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For the first time, we report the fabrication of one-dimensional (1D) nanostructures of Zn2Ti3O8. We heated the TeO2/TiO2

core-shell nanowires in a Zn-containing environment. The variation in heating temperature drastically changed the
morphology and structure of the composite nanowires, obtaining the 1D nanostructures of Zn2Ti3O8 at 700

oC. A
photoluminescence (PL) study indicated that annealing at 700 oC generated a PL band at 2.5 eV in the green region,
originating from the Zn2Ti3O8 structure. These findings may pave the way to fabrication and applications of novel composite
nanostructures. 
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Introduction

Zinc titanates have been used as attractive sorbents
for removing sulfur from hot coal gasification products
[1, 2]. They have also been used as dielectric
resonators and filters [3, 4]. Similarly, Kim et al.
indicated that zinc titanates can be used as a dielectric
material for microwave devices [5, 6]. 
Zinc titanates are known to crystallize in three common

forms: Zn2TiO4 (face-centered cubic), Zn2Ti3O8 (cubic),
and ZnTiO3 (hexagonal). Among them, Zn2Ti3O8 has a
higher Ti content, having a better lithium anode
composition than other zinc titanates [7]. Accordingly,
Zn2Ti3O8 is a strong candidate for an anode material in
a rechargeable lithium-ion battery [7]. 
In spite of its scientific and technological importance,

it is very difficult to form Zn2Ti3O8 because it is a
metastable phase. Zn2Ti3O8 tends to decompose into
ZnTiO3 and TiO2 phases when heated to 800

oC [8, 9].
Datta has revealed that Zn2Ti3O8 does not exist in a
stable phase but only forms as a metastable transition
phase when ZnO reacts with anatase TiO2 [10]. While
Zn2TiO4 and ZnTiO3 are the most common forms and
have been intensively studied, Zn2Ti3O8 is a metastable
phase that is the most difficult to form [7]. The
existence of a metastable Zn2Ti3O8 phase was first
reported by Bartrasm and Slepetys [11]. Zn2Ti3O8 is
composed of octahedral [TiO6] and tetrahedral [ZnO4],
as shown in Hong et al.’s work [7]. Steinke et al.
reported that Zn2Ti3O8 can be described by the spinel
formula, which can provide unoccupied sites [12]. 
Nanostructures are attracting great attention due to

their novel physical properties [13-32], and one-
dimensional (1D) nanostructured materials including
nanorods, nanowires, and nanotubes are also receiving
considerable attention owing to their remarkable
physical properties and potential applications. 
In the present work, we have successfully fabricated

1D nanostructures of Zn2Ti3O8 for the first time. Core
TeO2 nanowires were prepared by a simple heating
method. Next, we coated the core nanowires with ZnO
layers by means of the atomic layer deposition (ALD)
technique. Finally, the core-shell nanowires were
annealed in ambient air at temperatures ranging from
500-900 oC. We found that the annealing temperature
significantly affected the composition and morphology
of the resulting product. In particular, we have
produced pseudo-nanotubes of the Zn2Ti3O8 phase by
annealing at 700 oC. Although pseudo-nanotubes are
only partially-vacant nanotubes, they have the potential
to attract great interest not only due to their superior
optical, electrical, thermal, and mechanical properties,
but also because of their efficiency and activity caused
by their high porosity and large surface area [33].
Furthermore, we have characterized samples in terms
of both their structure and photoluminescence (PL).

Experimental

Core TeO2 nanowires were prepared by heating the
source Te powders in a high-temperature vertical tube
furnace in N2 ambient at a flow rate of 2 standard liters
per min (slm). A schematic diagram of the
experimental apparatus was reported in [34]. Te
powder (99.9% purity) was used as the source material.
Si plate coated with a 3 nm Au layer was used as the
substrate for collecting the growth products. The
temperature of substrate was set to 400 oC in a nitrogen
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(N2) gas flow, in which the gas flow rate was 2
standard liters per min (slm). 
We carried out the ALD of the TiO2 shell layers on

the core TeO2 nanowires using tetrakis(dimethylamino)
titanium (TDMAT) and a mixture of O3/O2 as the Ti
and O precursors, respectively. The TDMAT bubbler
was maintained at 40 oC. The injection time of
TDMAT was 5 s, which was divided into two periods:
The first period is the sourcing step without the carrier
gas for 1 s. The second period delivers the Ar gas with
a flow rate of 100 sccm for 4 s. Since the surface sites
become saturated with the precursor in the ALD
process, the subsequent purging removes the excess
precursor, which was not mono-atomically attached to
the surface. A mixture of O3 and O2 was pulsed for 2 s
to oxidize the chemisorbed metal precursor. Then, an
Ar-purge was carried out for 5 s, with an Ar flow rate
of 400 sccm. The number of ALD cycles and the
substrate temperature were set to 500 and 300 oC,
respectively. Subsequently, the core-shell nanowires
were thermally annealed with staples (No. 33, Peace
Korea Ltd.) in a mixture of Ar and air gases
(percentage of the air partial pressure of 3%) at
temperatures ranging from 500-900 oC. We found that
the Zn vapors originate from the surface of the staples
(According to Peace Korea Ltd., the staple consists of a
Fe-core/Zn-shell). In the heating process, the pressure
was maintained at less than 2 Torr by using a rotary
pump. Fig. 1 describes the process sequences of the
fabrication of nanostructures at various temperatures. 
Scanning electron microscopy (SEM) images were

acquired using a Hitachi S-4200. Glancing angle (0.5 o)
X-ray diffraction (XRD) was carried out using a

Philips X’pert MPD system with CuKá1 radiation.
Transmission electron microscopy (TEM) and energy-
dispersive X-ray (EDX) spectroscopy were carried out
using a Philips CM 200 operating at 200 kV. The PL
spectra were acquired at room temperature on a SPEX-
1403 photoluminescence spectrometer using a 325 nm
line from a He-Cd laser (Kimon, Japan).

Results and Discussion

Fig. 2(a) shows the XRD spectrum of the as-prepared
TeO2 nanowires, while Fig. 2(b)-2(d) corresponds to
the XRD spectra of the TiO2-shelled TeO2 nanowires.
In the case of Fig. 2(b), (c), and (d), the core-shell
nanowires were annealed at temperatures of 500, 700,
and 900 oC, respectively. The XRD spectra of the as-
prepared TeO2 nanowires contain a variety of TeO2-
related phases, including tetragonal TeO2 (JCPDS
Card: 42-1365), orthorhombic γ-TeO2 (JCPDS Card:
52-1005), and orthorhombic TeO2 (JCPDS Card: 76-
0680). By means of annealing at 500 oC, besides the
TeO2-associated phases, diffraction peaks with respect
to the tetragonal TiO2 (Lattice constants a = 4.5933Å

Fig. 1. Schematic outline of the process sequence for the
generation of 1D nanostructures at 500, 700, and 900 oC.

Fig. 2. (a) XRD pattern of the as-synthesized TeO2 nanowires.
XRD patterns of the TeO2/TiO2 core-shell nanowires annealed at
(b) 500, (c) 700, and (d) 900 oC.
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and c = 2.9592Å; JCPDS No. 21-1276) and hexagonal
TiTe3O8 (Lattice constants a = 10.764Å and c = 5.142Å;
JCPDS No. 41-0076). Furthermore, by annealing at
700 oC, the XRD spectrum changed considerably. Fig.
2(c) shows that the diffraction peaks can be assigned not
only to the rutile TiO2 phase, but also to the ZnxTiyOz-
related phases. In this case, the ZnxTiyOz-related phases
were comprised of cubic ZnTiO3 with a lattice constant
of a = 8.408Å (JCPDS No. 39-0290) and cubic
Zn2Ti3O8 with a lattice constant of a = 8.392Å (JCPDS
No. 87-1781). Being similar to the 700 oC annealed
sample, the XRD spectrum of the 900 oC annealed
sample exhibited diffraction peaks corresponding to
rutile TiO2, cubic ZnTiO3, and cubic Zn2Ti3O8. SEM
investigation revealed that the 1D morphology of the
TeO2 nanowires did not change from either the TiO2

coating or the subsequent thermal annealing (Fig. 3). 
In order to investigate the structure, composition, and

crystallinity of the 700 oC annealed sample, we carried
out a TEM characterization. Fig. 4(a) shows a TEM
image of the 1D nanostructure. Fig. 4(b) shows a
lattice-resolved TEM image. The marked interplanar d-
spacings of 0.21, 0.25, 0.35, and 0.36 nm correspond to
the (400), (311), (211), and (210) lattice planes of cubic
Zn2Ti3O8. The corresponding SAED pattern is depicted
in Fig. 4(c). Ring patterns corresponding to the {210},
{211}, {220}, {311}, and {400} lattice planes of cubic
Zn2Ti3O8 are clearly observed, revealing a polycrystalline
nature. Fig. 5 shows the EDX spectrum of the 700 oC
annealed sample, indicating the presence of C, Cu, O, Zn,
and Ti elements. Since the C and Cu elements are

supposed to originate from the C-coated Cu grid, the
700 oC annealed sample is comprised of Zn, Ti, and O
elements. 
The EDX line scan along the diameter of the

Zn2Ti3O8 1D structures reveals that the amount of Te
element is negligible compared to those of the Zn, Ti,
and O elements (Fig. 6). Furthermore, the Zn, Ti, and
O line scans exhibit slight valley-like profiles. If the
structures were to be perfect solid ones, the profiles
would have exhibited a convexed shape. Therefore, we
surmise that the nanowires have a pseudo-tube-like
morphology. 
TEM investigation for the 900ºC annealed samples

was also carried out. Fig. 7(a) shows a TEM image of
the 900 oC annealed nanowires. The diameter was
estimated to be about 44-71 nm. Fig. 7(b) shows a
lattice-resolved TEM image enlarging the squared area

Fig. 3. SEM images of the (a) as-synthesized and (b) TiO2-coated
TeO2 nanowires. SEM images of the TeO2/TiO2 core-shell
nanowires annealed at (c) 500, (d) 700, and (e) 900 oC.

Fig. 4. (a) Low-magnification TEM image, (b) lattice-resolved
TEM image, and (c) SAED pattern of the TeO2/TiO2 core-shell
nanowires annealed at 700 oC. 
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in Fig. 7(a). The interplanar distances were measured
to be about 0.25 and 0.32 nm, corresponding to the
(101) and (110) planes of the tetragonal TiO2 (JCPDS
No. 21-1276). It is noteworthy that the nanowire is
polycrystalline, consisting of TiO2-phased grains. Fig.
7(c) shows the associated SAED pattern, confirming
that the nanowire is comprised of many TiO2-phased
grains.
Fig. 8 shows the results of the EDX investigation for

the TeO2/TiO2 core-shell nanowires annealed at 900
oC.

The individual elemental maps reveal that the Ti and O
elements are clearly visible, whereas the Te and Zn
elements are invisible. However, the XRD results
shown in Fig. 2d indicate that there is not only a TiO2

phase, but there are also cubic ZnTiO3 and cubic
Zn2Ti3O8 phases. Accordingly, we surmise that the
900 oC-grown 1D nanostructure is mainly comprised of
a TiO2 phase. In addition, the ZnTiO3 and Zn2Ti3O8

phases are deposited on the substrate, not in the 1D
nanostructures. Secondly, it is possible that a small
amount of ZnTiO3 and Zn2Ti3O8 phases are located in
the 1D structures. From the thermodynamics, Zn2Ti3O8

decomposes into ZnTiO3 and TiO2 phases when heated to
800 oC [8, 9]. In the present work, the Zn2Ti3O8 structures,
which are stable at 700 oC decompose into ZnTiO3 and
TiO2 phases. The TiO2 phase will likely become a major

constituent of 900 oC grown nanostructures. Further
detailed study will be conducted later. 
In a previous paper, we fabricated nanotubes by

preparing core-shell nanowires and subsequently removing
the core TeO2 nanowires [35]. We surmise that the core
TeO2 nanowires can be removed efficiently by thermal
heating, due to the activation of the vaporization of solid
TeO2 [36]. The vapor pressures of TeO2 at 500, 700, and
900 oC were 3.60 ×  10−8, 5.85 × 10−5, and 7.36 × 10−3 atm

Fig. 5. EDX spectrum of the TeO2/TiO2 core-shell nanowires
annealed at 700 oC.

Fig. 6. EDX line scan along the diameter of the Zn2Ti3O8 1D
structures synthesized at 700 oC. (a) Ovelapped graph for the Zn,
Ti, O, and Te elements. Individual scans for the (b) Zn, (c) Ti, and
(d) O elements.

Fig. 7. (a) Low-magnification TEM image of the TeO2/TiO2 core-
shell nanowires annealed at 900 oC. (b) Lattice-resolved TEM
image enlarging the squared region in (a). (c) Corresponding
SAED pattern. 
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[37], respectively, suggesting a drastic increase in the TeO2

vapor pressure at higher temperatures. 
The evaporation of TeO2 nanowires at temperatures

considerably lower than the boiling temperature
(1245 oC) was due to the size effect, in which the
evaporation temperature of the nanocrystals was found
to be size-dependent and decreases with decreasing size,
i.e., the diameter of the nanoparticles and nanorods, or
the thickness of the thin films [38]. Although it is not
shown in this paper, TGA analysis indicated that the
evaporation of the TeO2 nanotubes occurred at about
816 oC, which is considerably lower than their boiling
temperature (1245 oC) [35]. Furthermore, under a lower
ambient pressure of < 2 Torr in the present work, TeO2

is supposed to evaporate at a lower temperature [35]. 
Fig. 9 shows the PL spectra of various samples

measured at room temperature. The PL spectrum of the
uncoated TeO2 nanowires corresponds to the band
centered at approximately 2.8 eV in the blue region

in Fig. 9(a). A similar blue band has been observed
with TeO2 crystals, which is due to the radiative
recombination of self-trapped excitons [39, 40]. Fig. 9(b)
shows the PL spectrum of the as-synthesized TeO2/TiO2

core-shell nanowires. The PL spectrum is comprised of
two emission bands peaked at approximately 2.2 eV
(yellow-green) and 2.8 eV (blue), respectively. While the
2.8 eV-band is related to the TeO2 structures, the 2.2 eV-
band is associated with the TiO2 structure. The 2.2 eV-
band presumably originates from the charge-transfer
transition from Ti3+ to an oxygen anion in a TiO6

8−

complex [41]. 
Fig. 9(c) shows the PL spectrum of the TeO2/TiO2

core-shell nanowires, which were annealed at 500 oC. By
comparing Fig. 9(c) with Fig, 9(b), we observe that the
blue emission band has been significantly suppressed.
Based on the XRD results (Figs. 2(a) and 2(b)), we
suggest that the suppression of the blue band is related to
the disappearance of the TeO2 structure by thermal
annealing. Fig. 9(d) shows the PL spectrum of the TeO2/
TiO2 core-shell nanowires, which were annealed at
700 oC. XRD and TEM analyses reveal that the 700 oC
annealed nanowires mainly consist of a cubic Zn2Ti3O8

structure. Accordingly, we suppose that the 2.5 eV-band
in the green region mainly originates from the Zn2Ti3O8

structure. Similarly, the Zn2Ti3O8 structure exhibits a

Fig. 8. (a) Typical TEM image of the TeO2/TiO2 core-shell
nanowires annealed at 900 oC. (b) EDX spectrum and elemental
maps for the (c) Ti, (d) O, (e) Te, and (f) Zn elements.

Fig. 9. PL spectra of the (a) TeO2 nanowires and (b-e) TeO2/ TiO2

core-shell nanowires, which were (b) as-fabricated, (c) 500 oC-
annealed, (d) 700 oC-annealed, and (e) 900 oC-annealed.
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green emission, presumably due to the oxygen vacancies
[42]. 
Fig. 9(e) shows the PL spectrum of the TeO2/TiO2

core-shell nanowires, which were annealed at 900 oC. In
terms of the Gaussian fitting analysis, the PL spectrum
was deconvoluted into two primary emission bands at
approximately 2.2 eV (yellow-green) and 2.5 eV (blue),
respectively. By comparing Fig. 9(d) with Fig. 9(e), we
observe that the blue emission band appears by means of
the increase in the annealing temperature from 700 to
900 oC. This observation coincides with the TEM results
showing that the 900 oC annealed nanostructure is mainly
comprised of a tetragonal TiO2 phase. In addition, the
2.5 eV band in the green region is associated with a
Zn2Ti3O8 or ZnTiO3 structure. 

Conclusions

For the first time, we have successfully fabricated 1D
nanostructures of cubic Zn2Ti3O8. Through fabrication
by coating TiO2 shell layers on core TeO2 nanowires by
ALD, we heated the TiO2-coated TeO2 nanowires in a
range of 500-900 oC. While the composite nanowires
maintain a 1D morphology irrespective of the annealing
temperature, their composition and structure have been
significantly changed. Surprisingly, the 500 oC annealed
nanostructure exhibits the existence of a hexagonal
TiTe3O8 phase. By means of the lattice-resolved TEM,
SAED pattern, and EDX spectrum, the 700 oC annealed
nanostructure turned out to be a pseudo-nanotube, mainly
consisting of a cubic Zn2Ti3O8 phase. The lattice-
resolved TEM, SAED pattern, and EDX spectrum
coincidentally indicate that the 900 oC annealed
nanostructure corresponds to the solid nanowires or the
pseudo-nanotubes, which are mainly comprised of a
tetragonal rutile TiO2 phase. The room-temperature PL
spectra confirmed that the 2.8 eV and 2.2 eV bands
originated from the TeO2 and TiO2 phases, respectively.
The annealing at 500 oC suppressed the 2.8 eV band,
coinciding with the XRD results showing that the TeO2

phase evaporated. The annealing at 700 oC generated a
2.5 eV band, representing the appearance of a cubic
Zn2Ti3O8 phase. Higher-temperature annealing at
900 oC generated a TiO2 phase, indicating a reduction
of the Zn2Ti3O8 phase.
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