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Abstract
A titanium dioxide (TiO2) interconnected porous structure has been fabricated by means of
atomic layer deposition of TiO2 onto a reticular sponge template. The obtained freestanding TiO2

with large surface area can be easily taken out of the water to solve a complex separation
procedure. A compact and conformal nanocoating was evidenced by morphologic
characterization. A phase transition, as well as production of oxygen vacancies with increasing
annealing temperature, was detected by x-ray diffraction and x-ray photoelectron spectroscopy,
respectively. The photocatalytic experimental results demonstrated that the powder with
appropriate annealing treatment possessed excellent photocatalytic ability due to the co-action of
high surface area, oxygen vacancies and the optimal crystal structure.

S Online supplementary data available from stacks.iop.org/NANO/26/364001/mmedia
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1. Introduction

Today’s society is suffering from worsening environmental
pollution and it is highly in demand to develop efficient
methods to decompose toxic pollutants. In this case, photo-
catalytic degradation of the toxic pollutants from semi-
conductors is a promising solution to address the urgent
problem [1]. TiO2, because of its chemical stability, non-
toxicity and favorable energy band structure, has been proven
to be the most suitable photocatalyst [2, 3]. However, on the
one hand, using TiO2 in efficient photocatalytic degradation

of toxic chemicals is still challenging, in terms of efficient
charge separation channels [4, 5], high surface area [4, 6, 7],
and optimal crystalline structure [7, 8]. One of the strategies
to improve the efficiency stresses tailoring the size, shape and
structure of TiO2 particles [9–12]. TiO2 porous structures
have especially drawn much attention because of their
excellent performance in photocatalytic systems [13]. Porous
structures are advantageous for the enhanced surface-to-
volume ratio, which allows a robust interaction with solvent
and also for their reduced diffusion path length [14, 15]. On
the other hand, although the suspended photocatalyst for
elimination of pollutants has often been reported, the complex
separation procedure of photocatalyst from purified water and
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reuse of the photocatalyst are considered drawbacks. An
immobilized mode such as a solid membrane is proposed as
an alternative, although membranes are generally 2D and
have reduced surface areas [16, 17]. For these reasons, the
need for a freestanding structure with large surface area which
can be easily separated from water should be solved
simultaneously.

Atomic layer deposition (ALD) is a thin-film growth
technique with the capability of conformal coverage of a
three-dimensional structure with high aspect ratio based on
sequential, self-limiting surface reactions [18–21]. There have
been several reports on ALD of photocatalytic TiO2. Different
templates have been used for ALD of TiO2. Ahn et al pro-
duced three-dimensional nanoshell titania with high uni-
formity by ALD on a polymer template prepared by proximity
field nanopatterning [18]; Tan et al prepared photocatalytic
well-aligned TiO2 nanotube arrays via ALD of TiO2 onto
porous anodic alumina template [22]; Verbruggen et al fab-
ricated photocatalytic spacious TiO2 film by ALD on sup-
ported carbonaceous sacrificial template [14]; and Kim et al
fabricated pure anatase TiO2 submicrotube using electrospun
poly(vinyl pyrrolidone) (PVP) fiber as a soft template [23].
However, some templates such as supramolecular nanotem-
plate [15] and electrospun polymer fiber template [23] require
additional complex fabrication or surface modification pro-
cesses [24]. This complex procedure sometimes makes it hard
for up-scaled industrial production. Thus it remains challen-
ging to find easily obtained and directly usable templates.

In this work, we used a commercially available and
directly usable sponge as the template for TiO2 deposition.
Several precursors have been successfully used for ALD of
TiO2. Titanium tetrachloride (TiCl4) is widely invested as an
inorganic precursor; however, its drawbacks include the
corrosive by-product HCl and chlorine residues [25, 26].
Titanium alkoxides, such as titanium isopropoxide, are
halide-free and non-corrosive, and therefore have been used
as alternative precursors. One of the essential properties for
the ALD precursor is a high reactivity with counter-reactants
to reduce the cycle time [25]. The lesser reactivity of water

with titanium isopropoxides has been reported [27], and
owing to the fact that a metal–halide bond is greater stronger
than metal–nitrogen bond, metal amide compounds have
significantly higher reactivity with water [25]. Therefore,
titanium isopropoxide (TDMAT) and H2O have been adopted
for our current ALD processes. A compact and uniform layer
of TiO2 was coated on the reticular framework. After removal
of sponge by post-annealing, a freestanding, interconnected
porous structure was achieved. Moreover, the monolithic
TiO2 can be separated easily from the water and this free-
standing behavior has promise for saving the complex
separation procedure. Detailed structural properties were
characterized and the results show a phase transition from
pure anatase to a mixture phase of anatase and rutile with
increasing annealing temperature, as well as production of
oxygen vacancies. Photocatalytic abilities of the samples were
studied by methyl orange (MO) decomposition under UV
light, and obvious increasing photocatalytic ability was
observed with increasing annealing temperature.

2. Experimental details

2.1. Preparation of TiO2 porous powder

An illustration of the process for preparing TiO2 porous
powder is shown in scheme 1. Deposition was carried out at
150 °C in a homemade reactor. The template used here is
commercially available reticular sponge which was cut into
2 × 2 × 0.5 cm pieces and put into the pre-heated chamber (see
figure S1 in the supplementary data). Tetrakis(dimethyla-
mido) titanium (TDMAT) and water were used as precursors.
Nitrogen (N2) gas served as both carrier and purge gas. The
flow rate of the carrier gas was 20 sccm and the deposition for
TiO2 nanocoating on sponge was conducted at ∼20 Pa. A
typical coating cycle used the following sequence: TDMAT
pulse (200 ms), N2 purge (20 000 ms), H2O pulse (15 ms), N2

purge (20 000 ms). After ALD process, the samples were
calcinated at 500 °C and 550 °C for 3 h under a flow of

Scheme 1. Fabrication of TiO2 interconnected porous structure. (a) The reticular sponge is used as raw material. (b) TiO2 is deposited onto
the sponge template. (c) After ALD, the sponge is coated by conformal TiO2 nanocoating. (d) The sponge is thermally removed and the TiO2

porous structure/powder can be obtained.
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400 mLmin−1 O2. The sponges were removed during this
thermal treatment and TiO2 interconnected porous structure
was simultaneously formed, which is proved by the colour
change from yellow (TiO2 nanocoating on sponge, figure S1
(a)) to white (pure TiO2 film, figure S1(b)).

2.2. Characterizations of morphology, crystallization and
valence states

The morphology of the sample has been investigated by
means of scanning electron microscopy (SEM, JEOL JSM-
6701F) and transmission electron microscopy (TEM, Tecnai
F30), The crystallinity and the phase composition of the
samples have been characterized by x-ray diffraction (XRD)
analysis on a Bruker D8 x-ray diffractometer with Cu Kα
radiation (λ= 1.5418 Å). X-ray photoelectron spectroscopy
(XPS) experiments were carried out on a RBD upgraded PHI-
5000C ESCA system (Perkin Elmer).

2.3. Photocatalytic performance evaluation

The photocatalytic activity of TiO2 porous powder was
monitored by immersing the powder with 1.5 cm3 volume
(weight: ∼1.5 mg) into a borosilicate glass dish containing
6 mL methyl orange (MO) solution with an initial con-
centration of 10 mg L−1. The photocatalyst concentration is
thus 0.25 mg mL−1. UV light irradiation is achieved with a
200W xenon lamp (Lanpu, China), which is 50 cm away
from the MO solution. The powder–MO suspension is
allowed to equilibrate for 30 min prior to illumination. The
variation in MO concentration is determined by measuring the
change of light absorbance at 464 nm, which is the maximum
absorption wavelengths of MO, using a Shimadzu UV-2550
spectrometer.

2.4. Surface area measurement

Nitrogen sorption isotherms were measured at 77 K with a
QuadraSorb SI MP Station: 1. The samples were degassed in
a vacuum at 250 °C for 3 h before measurement.

3. Results and discussion

3.1. Structural characterizations

SEM images of the TiO2 interconnected porous powder that
are obtained by annealing TiO2-coated (1000 ALD cycles)
sponge at 550 °C are shown in figures 1(a) and (b).
Figure 1(a) displays the top view of the TiO2 interconnected
porous powder with low magnification. One can easily see the
porous structure with interconnected geometry. The diameter
of the pores is roughly estimated to be 300 μm, with large
fluctuation. We compared the morphologies of the sample
before and after annealing and found that TiO2 film well
duplicated the frame structure of the original sponge. This is
understandable because of the conformity of the ALD tech-
nique. This advantage is also reflected by the homogeneous
thickness of the TiO2 nanocoating. A typical lateral views

taken at the edge of the TiO2 film with high magnification is
displayed in figure 1(b), which proves that the TiO2 film is
compact, with a thickness of about 110 nm.

To check the structure of the TiO2 nanocoating after
annealing in more detail, TEM was carried out on the same
sample. Prior to TEM observation, the sample was subjected
to ultrasonic vibration for several seconds and the fragments
were fished out using Cu grids to perform TEM character-
ization. The obtained TEM image in figure 1(c) further proves
the uniformity of the TiO2 film. In addition, the small thick-
ness makes the TiO2 film soft and folding of the film can be
observed in the TEM image (deep black areas at edge in
figure 1(c)). The high-resolution TEM image in figure 1(d)
indicates that the TiO2 is crystalline and the distance of the
lattice fringes is determined to be 0.35 nm, corresponding to
the (101) planes of anatase TiO2. The electron diffraction
pattern (see figure S2 in the supplementary data) demonstrates
that the TiO2 possesses the tetragonal phase with space group
141 (see figure S3 in the supplementary data). We also
noticed that a small amount of Ca can be detected by com-
position analysis during TEM, which was considered to be
due to residual sponge after calcinations.

The compositions and the valence states of the TiO2

porous powder were investigated by XPS as shown in
figure 2. Figure 2(a) is the high-resolution XPS spectra of
O1s, which shows that all spectra have a major peak at around
529.7 eV with a shoulder at higher bonding energy, indicating
two different kinds of O species in the sample. The peak at
529.7 eV is ascribed to O2− in crystal structure while the
shoulder peak at higher bending energy is ascribed to oxygen
vacancies [28]. The peak density of the shoulder peak turned
stronger with the annealing temperature increasing from 500
to 550 °C, revealing an effect of the annealing temperature on
the oxygen vacancy concentration. The high-resolution XPS
spectrum of O1 s of the as-deposited sample is shown in
figure S4 in the supplementary data. It has been reported that
the oxygen vacancy states have a direct effect on the elec-
tronic structure of TiO2 by forming a donor level below the
conduction band which will affect photocatalytic activities
(see discussion below) [29]. Figure 2(b) shows the high-
resolution XPS spectra of Ti 2p. The peaks of Ti4+(2p3/2) and
Ti4+(2p1/2) were confirmed with binding energy of 458.5 and
464.2 eV for the TiO2 annealed at 500 °C and 458.3 eV and
464.1 eV for the TiO2 annealed at 550 °C [30, 31]. It should
be noted that both of Ti4+(2p3/2) and Ti4+(2p1/2) have a gra-
dual red shift with increasing annealing temperature com-
pared with the standard values from previous literature [32].
This phenomenon should be mainly attributed to the existence
of Ti3+ located with lower binding energy, formed by the
interaction of the electrons left in the oxygen vacancies and
the adjacent Ti4+ [29]. This also proves the existence of
oxygen vacancy in our TiO2 porous samples.

Further insights on the nature of the formed TiO2 porous
powder are obtained from the XRD patterns as shown in
figure 3. It shows that the as-deposited titania have no crystal
structure (curve (a)). After being annealed at 500 °C in an O2

atmosphere (curve (b)), intense and narrow diffraction peaks
from the TiO2 anatase phase are observed at 2θ= 25.326°
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(101), 37.831° (004), 48.08° (200), 53.941° (105) and
62.168° (213). When further increasing the temperature to
550 °C, represented by curve (c), another peak at 2θ = 27.461°
appears, which is associated with (110) lattice plane of rutile
TiO2 phase, indicting a mixture of anatase and rutile phases.
This result suggests a titania phase transformation from ana-
tase to rutile at elevated temperature. The crystal phase dis-
crepancy caused by thermal treatment could influence the
photocatalytic performance (see discussion below).

3.2. Photocatalytic activities of samples

The photocatalytic activities of the samples in the degradation
of MO were assessed by detecting the decomposition of
10 mg L−1 MO solution under UV irradiation with the same
amount of photocatalysts (1.5 mg). Figure 4 shows the
degradation of MO solutions as a function of irradiation time
by calculating the absorbance of MO molecules at the peak
featured at 464 nm. The concentration compensation has been
taken into account in the calculation. As can be seen from
figure 4, the annealed samples show far better photocatalytic
activity than the unannealed sample. The sample annealed at
550 °C (curve (c)) leads to a 94.5% degradation after 120 min
of UV illumination, and the values for samples annealed at
500 °C (curve (b)) and the unannealed sample (curve (a)) are
73.7% and 13.3%, respectively. This remarkable enhance-
ment can be attributed to two factors. Firstly, we have proven
the existence of oxygen vacancies in our sample. The oxygen
vacancies can not only serve as positive charge centers with

which to trap the electron and inhibit the recombination of
charge carriers, but they also favor the adsorption of O2 on the
surface and reduce absorbed O2 by the trapped electrons to
generate superoxide radicals, which play a key role in the
oxidation of organics [33]. Moreover the presence of the
oxygen vacancies in TiO2 can efficiently expand the light
absorption from the UV to the visible light by forming a
donor level below the conduction band [29]. According to
XPS spectra results, TiO2 annealed at 550 °C have a stronger
shoulder peak, demonstrating a large amount of oxygen
vacancy in the sample annealed at 550 °C. Thus, TiO2

annealed at 550 °C shows improved photocatalytic activity
compared to the other samples. Secondly, the crystal phase
discrepancy caused by thermal treatment may influence the
photocatalytic performance. As disclosed by the aforemen-
tioned XRD results, after annealing at 500 °C, the amorphous
TiO2 nanocoating on the sponge template is converted to pure
anatase, and annealing at 550 °C leads to a mixture of anatase
and rutile phases. The enhanced photocatalysis in curve (c)
agrees closely with many studies that pure anatase can lead to
better photocatalysis than rutile or amorphous [34] and the
addition of the relatively inactive rutile phase can significantly
improve the photocatalytic activity of pure anatase [33],
because the synergy between anatase and rutile leads to
spatial charge separation and hinders recombination [35].
Thus, the oxygen vacancies and crystal phase discrepancy can
significantly influence the photocatalytic performance. One
thing to notice is that both factors arose from the change in
annealing temperature. That is, there is a collaboration effect

Figure 1. Morphology of the TiO2 interconnected porous powder: (a) SEM image with low magnification. (b) SEM image of the TiO2 film
with thickness of 110 nm from the lateral view. (c) TEM image of powder flakes prepared from the porous sample. (d) High-resolution TEM
image showing the lattice fringe of the TiO2 crystal.
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between two factors. Moreover, we compared the photo-
catalytic efficiencies of our samples to those reported in the
literature, Yang et al for example, got a 50% degradation of
MO by using a larger photocatalyst concentration of
1 mg ml−1 in around 120 min [36]; Roy et al achieved a close
degradation rate in 120 min with photocatalyst concentration
around 0.4 mg ml−1 [37], which proves the better performance
of our samples, even if the others were treated with more
catalyst. We also noticed that for the TiO2 annealed at the
same temperature (550 °C), the TiO2 interconnected porous
powder shows better photocatalytic performance than flat
TiO2 film on Si substrate with the same photocatalyst amount:
the degradation ability of the latter catalyst (94.5% at
120 min) is larger than that of the former (84.5% at 120 min)
(see figure S5 in the supplementary data). The films in both
cases possess anatase structure and therefore the enhancement
cannot originate from the crystal structures. Considering the

morphological difference, we think the enhancement indicates
that the sponge acting as template greatly enhanced the sur-
face area (106 m2 g−1, figure S6) and TiO2 for degradation.
The larger contact area between the TiO2 and MO solution
can be conducive to trap more photons with the irradiation of
the UV light and then more electrons and holes are generated
and consequently contribute to promoted photocatalytic
activity. However, detailed quantitative analysis shows that
the surface area of the interconnected porous powder is 52
times larger than that of the flat film and the enhancement in
photocatalytic activity is obviously moderate. It is possible
that the high aspect ratio of the powder does not allow for

Figure 2. XPS spectra of the TiO2 powders annealed at 550 °C and
550 °C in O2 atmosphere: (a) O1s and (b) Ti2p.

Figure 3. XRD patterns of (a) as-deposited TiO2 and TiO2 annealed
at (b) 500 °C and (c) 550 °C, respectively.

Figure 4. Photodegradation of MO by the ALD-deposited TiO2

under UV light irradiation. All the TiO2 interconnected porous
powders (curves (a), (b) and (c)) were deposited with 1000 ALD
cycles, and a photcatalyst concentration of 0.25 mg mL−1 was used
in the experiment. Curve (a) represents as-deposited TiO2 film on
sponge. Curve (b) represents TiO2 interconnected porous powder
annealed at 500 °C. Curve (c) represents TiO2 interconnected porous
powder annealed at 550 °C. Curve (d) represents photoactivity
performance of TiO2 in reference [36] (with photocatalyst
concentration of 1 mg mL−1).
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efficient diffusion of the MO dye and the degradation pro-
ducts (no stirring was used in the experiment) [38]. Insuf-
ficient penetration of the light all the way to the bottom of
the pores is another possible reason that it produces such
inconsistencies [38]. On the other hand, in the case of the flat
TiO2 film, the thin solution layer can guarantee sufficient
light penetration and solution/film contact. As a result, the
detected enhancement of photocatalytic activity is less than
expected.

4. Conclusions

We have demonstrated here a simple method to prepare high
surface area, mixed-phase TiO2 interconnected porous pow-
der by depositing TiO2 nanocoating on sponge template using
ALD technique. The high surface areas of TiO2 inter-
connected porous powder, the oxygen vacancies, and the
mixture of anatase and rutile phases associated with thermal
treatment result in significantly enhanced photocatalytic
activity, as evidenced by the degradation of MO under UV
light illumination. The method introduced in this paper for
fabricating an efficient TiO2 photocatalyst is straightforward
and believed to be applicable to waste treatment, or even for
other applications, such as sensors and solar cells.
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