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We report excellent broadband and quasi-omnidirectional antireflective (AR) structures based on
highly stable, self-cleaning, mesocrystalline rutile TiO2 nanorod arrays, which were grown by a facile
hydrothermal synthesis directly on Ti foils. Typically, each hierarchical nanorod is a single-crystal-like
rutile TiO2 mesocrystal comprising many [001]-oriented nanotips about 10–30 nm in diameter grown
on the top of a [001]-oriented stem nanorod about 100–400 nm in diameter. These novel hierarchical
mesostructures exhibit efficient suppression of reflection towards wavelengths ranging from visible to
near infrared (NIR) region, with reflection <0.5% in the visible region and <2% in the NIR region, at
a wide range of incident angles ranging from nearly normal to 45 . These excellent antireflection
properties could be attributed to an optimized graded refractive index profile resulting from the
hierarchical tips-on-rod structure of the mesocrystalline nanorods. The chemical and thermal stability
of rutile TiO2 endows the prepared mesocrystalline TiO2 AR structures with high stability. Moreover,
the AR structures exhibit useful self-cleaning properties either under UV irradiation or through
fluorosilane-modification.

Introduction
Fabrication of broadband antireflective (AR) structures that can
suppress reflection of light at interfaces over a broad spectral
range is of great interest because reducing the reflective losses of
light is crucial for improving the performance of optical and
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optoelectronic devices.1–6 In this regard, AR structures including
AR coatings and AR surfaces can find widespread applications
ranging from solar cells7,8 and light-emitting diodes9 to light
sensors10,11 and miniaturized chemical analysis systems.12
Inspired by moth-eye corneas comprising an array of nipple
structures,13 a variety of subwavelength nanostructure arrays,
such as nanorod, nanowire, nanotip, nanocone, and nanopyramid arrays of polymers,12,14–17 Si,3,10–12,18–22 SiO2,23,24 III–V
compounds,25–27 and ZnO,7,9,28,29 have been successfully fabricated as broadband AR structures. Owing to the continuous
gradient transition of the refractive index from air to the
substrate, such AR structures can reduce reflection at a broad
range of wavelengths and angles of incidence. The polymer AR
structures with a graded refractive index can be fabricated via
nanoimprint lithography12,14–16 and photo-lithography;17

Broader context
Broadband antireflective (AR) structures reducing the reflective losses of light over a broad spectral range are very useful for
improving the performance of optical and optoelectronic devices including photovoltaic systems and light-emitting diodes. Inspired
by the moth-eye corneas, a variety of subwavelength nanostructure arrays have been fabricated as broadband AR structures to
enhance light harvesting. In this work, highly stable mesocrystalline rutile TiO2 nanorod arrays, which adopted a unique tips-on-rod
structure, were fabricated via a facile solution growth method. These hierarchical TiO2 nanorod arrays provide an optimized graded
refractive index profile, resulting in excellent reflection properties towards wavelengths ranging from visible to the near infrared
(NIR) region at a wide range of incident angles. This study may open up a new route towards excellent AR coatings based on
hierarchical nanorod arrays with optimized architectures for light harvesting.
This journal is ª The Royal Society of Chemistry 2012
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however, their application is limited by polymer’s poor stability
under irradiation and at elevated temperatures. Among various
inorganic materials, Si is arguably the most common material
used for fabricating AR structures5 and a large number of silicon
AR surfaces with excellent broadband antireflection properties
have been prepared via different dry etching3,18–21 and wet
etching22 approaches. While Si AR surfaces have shown promising applications in silicon-based solar cells, their application is
largely limited to the silicon-based devices; moreover, silicon is
not transparent for visible light and tends to be oxidized in air.
There are also some reports on the top-down fabrication of SiO2
AR coatings23 and III–IV semiconductor AR structures,25–27 as
well as the vapor deposition of ZnO nanoarrays as AR coatings.7,9 Generally, the top-down fabrication and vapor deposition methods require costly equipments and are time- and
energy-consuming. Recently, ZnO nanostructure arrays grown
from solution at a low cost have been shown as effective AR
coatings;28,29 however, ZnO is unstable in either acidic or basic
solutions, severely limiting their applications. Therefore, it
remains a great challenge to achieve the facile, low-cost, and
high-throughput fabrication of broadband and omnidirectional
AR structures based on nanoarrays of inorganic materials with
high stability.
Titanium dioxide (TiO2) is the most widely used white
pigment because of its brightness, high refractive index, low
cost, and excellent stability. Due to these favorable attributes,
TiO2 semiconductor is intensively investigated for applications
in photocatalysis, solar cells, sensors, and biomedical
devices.30,31 Its wide energy bandgap and excellent chemical and
thermal stability should also make TiO2 a promising candidate
material for AR structures. TiO2 AR coatings have been
prepared by laser sputtering,32 magnetron sputtering,33,34 and
sol–gel methods.35 However, such conventional single-layer AR
coatings are usually limited to single wavelength and at normal
incidence of light only, and gradient-refractive-index AR
structures incorporating arrays of tapered elements are highly
desirable owing to their broadband and quasi-omnidirectional
AR properties.5 To date, effective AR structures based solely on
TiO2 nanorod arrays have not been reported, although a graded
index film consisting of TiO2 and SiO2 nanoarray layers was
fabricated on AlN as a near-perfect AR coating by obliqueangle vapor deposition.2 Effective AR structures solely made of
TiO2 nanoarrays may be realized if hierarchical TiO2 nanorod
arrays consisting of tapered nanotips could be prepared in an
inexpensive process to achieve an optimized graded refractive
index profile. Herein, we report a facile hydrothermal solution
growth of novel mesocrystalline rutile TiO2 nanorod arrays on
Ti foil substrates, which exhibited efficient suppression of
reflection towards wavelengths ranging from visible to the near
infrared (NIR) region at a wide range of incident angles.
Specifically, 2D arrays of rutile TiO2 nanorods with a unique
tips-on-rod structure were successfully synthesized, which led to
an optimized graded refractive index and hence prominent
broadband and quasi-omnidirectional AR properties. Moreover, the AR structures showed excellent chemical and thermal
stability as well as self-cleaning properties either under UV
irradiation or through fluorosilane-modification. To our
knowledge, this is the first time that a broadband AR structure
based solely on TiO2 nanoarrays has been realized.
7576 | Energy Environ. Sci., 2012, 5, 7575–7581

Experimental
Materials and synthesis
Concentrated hydrochloric acid (HCl) (36–38% by weight) and
tetrabutyl titanate (TBT) were purchased from Beijing Chemical
Reagent Co. and Beijing Yili Chemical Reagent Co., respectively,
and used without further purification. Titanium foils (99.7%,
Sigma-Aldrich) approximately 250 mm thick were initially cleaned
by sonication in acetone, ethanol, subsequently rinsed with
deionized (DI) water, and finally dried in air. TiO2 nanorod arrays
were grown on Ti foils in an aqueous HCl solution of TBT under
hydrothermal conditions. In a typical synthesis, a square titanium
foil (1.2 cm  1.2 cm) was placed in a Teflon-lined stainless steel
autoclave (20 mL), containing a solution of 6 mL of deionized
water, 6 mL of concentrated HCl, and 0.5 mL of TBT, which was
then heated at 150  C for 20 h. After the autoclave cooled to room
temperature, the substrate was taken out and cleaned with DI
water, and then dried in a 60  C oven in air.
Structural characterization
The products were characterized by powder X-ray diffraction
(XRD, Rigaku Dmax-2000, Cu Ka radiation), scanning electron
microscopy (SEM, Hitachi S4800, 5 kV), transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM, FEI
Tecnai F30, 300 kV).
Optical reflection measurement
The measurement of specular reflection spectra in the wavelength
range 400–2400 nm was performed using a Lambda 950 spectrometer (PerkinElmer) containing a halogen and a deuterium
lamp, in combination with a photomultiplier for visible light and
a PbS detector for infrared light. A special rotation sample stage
was adopted to change the angle of incidence for the measurement of angle-resolved specular reflection spectra.
Self-cleaning experiments
The self-cleaning properties of the TiO2 nanorod array structures
were demonstrated using two approaches. First, after calcination
at 400  C for 2 h, the substrate was immersed in a 1 mM solution
of 1H,1H,2H,2H-perfluorodecyltrichlorosilane (Alfa Aesar) in
hexane overnight at room temperature. The resulting surface was
rinsed with dichloromethane and then dried in air. The contact
angle (CA) of water on the surface was measured using an
OCA20 contact angle measuring system (Dataphysics). Second,
oleic acid was used as a mock organic contaminant to illustrate
the photocatalytic cleaning under UV irradiation. The surface of
the antireflection structures was contaminated by dipping into
a concentration of 1 wt% oleic acid solution in acetone. Then, the
substrate coated with oleic acid was placed under UV light
(365 nm, 3.8 mW cm 2) for 6 h and then the water contact angles
were measured again to evaluate the effect of cleaning due to
photocatalysis.

Results and discussion
A facile and large scale solution growth of TiO2 nanostructures
first needs to be developed for enabling the broadband AR
This journal is ª The Royal Society of Chemistry 2012
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structures. We were inspired by several recent developments in
solution synthesis of TiO2 nanowires, where simple solvothermal
syntheses of rutile TiO2 nanowire arrays have been achieved
from a toluene–water mixture36 or aqueous solutions37 directly
onto transparent fluorine-doped tin oxide (FTO) substrates.
Furthermore, we desire more complex hierarchical nanostructures to further enhance the light absorption or anti-reflective performance.38 This could be achieved by forming
mesocrystalline TiO2 as part of the AR structures. Mesocrystals
are assemblies of crystallographically oriented nanocrystals.39,40
Although nanoporous anatase TiO2 mesocrystals41 and rutile
TiO2 mesocrystals consisting of radially aligned nanorods42,43 or
parallel nanowires44 have been reported, the preparation of twodimensional (2D) arrays of mesocrystalline TiO2 nanorods has
not been realized yet. In this work, the hydrothermal growth of
the mesocrystalline rutile TiO2 nanorod arrays directly on
a titanium foil was readily achieved in an aqueous solution of
tetrabutyl titanate (TBT) and HCl at 150  C.
Morphology and structure
Fig. 1 shows SEM, TEM, and HRTEM images of rutile TiO2
nanorod arrays grown on Ti foil at 150  C for 20 h together with
an optical photograph of the square Ti foil. The optical photograph shows that the whole Ti foil became dark black (Fig. 1a
inset) after the growth of rutile TiO2 nanorod arrays, preliminarily indicating efficient suppression of reflection. As shown in
Fig. 2, the XRD patterns of the as-prepared nanoarray film
grown on Ti foil at various stages of the growth suggest the
continuous growth of pure rutile TiO2 crystals (JCPDS no.

Fig. 1 (a–d) SEM, (e) TEM and (f) HRTEM images of rutile TiO2
nanorod arrays grown at 150  C on Ti foil for 20 h. The inset in (a) shows
the optical photograph of the Ti foil after growth. The inset in (e) shows
the corresponding SAED image.

This journal is ª The Royal Society of Chemistry 2012

21-1276) on the Ti substrate. The significantly enhanced (002)
diffraction peak as growth time increases indicates that the
nanorod arrays are highly oriented toward the substrate surface
with the [001]-oriented nanorods approximately perpendicular to
the substrate surface. It can be seen from Fig. 1a that the
nanorod arrays are very uniform on a large area and have no
obvious defects. Further magnified SEM images (Fig. 1b and c)
reveal that the densely aligned nanorods exhibit rough top
surfaces and they are not very uniform in diameter, typically
ranging from 100 nm to 400 nm and further that the nanorods
are separated by gaps and there are numerous nanotips about
10–30 nm in diameter grown vertically on the top of the stem
nanorod. The cross-sectional SEM image (Fig. 1d) shows that
the nanorod arrays are 4 mm in thickness, and the nanorods are
separated in the middle and upper parts of the nanoarrays,
whereas some fusion appears at the bottom. This is further
confirmed by the TEM image (Fig. 1e): each nanorod consists
of parallel tiny nanotips about 10–30 nm in diameter and 50–
200 nm in length grown on the top surface of the stem nanorod.
The selected area electron diffraction (SAED) pattern corresponding to the upper part of a single nanorod displays a singlecrystalline diffraction feature of rutile TiO2, which indicates that
each nanorod is a [001]-oriented, single-crystal-like, rutile TiO2
mesocrystal consisting of many nanotips grown on the top of
the [001]-oriented stem nanorod along the growth direction of
the whole nanorod, in good agreement with the XRD result. The
HRTEM (Fig. 1f) confirms that each nanotip is a [001]-oriented
single crystal elongated along the axial direction of the nanorod.
These results demonstrate the formation of the unique 2D arrays
of mesocrystalline rutile TiO2 nanorods consisting of numerous
parallel nanotips grown on the top of individual nanorods.
The growth process of the mesocrystalline rutile TiO2 nanorod
arrays was investigated by examining the earlier stages of their
formation at 150  C (Fig. 3). It was observed that the nanorods
began to grow on the substrate after 1 h of reaction. The nanorods grown for 2 h had a length of 1 mm and a diameter of
100 nm, and they were mostly grown perpendicular to the
substrate with relatively smooth top surfaces (Fig. 3a and b).
After 8 h of reaction, the length of the nanorods was rapidly
increased to 4 mm, and the diameter was expanded somewhat
(typically 100–400 nm), as shown in Fig. 3c and d. Notably, the

Fig. 2 XRD patterns of bare Ti foil and rutile TiO2 nanorod arrays
grown on Ti foils at 150  C for different times.
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Fig. 3 Cross-sectional view (a and c) and top view (b and d) SEM images
of rutile TiO2 nanorod arrays grown on Ti foils at 150  C for different
times: (a and b) 2 h and (c and d) 8 h.

top surface of the nanorods became quite rough and many step
edges (about several nanometres to several tens of nanometres in
height) appeared, which looked like the nanotips formed after
20 h but were much shorter. When the reaction time was further
increased to 20 h, the step edges were elongated to form the
parallel nanotips with lengths in the range of about 50–200 nm
while the length of the stem nanorods remained essentially
unchanged. It may be noted that similar step edges were previously observed on the top of the rutile TiO2 nanorod arrays
grown on FTO but the evolution of the step edges into the
elongated nanotips was not observed.37 Moreover, the current
nanoarray films are tightly adhered to the Ti substrate, whereas
the rutile TiO2 nanoarray films hydrothermally grown on other
substrates were easily peeled off from the substrates.37 The
adhesion of TiO2 film on the substrate is a key issue for their
applications in dye-sensitized solar cells (DSSCs).45 The adherence of the TiO2 nanorod arrays was further examined by heating
the Ti foil with the nanoarrays in aqueous NaCl solution and
subsequent peel-off test employing Scotch tape, which confirmed
the adherence reliability of the TiO2 layer on the Ti substrate
(Fig. S1, ESI†).
The growth of the nanorod arrays on Ti foils is very sensitive
to the reaction temperature. When the temperature was increased
to above 160  C, the Ti foils react with HCl and dissolve in the
solution rapidly due to superhigh acidity. TiO2 nanorod array
films can grow on the Ti substrates at lower temperatures, but the
interspace between nanorods and the thickness of the film would
decrease with lowering temperature. When the temperature was
decreased to 140  C, the film thickness was reduced slightly to
about 3.5 mm and the interspace between nanorods decreased
slightly as well (Fig. 4a and b). The top surface of the nanorods is
rough and contains many step edges. At 120  C, the thickness
was reduced to about 2.5 mm, and the nanorod arrays were too
dense for identifying each nanorod individually (Fig. 4c and d).
The TiO2 thin film obtained at 120  C exhibited obvious cracks
(Fig. 4d), which is in contrast to the almost crack-free TiO2
nanorod arrays obtained at 150  C, suggesting that the stresses
during the drying process were difficult to release for the dense
thin film obtained at the lower temperature. When the temperature was further decreased to 100  C, a very dense thin film was
7578 | Energy Environ. Sci., 2012, 5, 7575–7581

Fig. 4 Cross-sectional view (a and c) and top view (b and d) SEM images
of rutile TiO2 nanorod arrays grown on Ti foils for 20 h at different
reaction temperatures: (a and b) 140  C and (c and d) 120  C.

grown on the Ti substrate (Fig. S2, ESI†). The corresponding
XRD patterns indicate that the films grown above 100  C are still
all rutile TiO2 crystals, and the relatively enhanced intensity of
(001) diffraction peak suggests the similar anisotropic growth
along the [001] direction (Fig. S3, ESI†).
Growth mechanism
Based on the time-dependent investigation, we proposed
a tentative growth mechanism of the mesocrystalline rutile TiO2
nanorod arrays as follows. When tetrabutyl titanate (TBT) was
mixed with HCl solution at room temperature, TBT reacted with
HCl and H2O forming Ti(IV) complex. When the solution was
heated, the Ti(IV) complex transformed to TiO2 on the surface of
Ti foil. The Cl ion can selectively adsorb onto the {110} crystal
planes suppressing further growth of the planes, resulting in the
anisotropic growth along the [001] direction.46 Meanwhile, the
growth process was significantly influenced by the concentration
of the Ti(IV) complex in the solution. Initially, the nanorods grew
rapidly along [001] direction due to the high reactant concentration. As the reaction proceeded, the reactant concentration
was reduced to a low level, and small nanotips began to grow on
the stem nanorods with continuous crystal lattices, resulting in
the final mesocrystalline rutile TiO2 nanorods with a hierarchical
structure. It is also possible that the precursor concentrations are
depleted at the end of the hydrothermal reactions so the reaction
supersaturation is low, which can be conducive for forming
thinner nanorods during the hydrolysis reaction forming
TiO2.47,48 As described above, the reaction temperature also
played an important role in the formation of the rutile TiO2
nanorod arrays on the Ti foil substrate. When the temperature
was higher than 160  C, Ti foil reacted with HCl to form Ti3+
ions, leading to the dissolution of the Ti foil. On the other hand,
with decreasing reaction temperature, the thickness of the asprepared films and the interspace between nanorods are reduced
gradually, and the tiny tips on the top surface of the nanorods
tend to disappear, leading to the formation of dense films rather
than nanorod arrays at temperatures below 120  C. This result
may be rationalized by considering that the reaction for the TiO2
This journal is ª The Royal Society of Chemistry 2012
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formation was so slow at the low temperatures that the reaction
rate was lower than the diffusion rate of the reacting titanium
species, thus favoring the slow growth of dense TiO2 films rather
than anisotropic growth of separated TiO2 nanorods. Therefore,
an appropriate reaction temperature (e.g., 150  C) and a long
enough growth time (e.g., larger than 15 h) were crucial for the
formation of the mesocrystalline rutile TiO2 nanorod arrays on
Ti foil.
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Antireflection properties
The AR properties of the rutile TiO2 nanorod arrays grown on Ti
foil at 150  C for different times were investigated by measuring
their specular reflection spectra in the broad wavelength range of
400–2400 nm. Fig. 5a shows the specular reflection spectra of the
as-prepared nanoarray films on Ti foils with different growth
times at an incident angle of 6 . The reflection spectrum of Ti foil
without polishing exhibits 10–20% for the visible region and
20–40% for the NIR region ranging from 800 to 2400 nm. The
reflection was gradually suppressed as rutile TiO2 nanorod
arrays were grown on the Ti foil. The nanorod arrays grown for
2 h, which were 1 mm in length and exhibited relatively smooth
top surfaces, show an obvious suppression of reflection towards
both the visible and the NIR region (red circles) with reflection
<3% and <10%, respectively. When the growth time was
extended to 8 h, the reflection (green triangles) is further reduced
to <1% for the visible region and <5% for the NIR region, owing
to the formation of arrays of nanorods 4 mm in length with

Fig. 5 (a) Specular reflectance spectra of rutile TiO2 nanorod arrays
grown on Ti foils for different times at an incident angle of 6 . (b)
Specular reflectance spectra of rutile TiO2 nanorod arrays grown on Ti
foils for 20 h at different angles of incidence.

This journal is ª The Royal Society of Chemistry 2012

obvious step edges on the top surfaces. When the growth time
was further increased to 20 h, the typical mesocrystalline rutile
TiO2 nanorod arrays consisting of nanotips (10 to 30 nm in
diameter) grown on stem nanorods were formed, and the
reflection (blue triangles) is significantly suppressed, with reflection <0.5% in the visible region and <1.5% in the NIR region.
This can be seen more clearly from the enlarged spectrum shown
in Fig. 5b.
Moreover, the specular reflection spectra of the mesocrystalline rutile TiO2 nanorod arrays at different angles of incidence
were measured to reveal their omnidirectional antireflection
properties, which are shown in Fig. 5b. It is clear that the mesocrystalline nanorod arrays exhibit prominent antireflection
performance toward wide angles of incidence from 6 (nearly
normal to the substrate) to 45 with reflection <2% in the broad
wavelength range of 400–2400 nm. The reflection remained to be
less than 2% in the wavelength range 400–800 nm when the
incidence angle was further increased up to 60 (Fig. S4, ESI†),
indicating typical broad-angle or quasi-omnidirectional AR
properties.3,25,26 Therefore, the mesocrystalline rutile TiO2
nanorod array film represents an excellent broadband and quasiomnidirectional AR structure, which could be attributed to an
optimized graded refractive index profile resulting from the
hierarchical tips-on-rod structure of the mesocrystalline nanorods. Surprisingly, the AR properties of the solution grown
mesocrystalline rutile TiO2 nanorod arrays are comparable to
those of many Si AR surfaces with a nanoarray structure that
have been fabricated by sophisticated methods.19–22 This result
demonstrates that the use of the mundane TiO2 material can be
tuned from typical white pigments to dark black AR coatings
through rational tailoring of its morphology and nanoarchitecture. It may be reasonably expected that the obtained Ti
foil-supported TiO2 nanorod arrays with prominent AR properties could be directly used as a useful substrate for the visible
and NIR laser desorption ionization mass spectrometry (LDIMS) with lower laser powers.12,49,50
The key role of the hierarchical tips-on-rod structure in the AR
property was further demonstrated by measuring the antireflection performance of the TiO2 nanorod arrays obtained at lower
reaction temperatures. As shown in Fig. 6, the reflection of the
nanorod array films obtained at 140  C was increased to about
1% and 8% from 0.4% and 1.5% for the typical hierarchical

Fig. 6 Specular reflectance spectra of rutile TiO2 nanorod arrays grown
on Ti foils at different temperatures for 20 h at an incident angle of 6 .
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nanorod array films obtained at 150  C at the wavelength of
800 nm and 2400 nm, respectively. Moreover, obvious interference fringes appeared in the reflectance spectrum owing to the
disappearance of highly tapered nanotips.6 The reflection was
further increased to about 2% and 10% at the wavelength of
800 nm and 2400 nm for the films grown at 120  C. These
phenomena can be easily understood from the view of the
refractive index change of the films. The nanorod arrays obtained
at the low temperatures are too dense to give desirable graded
refractive index profiles, resulting in relatively poor AR
properties.

NaOH solution at room temperature for 2 h, there were no
considerable changes for both the nanoarray structure and the
AR properties (Fig. S7, ESI†). Similarly, immersing in 6 M HCl
for 2 h did not cause any considerable changes for the AR
structures. Moreover, after calcination at 500  C for 1 h, the
nanorod arrays maintained the same morphologies and exhibited
excellent antireflection performance despite a slight increase of
reflection compared with the as-prepared sample (Fig. S8, ESI†).
Therefore, the AR structures based on the mesocrystalline rutile
TiO2 nanorod arrays have excellent chemical and thermal
stability, which makes them promising candidates for long-term
applications in complicated or extreme environments.

Flexibility and stability
It is noteworthy that the growth of the mesocrystalline rutile
TiO2 nanorod arrays is independent of the shapes of the Ti foils.
For example, TiO2 nanorod arrays can be grown on Ti foils with
different shapes and curvatures, producing dark black AR foils
with arbitrary shapes (Fig. S5, ESI†). Moreover, when the Ti foil
with rutile TiO2 nanorod arrays was slightly bent, no apparent
changes were observed for individual nanorod arrays and just
blocks of nanorod arrays were separated from each other to
release the stress (Fig. S6, ESI†). Therefore, this facile growth
method combined with the flexibility and the processing techniques of the Ti metal could enable the AR structures consisting
of rutile TiO2 nanorod arrays grown on the Ti substrate to be
used widely. It is noteworthy that efficient flexible DSSCs have
been fabricated by deposition of TiO2 nanoparticles51 or growth
of TiO2 nanorods52 on a Ti-foil substrate for the photo-anode
and using a transparent counter-electrode. Therefore, the current
mesocrystalline rutile TiO2 nanorod arrays on Ti substrate with
excellent AR properties could become a promising candidate as
the photo-anode in flexible DSSCs with enhanced performance
of light harvesting.
As expected, the chemical and thermal stability of rutile TiO2
endows the prepared AR structures based on the mesocrystalline
rutile TiO2 nanorod arrays with excellent stability. For example,
after the as-prepared nanorod array film was immersed in a 2 M

Self-cleaning properties
Self-cleaning properties of AR structures are also important in
practice because they can potentially save the time and cost of
cleaning and maintenance. The self-cleaning properties of the
TiO2 nanoarray-based AR structure were investigated by two
different ways, namely, superhydrophobicity19 and photocatalysis.53 The as-prepared nanorod arrays were first calcined at
400  C for 2 h, exhibiting a superhydrophilic surface with a water
contact angle nearly 0 (Fig. 7a). For the superhydrophobicitybased self-cleaning, 1H,1H,2H,2H-perfluorodecyltrichlorosilane
was used to modify the surface of the nanorod arrays, resulting in
a significant increase of the water contact angle to 161
(Fig. 7b). The modified surface became superhydrophobic, representing a good self-cleaning capability. Moreover, the fluorosilane modification did not cause considerable changes in the
reflection of the TiO2 nanorod arrays, suggesting a good preservation of the AR properties (Fig. S9, ESI†). For the photocatalysis-based self-cleaning, the photocatalytic degradation of
oleic acid, which was used as a mock organic contaminant, was
carried out and the contact angle of the AR film was measured to
evaluate the self-cleaning properties.53 After contamination of
the calcined AR film by oleic acid, the film lost its superhydrophilicity and the water contact angle was increased to
123 (Fig. 7c). After irradiating by UV light for 6 h, the water
contact angle was decreased to 12 (Fig. 7d), indicating that the
AR structure exhibits excellent self-cleaning properties under UV
irradiation. Therefore, the TiO2 nanorod array-based AR films
can display self-cleaning capability either by modifying with
fluorosilane or under UV irradiation, which may find applications under different practical situations. It may be noted
that similar self-cleaning properties have been reported for the
self-organized TiO2 nanotube layers grown on Ti substrate
by electrochemical anodization.54 In the current situation, the
self-cleaning properties can provide additional benefits for the
mesocrystalline TiO2 nanorod arrays when they are used as
efficient AR surfaces in natural or complicated environments.

Conclusions
Fig. 7 Scheme for self-cleaning processes. (a) Water drop profile on
calcined TiO2 nanorod arrays. (b) Water drop profile on fluorosilanemodified TiO2 nanorod arrays. (c) Water drop profile on TiO2 nanorod
arrays contaminated by oleic acid. (d) Water drop profile on TiO2
nanorod arrays after UV irradiation following the contamination.

7580 | Energy Environ. Sci., 2012, 5, 7575–7581

In conclusion, novel mesocrystalline rutile TiO2 nanorod arrays
consisting of parallel nanotips grown on the top of individual
nanorods were successfully grown on Ti foils by a facile hydrothermal synthesis. It was demonstrated that the obtained TiO2
nanorod arrays on Ti foils exhibited excellent broadband and
quasi-omnidirectional antireflection performance, which may be
This journal is ª The Royal Society of Chemistry 2012
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ascribed to the optimized graded refractive index profile owing to
the mesocrystalline nanorod arrays with a hierarchical tips-onrod structure. The rutile TiO2 nanorod array-based AR films
showed excellent chemical and thermal stability and useful selfcleaning properties either under UV irradiation or through fluorosilane-modification. The highly stable, self-cleaning, broadband AR structures based on rutile TiO2 nanorod arrays may
find potential applications including solar cells, displays, and
chemical sensors with improved efficiency. This study may open
up a new route towards excellent AR coatings based on hierarchical nanorod arrays with optimized architectures for light
harvesting.
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