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A simple and versatile strategy is designed to successfully fabricate ultrafine TiO2 nano-cages based on the rapid
decomposition reaction between amphoteric hydroxide and ammonia solution by pulsed laser ablation of Ti/Al
alloy in liquid. With the ammonia concentration (V ammonia:Vwater, where V is volume) increasing from 1∶10 to
1∶4, the diameter and shell thickness of quasi-spherical TiO2 nano-cages substantially decrease from
300 and 60 nm to 9.2 and 2.8 nm, respectively. The obtained results have significant implications for obtaining
insight into the properties of the TiO2 porous nano-cages, offering the basis for further fabrication of other
nano-cages.
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Nano-sized TiO2 inorganic semiconductors as wide band
gap semiconductors exhibit a wide range of electrical
and optical properties, which are strongly affected by their
structures, heterogeneous interfaces, and exposed faces.
Hollow-like TiO2 nano-cages are characterized as fine
structures with lower densities, higher permeability, and
larger specific surface area, which have attracted consid-
erable research attention in recent years owing to their
extensive use in photo-catalysts, dye-sensitized solar cells
(DSSC), and fast responsive sensors[1,2]. Additionally,
TiO2 nano-cages are thought to be the most suitable
material for removing organic pollutants in wastewater
due to their biocompatibility, photostability, chemical
inertness, and favorable band position[3–6]. Increasing
evidence has proven that the properties of TiO2 nano-
cages are highly related to their hollow interiors and
porous shells[1,7]. Therefore, a simple, versatile, and rapid
route to controllably synthesize TiO2 nano-cages with a
designed shape and geometry is of great significance for
specific applications.
In the design of hollow nano-materials, the available

synthesis methods, such as the template-based method[1],
thermal evaporation[6], and solvothermal[8], laser ablation
of a solid or dispersed target in liquid solutions (LAL),
without use of chemical catalysts or additives, represents
an attractive technique with its highly nonequilibrium
processing character. Moreover, colloidal nano-particles
synthesized by laser fabrication in liquid exhibit novel
metastable phases by the addition of ionic surfactants[8–12].
Many interesting results such as fabrication of hollow
MgO nano-structures[12], Al2O3 nano-cages[13], and ZnO
porous structures[8] have been reported using laser ablation
in liquid. Compared with these reactive objects, it should
be noted that some other nano-materials, such as SiO2,
TiO2 possesses solid interiors[14–17], and the nano-cages a

hard to produce directly from the bulk target by
generated bubbles via bubble surface pinning during laser
ablation.

Recently, we reported an experiment[10] in which ZnO
nano-cages with hollow spaces were fabricated by using
laser ablation of a Zn target in ammonium hydroxide, ow-
ing to the decomposition reaction that occurred between
amphoteric hydroxide and ammonia liquid. As known, the
evidence confirmed that laser ablation of a Ti target in
distilled water will result in TiO2 nano-particles with solid
interiors, as opposed to nano-cages that form in liquid[16].
In this work, we developed a simple and versatile route
using a Ti/Al alloy as the target and ammonia liquid
as the laser ablation condition, to the large-scale synthesis
of TiO2 nano-cages with well-defined hollow interiors. The
key step of this process involves a similar decomposition
reaction between amphoteric hydroxide and ammonia
during laser ablation of Ti/Al alloy in weak alkaline con-
ditions. The aim of this work is to extend the scope of
porous nano-cages that laser ablation in liquid can
fabricate. The relevant mechanism obtained from the
theoretical models and experiments reported in this Letter
have significant implications for obtaining insight into the
properties of TiO2 nano-cages, offering the basis for fur-
ther development of reliable applications.

The present experimental scheme used for generation
of TiO2 nano-cages is similar to that used in previous stud-
ies[5,8–12]. In summary, a well-polished Ti/Al (1∶1) alloy is
used as a target placed on the bottom of a rotating glass
dish filled to a 3-mm depth with a liquid medium contain-
ing deionized water and ammonia (V ammonia:Vwater ¼
1∶10 to 1∶4, where V ¼ volume). A 1064 nm laser beam
with a pulse duration of 10 ns and 5 Hz repetition rate
from a YAG laser (Quanta Ray, Spectra Physics) was fo-
cused on the target by a quartz lens with a 40 mm focal
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length. The incident power density was approximately
4 GW∕cm2 for all tests, and the ablation lasted for
30 min. We found that the power density played a critical
role for the ablation product, below or above which only
some clusters or bulk molten droplets were formed in the
liquid. After the laser ablation, precipitates of the products
were repeatedly centrifuged at 2503 g for 20 min by an
ultracentrifuge, and the obtained materials were washed
with ethanol 4 times to remove ammonia. The sediments
were dropped on a coppermesh coveredwith an amorphous
carbon film and dried in an oven at 45°C in air for
observation by transmission electron microscopy (TEM;
JEOL-JEM-2100F). A field emission scanning electron mi-
croscope (Hitachi S-4800) equipped for energy-dispersive
X-ray spectroscopy (EDS) was employed to indentify
the morphological structures and chemical compositions.
As for the pulsed laser ablation of Ti/Al alloy in liquid,

it is necessary to reveal the formation of TiO2∕AlðOHÞ3
hybrid nano-composites, which should be considered as
a precursor for the generation of final TiO2 nano-cages
in ammonia conditions. After laser ablation of the
Ti/Al alloy target in deionized water, the typical low-
magnification [Fig. 1(a)] and enlarged [Fig. 1(b)] morphol-
ogies of the hybrid nano-particles were analyzed by TEM.
The overall TEM image in Fig. 1(a) clearly shows numer-
ous spherical nano-materials with diameters varying from
260 to 320 nm. One point to emphasize is that the homo-
geneous distributions of these spherical nano-materials
imply that they are likely individually fabricated, one-
by-one, since there are almost no hinge joints. Close
inspection of the representative nano-material in Fig. 1(b)
illustrates that the morphology of the well-defined speci-
men is characterized by a highly center-symmetrical
spherical-shaped structure, exhibiting a rather smooth
surface. The spherical-shaped materials are amorphous
nanostructures as shown in the selected area electron

diffraction (SAED) image [Fig. 1(c)]. The energy disper-
sive X-ray (EDX) spectrum and EDS mappings of the
distribution of a single spherical-shaped structure are
shown in Fig. 1(d), demonstrating the existence of Ti, Al,
and O elements. The elemental Ti and Al signals were
found throughout the particles, from the inner core to the
periphery. In principle, some light elements, such as
hydrogen, can be detected in neither EDX nor EDS
patterns. The question of the compositions of these
compounds will be reasonably solved in the follow
discussion.

First, Ti and Al ions should be produced in the plasma
by nanosecond pulsed-laser ablation of the Ti/Al target in
ammonia solution. Based on previous work[5], titanium
hydroxide is an extremely unstable compound material;
it is rapidly decomposed to TiO2 and H2O at normal tem-
perature. In contrast, AlðOHÞ3 remains stable at ∼300°C.
In addition, the result of the EDS in Fig. 1(d) clearly dem-
onstrates that the ratio of Ti, Al, to O in the nano-spheres
is about 12∶16∶71, which can be approximated to 1∶1∶5.
It is reasonable to deduce that the spherical-shaped amor-
phous material by laser ablation of Ti/Al in water should
be TiO2∕AlðOHÞ3 hybrid nano-composites with a ratio of
about 1∶1.

TheAlðOHÞ3 byproduct is amphoteric hydroxide, which
will dissolve in weakly alkaline conditions by the decompo-
sition reaction. The scanning electron microscopy (SEM)
image and EDS results of the TiO2∕AlðOHÞ3 hybrid
nano-composites are shown in Figs. 2(a) and 2(c), respec-
tively. By the addition of ammonia to the colloidal solution,
the hybrid nano-composites indeed have differentmorphol-
ogies, as per the SEM image and EDS pattern shown in
Figs. 2(b) and 2(d). Compared with the center-symmetri-
cal nano-spheres with smooth surfaces in Fig. 2(a), the
different morphology in Fig. 2(b) presents that the repre-
sentative nano-sphere is characterized by the absolute

Fig. 1. (a) Overall and (b) representative TEM images of hybrid
nano-particles synthesized by pulsed laser ablation of a Ti/Al
alloy in deionized water; (c) corresponding SAED pattern;
(d) EDX spectrum and EDS mappings of the constitute
distribution of a spherical-shaped structure.

Fig. 2. (a) SEM images of TiO2∕AlðOHÞ3 hybrid nano-
composites generated in deionized water; (b) typical SEM images
of a hybrid nano-particle obtained by the addition of ammonia to
the colloidal solution; (c) EDS pattern of TiO2∕AlðOHÞ3 hybrid
nano-composites generated in deionized water; (d) corresponding
EDS pattern.
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roughness surface. The rough surface of the hybrid nano-
composites implies that some AlðOHÞ3 byproducts can
be dissolved and removed from the TiO2∕AlðOHÞ3 hybrid
nano-composites, because a reaction occurs between the
hydroxide and activated liquid. In addition, this mecha-
nism can be clearly confirmed by the ratio of the chemical
composition. The EDS results in Fig. 2(c) demonstrates
that the ratio of Ti, Al, and O is about 12∶15∶72, whereas
the EDS pattern in Fig. 2(d) is about 21∶19∶70. The
relative proportion of the Al chemical composition
decreases after the addition of ammonia to the
TiO2∕AlðOHÞ3 hybrid nano-composites. If the ablation
of Ti/Al alloy is carried out in a liquid phase containing
ammonia hydroxide, the ablated AlðOHÞ3 material can
be dissolved and removed from the TiO2∕AlðOHÞ3 hybrid
nano-composites. Then TiO2 nano-cages will be obtained
due to the decomposition reaction that occurs between
the aluminum hydroxide and the activated liquid.
Finally, well-defined TiO2 nano-cages were fabricated

by pulsed laser ablation of Ti/Al alloy in liquid medium
containing deionized water and ammonia (V ammonia:
Vwater ¼ 1∶10 to 1∶4). As per cumulative pulse laser abla-
tion in liquid solution (V ammonia:Vwater ¼ 1∶10), typical
TEM images of TiO2 nano-cages are shown in Fig. 3(a).
The morphology of the product in Fig. 3(a) clearly shows
that the quasi-spherical TiO2 particle is indeed a nano-
cage structure with an interior cavity. According to the
statistics, the average diameter of the final TiO2 nano-
cages is approximately 300 nm, and shell thickness of
the cages is about 60 nm. It should be noted that the lower
concentration of ammonia in the liquid provides some in-
complete or multilayer cavity structure in TiO2 nano-
cages. Moreover, close inspection of the TiO2 nano-cages
demonstrates that numerous nano-scaled clusters with
fabric-like structures were accreted on the surfaces of
the hollow structures. The material inside the nano-cages
should be TiO2∕AlðOHÞ3 hybrid clusters, which have been
examined by using TEM image analysis. The multilayer
cavity and numerous clusters should be explained by
the incomplete decomposition of the aluminum hydroxide
material during laser ablation of Ti/Al alloy in low ammo-
nia concentrations. Following this mechanism, a higher
concentration of ammonia liquid should result in a larger
space in the TiO2 nano-cages. To verify this mechanism,
we increased the concentration of ammonia via deionzed
liquid to 1∶7, and found that the typical TiO2 nano-cage
exhibits an incomplete or multilayer cavity structure and
slightly smooth surface [Fig. 3(b)]. The average diameter
of the products is about 160 nm, which is much smaller
than that in Fig. 3(a). The porous shell thickness of
a TiO2 nano-cage is measured as about 60 nm, which is
similar to that obtained in lower ammonia concentrations.
As for the ammonia concentration increasing to 1∶4, in
comparison with the morphologies displayed in Figs. 3(a)
and 3(b), the TiO2 nano-cage significantly changes
[Fig. 3(c)]. An individual TiO2 nano-cage is characterized
by an obvious interior cavity and clearly smooth shell. The
nano-cage size and the shell thickness are about 35 and

6 nm, respectively, which are noticeably smaller than the
measured in Figs. 3(a) and 3(b). Further increasing the
ammonia concentration to 1∶3, well-defined ultrafine
TiO2 nano-cages were obtained [Fig. 3(d)]. The more fas-
cinating structures observed in Fig. 3(d) show that ultra-
fine nano-cages with a clearly hollow interior space and a
distinctive porous shell tend to interconnect with each
other via a magnetic–dipole interaction, and then form
short curvilinear groups with necklace-like structures.
According to the statistics, the average diameter of the

Fig. 3. Typical TEM images of TiO2 nano-cages fabricated by
laser ablation of Ti/Al alloy in liquid, where V ammonia:Vwater

is the following: (a) 1∶10; (b) 1∶7; (c) 1∶4; (d) 1∶3; (e) HRTEM
image of representative TiO2 nano-cages obtained at an ammo-
nia concentration of 1∶3; (f) diameters and the shell
thicknesses of spherical TiO2 nano-cages versus the ammonia
concentration.
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final TiO2 nano-cages is about 9.2 nm, and the shell thick-
ness is about 2.8 nm. Moreover, the high-re solution trans-
mission electron microscopy (HRTEM) image in Fig. 3(e)
illustrates that the porous nano-cages structure is found to
be well-crystalline according to the clear fringes, yet ob-
vious surface pores with a size of 2–4 nm. The pores in
the nano-cages are shown as contrasting lighter images
with their walls as darker images, due to different penetra-
tion depths of the incident electron beam. Correspond-
ingly, the lattice fringe with a spacing of 0.35 nm can
be identified for the TiO2 (101) plane. Moreover, the
diameters and the shell thicknesses of spherical-like
TiO2 nano-cages versus the ammonia concentration are
briefly summarized [Fig. 3(f)]. The curves of nano-cage
dimension versus alkaline concentrations can be described
as an exponential function.
In the following, we describe the possible processes for

the formation of TiO2 nano-cages, which has been verified
in our previous work[10]. The ablation of Ti/Al alloy is
carried out in a liquid phase containing some ammonia
hydroxide; the possible growth process for the formation
of TiO2 porous nano-cages is described as per the sche-
matic diagram shown in Fig. 4. In brief, the growth mecha-
nism of the final structure involves the generation of
TiðOHÞ4 and AlðOHÞ3 materials first. In the laser ablation
(0–10 ns) process, superheating will play a critical role in
the early stage. Most TiðOHÞ4 materials are rapidly de-
composed into TiO2 by the hot plasma and immediately
mixed with the remainder of the AlðOHÞ3 material, which
them results in the initial formation of TiO2∕AlðOHÞ3
hybrid composites. Meanwhile, the extreme conditions
characterized by the highly nonequilibrium feature includ-
ing high temperature and high pressure[10–17] will result in
an ultra-rapid alkaline etching process within a single laser
pulse (10 ns). The temperature around the ablated crater
is much higher, which enhances the chemical reaction. The
ultra-rapid chemical reaction enables the AlðOHÞ3 to be
dissolved/removed from TiO2∕AlðOHÞ3 hybrid compo-
sites. Then TiO2 nano-cages will be obtained due to the
decomposition reaction occurring between aluminium
hydroxide and the activated liquid. The higher ammonia

concentration results in a more complete decomposition
reaction. The ultra-rapid reaction in a confined space
enables the formation of abundant voids in the final par-
ticles. Overall, based on the experimental results reported
in this Letter, we demonstrate that the ammonia concen-
tration plays a critical role in the final nano-cages, and
the liquid solution is readily adjusted to obtain desirable
TiO2 nano-cages.

In conclusion, TiO2 porous nano-cages are synthesized
through pulsed laser ablation of a Ti/Al alloy in
ammonia solution. The weakly alkaline solution plays
an import role in the fabrication of desirable nano-cages.
A higher concentration of ammonia can improve the de-
gree of decomposition of the aluminum hydroxide material
due to the ultra-rapid alkaline etching in hotter plasma
during the laser ablation process. Then, ultrafine TiO2
nano-cages with a controllable interior space and a distinc-
tive porous shell should be obtained with higher ammonia
concentrations. The synthetic scheme used here should
also be applicable to other metals.
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Fig. 4. Schematic of the growth diagram of TiO2 porous nano-
cages by laser ablation of a Ti/Al alloy in aqueous ammonia.
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