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ABSTRACT: Anatase TiO2 nanocrystals (NCs) play a vital role in
photocatalytic applications due to their high catalytic activity and in gassensing applications due to their high chemical sensitivity. Here, we report
the transformation at elevated temperature of anatase nanorods (NRs) with a
length of 25 nm into rock-salt TiO nanoparticles with an average size of 9.2 ±
2.1 nm investigated by means of in situ heating in the transmission electron
microscope. The NRs were completely transformed to titanium monoxide
NCs after heating to a temperature of 1200 °C. We also identiﬁed an
intermediate stage in the temperature range of 950−1200 °C, during which
not only the anatase and rock-salt phases were found but also the brookite
phase. Understanding of the phase and morphology evolution at high
temperatures is of essence to the functionality of the NRs in various applications, as discussed in this work. Moreover, the hightemperature transformation to titanium monoxide is of interest as rock-salt TiO (γ-TiO) is known to exhibit superconducting
properties. We propose the heating-induced transformation as a physical route to synthesize TiO NCs of very small size.
KEYWORDS: anatase titanium dioxide, nanorods, phase transformation, in situ electron microscopy, titanium monoxide

1. INTRODUCTION
Titanium dioxides have been studied for more than half a
century, and the investigation of their nanostructural forms is
continuously intensifying.1−6 The interest in nanoscale TiO2
stems from its natural abundance, non-toxicity, high stability,
and advanced functional properties including, in particular, its
very eﬀective application as a photocatalyst.7−11 It is one of the
very few materials that is capable of light-induced water
splitting without the need of adding any fuel to drive the
reaction.12 It can also be used for the conversion of solar
energy to electric power13 and for the degradation of highly
toxic materials and pollutants.14 Because of the high photocatalytic performance, TiO2 also has potential to be used as an
anti-bacterial and for self-cleaning coating of high-temperature
process ceramics.11,15−20 Moreover, TiO2 and also TiO2-based
composites are also suitable gas sensor materials in electronic
devices, which are based on surface oxygen vacancy formation,
selective ion absorption, or desorption mechanisms.21−24
In contrast to bulk TiO2 materials, TiO2 nanoparticles have
the advantage of a high surface-to-volume ratio. Consequently,
the nanoparticles have much higher adsorption ability than the
bulk material, leading to a high reactivity in photocatalytic and
gas-sensing applications.25 Also, the morphology of the
nanoscale particles is of major importance and results in
diﬀerent performances.6 It is reported that the nanorods (NRs)
have a higher interfacial charge carrier transfer rate and density
of active sites available for surface reactions in comparison to
© 2022 The Authors. Published by
American Chemical Society

spherical particles, which is due to the even higher surface-tovolume ratio of the rod-like shape.26 The anatase NRs
investigated in this study are also proper candidates for serving
as building blocks for liquid crystals due to their shape and
orientation-dependent collective properties, which has been
demonstrated already for brookite NRs.27 The morphology,
size, and crystal structure of the particles are directly related to
their functional properties such as catalytic and (opto)electrical properties, determining the range of applicable
operation temperatures. For applications in gas sensors and
antibacterial coatings, the desired operation temperatures can
be very high. Consequently, the thermal behavior and temporal
stability of TiO2 NRs are of major importance to their
performance, and here, we investigate the thermal evolution of
anatase NRs by in situ heating in transmission electron
microscopy (TEM).
There are three phases of TiO2 that predominantly occur in
nature: rutile, anatase, and brookite. All three phases are
composed of TiO6 octahedra with diﬀerent Ti−O bond
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fabricated by ion bombardment-induced chemical reduction,
laser hydrothermal reductive ablation, and other methods.45,51,54 Nanopowders of TiO have been synthesized
previously, for example, by ball milling, fragmentation, and
other methods.55−58 The typical size of the nanoparticles
obtained in those powders is quite large, although in the order
of ∼100 nm or larger. Simon et al. have successfully
synthesized N-doped cubic TiO nanoparticles with a size
below 10 nm by laser pyrolysis.59 In that study, it was reported
that apart from the N doping, carbon contamination was also
introduced during the synthesis and that post-synthesis
annealing was required to whiten the samples. In the present
work, we have obtained pure TiO NCs with a typical size of
∼10 nm or smaller.
Here, we investigate the thermal evolution of anatase TiO2
NRs using in situ TEM where superior resolution in the
electron microscope during heating is obtained by employing
micro-electro-mechanical systems (MEMS) technology, allowing to monitor chemical and physical transitions of nanoparticles in real-time and at the atomic scale.60,61 In order to
avoid any inﬂuence of the electron beam on the observations,
the ﬁeld of view in the TEM was often changed to areas not
previously exposed to the electron beam, as detailed in the
Experimental Section. Thermal evolution was observed to take
place everywhere on the heating chip. The anatase NRs fully
transformed to rock-salt TiO at 1200 °C, with an
intermediated stage appearing from 950 °C onward. At the
intermediate stage, a mixture of the anatase, brookite, and
rock-salt phases was found. The thermal stability of anatase
NRs is of importance for their implementation in applications.
Furthermore, the transformation elucidated in this paper may
serve as a route toward obtaining rock-salt titanium monoxide
(TiO) nanoparticles of very small size.

lengths. Their schematic crystal structures are shown in Figure
1 and detailed crystallographic data are provided in Table 1.

Figure 1. Structure of the TiOx polymorphs: (a) rutile, (b) anatase,
(c) brookite, and (d) γ-TiO (rock salt). Ti atoms are represented by
blue spheres, and O atoms are represented by red spheres.

Table 1. Structure, Space Group, and Lattice Constant of
Rutile, Anatase, Brookite, and γ-TiO
structure

space group

rutile

tetragonal

anatase
brookite

tetragonal
orthorhombic

P42/mnm
(136)
I41/amd (141)
Pbca (61)

γ-TiO

cubic

Fm3̅m (225)

Article

lattice parameter (Å)3,44
a = b = 4.593; c = 2.959
a = b = 3.785; c = 9.514
a = 9.184; b = 5.447;
c = 5.145
a = b = c = 4.24

2. EXPERIMENTAL SECTION
2.1. Synthesis. Titanium (IV) isopropoxide or TTIP (Ti(OCH(CH3)2)4, 97.0%), oleic acid (OLAC, 90%), acetone, and toluene
were purchased from Sigma−Aldrich and used as received. All
experimental procedures were carried out either in an inert
atmosphere using a standard Schlenk line setup or in a glove box.
The anatase titanium dioxide NRs were synthesized following a
slightly modiﬁed version of the synthesis described in the literature by
Joo et al.,62 where OLAC was used as the solvent, reagent, and ligand.
In a typical synthesis, OLAC (100.0 mmol, 31.6 mL) was degassed in
a 250 mL three-neck round bottom ﬂask at 120 °C for an hour under
vacuum and vigorous stirring. Then, the ﬂask was cooled down under
vacuum to 40 °C, followed by switching to nitrogen and the swift
addition of TTIP (34.0 mmol, 10 mL), which was prepared in the
glove box in advance. The mixture was then heated up to 250 °C in
20 min and kept at this temperature for 2 h. Caution should be taken
as the reaction is rather violent with concomitant release of gases and
foam formation expanding in the ﬂask and should be controlled by
nitrogen overﬂow/pressure as well as an extra needle as an outlet in a
septum on one of the necks of the ﬂask. After thermal ﬂuctuations at
high temperatures, the yellow solution gradually turned into a white−
gray foam and ﬁnally a gray solution. The heating mantle was then
removed after 2 h, and the ﬂask was allowed to cool to room
temperature. A size-selective precipitation process was performed on
the as-synthesized TiO2 NCs to separate TiO2 NRs. Thus, the
dispersion of the TiO2 NCs was centrifuged at 6000 rcf (relative
centrifugal force) for 10 min and then NR precipitations were
redispersed in toluene. The washing step was repeated at least two
times to achieve optically clear dispersions of TiO2 NRs. The
dimension of the NRs was on average 3.6 ± 0.3 nm (diameter) and
24.6 ± 3.4 nm (length).

Rutile is the most stable phase in the bulk form, while the
anatase phase is reported to have the highest photocatalytic
activity.10,28 Many studies show the irreversible transformation
from anatase or brookite to the rutile phase.28−33 However, the
properties at the nanoscale are diﬀerent. It has been shown that
the anatase phase is preferred for nanoparticles.34−38 The
stability and phase transformation between the polymorphs
were reported to depend on several factors, such as
temperature, pH,34 synthesis method,18−20 and presence of
impurities.39,40 Moreover, the shape of the particles could be
also manipulated during synthesis.18,27,41 It is also possible to
enhance the adsorption properties of the nanocrystals (NCs)
by exposing diﬀerent facets.34,42 The shape of the NC is
therefore important to take into consideration during
investigation of the phase stability of TiO2 NCs. The
transformations between diﬀerent polymorphs result in
changes in their chemical and physical properties, which
consequently aﬀects their functionality in applications.43,44
Apart from the phase transformation between titanium
dioxides, the transformation to titanium monoxides is also
reported in several studies.45−47 Titanium monoxides have
been observed in four diﬀerent phases, of which rock-salt cubic
TiO (also named γ-TiO) is the stable phase at high
temperature.48−50 It has been shown that TiO has superconducting properties.51−53 TiO thin ﬁlms were successfully
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Figure 2. Schematic process and high-resolution TEM images of TiOx NCs during heating. At 700 °C, the surfaces of the NRs deformed. At 900
°C, the NRs broke up, and sometimes the neighboring rods coalesced. Upon heating to 1000 °C, most NRs transformed to smaller nanoparticles.

Figure 3. SADPs of the titanium oxide NRs during heating. At room temperature and up to 900 °C, the patterns correspond to the anatase crystal
structure. At 950 °C, a new phase started to form, as indicated by the yellow arcs. At the temperature of 1200 °C, all nanoparticles had transformed
to rock-salt TiO, which, because of the high symmetry of this phase, only has few rings in the SADP.
2.2. X-ray Diﬀraction Characterization. The crystal structure of
TiO2 NRs in pristine samples was conﬁrmed by X-ray diﬀraction
(XRD) measurements. XRD was performed using a Bruker-AXS D2
Phaser X-ray diﬀractometer with Co Kα radiation (λ = 1.79026 Å)
operated at 30 kV and 10 mA.
2.3. TEM Characterization. All in situ TEM investigations on the
anatase NRs were conducted using an FEI TalosF200X TEM
instrument operating at 200 kV. High-resolution high-angle annular
dark-ﬁeld scanning transmission electron microscopy (HAADFSTEM) images of the rock-salt TiO nanoparticles obtained after
heating were recorded with a double aberration-corrected TFS
Spectra 300 TEM instrument operating at 300 kV. The specimens
were prepared by drop casting the anatase TiO2 NRs solution onto
the MEMS heating chip. This chip was subsequently mounted on a
dedicated in situ heating TEM holder from DENSsolutions.
The TiO2 specimens were ﬁrst heated from 20 to 1200 °C with 100
°C increments. The heating proﬁle is shown in Figure S1 of the
Supporting Information (SI). The nanoscale phase transformation
started around 900 °C. In a second heating experiment, the specimen
was heated from 20 to 900 °C with 100 °C increments, but with
smaller increments of 50 °C when raising the temperature further
from 900 to 1100 °C, in order to monitor the transformations more
closely.
The inspected area of the sample was changed very often to areas
not previously exposed to the electron beam in order to exclude any
possible beam-induced eﬀects. The transformations reported in this
work were found to occur everywhere on the heating chip, also in
areas not previously exposed to the electron beam. Furthermore,
serving as a reference measurement and in order to fully exclude any
electron beam eﬀects, the samples were also heated ex situ outside of
the TEM. For these ex situ experiments, the samples were heated with

the heating holder inserted in a high vacuum chamber (Gatan
pumping station model 655), applying the same heating rate as in the
in situ heating experiments. The pressure in the high vacuum chamber
was approximately 1.0 × 10−3 ∼10−4 Pa. After holding the
temperature at 1200 °C for 15 min, the sample was cooled down
fast to room temperature and swiftly inserted in the TEM for
subsequent analysis.

3. RESULTS AND DISCUSSION
A TEM micrograph of the pristine as-synthesized samples is
shown in the left panel of Figure 2. The NRs have a length of
24.6 ± 3.4 nm and a diameter of 3.6 ± 0.3 nm. Most of the
NRs have sharp edges at room temperature. An XRD spectrum
conﬁrming the anatase phase is shown in Figure S2. These
anatase TiO2 NRs were heated from room temperature to
1200 °C following the procedure mentioned in the
Experimental Section. The ﬁeld of view was often changed
during the in situ experiments to verify that the transformations took place everywhere, also in areas that had not
been previously exposed to the electron beam. Figure 2 shows
high-resolution images and schematic panels of the thermal
evolution of specimens from room temperature to 1100 °C.
The morphology of the specimens changed during heating.
Upon heating to 500 °C, the edges became rounded. Most
likely, the oleic acid ligands degrade at this temperature
resulting in destabilization of the NR surfaces. At 700 °C, the
surfaces of the NRs deformed more and were no longer
smooth. At 900 °C, some NRs broke up into multiple
1602
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segments and were partly sublimated, while sometimes
neighboring rods had coalesced. Upon heating to 1000 °C,
most NRs had transformed into smaller nanoparticles. Images
with lower magniﬁcation and more temperature steps during
heating are shown in Figure S3.
Figure 3 shows the selected area diﬀraction patterns
(SADPs) of the specimens during heating. Up to 900 °C,
the diﬀraction pattern (DP) corresponded to that of the
anatase crystal structure. When the temperature was raised to
950 °C, a few more rings appeared (marked by the yellow
arcs), indicating the formation of a new structure that is
neither anatase TiO2 nor cubic TiO. The indexing of this new
phase will be discussed below. With further increase in the
temperature, the inner rings disappeared gradually. At 1200
°C, only three rings remained. The rings were indexed and
found to correspond to the cubic γ-TiO structure. This means
that the anatase TiO2 NRs were ﬁnally reduced to rock-salt
TiO. High-resolution STEM images shown in Figure 4 conﬁrm

Figure 4. High-resolution STEM images of two γ-TiO NCs recorded
after heating to 1200 °C. Corresponding fast-Fourier transform
patterns are shown as insets, where the cubic TiO structure in (a) is
oriented in the [001]-zone axis and (b) in the [011]-zone axis,
respectively. The scale bar in both images indicates 2 nm.

the cubic TiO structure. The average size of the TiO particles
is determined to be 9.2 ± 2.1 nm (based on the measurement
of the dimensions of 200 nanoparticles). A histogram of the
size distribution is shown in Figure S4.
In order to resolve the detailed phase transformation process
between 950 and 1200 °C, the DP at 950 °C was measured
and compared with the DP at 900 °C which corresponds to the
anatase structure (shown in Figure 5a). The rings that
additionally appeared at 950 °C are indicated in yellow (#1,
3, 5), and the rings corresponding to the anatase structure are
marked in red (#2, 4, 6−8). The DPs at 20, 900, 950, 1000,
and 1200 °C were integrated and are shown in Figure 5b.
The integrated DPs at 900 and 20 °C both show the anatase
structure, while at 950 °C, there are three new peaks, marked
as no. 1, 3, and 5 (corresponding to the new rings in the DP).
With increasing temperature, ring no. 5 remains while the
other peaks disappear gradually during further heating to a
temperature of 1200 °C (also shown in Figure S5). In the DP
recorded at 950 °C, peak no. 1 corresponds to a lattice spacing
of 4.59 Å, which is a rather big value for lattice spacing but
which corresponds very well to the (200)-reﬂection of the
brookite phase. Moreover, ring no. 3 corresponds to a lattice
spacing of 2.90 Å, corresponding to the (211)-reﬂection of
brookite. The DP of the specimens at 950 °C was also
compared to the as-synthesized brookite NRs at 20 °C
(synthesized with the same method as the previous work27).
From the comparison (shown in Figure S6), most of the rings

Figure 5. Comparison of SADPs at diﬀerent temperatures to show
phase transformation. (a) Comparison of SADPs at 900 °C (left) and
950 °C (right) and (b) comparison of integrated DPs at 20, 900, 950,
1000, and 1200 °C. The peaks at 950 °C are marked the same color as
that of the corresponding rings in the DP. The XRD reference spectra
of anatase, brookite, and cubic TiO are shown at the bottom.

in the DP of the specimen at 950 °C could be related to the
corresponding rings in the DP of brookite, except for rings no.
4 and 5 while Figure 5b shows that ring no. 4 corresponds to
the (004) reﬂection of anatase and ring no. 5 corresponds to
the (200) reﬂection of TiO. This indicates that anatase TiO2,
brookite TiO2, and cubic TiO all existed in the temperature
range between 950 and 1000 °C. After heating to 1100 °C and
at 1200 °C, only the cubic TiO phase remained.
The NRs remained in the anatase phase up to a temperature
of 950 °C, which is diﬀerent from the phase diagram shown in
the paper by Murray and Wriedt,49 who reported that anatase
will transform to rutile at a temperature of about 600 °C in
vacuum. The diﬀerence between their and our ﬁndings can be
explained by the small size of the NRs. The research of Naicker
et al.63 showed that in the nanoscale range, the surface energy
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when the total pressure and, therefore, the partial oxygen
pressure (always expressed with respect to the standard
pressure) are low.66 In the present case, the dissociation
reaction is TiO2 (anatase) → TiO + 1/2O2. In the vacuum
inside the column of the TEM, oxygen atoms are continuously
removed from the system, yielding a very low partial oxygen
pressure, thereby driving the transformation to a phase with
lower oxygen content, which here is γ-TiO. When the heating
took place in the vacuum chamber, the overall pressure (about
10−3 Pa) is not as low as that in the microscope (about 10−6
Pa). Consequently, the partial oxygen pressure (which is at
most equal to the overall pressure in vacuum chambers) will be
considerably lower in the TEM column than in the ex situ
vacuum chamber. The diﬀerent oxygen partial pressure in the
ex situ chamber is most likely the reason that only part of the
sample transformed to TiO while some of the nanoparticles
transformed to rutile. Rutile is the most stable phase for TiO2
in general and will be eventually formed when the transformation to TiO does not fully take place.
The structural transformation to TiO will be accompanied
by a drastic change in physical and chemical properties, as
anatase TiO2 is a well-known semiconductor, while rock-salt
TiO is known to be metal and even a superconductor at low
temperature.51−53 It is clear that photocatalytic and gas-sensing
functionalities are lost when the TiO2 NRs transform to rocksalt TiO, as TiO is metallic (a conductor), while both for
photocatalysis and gas-sensing, a semiconductor nature of the
material is required. The metallic rock-salt TiO nanoparticles
may have merit as catalytic particles for other chemical
reactions; however, to the best of our knowledge, possible
catalytic properties of nanoscale rock-salt TiO are yet to be
explored.

of anatase and brookite is smaller than that of rutile
nanospheres with the same size. For nanospheres larger than
4 nm, the surface energy of brookite tends to be smaller than
that of anatase. The smaller surface energy of brookite could
explain the transformation of anatase in this work to brookite
instead of rutile at high temperature.
To verify that the transformation to TiO also takes place at
high concentrations of anatase NRs, a larger amount of sample
was drop-cast on a heating chip and heated in situ to a
temperature of 1200 °C. The result is displayed in Figure S7.
In particular, from the SADP in panel (a) it is also clear that
when a large amount of NRs is heated, the anatase NRs fully
transform to rock-salt TiO. From the TEM images in panels
(b,c), it is clear that part of the material has sublimated, and
some of the material has aggregated. The only diﬀerence with
the heating results of the low-concentration deposited samples
is that for the high-concentration deposited sample, the
average TiO particle size after heating is larger than that in
the experiments where only a monolayer or less of anatase
nanoparticles is drop-cast.
Ex situ heating was conducted as a reference measurement
and to further exclude the eﬀect of electron illumination. NRs
were heated by using the heating holder inserted in a vacuum
chamber instead of in the TEM instrument (see Experimental
Section for details). After heating to 1200 °C, the sample was
cooled down and moved to the microscope for electron
diﬀraction analysis and EM characterization. The DP after ex
situ heating is shown in Figure S8, in which peaks
corresponding to anatase, rutile, and TiO are all detected.
This means that, when heating outside the microscope, the
transformation to TiO is not complete. Some of the sample
remained in the anatase phase, and some of it transformed to
rutile. The (partial) transformation to rutile can be expected
under conditions of heating to high temperatures (1200 °C)
while the oxygen partial pressure is not suﬃciently low, as will
be discussed in more detail below.
Appearance of the rutile phase upon heating of anatase or
brookite nanoparticles has been reported in previous works.
Koparde and Cummings64 investigated the phase transformation between anatase and rutile by molecular dynamics
(MD) simulations. Their results show that nanoparticles larger
than 1.65 nm are stable as rutile. They found that when anatase
was sintered with amorphous TiO2, a brookite agglomerate
was obtained. They also expressed the expectation that
brookite would transform to rutile with a longer simulation
time. Mao et al.65 investigated the sintering-induced phase
transformation from anatase to brookite at 1200 °C with MD
and also predicted the further transformation to rutile. All their
prediction of the formation of brookite is in good agreement
with our observation of brookite as the intermediate phase
during the in situ experiment. Moreover, the ﬁnal transformation to rutile is in agreement with the ex situ heating
results. We mention here that the force-ﬁeld molecular
dynamics simulations, in general, are not suited for the
simulation of chemical transitions where the valence state of
the metal ions changes. That in our case a transformation to
cubic TiO took place rather than further transformation to
rutile, can be plausibly explained by the low-pressure
experimental conditions associated with heating in the electron
microscope, as discussed in our recent work on the
transformation of Co3O4 to CoO nanoparticles.61 The
temperature at which dissociation reactions take place is in
general strongly dependent on the partial oxygen pressure, also

4. CONCLUSIONS
In this study, anatase TiO2 NRs were heated from room
temperature to 1200 °C. The morphology of anatase NRs was
found to be stable up to a temperature of 700 °C, after which
the surface of NRs became uneven and the shape started to
deform. From 900 °C, the NRs break up into smaller
nanoparticles and sometimes coalesce. Therefore, for application under high-temperature conditions for either photocatalysis or gas-sensing, anatase NRs can be considered to be
structurally stable and retain their functionality until 600 °C.
Reduction to cubic γ-TiO was observed starting at temperatures from 950 °C. All nanoparticles had completely reduced
to γ-TiO at 1200 °C. In the temperature range between 950
and 1200 °C, not only did the brookite phase appear as an
intermediate phase but also the NCs exhibiting this
intermediate phase were completely reduced to γ-TiO after
heating to 1200 °C. The size range of 9.2 ± 2.1 nm of the rocksalt TiO NCs is an order of magnitude smaller than that of
TiO nanopowders, and we propose the observed transformation mechanism as a physical route to the synthesis of
TiO nanoparticles of very small size. The TiO NCs will not
have photocatalytic or gas-sensing functionalities as these
particles are metallic rather than semiconducting; however, the
synthesis of nanoscale rock-salt TiO opens up opportunities
for future investigations of their physical and chemical
properties including electronic and catalytic functionalities.
Considering the applicability of photocatalysis and gas
sensor devices based on anatase NRs, we infer from our
analysis of the thermal evolution that their functionality is
expected to be retained at operation temperatures up to 600
1604
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°C, while above that temperature, their functionality likely
degrades. As mentioned, the functionalities of rock-salt TiO
NCs are yet to be explored.
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