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Hollow TiO: architectures are attractive for catalysis and sensing but typically produced by wet-chemical
templating and sub-micron sizes. Here we demonstrate a dry, template-free route to nanoscale hollow
shells by combining DC magnetron sputtering with in situ TEM heating. Heating to 900 °C produces
sub-50 nm TiO; hollow shells with ~20 nm compact walls via oxidation-driven Kirkendall hollowing.
The oxide evolves from amorphous at low temperatute to anatase locally (~500 °C) and then to a
rutile/brookite mixture by ~600 °C. The hollow architecture withstands a temperature of 900 °C without
measurable sintering. Beam-off regions and ex-situ air annealing show the same hollowing and phase

evolution, confirming a thermally driven, not beam-induced, transformation reproducible in air.
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1 Introduction

In recent years, hollow inorganic spheres spanning
nanometer to micrometer dimensions have attracted
significant attention due to their unique structural cha-
racteristics and broad application potential. Such shell-
type architectures have been investigated for use in
drug delivery, product encapsulation, or protein and
enzyme transplantation [1-3].

Titanium dioxide (TiO») is widely regarded as an
auspicious material in numerous scientific and techno-
logical fields [4]. This is due to its favorable propet-
ties—namely, catalytic activity [5], photocatalysis [0,
7], and photoelectrochemical conversion [8]. More-
over, the catalytic activity and electrical properties of
TiO: are susceptible to its morphology and crystalline
phase [9, 10]. TiO> has three main allotropic modifi-
cations—rutile, anatase, and brookite [11]. Several re-
cent studies have reported the fabrication of hollow
TiOz shells with well-defined cavities to enhance pho-
tocatalytic activity or other properties. For this, num-
ber of routes have been explored, including polysty-
rene (PS) colloidal sphere templating [12]; sol—gel con-
densation of titanium hydroxide [13]; hard-templating
with removable cores followed by etching/calcination
[14]; soft-templating with surfactant/block-copoly-
mer micelles [15], microemulsions [16], or Pickering
emulsions [17]; aerosol/spray methods [18]; gas-bub-
ble templating [19]; self-templating via Ostwald ripe-
ning [20] and the Kirkendall effect [21]; layer-by-layer
assembly on colloids with core removal [22]; confor-
mal coating by ALD/CVD on sactificial particles [23];
hydro/solvothermal cotrosion of titanates [24]; and
(co)axial electrospinning to form hollow fibers/shells
[25].

In many templated and aerosol routes, the resul-
ting hollow TiO shells are mostly submicron to
micron in diameter (=0.2-1 pm) [1, 12, 14, 18]. Redu-
cing the patticle size can be advantageous for applica-
tions requiring high surface area, shortened
ion/electron transport pathways, and enhanced
electrochemical performance. Prior reports have
achieved sub-20 nm hollow TiO; particles—often
anatase/ TiO; (B)—using solution-based Ostwald or
Kirkendall routes [26, 27], as well as microemulsion-
based synthesis [28]. However, these routes frequently
produce ultrathin, porous walls prone to sintering,
pore collapse, and phase-change—induced cracking
during thermal treatment. Here we adopt a physical-
vapor route: magnetron sputtering to form hep-Ti
cores with a TiOy shell, followed by annealing up to
950 °C. The thermal step drives oxidation-induced
(Kirkendall-type) hollowing, converting the Ti core
into a void and the TiOx shell into crystalline TiO»
hollow shells with <50 nm outer diameter and
~20 nm thick walls. The shells crystallize as a bro-
okite/rutile mixture and retain their hollow archi-
tecture after brief anneals up to 950 °C.

2 Methods

A primary gas aggregation cluster source (GAS)
was used for producing Ti NPs, using current of
400 mA, corresponding to a power of 66 W and a vol-
tage of 164 V. Argon was introduced at a constant
flow rate of 5 sccm. The working pressure was main-
tained at 48 Pa. Upon exposure to air after deposition,
the surface of the Ti NPs oxidized spontaneously, re-
sulting in the formation of a TiOz shell surrounding
the Ti core.
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For TEM analysis, the NPs were detached from
the glass substrate using a razor blade, dispersed in
methanol, and subsequently pipetted onto a TEM grid
coated with ultrathin silicon dioxide (SiO2) support
film.

The specimens were examined using a JEOL
2200FS transmission electron microscope operated in
both TEM and STEM modes at 200 kV. The charac-
terization included high-resolution TEM (HRTEM),
energy-dispersive X-ray spectroscopy (EDX), bright-
field (BF), high-angle annular dark-field (HAADF),
and secondary electron (SE) imaging.

3 Results and discussion

Figure 1 presents characteristic images of the pre-
pared samples. The nanoparticles ate predominantly
spherical or hexagonal in shape, with an average dia-
meter of 50 nm. They display a clear core—shell
morphology, with an average shell thickness of 5 nm.
Energy-dispersive X-ray spectroscopy (EDS) map-
ping (Figure 1d-f) confirms the presence of a Ti-rich
core surrounded by an oxidized Ti shell.

Fig. 1As sputtered nanoparticles, a) TEM BF, b) STEM
BE, with corresponding EDS maps d-f)

The structure was further examined by HRTEM.
Figure 2 presents a detailed analysis of a well-oriented
nanoparticle. The fast Fourier transform (FFT) of the
HRTEM image confirms the presence of an hep Ti
core surrounded by an amorphous shell.

The sample was annealed up to 300 °C, 600 °C,
then in 100 °C increments up to 800 °C and 50 °C
increments up to 900 °C. Each temperature was ma-
intained for 10 minutes. The evolution of the
microstructure with increasing temperature is shown
in Figure 3. Up to 850 °C, the particles retained their
size and shape with no evidence of neck formation or
particle coalescence. Sintering of a few particles
(highlighted in Figure 3f) at 900 °C was obsetrved,;
however, this represented a minor deviation from the
overall trend. A pronounced shell becomes evident at
600 °C, followed by pattial shell separation at 700 °C.

From 800 °C onward, voids form and grow progres-
sively with increasing temperature.

‘1 [.14213']
Fig. 2 Details of the initial state, a) HRTEM, b) FET of
highlighted area in a), ¢) simulated image of HCP 17, d) over-

lay of b) and ¢)

b) 600 °C

Fig. 3STEM BF images of the nanoparticles annealed to
temperatures 300 — 900 °C

At 600 °C, the onset of the cote—shell separation is
evident (Figure 4): the shell thickens from =4 nm to
=5 nm, the core shrinks from =45 nm to =43 nm, and
a distinct gap forms between them. The crystalline na-
ture of the oxide shell was further investigated by
HRTEM (Figure 5a), FFT analysis (Figure 5b—d) con-
firms that the initially amorphous oxide shell crystalli-
zes to rutile in this temperature window. The selected
area diffraction taken from the cluster of nanoparticles
after annealing (Figure 5e) also shows the evidence of
brookite phase, particulatly in (200) and (211) rings,
pointing to a mixed rutile/brookite shell.

BF

10 nm Y 10 nm

Fig. 4 STEM BF images of the nanoparticles annealed to
temperatures 300 — 900 °C

789

indexed on http:/ | www.webofscience.com and hitp:/ | www.scopus.com



December 2025, 170l. 25, No. 6

ISSN 1213-2489
e-ISSN 2787-9402

MANUFACTURING TECHNOLOGY

d) Overlay

&

.

10 1/nm
—

10 1/nm
—

Fig. 5 a) HRTEM image of the transformed shell at
600 °C, b) FFT of the highlighted area in a), ¢) simulated
image of HCP T4, d) overlay of b) and ¢), ¢) SAED di-
[fraction taken from a larger area after annealing

The gradual development of a thin gap between
the metallic core and the oxide shell leads to the for-
mation of fully hollow shells in some nanoparticles at
higher temperatures (Figure 3d-f). Detailed images in
Figure 6¢,d) reveal a noticeable thickening of the oxide
shell with increasing temperature. When the metallic
Ti oxidizes to rutile, the volume expands by a factor
of ~1.78 due to the lower density of TiO, compared
to Ti. In our case, the Ti core (22 nm radius) with a
thin separated shell at 600 °C transforms into a thicker
shell at 900 °C. The measured increase in shell volume
(~1.0 X 10* nm3) closely matches the volume of rutile
expected from complete oxidation of the Ti core
(~9.9 X 103 nm?). This agreement indicates that the
observed structural change is consistent with the Ti —
TiO> volume transformation, suggesting that the me-
tallic Ti core has progressively diffused into the shell
to form a growing oxide layer.

Fig. 6 STEM BF images of the nanoparticles annealed to
temperatures 300 — 900 °C

To exclude beam-induced effects on shell thicke-
ning, we examined regions that were not exposed to
the electron beam during annealing (Figure 7). As in

the previously observed areas, hollow shells were pre-
sent, ruling out beam exposure as the cause.

Fig. 7STEM BF after the annealing — areas which were not
irradiated by the electron beam

The specimens were also annealed in air at 500 °C,
and the results are shown in Figure 8. Partial crystalli-
zation of the shell is observed, with anatase domains
confirmed in selected regions. The particle separation
and the formation of a clear interfacial gap occur, as
also seen during in-situ annealing under vacuum.
The oxidizing environment promotes more pronoun-
ced shell growth (~15 nm) compared to vacuum,
while oxidation remains confined to the shell rather
than extending into the core.

anatase [111]

Fig. 8 TEM images of the specimen annealed in air at
500 °C: (a) bright-field TEM, (b) high-resolution TEM,
and (¢c) FET from the orange-marked region, compared with a
JEMS-simulated diffraction pattern of anatase along the
[111] zome axis

4 Discussion

In our experiments, Ti nanoparticles quickly form
a TiOx shell: the shell is amorphous at low temperatu-
res, locally crystallizes to anatase in air at 500 °C (Fi-
gure 8), and by 600 °C, rutile is identified through
HRTEM/FFT (Figure 5a—d). The oxide shell prevents
coalescence at higher temperatures. Additionally, for
TiO», the characteristic surface-diffusion sintering
time at around 900 °C for approximately 50 nm pat-
ticles is much longer than our dwell time, so the par-
ticles stay separate [29, 30].

The shell thickens (=4 and =5 nm between RT and
600 °C) while the core shrinks (=45 and =43 nm), and
a clear interfacial gap forms (Figure 4), indicating on-
going oxidation of the core and its transformation into
a TiOz shell. To evaluate whether a Kirkendall
mechanism explains the observed void formation,
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the following criterion can be used [31].

y * Dy; - |ACr] Toue(®) — 15, () M
x Do - AC, | o
Where:

Dri, Do...Diffusion coefficients of Ti and O in
TiOo,

ACri, ACo... The corresponding concentration di-
fferences,

fou, Iin...The positions of the outer and inner
boundaries of the product layer at time t.

Once this criterion is satisfied, the difference in
atomic migration rates between the core and shell ma-
terials becomes sufficiently large to drive the forma-
tion of the central void. Using ri,=15 nm and fou=
20 nm together with extrapolated literature diffusion
coefficients at 600 °C, where voiding is observed:
Do~10"2m?s~! [32] and Dt ~5%X1072!m?s™! Dric
~2X1071m?s~1 [33], since D1 >> Do, the inequality
required by Eq. (1) is satisfied and therefore suppor-
ting differential-diffusion-driven hollowing under our
conditions.

Regions not irradiated during in-situ annealing
show the same shell separation and hollow morpho-
logy (Figure 7), and ex-situ air anneals reproduce this
trend, indicating that electron-beam exposure is not
the main cause in our system. We note that beam-in-
duced oxidation and hollowing have been reported in
other materials; for example, Xu et al. [34] observed
In nanoparticles transforming into hollow InOs under
electron irradiation in high vacuum—but our results
show this effect also happens without beam exposure.
Oxidation under nominal TEM high vacuum is
plausible due to residual O2/H20 and possible oxygen
release from the SiO2 support; in all cases, oxidation
stays confined to the shell.

SAED from nanoparticle ensembles (Figure 5e)
further shows both rutile and brookite rings, consis-
tent with a rutile/brookite assemblage in this tempe-
rature range. Rutile TiO nanoparticles are widely used
for dye-degradation photocatalysis, light-scattering la-
yers in DSSC/QDSSC photoanodes, Li-ion battery
anodes, and magnetically separable photocatalyst ar-
chitectures [35-37]. The approximately 50 nm hollow
TiOz shells reported here are well suited for photoca-
talysis and gas sensing—where their hollow structure
provides high surface area and short transport paths,
and rutile—brookite junctions help with charge separa-
tion [38, 39]—as well as high-temperature catalytic
supports, where compact walls and rutile’s thermal
stability help maintain morphology under heat [40].
With longer annealing or dwell times, the mixed bro-
okite/rutile shell is expected to mainly transform into
rutile, consistent with the well-known anatase/bro-
okite — rutile transformation during extended heating
[41]. It remains uncertain whether significant sintering

will occur during this process; however, the long cha-
racteristic sintering times reported for ~50 nm TiO»
at these temperatures suggest that notable coarsening
or coalescence is unlikely under our annealing conditi-

ons [29, 30].

5 Conclusions

DC magnetron sputtering was used to create Ti—
TiOy core—shell nanoparticles, which were then
examined through in situ TEM annealing. Sputtering
produces Ti—TiOy core—shell nanoparticles (~50 nm
in diameter, with a ~4 nm oxide shell). During annea-
ling, the shell begins to crystallize locally into anatase
at 500 °C and transforms into a rutile/brookite mix-
ture by approximately 600 °C. The shell thickens
(~4 to ~5 nm at 600 °C), the metallic core shrinks,
and an interfacial gap forms, eventually leading to fully
hollow shells with ~20 nm walls after heating to
900 °C. A volume expansion from Ti to TiO; and a
diffusion imbalance (Kirkendall effect) are consistent
with oxidation-driven Kirkendall hollowing as the
main mechanism. The hollow structure remains stable
up to 900 °C without significant coalescence. Experi-
ments in beam-off regions and with ex-situ air annea-
ling show the same evolution, indicating a thermally
driven, not beam-induced, transformation that can be
reliably reproduced in air. This method provides ac-
cess to sub-50 nm, compact TiOz hollow shells with
potential uses in photocatalysis, gas sensing, and high-
temperature catalytic supports.
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