 at 850—900 °C.° Other
polymorphs include orthorhombic G-Nb,O;,” monoclinic
R-Nb,O,,* and monoclinic zeta-Nb,O,.” Most polymorphs
are characterized by a common structure element as their
crystal structures contain edge- and corner-sharing NbOq
octahedra. In addition to stoichiometric phases, several phases
with oxygen deficiency such as monoclinic Nb,,0,'" and
Nb,,0s, exist."'

Niobium J)entoxide can be applied successfully as photo-
catalyst,””~'® photodetector,”® electrode material for photo-
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electrochemical water splitting'” and in dye-sensitized solar
cells."®*' Recently another class of niobium oxides,
Nb;O,(OH)?, has attracted attention as very promising
photochemical properties are discovered for this phase,” "
and its performance as electrode material in dye-sensitized solar
cells exceeds Nb,Os.”* Both orthorhombic Nb,O,(OH) (a =
20.74 A, b = 3.823 A, ¢ = 3.926 A)** and monoclinic H-Nb,Oj
(a = 21153 A, b = 3.8233 A, ¢ = 19356 A, § = 119.80°)°
consist of blocks of corner-sharing NbOg octahedra. This
structural motif facilitates the phase transformation of
Nb;O,(OH) to H-Nb,O; as shown by X-ray diffraction
(XRD) studies.””*® In general, all phase transformations are
characterized by their thermodynamic (temperature and
pressure) and kinetic properties (heating rate).”” In situ
experiments”’ performed in the electron microscope have
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Figure 1. Electron micrographs of samples heated ex situ under ambient conditions. (a) SEM image of the Nb;O,(OH) superstructure before the
calcination and after the calcination at 850 °C (b) and 1200 °C (c). (d) TEM image of the network consisting of the Nb;O,(OH) nanowires before
calcination. (e) TEM image of the nanowire network obtained after calcination at 850 °C. The electron diffraction pattern recorded for one
nanocrystal in the [001] zone axis is shown in (f). (g) High resolution TEM (HRTEM) image of an area which shows that the nanowires merged to
form larger crystals during calcination at 850 °C. The white lines indicate individual grains. (h) Magnified view of the boundary between two
nanowires grown together. A miss-tilt of 4° also visible in the fast Fourier transformation (FFT) is compensated by dislocations (highlighted with

white lines) arranged in a small angle grain boundary (SAGB).

been demonstrated to give insight into the phenomena
occurring during heating for numerous materials including
silver,”’ AL O3,*”* anatase TiO,’* and Al-Si alloy nano-
particles.”> However, the conditions inside an electron
microscope differ from ex situ laboratory synthesis conditions
and often result in a reducing environment.”*™** This is
especially interesting in the case of metal oxides with a covalent
component in their bonding as they are known for their ability
to accommodate slight reduction by crystallographic shear.*”
In the present work, the annealing behavior of complex
three-dimensional (3D) hierarchical Nb;O,(OH) superstruc-
tures is investigated. They are fabricated by a hydrothermal
synthesis strategy”> and consist of highly ordered nanowire
networks. The superstructures are fully crystalline, phase-pure,
and have a large surface area, which are beneficial properties for

4310

photocatalysts and photoelectrodes.” The thermal stability of
the morphology and crystal structure of nanostructures is
crucial for their application in functional devices. In this work,
the heat induced phase transformation of Nb;O,(OH) to
H-Nb,O; and the effect of annealing on the morphology of the
superstructures are studied at the atomic scale as a function of
pressure and atmosphere. This is important as some niobium
oxide polymorphs are reported to tolerate large deviation from
stoichiometry.'"*>*' In situ experiments carried out in a
transmission electron microscope (TEM) are furthermore used
to directly observe atomic scale phenomena.

B RESULTS AND DISCUSSION

Ex Situ Studies of the Phase Transformation at
Ambient Conditions. Figure la shows a scanning electron
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Figure 2. In situ TEM heating experiments which shows the effect of heat and electron bombardment on the structure of nanowire networks. (a)
Bright field (BF) images and electron diffraction pattern of the investigated network before and after the heating experiment. (b) BF images recorded
during the in situ heating experiment. (c) HRTEM image acquired of one nanowire of the investigated network after the in situ experiment. (d)
Close-up view of one region with a pore. The inset shows the FFT pattern calculated of the respective HRTEM image.

microscopy (SEM) image of the 3D hierarchical Nb;O,(OH)
superstructures investigated in this study. These superstructures
were calcined at ambient conditions in the presence of oxygen
and analyzed by ex situ XRD and electron microscopy after
cooling down to room temperature. XRD reveals changes of
the crystallographic structure for an annealing temperature of
500 °C. First a broadening of the reflection at 26y = 23.6°
occurs, which coincides with a decrease of the intensity of the
(001) reflection of Nb;O,(OH) (265 = 22.5°) (see Supporting
Information (SI), Figure S1). For a temperature of 850 °C
broad reflections are observed as well, which become more
pronounced for the sample obtained from calcination at 1200
°C. The comparison with literature”> shows that the reflections
of the sample calcined at 1200 °C perfectly match H-Nb,Oy
(see SI, Figure S2). High resolution imaging performed in the
TEM reveals the presence of both crystal phases (Nb;O,(OH)
and H-Nb,Os) in the sample calcined at 600 °C. Hence, an
overlap of the strong reflections of H-Nb,Og at 23.8° ((1 1 0),
(1 T 1)) and 239° ((0 1 1)) with the reflections of
Nb;O,(OH) are responsible for the broadening of the
reflections observed in the respective XRD pattern. At the
same time SEM images show that the morphology of the
superstructures is preserved up to 850 °C (Figure 1b). This is
related to the conservation of large parts of the original
nanowire networks as obvious from bright field (BF) TEM
images (Figure 1d,e). A comparison of the networks before and
after calcination at 850 °C reveals that the nanowire
arrangement is preserved, while the size of the single wires
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increases. The electron diffraction pattern acquired for a single
nanocrystal of the 850 °C sample confirms that they possess
the H-Nb,Oy crystal structure with the long dimension being
parallel to the [010] direction (see Figure 1f and SI, Figure S3).
The H-Nb,O; nanowires show regions with slightly tilted (2—
4°) {1 0 1} lattice planes as determined from analysis of the fast
Fourier transformation (FFT). This deviation is compensated
by the formation of small-angle grain boundaries (SAGBs)
consisting of edge dislocations with a spacing of D = 5.8 + 1.3
nm (Figure 1h).

The findings of the TEM investigations indicate a merging of
crystallites during the phase transformation, which results in
larger nanocrystals and suggests that Ostwald ripening occurs
(Figure 1g). This hypothesis is strengthened by the observation
of increased crystal sizes for a higher calcination temperature of
1200 °C as indicated by sharp reflections in the XRD (see SI,
Figure S2). The large crystal size achieved at 1200 °C is also
visible in SEM micrographs (Figure 1c), which in addition
show that the superstructures have collapsed into individual
large and compact H-Nb,Ojs crystals. TEM images reveal the
compact nature of these single crystals, and electron diffraction
experiments indicate the presence of (1 0 1) twins in the
H-Nb,Ojs crystal lattice. We propose that these twins form
during the merging of small nanocrystals as a result of stress or
growth twins (see SI, Figure S3). The observation of these
twins is in accordance with the literature which describes the (1
0 1) twin boundary as the only permitted twin boundary in the
block structure of H-Nb,Os.**
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Figure 3. HRTEM images detected during the in situ TEM heating experiments. (a) Screen shots of a movie recorded for a nanowire in [001]
viewing direction at different temperatures. (b) Images recorded during an in situ experiment starting from a nanowire in [100] orientation.

The investigation indicates that surprisingly high temper-
atures are required to remove water from the crystal lattice of
Nb,O,(OH) to form H-Nb,O; according to the following

equation:
AT
2Nb,0,(OH) — 3Nb,O; + H,0
1 bar

In contrast to a recent study which reported a temperature of
450 °C to suffice for complete transformation of Nb;O,(OH)
to H-Nb,O,,*® temperatures above 600 °C are required for
complete phase transformation of the Nb;O,(OH) super-
structures investigated in the present work. Furthermore, we
apply in-depth TEM analysis, and by this a high thermal
stability of both crystal structure and morphology is proven. In
situ investigations which allow us to directly observe the phase
transformation at the atomic scale are performed under
reducing conditions in the TEM as described in the following.

In Situ TEM Investigation of Phase Transformation in
Reducing Atmosphere. The size of the 3D hierarchical
Nb,O,(OH) superstructures (see Figure la) necessitates the
investigation of fragments of nanowire networks or single
nanowires with TEM. The high degree of ordering within the
large-scale nanowire networks (see Figure 1d and 2a) is
apparent from electron diffraction patterns which exhibit
distinct reflections typical for single crystals.”> The effect of
heat on the structure of one whole network was monitored in
the course of 300 min at 900 °C with images recorded every 15
min (see Figure 2b). To reduce possible electron beam induced
radiation damage (acceleration voltage was 300 kV), the beam
was moved to a neighboring area in between the measurements
(detailed description of the experiment see SI, Table S1). No
changes are observed for temperatures below 500 °C followed
by the formation of a substructure in the nanowires (at 700
°C). This structure becomes more pronounced at 900 °C at
which point nanoscale pores develop within the nanowires.
These pores are surrounded by small nanocrystals. The shape
of the pores changes during the first 135 min at 900 °C.
Afterward primarily a bending of the nanowires and only slight
changes of the nanocrystalline structure are observed (see
Movie 1). The comparison of electron diffraction patterns from
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the investigated region before and after the experiment shows
that the long-range ordering within the network is lost (Figure
2a). Figure 2c shows the formation of small nanocrystals which
surround the pores. HR TEM images recorded after the heating
experiment show that all nanocrystals within the pristine
nanowire have the same crystal orientation (Figure 2d).
Although these nanocrystals are aligned along the same zone
axis they are slightly rotated relative to each other leading to a
moiré pattern visible in the HRTEM image. FFT analysis shows
that they possess a different crystal structure than the mother
compound which cannot definitely be assigned to one specific
niobium oxide phase reported in the literature.

In contrast to observations for the Ni(OH),/NiO system*’
no changes of the nanowire width are found for the
Nb;O,(OH) nanowire networks in our in situ study (see SI,
Figure S4). It is important to note, that despite the pore
formation, a high thermal stability (no changes up to 500 °C)
of the nanowire network is also observed under reducing
conditions (Figure 2b).

To directly follow the formation of the pores and
nanocrystals in situ TEM heating experiments were also
conducted at higher magnification for single nanowires oriented
parallel to the [0 0 1] (Figure 3a) and [1 0 0] (Figure 3b)
direction (the [0 1 0] direction cannot be investigated as it is
the growth direction of the nanowires”*>). In this case, beam
damage was not reduced by moving respective nanowires out of
the electron beam but by lowering the accelerating voltage to
200 kV. The crystal lattice of Nb;O,(OH) nanowires is not
defect free but contains planar defects parallel to the (0 0 1)
lattice planes visible in the [1 0 0] viewing direction (Figure
4c). The investigations were performed for regions at the
interface between defective and defect-free crystal lattices since
the largest changes were expected here. First changes of the
crystal lattice occur in the form of additional defects in the
temperature range between 400 and 500 °C, and a shift of the
atomic position by 1/2 [0 0 1] of every third lattice plane is
observed (Figure 4d,e). The dislocations leading to the atomic
displacements of 1/2 [0 0 1] originate at the planar defect
(Figure 3b) and move through the single crystalline region
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Figure 4. TEM images of the crystal structure of a nanowire in [100]
orientation showing a defect-free area and the planar defects parallel to
the (001) lattice planes. (a) Overview of one nanowire. (b) Close-up
view of a defect-free region; (c) magnified view of the planar defects
present in the crystal lattice. (d) HRTEM image of the defects which
result from dislocations which move through the crystal lattice at 450
°C. (e) Schematic illustration of the defect structure.

toward the surface of the nanowire with a speed of 5.9 + 1.3
nm/min at 450 °C (see Movie 2). The dislocations form to
relieve strain®*"*® and are believed to initiate the phase
transformation which proceeds in the [0 0 1] direction. This
agrees well with the reported observation that the phase
transformation from Nb;O,(OH) to H-Nb,O; likewise
happens via crystal deformation along the z-direction.”® At a
temperature of 650—750 °C first slight distortions of the crystal
lattice cause a blurriness in the FFT pattern and frame the
beginning pore formation. With increasing temperatures these
pores become more pronounced which coincides with the
beginning of a phase transformation as obvious from the FFT
pattern. The phase transformation proceeds with ongoing
heating time and so does the formation of the pores which
increase in size. As soon as the phase transformation is
completed, only minor changes of the pore structure are
observed and their sizes remain constant (see SI, Figure SS).
The formation of pores can be provoked directly at a heating
temperature of 900 °C by moving the electron beam to a new
network which had not been illuminated before (see Movie 3).
In principle several reasons for this pore formation are
conceivable. They could form to compensate the volume
change occurring during the phase transformation,”’ due to a
movement and agglomeration of defects resulting in Kirkendall
voids*”** or be caused by electron beam damage effects which
destroy bonds and remove preferentially one atomic species
(e.g, oxygen) from the crystal®* > Of these, the volume
change has been shown to be the most likely explanation for
numerous decomposition reactions of this type.”>"” Many such
reactions are found to be topotactic and pseudomorphic; i.e.,
they maintain crystallographic alignment of the parent and
product lattices and leave the external shape of the structure
largely unchanged. This implies that the volume difference
must be accommodated by internal pores. These pores only
form when the sample has reached 500 °C, and no changes of
the nanowire morphology are observed during electron
bombardment at lower temperatures (see Movie 4). Similar
pores were observed for Nb,Ojs, but other than that found for
Nb;O,(OH) in this work the pore formation in Nb,Oy is
associated with a phase transformation that can be initiated by
electron irradiation at room temperature.”” The study assumes

4313

a reduction of Nb,O; by the electron irradiation but could not
match the observed d-values to a known crystal phase. At
temperatures of 1200 °C we find a rapid merging of the initial
nanowires via oriented attachment and coarsening under strong
crystalline anisotropy (see Movie S). FFT patterns calculated
from HRTEM images acquired at 800 °C (Figure 3a) and 1000
°C (Figure 3b) are found to be different from the parent phase.
The pattern of the nanowires illuminated during the experi-
ment differ dependent on the starting orientation of the
nanowire (see S, Figure S6). Neither of these patterns fit to the
H-Nb,O5 or Nb;O,(OH) crystal phase, and the phase variety
of niobium oxide and its ability to accommodate reduction by
crystallographic shear complicate the phase identification (the
determined d-values are listed in SI, Table §2),'"#0#°

To address the question of the effect of the electron beam
irradiation on the phase transformation further nanowires and
networks which had not been illuminated during the in situ
heating experiment are analyzed after being cooled down to
room temperature. The investigation shows that in the absence
of the electron beam a minimum temperature of 900 °C is
required to initiate a phase transformation. In that case the
networks likewise retain their morphology. Other than in the
presence of the electron beam no pore formation is visible, but
instead the transformation starts with the formation of small
nanograins in the initial nanowires. It appears that these
nanograins merge in the course of the recrystallization to form
larger single crystals (see SI, Figure S7). It is important to note
that at 900 °C not all nanowires have phase transformed, and
many preserve the Nb;O,(OH) crystal structure. However,
after calcination at 1200 °C all nanowires appear to be
transformed into a crystal phase which is different from the
mother compound or H-Nb,Oj and besides d-values of 1.9 and
3.2 A a d-value of 14.2 A is found (Figure Sab and SI, Table
S2). The large d-spacing is solely observed for a few phases
which are M-Nb,O; (d(;0) = 14.5 A),* T-Nb,O5 (d(gy0) = 14.6
A)’ and L-Nb,O5 (d(gy) = 14.7 A).°

Figure 5. HRTEM images of two nanowires, which were heated in situ
to 950 °C in the absence of the electron beam. Panel (a) shows a
single crystalline region; the FFT yields a d-spacing of 14.2 A, which
does not match Nb;O,(OH) and H-Nb,Os. A region composed of
different crystal orientations which merged during the recrystallization
is visible in the HRTEM image displayed in (b).

Electron Energy-Loss Spectroscopy Analysis of the
Different Samples. The reducing atmosphere in a TEM and
the known sensitivity of niobium oxide to be reduced by the
electron beam suggest the removal of oxygen during the in situ
TEM experiments, thus reducing the oxidation state of
niobium. Therefore, electron energy-loss spectroscopy
(EELS) is applied to determine the oxidation state by analyzing
the energy-loss near-edge fine structure (ELNES) of the O—K
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Figure 6. EEL spectra recorded for samples obtained from different heat treatments. Different samples were investigated: One Nb;O,(OH)
nanowire network as reference as well as networks calcined ex situ at 600 and 850 °C. Furthermore, single nanowires observed after calcination at
850 and 1200 °C were analyzed in addition to the nanowire network which was heated in situ to temperatures of 900 °C in the presence of the
electron beam.

Table 1. EELS Data Recorded for the Sample Calcined at Different Temperatures Ex Situ and in Situ in the Presence of the
Electron Beam”

Nb-M; 4 O—K edge
sample a (eV) b (eV) a (eV) b (eV) ¢ (eV)

Nb,0,(OH) reference 1.5+ 0.1 16.1 + 0.2 1.1 +0.1 5.6 0.1 132 + 0.2
Nb,0,(OH) 600 °C 14 + 02 160 + 0.1 L1 +0.1 54+ 0.1 130 £ 0.1
network 850 °C 14 £ 0.1 16.0 + 0.1 1.0 £ 0.1 53 +0.1 13.0 + 0.1
crystal 850 °C 1.5 +0.2 162 + 0.4 1.1 +£0.1 53 +0.1 13.1 + 0.1
Nb,O; (1200 °C-sample) 1S £ 01 16.1 + 0.1 1.0 £ 0.1 $3+01 13.1 + 0.1
in situ network with e-beam 22 + 0.1 16.5 + 0.4 1.1 +01 5.0 +£0.1

“The peak positions are given relative to the onset of the respective edge which was set to 365 eV for the Nb-M, ; and 532 eV for the O—K edge.

and Nb-M,; edge and by quantitative determination of the unoccupied Nb-4d/Nb-Ss states and is characterized by two
niobium-to-oxygen ratio. white lines. The energy difference between M, (b) and M; (a)

The ELNES of element specific edges in EEL spectra yields a originates from the spin—orbital splitting of 3p,/, and 3p;/,
deeper understanding of the oxidation state and local orbitals. The M, and M; difference is 14.6 + 0.1 eV for
surrounding of the elements in the crystals. EELS data were Nb;O,(OH) and the ex situ heated samples, while a slightly
recorded with an energy resolution of 0.3—0.4 eV (dispersion decreased splitting is observed for the sample heated in situ

0.07 V) for Nb;O,(OH), Nb;O,(OH) calcined at 600 and (14.1 £ 02 eV) (see Table 1). The ELNES of the Nb-M,;
850 °C and H-Nb,O;. The H-Nb,O; phase was obtained via edges show high energy loss shoulders (a’, b’) for all samples
calcination of Nb;O,(OH) at 1200 °C. In addition, ELNES (ex situ heated samples, H-Nb,O; and Nb;O,(OH)) except the

data were recorded at the nanowire network heated in situ in one heated in situ in the presence of the electron beam. These
the TEM in the presence of the electron beam at 900 °C high-energy loss shoulders are characteristic for pentavalent
(Figure 6 and Table 1). The low-loss region which contains the niobium, while the double peak structure becomes less
plasmon peak and single valence loss excitations is charac- pronounced for Nb(IV)O, and vanishes for Nb(II)O.*>*?
terized by four main features with additional shoulders and is Hence, the observed ELNES of the Nb-M, ; edges proposes the
very similar for all samples (Figure 6). Slight deviations presence of pentavalent niobium in the samples heated ex situ
between the different samples are most likely caused by carbon as well as H-Nb,Og and Nb;O,(OH). In contrast, the ELNES
contamination and thickness variation. In thick samples of the sample heated in situ in the presence of the electron
multiple scattering events can occur, yielding altered ELNES beam indicates the presence of Nb(IV) or Nb(II) in the crystal

features.’’ However, the low loss region for the different lattice.
samples do not show any sign of a second plasmon, and as such The ELNES of the O—K edge is characterized by three
the different ELNES features discussed below stem from dominant features (g, b, ¢). The splitting of peak a and b can
changes in the oxidation state. serve as a fingerprint for the oxidation state.> It is 4.3 + 0.1 eV
The Nb-M,; edge with an edge onset at around 365 eV for the samples heated ex situ, while it decreases to 3.8 + 0.1 eV
results from the transition of electrons of the Nb-3p states to for the sample heated in situ in the microscope. The former
4314 DOI: 10.1021/acs.cgd.6b00386
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values agree well with the ones reported for Nb,Og (4.3 eV™?),
while the latter value indicates a decrease of the niobium
oxidation state for the sample heated in situ as a value of 3.5 eV
was reported for NbO.”> The high similarity between
Nb;O,(OH) and H-Nb,O; is related to the fact that both
crystal structures are based on identical structure units. In this
regard, the ELNES of the Nb-M, ; as well as the O—K edge
indicate a reduction of the niobium oxidation state due to the
combination of electron irradiation and the absence of oxygen.
The niobium-to-oxygen (Ny,/Ng) ratio of these samples was
quantified based on the intensity of the respective edges I\
using the following equation.”’

N _ o o
No Io onp

Here 6 and oy, are the inelastic cross-section of the O-K and
the Nb-M,; edge, respectively. For Nb;O,(OH) a oy,/00-
factor of 0.86 and for Nb,Ojs a factor of 0.76 were determined
empirically based on the reference sample and H-Nb,O; (1200
°C sample). These factors are used to determine the Nb—O
ratio of the sample heated in situ in the microscope in the
presence of the electron beam. The Nb—O ratio determined
using the cross-section factor (oy,/00 = 0.76) for Nb;O,(OH)
is 0.67, while a value of 0.59 was calculated using the oy,/0g of
Nb,O;. The values are higher than the ones of NbyO,(OH)
(Nno/Ng = 0.38) and Nb,Og (Ny,/Ng = 0.4) indicating a
lower amount of oxygen. These findings coincide with the
altered ELNES of the Nb-M, ; and O-K edge discovered for the
sample heated in situ in the microscope proving the removal of
oxygen from the crystal structure of the sample due to the
combination of heat and reducing condition.

B CONCLUSION

This study investigates the effect of heat on the morphology
and crystal structure of 3D hierarchical Nb;O,(OH) super-
structures at different atmospheric conditions. These super-
structures consist of highly ordered nanowire networks. In the
presence of oxygen a transformation of Nb;O,(OH) to
H-ND,Ogs is initiated at temperatures above 500 °C, and the
presence of both crystal phases is observed for a sample
calcined at 600 °C. At the same time, the morphology of the
nanowire networks and with that of the superstructures is
preserved up to 850 °C, despite the merging of the nanowires
which goes along with phase transformation. This merging is
facilitated by SAGBs which form to compensate slight tilting of
crystal domains.

The high thermal stability of the nanowire networks is
confirmed by in situ investigation in the TEM. However, the
reducing condition in the electron microscope has a strong
effect on the phase transformation. Prior to the phase
transformation, defects form in the single crystalline region of
the nanowires at 450 °C. These defects move through the
crystal to its surface starting from planar defects which are
characteristic for hydrothermally grown Nb;O,(OH) nano-
wires. The presence of the electron beam during the heating
experiment features the formation of an oxygen-deficient
niobium oxide crystal phase for temperatures above 800 °C.
The volume difference between the two crystal phases is
compensated by the formation of pores which is observed at
temperatures above 700 °C. Solely the presence of the electron
beam does not suffice to initiate this pore formation, but at least
a temperature of 500 °C is required as well. However, no pores
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are observed for heating experiments performed in situ in the
absence of the electron beam and aside from that under this
condition the phase transformation also happens at higher
temperatures of 900 °C.

The present study indicates that oxygen has a strong effect
on the phase transformation yielding different crystal phases in
situ than observed ex situ. The strong effect of the electron
beam and the absence of oxygen is explained by the ability of
niobium oxide to form suboxides and accommodate oxygen
deficiency via structural strain. While the absence of oxygen
yields a crystal phase with similar crystal symmetry like
H-Nb,O; and Nb;O,(OH) but with different d-values, the
additional presence of the electron beam features clearly
different crystallographic parameters. All together, this study
demonstrates the high thermal stability of Nb;O,(OH)
superstructures related to its crystal structure and morphology.
This makes the superstructures especially promising for several
functional applications performed at higher temperatures.
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