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ABSTRACT: The floating growth process of large-scale
freestanding TiO2 nanorod films at the gas−liquid interface
was investigated. On the basis of the experiments, a self-
templated growth scenario was developed to account for the
self-assembly process. In the scenario, titanium complexes
function not only as the Ti source for the growth of TiO2 but
also as a soft template provider for the floating growth.
According to the scenario, several new recipes of preparing
freestanding TiO2 nanorod films at the gas−liquid interface
were developed. The freestanding film was applied to a lithium
ion battery as a binder-free and conducting agent-free anode,
and good cyclability was obtained. This work may pave a new
way to floating and freestanding TiO2 and other semiconductor materials, which has great potential not only in basic science but
also in the applications such as materials engineering, Li-ion battery, photocatalyst, dye-sensitized solar cell, and flexible
electronics.
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1. INTRODUCTION

Freestanding two-dimensional (2D) nanostructures have
attracted an ever-growing interest for their potential applica-
tions in the fields such as flexible electronics because the
freestanding film can be readily transferred onto arbitrary
substrates including flexible ones.1 As one of the most
promising semiconductors, titanium dioxide (TiO2) has many
potential applications such as photovoltaic, photocatalysis,
catalyst support, gas sensor, Li-ion battery, and so on, because
of its outstanding physical and chemical properties besides its
environment-friendly, low-cost advantages.2−10 Therefore, the
synthesis of freestanding TiO2 is of great interest and several
methods for the fabrication of freestanding TiO2 have been
developed.11−14 Most of them involve chemical selective
etching of sacrificial layers, which usually consists of two
steps, the synthesis of the film on substrates and the following
detachment from them.8−11 Few methods without the etching
process have been developed,15−17 including vessel bottom-
assisted15,16 or glass substrate-assisted17 method. However, in
all of these methods, the freestanding film was synthesized at
the solid−liquid interface and the separation of the film from
the solid substrate or the wall of vessel is essential, which makes
it very hard to obtain large-scale continuous substrate-free
film.12−14 Most recently, we reported a one-step substrate-free
synthesis of large-scale floating TiO2 nanorod films at the gas−

liquid interface, which offered a new method of synthesizing
freestanding TiO2 nanorod films.18,19

In this paper, the floating growth process of the freestanding
nanorod films at the gas−liquid interface was investigated.
Based on the process, a self-templated growth scenario was
developed, in which the titanium complexes act as a soft
template provider for the floating growth besides the
commonly reported role of Ti source. According to the
scenario, several other recipes of preparing freestanding TiO2

films were developed, which further verified the scenario.
Furthermore, the freestanding film was applied to a lithium ion
battery as an anode without binder and conducting agent with
good cyclability obtained. To the best of our knowledge, it was
the first time that a binder-free and conducting agent-free TiO2

anode was applied to lithium ion battery with good cyclability.
This work has great potential not only in basic science but also
in fields such as materials engineering, Li-ion batteries,
photocatalysts, dye-sensitized solar cells, flexible electronics,
and so on.
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2. EXPERIMENTAL SECTION
2.1. Materials. Tetrabutyl titanate (TBT, Chemical Pure) was

obtained from Beijing Yili Fine Chemical Co., Ltd. Concentrated
hydrochloric acid (HCl, Analytical Reagent) was obtained from Beijing
Chemical Works; fluorine-doped tin oxide (FTO) coated glass from
Heptachroma, Dalian, China and Titanium tetrachloride (TiCl4,
Analytical Reagent) from Sinopharm Chemical Reagent Co., Ltd.
Beijing, China. All reagents were used without further purification.
2.2. Film Synthesis. In a typical synthesis, 20 mL of deionized

(DI) water was mixed with 20 mL of concentrated hydrochloric acid
(36.5−38 wt %) in a weighing bottle (3.5 cm in diameter, 7 cm in
height) first. Then 100−200 μL of TiCl4 and 0.5−1 mL of TBT was
added dropwise into the solution. After that, the weighing bottle was
put into the Teflon-lined stainless steel autoclave (100 mL volume,
Beijing STWY Equipment Co., Ltd.). The hydrothermal reaction was
conducted at 150−160 °C for 1−24 h in an electric oven. After the
reaction, the autoclave was naturally cooled to room temperature. The
obtained film on the surface of the solution was took out with a piece
of glass slide, rinsed with deionized water and dried in ambient air.
2.3. Device Fabrication. The freestanding film was first punched

into circular films with the diameter of 14 mm, which were directly
used as Cathode in CR2032 coin-type cells without the addition of
binder or conducting agent. A circular Li foil with the diameter of 16
mm was used as the anode and 1 M LiPF6 dissolved in a mixture of
ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl
methyl carbonate (EMC) with a volume ratio of 1:1:1 was used as
electrolyte here. The separator is a microporous polypropylene
membrane Celguard 2400. The cells were assembled in an argon
protected glovebox with water and oxygen content less than 1 ppm.
2.4. Characterization. The morphology of the TiO2 was

characterized by a field-emission gun FEI Quanta 600F scanning
electron microscope (SEM) and a FEI Tecnai F30 transmission
electron microscope (TEM). A Rigaku D/max-rA 12 kW X-ray
diffraction (XRD) system is used to test the structure with the Cu−Kα
line with λ = 1.54 Å used as the source. A LAND CT2001A 8-channel
automatic battery test system (Wuhan Jinnuo Electronics Co., Ltd.) is
used to carry out constant current charging/discharging of the coin
cells in a voltage range of 1.0−3.0 V. Cyclic voltammogram (CV)
curve between 1 and 3 V was measured with a CHI 660C
electrochemical station at a scan rate of 2 mV/s.20

3. RESULTS AND DISCUSSION

3.1. Characterization of the Film. The films directly
grown at the gas−liquid interface were characterized by SEM.
Figure 1 are SEM images, and the corresponding photographs
are shown in Figure S1 in the Supporting Information, SI.
Figure 1a and b is bottom view SEM pictures (seen from the
liquid side), showing that the film is built up with nanorod-
based flowerlike nanostructures. While Figure 1c is top view
SEM picture (seen from the gas side), showing that the film is
built up with lying nanorods. The sectional view of the film is
shown in Figure 1d, which indicates that the microflower is
composed of nanorods with one end interconnected. Closer
observations are investigated by TEM. As shown in Figure 2a
and b, many nanoparticles can be seen at the root of the
microflowers. Figure 2c is a high-resolution image of one
nanorod. The 0.32 nm of the interplanar spacing is
corresponding to the (110) plane of the rutile TiO2, which
indicates that the nanorod grows along [001] direction. The
corresponding SAED (selected area electron diffraction) result
shown in Figure 2d is consistent with it. To confirm the
crystalline structure, XRD experiments are carried out and the
corresponding XRD pattern (Figure S2, SI) also indicates the
film is rutile.
To investigate the formation mechanism of the floating film,

there were two things needed to do. One is observing the

growth process of the film at the gas−liquid interface; and the
other is clarifying the important roles of various reactants in the
process.

3.2. Growth Process of the Floating Film. To observe
the growth process of the floating film, the reaction
experiments for 1 to 6 h have been carried out. Figure 3

Figure 1. Typical SEM images of the film grown at the gas−liquid
interface: (a, b) Bottom view of the film (seen from the liquid side).
(c) Top view of the film (seen from the gas side). (d) The cross
section of the film.

Figure 2. TEM characterization of the film: (a, b) TEM and (c) high-
resolution TEM images of the film and the inset is the corresponding
nanorod. (d) Selected area electron diffraction of the nanorod.
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shows typical SEM images of the reaction products at the gas−
liquid interface which were scooped onto a Si wafer and the
corresponding XRD patterns. Figure 3a is a SEM image of the
sample reacted for 1 h, showing some clusters formed at the
gas−liquid interface. Figure 3b and c is SEM images of the
sample reacted for 2 and 3 h, suggesting that the nanorods
started to grow out of the clusters. After reacted for 4 h, the

sample grew into flowerlike hierarchical structures (shown in
Figure 3d), and grew larger and larger as the reaction
proceeded. Then the flowerlike structures started to inter-
connect with each other so that the film began to form though
it might be thin and unstable when it reacted for 5 h (Figure
3e). Finally, after the film grew for 6 h, the film changed to be
thicker and stable enough to transfer (Figure 3f). The
corresponding XRD patterns of the films grown for 1−6 h
are shown in Figure 3g. Most of the diffraction peaks can be
ascribed to rutile phase TiO2 (JCPDS file No. 65-0192) except
for the diffraction peak (2θ = 24.22°) in the pattern of the film
reacted for 1 h, which may be ascribed to titanium hydrogen
oxide hydrates, such as H2Ti4O9·H2O (JCPDS file No. 36−
0655), that resulted from the hydrolysis of TBT. When the
reaction was carried out over 1 h, the intermediates such as
H2Ti4O9·H2O changed into TiO2, so there were only diffraction
peaks of TiO2 in the reaction products for 2−6 h.
More SEM images of the film grown for 6 h are shown in

Figure 4. It was noticed that the obtained film after 6 h reaction
was similar to the film obtained from the reaction after 24 h

Figure 3. (a−f) SEM images and (g) XRD patterns of the reaction
products obtained at the gas−liquid interface grown for 1−6 h (seen
from the gas side).

Figure 4. SEM images of the film grown at the gas−liquid interface for
6 h: (a, b) Bottom view (seen from the liquid side) of the film. (c−e)
Top view (seen from the gas side) of the film. (f) Cross-sectional view
of the film.
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(shown in Figure 1), which is composed of semispherical
flowerlike nanostructures with one side of the film plane while
the other side uneven. The main reason is that only the
solution side can offer enough Ti source for the growth of the
nanorods while the air side cannot.

Figure 5. SEM images of floating TiO2 without the addition of TiCl4
grown for 12 h with different magnifications (a−d).

Figure 6. SEM images of the flowerlike film using FTO nanoparticles
as seeds (a, b) Bottom view of the film seen from the liquid side. (c)
Top view of the film seen from the gas side. (d) The cross section of
the film.

Figure 7. SEM images of the floating TiO2 film with the addition of
C4H9OH: (a−c) Bottom view of the film seen from the liquid side
with different magnifications. (d) Top view of the film seen from the
gas side.

Scheme 1. Illustration of the Scenario for Floating Growth of
TiO2 Nanorod Films at the Gas−Liquid Interface

Table 1. Summary of the Experimental Results

no. seed provider
Ti source/
template results

A TiCl4 TBT floating flowerlike film
(Figure 1)

B1 TBT floating flowerlike structures
(Figure 5)

B2 FTO
nanocrystals

TBT floating flowerlike film
(Figure 6)

C1 TiCl4 nothing floating
C2 TiCl4 butanol floating flowerlike film

(Figure 7)
C3 TiCl4 ethanol/acetone/

ether
floating flowerlike structures

D1 TiCl4 TET floating flowerlike film (SI
Figure S3)

D2 FTO
nanocrystals

TET floating flowerlike film (SI
Figure S4)
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To understand the floating growth process of the film, there
are two key questions to answer: one is how the TiO2 grows
into flowerlike structure; the other is why the film can achieve
floating growth.
For the first question, there are many scenarios developed to

account for the formation of flowerlike nanostructures.21−24

Generally, it contains the following three steps: nucleation,
aggregation, and growth, which can also be applied to the
process here. At the first stage, the TiCl4 hydrolyzes fast and
nucleates to generate nanocrystals, which can be used as the
seeds for the growth of the nanorods. The hydrolysis of the
TiCl4 solution can be expressed as the following reaction:25

+ ↔ ++ +Ti 2H O TiO 4H4
2 2

Indeed, there are many reports about the formation of
nanocrystals at the early stage of hydrothermal preparation of
rutile nanorods.26−29 As the process continues, the precipitates
collide with each other due to forces such as electrostatic force,
van der Waals force and so on, thereby resulting in the
formation of aggregates as shown in Figure 3a and b.25 At the
second stage, nanorods begin to grow out of the clusters
because the selective adsorption of Cl− on the (110) plane of
rutile TiO2 nanocrystals guides anisotropic one-dimensional
growth along the [001] orientation and generates nano-
rods.24,30As the air side cannot offer titanium source for the
growth of nanorods, only that at the solution side nanorods
could continue to grow and form the semispherical flowerlike
hierarchical nanostructures as shown in Figure 3c and d. At the
third stage, the nanorods grow longer and interconnect with
each other to assemble into a film as shown in Figure 3e and f.
In this way, the observed formation process of the flowerlike
structures can be clarified according to the reported
scenarios.21−24 However, to the best of our knowledge, the
floating growth process has not been understood. Clarifying the
roles of various reactants in the floating growth seems to be
necessary to explain it.
3.3. Roles of Various Reactants. To clarify different roles

of the reactants in the floating growth process, an “exclusion-
substitution” method was developed. To investigate the role of
a reactant in the reaction, it was excluded from the reaction and
the changes were observed to infer the possible role of the
reactant, which was called the “exclusion” step. Then the
reactant under study was substituted for another reactant with
the same number of moles to play the same role as inferred
above to verify whether the inference was correct or not, which
was called the “equivalent substitution” step.
To investigate the role of the TiCl4, a contrast experiment

without the addition of TiCl4 was carried out with the other

reaction conditions unchanged. As a result, no film but some
floating substance was observed after it reacted for 6 h or even
for 12 h (as shown in Figure 5a and b). Closer observation
indicates that the products were some flowerlike nanostructures
made up of nanorods (Figure 5c and d). The main difference
between the results with and without TiCl4 was whether the
number of flowerlike nanostructures was large enough to make
them interconnect with each other to form a film or not. As the
number of the flowerlike nanostructures depends on that of the
initially generated TiO2 nanocrystals, TiCl4 may play an
important role in the nucleation of the film floating growth.
In this way, if TiCl4 was substituted for another substance that
can act as the seeds for the growth of nanorods or promote
nucleation during the floating growth process, the generated
flowerlike nanostructures would be enough to interconnect
with each other to form a film. As fluorine-doped tin oxide
(FTO) nanoparticles can be used to epitaxial growth of TiO2
nanorods,31 some of them were scratched from a FTO
conducting glass and used to replace TiCl4 to conduct a
contrast experiment with other conditions unchanged. As a
result, a piece of white TiO2 film was obtained at the gas−liquid
interface and the corresponding SEM images are shown in
Figure 6, suggesting that it has similar morphologies with the
samples in Figure 1. Therefore, TiCl4 may play an important
role in increasing the amount of seeds, which ultimately
determines whether the formation of the film or just the
formation of large numbers of isolated flowerlike nanostruc-
tures.
To investigate the role of TBT, contrast experiments without

TBT were carried out with other conditions unchanged. As a
result, nothing was observed floating at the gas−liquid interface
and white deposition was obtained at the bottom. The
hydrolysis of TBT can be expressed as

+ ↔ +Ti(OC H ) 2H O TiO 4C H OH4 9 4 2 2 4 9

where C4H9OH is slightly soluble in water with smaller density
than water and considering the temperature (150−160 °C), the
following side reactions may produce insoluble organics so that
a floating water−organics interface can be generated at the
gas−liquid interface, which can act as a soft template for the
growth of flowerlike nanostructures.22 Therefore, the organics
resulting from the hydrolysis of TBT or the side reactions may
determine whether the generated TiO2 nanostructures float or
not. To confirm this, another contrast experiment was
performed by substituting TBT for butanol with the same
number of moles with the other conditions unchanged. As a
result, a large piece of floating nanorod film was obtained as
expected and the corresponding SEM images (shown in Figure

Figure 8. (a) Typical initial charge−discharge curves of the Li-ion battery using the freestanding TiO2 film as binder-free and conducting agent-free
anode. (b) The corresponding cycle performance of the same battery.
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7) demonstrate that it has similar morphology just as that of the
film obtained using TBT. All these experiment results indicate
that the hydrolysis product of TBT (C4H9OH or other side
reaction products) could act as a floating soft template for the
floating growth of nanorod films. Therefore, TBT not only acts
as a Ti source for the growth of TiO2, but also provides a soft
template for the floating growth of nanorod films. In addition,
the floating growth of the nanorod film results from TBT and
floating growth process is a self-templated process.
In this part, the important roles of the main reactants are

clarified. TiCl4 can increase the number of seeds, which
ultimately determines whether the film can form or not. While
besides Ti source, TBT can offer a floating soft template by the
hydrolysis reaction or its side reactions, which ultimately
determines whether the film can float or not.
3.4. A Scenario for Floating Growth of Nanorod Films.

Until now, the two key questions for the floating growth of
nanorod films are answered, that is, why the film can achieve
floating growth and how the film form at the gas−liquid
interface. To achieve floating growth, some organics or
compounds, such as TBT, that can generate organics are
essential. To form a film, enough seeds or something that can
promote nucleation is needed.
On the basis of the analysis above, a scenario for the floating

growth of nanorod films was developed shown in Scheme 1.
According to the scenario, the self-assembly process of large-
scale TiO2 nanorod films at the gas−liquid interface can be
described as the following three stages: (1) Fast hydrolysis,
nucleation, aggregation, and the formation of water−organics
interface; (2) growth of nanorods and formation of nanorod-
based flowerlike nanostructures; and (3) interconnection of the
nanoflowers to form the film. At the first stage, TiO2
nanoparticles are generated mainly via forced hydrolysis of
TiCl4 at the interface. At the same time, the organics are
produced from the hydrolysis of TBT float at the water surface
so that a water-organics interface forms at the gas−liquid
interface. Nanoparticles are nucleated prior at the interface than
in the solution because of the interfacial energy. Because of the
strong attractive forces between neighboring nanocrystals,
aggregation occurs at the gas−liquid interface. At the second
stage, as the process continues, nanorods begin to grow out of
the aggregations from the liquid side while there are
nonanorods growing from the gas side because of the absence
of Ti source. Therefore, after the film forms, one side is plane
while the other side is composed of nanorod-based nano-
flowers. At the third stage, when the nanorods grow long
enough to interconnect with each other, the film based on
nanoflower arrays starts to form and gets strong as the reaction
continues.
3.5. Development of Other Recipes to Floating

Nanorod Films Based on the Above Scenario. According
to our scenario, floating growth of TiO2 nanorod film will be
produced when the reaction meets the following key
conditions: (1) the formation of water−organics interface
during the reaction and (2) enough seeds adsorbed at the
interfaces to make the generated nanorods interconnect with
each other. To verify whether the inference based on the
scenario is correct or not, we have designed two following
experiments.
In the first experiment, we replaced TBT with another

titanium complex, tetraethyl titanate in the hydrothermal
reaction. Typically, 150 uL TiCl4 and 0.5 g tetraethyl titanate
was added into the HCl aqueous solution (with the volume

ratio of concentrated hydrochloric acid to water 1:1). Then
they were reacted at around 150 °C for 12 h. As predicted
based on the scenario, a piece of nanorod film was obtained and
it had similar morphology with that obtained above (Figure S3,
SI).
In the second experiment, we further replaced TiCl4 with

FTO nanocrystals and replaced TBT by tetraethyl titanate
(TET) at the same time with other conditions unchanged. As a
result, a piece of nanorod film was also obtained at the liquid
surface with similar morphology (Figure S4, SI).
By this way, the floating growth scenario proposed above is

verified, and two other recipes of preparing floating nanorod
film were developed. We believe that the floating growth
scenario and the recipes developed based on it will open a new
way to prepare not only freestanding TiO2 nanorod films,
floating TiO2 films but also other freestanding semiconductor
films.
Until now a series of experiments were carried out to explore

the floating growth mechanism of the floating films. All of the
above experimental results are summarized in Table 1. They are
categorized into four parts: Part A is the floating growth
method we developed before; Parts B and C demonstrate the
roles of TiCl4 and TBT in the reaction respectively; and Part D
shows two new recipes of floating growth of TiO2 flowerlike
film, which are developed based on the growth scenario
proposed above.

3.6. Application of the Freestanding Film in Additive-
Free Li-Ion Batteries. Titanium dioxide (TiO2) is an
attractive material for Li-ion battery anodes with high safety
and stability. However, because of the poor electronic
conductivity, large amounts of conducting agent and binder
(typical weight ratio of TiO2, conducting agent, and binder =
80:10:10) are used to improve the conductivity and form a film.
As a result, the specific capacity (unit, for example, mAh/g) of
the anode is much reduced because the addition of the
additives increases the total mass of the anode but not
contribute to the charge−discharge capacity. As the free-
standing film is large-scale continuous and stable enough so
that binder is not essential. Furthermore, as almost all the
nanorods have a direct electron transfer path from one side to
the other side of the film, the conductivity can be improved so
that the elimination of conducting agent may be possible. On
the basis of the analysis above, an additive-free TiO2 anode was
fabricated and applied to a CR2032 coin cell.
A typical initial charge−discharge curve is shown in Figure

8a, and the corresponding cycle performance is shown in Figure
8b. The initial discharge areal capacity is 31.44 mAh/g under
current density of 30 mA/g. After 100 charge−discharge cycles,
the discharge capacity is 32.66 mAh/g without any loss but a
little increase. And the good cycle performance may be ascribed
to the chemical stability of the material during charge−
discharge cycles.32 To the best of our knowledge, this is the first
time that additive-free TiO2-based anode has been successfully
applied to a Li-ion battery with good cycle performance.

4. CONCLUSION
In summary, a self-templated growth scenario was proposed to
account for the floating growth of large-scale floating TiO2
nanorod film at the gas−liquid interface. There are two main
factors influencing the formation of floating film: water−
organics interface and enough seeds. To achieve floating
growth, some organics or compounds that can generate
organics are essential; and to form a film, enough seeds or
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something that can promote nucleation is necessary. On the
basis of the proposed scenario, another two recipes of preparing
floating nanorod film were developed. Furthermore, the
freestanding TiO2 film was successfully applied to a Li-ion
battery as an additive-free anode for the first time, and the
discharge capacity has no loss but a little increase after 100
charge−discharge cycles. This work may pave a new way for the
synthesis of freestanding and floating TiO2 and other
semiconductor oxide films, which has great potential not only
in basic science but also in the applications such as materials
engineering, Li-ion battery, photocatalyst, dye-sensitized solar
cell, and flexible electronics.
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