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a b s t r a c t
Through a self-sacriﬁcing template method, highly uniform hollow-spheres of TiO2 anatase are synthesized with controllable diameter from 365 nm to 930 nm. Compared to large hollow spheres, a large
enhancement in the photocatalytic activity is reported for the small hollow spheres (with a thickness of
50 nm). By extending Mie’s scattering theory from solid- to hollow-spheres, for a spherical scatter with a
diameter of 300–900 nm, theoretical calculation reveal that each singular hollow sphere has absorption
power equivalent to a solid sphere as the shell thickness parameter reaches a critical value of 0.3–0.6.
This critical thickness parameter is independent to the size of a single hollow sphere, demonstrating that
hollow spheres have quantitative advantages over solid spheres of the same weight. Moreover, calculation supported that small hollow spheres have stronger absorption power than large hollow spheres due
to higher thickness. This greatly enhance the performance of small hollow spheres under a photocatalytic
test. Our theoretical results showed good agreement to the experimental measurements, and provided
a framework for the design of hollow-sphere nano-particles for optimized absorption power.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
In the last few decades, nano-sized TiO2 had attracted much
interest due to its wide range of applications, which include lithium
ion batteries [1,2], electrochromism [3,4], bio-technology [5,6] and
photocatalysts [7–9]. Photocatalyst, which converts solar light into
chemical energy, has attracted lots of attention, in particularly for
its green energy applications. Instead of electrolyzing water, TiO2
can be used as a major photocatalyst to decompose water into its
constituents of hydrogen and oxygen, also functioning as a clean
and recyclable energy access to hydrogen fuel [10,11]. To improve
the photocatalytic activity, several methods are demonstrated,
such as reducing the recombination of separated electron–hole
pairs by blending various TiO2 phases, or differing the size of
TiO2 [12–14], depositing metal materials on a TiO2 surface to
form a heterojunction at the interface, introducing electron–hole
scavengers or trapping sites to inhibit the recombination [15–19],
and doping speciﬁc metal or non-metal elements to extend the
absorption regime to visible wavelengths [20–23]. Additionally,
enhancing light-harvest by utilizing hierarchical structured TiO2
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triggers great interests in recent years. As the size of the particle
approaches the wavelength of incident light, resonance effect in
light-scattering emerges, which is known as the Mie’s scattering
effect [24]. These special hierarchical structured materials keep
both micron- and nano- scale inherent properties that could
harvest more light by the scattering effect in micron structure
whilst maintain high surface area as primary nano-sized particles.
Inspired by materials in nature like seashells and plant seeds, the
intricate structure and morphology have exhibited fascinating
properties [25]. Instead of solid-spheres, hollow spheres have been
widely used as adsorbents, delivery carriers, catalysts and biomedical detectors [26,27]. By considering hollow spheres, it is expected
that synthesized material with a controlled structure should be
better performing than that with an ordinary composition. It
has been shown that hollow structures could enhance reaction
efﬁciency remarkably for several applications such as in photocatalytic degradation of pollutants, dye-sensitized solar cells and H2
generation, by increasing light utilization caused by resonance in
the structure [28–34]. To meet the resonance condition, peaks in
the scattering (extinction) spectrum only exist for some speciﬁc
sizes. However, there remain a lack of published reports exploring
the relationship between size effect and efﬁciency due to difﬁculty
in synthesizing differently-sized uniform hollow spheres. In this
study, highly uniform size-controllable TiO2 hollow particles
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are synthesized by using a self-sacriﬁcing template method, in
which amorphous TiO2 spheres act as both the precursor and the
template in NaF solution. The scattering properties and photocatalytic activity of these highly uniform size-controllable TiO2 are
reported for a range of different particle diameters from 365 nm
to 930 nm. Compared to solid nano-particles (without a hollow
-sphere structure), by crushing solid particle samples into powder
form, a greatly enhanced photocatalytic activity is demonstrated
for the hollow nano-particles, even though there is no large
difference between the measured total surface areas in the
crushed powders and hollow sphere nano-particles. By extending
Mie’s scattering theory, a quantitative analysis is developed for
the extinction and absorption spectra of the hollow particles,
in which reveal a crucial thickness for the hollow particles to
enhance absorption. Our theoretical results not only give good
agreement to experimental data, but also explain the mechanism
for a counter-intuitive scattering property for these hollow-sphere
nanoparticles. Based on the experimental and theoretical observations presented here, it provides a basis for the design of more
complicated particle structures.

2. Experimental
2.1. Synthesis method
The method to prepare amorphous precursor spheres can be
found in earlier work [5,35]. In brief, various sizes of nano-particles
are synthesized using titanium isopropoxide (TTIP, 97%, Aldrich),
valeric (99%), and butyric (99.5%) acids in anhydride alcohol (99.5%),
which are all directly purchased from the Aldrich Company without pretreatment. First, valeric acid is injected into 20 mL ethanol.
After that, 0.3 mL (1 mmol) TTIP is added. The solution is then
heated to 85 ◦ C for six hours under reﬂux in air. Solution with a
variable amount of deionized water and 10 mL ethanol is added
to induce hydrolysis and condensation, causing the particles to

precipitate in a few minutes and making the solution turbid. The
precipitate is recovered by centrifuging (1000 and 4000 rpm for
micron- and submicron-sized spheres, respectively) and decanting
the liquid. Through several washes in ethanol, with the centrifuging
and decanting processes performed after each wash, the residual ethanol is pumped out by a vacuum oven at 50 ◦ C for 30 min.
Through a typical hydrothermal process, particles of a hollow shape
are prepared as follows: 0.2 g of precursor sphere is dispersed
in 25 mL NaF solution with different concentrations ranging from
0.00625 M to 0.2 M. The mixture is sealed in a 45 mL Teﬂon-lined
stainless autoclave, followed by heat treatment at 190 ◦ C for 18 h.
The hydrothermal treatment transforms the amorphous precursor
spheres into crystalline hierarchical hollow anatase spheres. The
hollow-spheres are washed twice in ethanol and dried in a oven at
100 ◦ C overnight.
2.2. Preparation for photocatalytic test
After mixing 0.01 g of the TiO2 nano-particles with 50 mL of
25 ppm Methylene Blue solution, the solution is illuminated on top
with a Xe bulb, from Osram Inc., operated at an output power of
180 W and maintained at a temperature of 20 ◦ C. Samples of 0.5 mL
are taken out every 5 min, ﬁltered with a 0.2 mm ﬁlter, and diluted
with 2 mL of deionized water. The ﬁltrate is analyzed to determine
the dye concentration, by a Hitachi UV-vis 3010 spectrophotometer.
3. Results and discussion
3.1. Hierarchical structured hollow spheres
Highly uniform TiO2 anatase hollow-spheres are synthesized by
using amorphous TiO2 spheres as both the precursor and template.
Fig. 1(a) shows the typical Scanning Electron Microscopy (SEM)
image of our precursor spheres with a mean diameter of 514 nm.

Fig. 1. SEM images at various magniﬁcations of amorphous TiO2 nano-particles in shape of (a and b) solid-spheres with an average diameter of 514 nm and (c and d) hollow
spheres synthesized in 0.025 M NaF solution for 18 h with an average diameter of 590 nm.
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The precursors are amorphous solid spheres with a smooth surface, which are clearly visible in high-magniﬁcation SEM image
(Fig. 1(b)). After hydrothermal treatment using 0.025 M NaF solution, these nano-sized particles retained their spherical shape with
a high level of uniformity. A slight increase in diameter of 590 nm,
is also observed. Notably, the original smooth surface becomes
a rough one and the solid spheres are transformed into hollow
spheres, with clear evidence from the presence of broken spheres
shown in Fig. 1(c) and (d).
To have a better knowledge on the formation process of
the nano-sized hollow-spheres, Transmission Electron Microscope
(TEM) is used to trace the formation of hollow-spheres at different
reaction times, shown in Fig. 2. Initially, the solid spheres shrink
rapidly and a thin shell with thickness of approximately 20 nm is
formed on the surface of each sphere after 30 min, as observed in
Fig. 2(a)–(c). A small increase in the particle size, from 520 nm to
570 nm, can be seen in Fig. 2(d). Thereafter, the precursor spheres
completely disappear and hollow spheres form over 18 h, as displayed in Fig. 2(g), for which the diameter slowly increased to
590 nm approximately. From Fig. 2(b) and (c), unlike the starting amorphous solid-spheres with a smooth surface, the hollow
spheres developed a very rough surface during the process. In contrast, as the nano-particles in the shell region grow, a smooth
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surface for hollow spheres is formed again (Fig. 2(h)). With High
Resolution Transmission Electron Microscopy (HRTEM), the lattice
fringe was measured to be 0.35 nm in the shell, which attributes
to the anatase (1 0 1) plane, as shown in the inset of Fig. 2(i).
The formed anatase nano-crystalline on the shell region is also
conﬁrmed by X-ray diffraction (XRD) pattern, see Fig. S1 in the supplementary information. The composed nano-crystalline anatase
particles have a diameter around 7 nm, which is estimated using
Scherrer’s equation [36].
It is believed that the mechanism to form hollow-spheres
involves a dissolution–reprecipitation process, i.e., Ostwald ripening [37–39]. From the corresponding TEM images in Fig. 2 for
different reaction times, our synthesis process can be viewed as
a two-stage transformation. In the ﬁrst stage, the amorphous TiO2
reacts with F− ions in the NaF solution to form H2 TiF6 [40]. During this process, some of the TiO2 spheres dissolve, resulting in the
shrinking of particle diameter. Subsequently, H2 TiF6 reacts with
H2 O to generate titanium hydroxyl species. This hydrolysis reaction
is then followed by the condensation reaction of titanium hydroxyl
species, yielding anatase nano-particles to deposit on the surface of
partially dissolved precursor spheres and form a shell around the
hollow sphere. Overall, the amorphous precursor spheres change
into hollow spheres composed of irregularly shaped nano-particles

Fig. 2. TEM images of hollow anatase spheres taken during the synthesis process at different reaction times in NaF solution: (a–c) 0.5 h; (d–f) 6 h; and (g–i) 18 h.
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Scheme 1. Illustration of the two-stage transformation from amorphous TiO2 spheres into anatase TiO2 hierarchical hollow spheres, where step A indicates a thin layer
consisted of anatase nano-particles forming on the surface of amorphous TiO2 sphere, step B indicates the core of TiO2 spheres shrinking and dissolving as nutrients for shell
thickening, and step C indicates the shell continuously growing until the core TiO2 spheres is exhausted.

on the surface through a typical Ostwald ripening process, in which
small particles dissolve as nutrient for the growth of the larger
particles to reduce total surface energy [41,42].
In the second stage, the irregularly shaped nano-crystalline particles grow slowly. From the ripening, only facet (1 0 1) sustains
for a lower surface energy. In the ﬁnal phase, the anatase nanoparticles grow into the shape of hollow spheres, composed of
rhomboid anatase, see Fig. 2(g). Notably, these two stages can happen simultaneously, despite the separation of entire process into
different stages herein for a clearly descriptive purpose. When the
facets of nano-crystalline particles are mostly recovered, some of
the precursor spheres may remain intact inside the newly formed
hollow-spheres, as a sphere-in-sphere structure shown in Fig. 2(d).
To elucidate the details in the shell region, we perform
Barrett–Joyner–Halenda (BJH) pore size and volume analysis on the
hollow spheres, see Fig. S2(a) in the supplementary information.
Two peaks at 8 nmand 35 nm indicate that the hollow-spheres contain two kinds of pores of different sizes. The measurement suggests
that each shell comprise of two groups of nano-particles, a large
and a small pore coming from the ﬁne-growth nano-particles at
the interfaces of shells. The hollow spheres with a shell mixed with

two kinds of pores can have a unique hierarchical structure, which
gives a high surface area of 83 m2 /g by Brunauer–Emmett–Teller
(BET) surface area analysis, see Fig. S2(b). Compared to the hollow spheres, crushed nano-particles have a similar BET surface of
74 m2 /g, but with different pore sizes of mainly 50 nm. The signiﬁcant drop of peak intensity at 8 nm shows that the shells of
the hollow-spheres are completely crushed. Based on experimental data above, Scheme 1 illustrate the two-stage transformation
for synthesizing hollow-spheres as described. Worthy to note here
that, compared to other known synthesis processes, the TiO2 amorphous spheres here are treated not only as precursors but also as
templates.
The effect of F− ion concentration on the formation of hollowspheres is also studied. As shown in Fig. 3, mesoporous spheres
rather than hollow-spheres are obtained when the concentration
of F− ions is less than 0.0125 M. This observation is consistent
with the ﬁndings of other investigations in which mesoporous
spheres are synthesized under hydrothermal conditions without
any additive [43,44]. With a higher F− ion concentration, rod-like
nano-crystalline particles grow on the surface of spheres, along the
[0 0 1] direction anisotropically. In this scenario, (1 0 1)-truncated

Fig. 3. SEM images of raw titania spheres hydrothermally treated with various concentrations of NaF solution: (a) 0.00625 M, (b) 0.0125 M and (c) 0.2 M, respectively. TEM
image of spheres in 0.2 M NaF solution is shown in (d), with a HRTEM image in the inset.
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Fig. 4. SEM images of different sized hollow spheres used for photocatalytic test: (a) 365 nm, (b) 580 nm, (c) 780 nm and (d) 900 nm, respectively. The hollow spheres were
crushed into nano-particles for comparison, as shown in (e) and (f).

hollow-spheres are produced, as shown in Fig. 3(c) and (d). Generally, the growth along a high index direction reduces the surface
energy, resulting in the (1 0 1)-truncated particles such as bipyramids, diamonds, and bullets in the absence of surfactants [45].
However, F− ions in the solution selectively and strongly bind
on (0 0 1) facet as a surfactant, then substantially retard and stabilize the growth of (0 0 1) plane, resulting in the formation of
(0 0 1)-truncated decahedral nano-particles [46,47]. In this work,
(1 0 1)-truncated particles are obtained even when the F− ion concentration is as high as 0.2 M. In this case, F− ions did not bind
to (0 0 1) plane due to the coexistence of Na+ ions in the solution,
and the growth of (0 0 1) plane was not largely retarded. Simulations of the absorption of Na+ and F− ions on the (0 0 1) plane
support experimental results herein [48]. When the ratio of growth
rate between (0 0 1) and (1 0 1) planes is slightly less than 2.7, rodshaped particles with an almost ﬁxed area in the exposed (0 0 1)
and (1 0 1) surfaces can be obtained. Additionally, the expansion of
(1 0 1) plane is not homogeneous when the total area of (1 0 1) plane
reaches a critical value. After which, on the top of the growth front,
it can produce a zigzag shape [45]. Thus, the nano-particles are
elongated in the [0 0 1] direction, and extending the (1 0 1) plane,
resulting in the zigzag shape as shown in the inset of Fig. 3(d).

3.2. Photocatalytic test
The photocatalytic activity of our TiO2 hollow-spheres is performed through the photo-degradation of Methylene Blue (MB),
with the synthesized hollow sphere nano-particles of different
diameters, i.e., from 365 nm to 930 nm, but with the same thickness of shell around 50 nm, which are shown in Fig. 4(a)–(d). Fig. 5
shows a plot of C/C0 (where C is the ﬁnal concentration and C0 is
the initial concentration) as a function of irradiation time of various
sized hollow spheres. It reveals that the residual MB concentration
after 30 min of irradiation decreases with decreasing particle size.
In order to quantify the results, degradation rate constant was used
for evaluating the effect of size on photocatalytic ability. Since the
solution is dilute, we can assume that the photocatalytic behavior
has a pseudo-ﬁrst-order degradation rate constant, -value, which
can be calculated by
=−

ln(C/C0 )
t

(1)

where C and C0 are the corresponding ﬁnal and initial concentrations of Methylene Blue, and t is the interacting time period.
As a comparison, crushed hollow sphere nano-particles with the

504

M.-C. Tsai et al. / Applied Catalysis B: Environmental 147 (2014) 499–507

Fig. 5. Photocatalytic degradation test (C/C0 versus irradiation time) of Methylene
Blue for differently sized TiO2 hollow spheres.

Scheme 2. Illustration of a hollow-sphere particle used in our theoretical model,
with the refractive indexes in three different regions denoted by n1 , n2 , and n3 . The
outer and inner radii are labeled by a and b, respectively.

might be expected. However, the anticipations of UV–vis spectra
conﬂict against the photocatalytic performance results in Fig. 6,
that the smaller hollow spheres have better photocatalytic performance. As a result of the above observation and discussion, we
found that geometric parameters such as particle size and thickness of TiO2 hollow spheres inﬂuence photocatalytic performance
much more seriously. It would be demonstrated theoretically later,
that hollow-spheres with an enough thickness and size effect can
signiﬁcantly enhance the photocatalytic behavior.
3.3. Theoretical model

Fig. 6. Performance of photocatalytic activities, in terms of the experimental measurement of degradation rate constant, -value, for hollow sphere nano-particles of
different diameters (marked by ). Numerical simulations of the total absorption
power, Wtot , are shown for different incident wavelengths: 0 = 350 nm (solid-line)
and 388 nm (dashed-line), with the thickness of shell in 50 nm. A reference sample,
made by crushing the original hollow sphere particles into a powder with the same
weight, is shown for the comparison with the experimental data marked by 䊉 and
its numerical simulations as a dotted-line.

same weight (powders) were tested for its photocatalytic activity
under the same above conditions. It is clearly observed that no hollow spheres were present after crushing, as shown in Fig. 4(e) and
(f). A comparison between hollow spheres and crushed samples
is shown in Fig. 6, marked by  and 䊉, respectively. This clearly
demonstrates a signiﬁcant difference between the two groups. In
Fig. 6, one can see that the -value to measure photocatalytic
activity which is enhanced for hollow spheres, when the particle diameter is less than 500 nm. Then this value drops gradually
from 0.045 to 0.0225 as the diameter increases to 700 nm. However, the -value obtained by the crushed samples remains almost
around 0.01 for all the cases, no matter what kind of the original hollow-spheres is smashed from. From our BET measurements
shown in Fig. S2(b), our synthesized hollow-sphere nano-particles
have almost the same total surface area (83 m2 /g) as that of crushed
samples (74 m2 /g). Moreover, UV–vis diffuse reﬂectance spectra
which is also included in the manuscript for evaluating photoabsorption of hollow spheres with different sizes from 360 nm to
800 nm (Fig. S3). The red shift of absorption edges of large hollow spheres were clearly observed, showing band gap of larger
hollow spheres having slightly diminished, which indicates the
larger hollow spheres possess wider photo-absorption range than
smaller one and consequently, better photocatalytic performance

To achieve a deeper understanding on the scattering properties
and related thickness effect of hollow-spheres, we developed a theoretical model to quantitatively consider the scattering properties
of hollow sphere nano-particles by extending Mie’s scattering theory [49]. Based on Mie’s scattering theory for a single solid sphere,
we consider a single particle in the shape of a hollow sphere, as
illustrated in Scheme 2. In this geometry, the refractive index of
surrounding media is considered as real, n1 , and within the interior
region of two different complex refractive indices (to include possible absorption effects) are denoted as n2 and n3 . The outer and inner
radii are labeled by ‘a’ and ‘b’, respectively. We also assumed that
multiple scattering effects from other particles are negligible due to
the dilute solution that we used in the photocatalytic performance
here. Considering a monochromatic electromagnetic plane wave
illuminating on such a hollow sphere, we can solve the scattering
in the spherical coordinate.
For the surrounding media, there exist incident plane wave and
scattering wave, whilst in the interior region, there are transmitted
and internal refracted waves. By matching the boundary conditions,
we found the corresponding coefﬁcients for scattering, transmitted and internal refracted waves. To simplify our calculations, we
only focused on the scattering wave in the far-ﬁeld region. Subsequently, the rate of energy transported by the ﬁeld per unit area,
the Poynting vector, is used to calculate the absorption power of
hollow-sphere particles through a volume integral, i.e.,
Wabs
= a2 Qabs (x, y)
Iin

(2)

where Wabs and Qabs show the absorption power and related efﬁciency factor for absorption for a single hollow-sphere. Here, we
introduced two size parameters for the outer and inner radii, i.e.,
x = 2a/0 and y = 2b/0 , respectively. The illuminated light in
vacuum has the wavelength 0 , and Iin is the incident intensity. The
efﬁciency factor for absorption, Qabs (x,y), is related to the efﬁciency
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Fig. 7. Calculated efﬁciency factors for extinction and absorption, Qext and Qabs for (a and b) thick ( = 0.7), and (c and d) thin ( = 0.1) hollow particles. Here, other parameters
used are the incident light wavelength 0 = 388 nm, the refractive indexes n1 = 1.33, n2 = 2.5 + 0.1i and n3 = 1.33, respectively. The dashed-lines show the curve for a fully-ﬁlled
solid-sphere as a reference.

factors for extinction and scattering, Qext and Qscat , through the
deﬁnition,
Qabs (x, y) = Qext (x, y) − Qscat (x, y)

(3)

Qscat =

2

∞


n21 x2

(2l + 1)Re{aE,s
− aH,s
}
l
l

(4)

l=1

2

∞


n21 x2

l=1

(2l

+ 1){|aE,s
|2
l

+ |aH,s
|2 }
l

(5)

with the corresponding scattering coefﬁcients aE,s
and aH,s
to charl
l
acterize the scattering waves related to the E- and H- ﬁelds, which
have the explicit formulas given in the following
aE,s
=
l

aH,s
=
l

n2 fl111 (n2 fl132 Vl2 + n3 fl032 Vl3 ) + n1 fl011 (n3 fl032 Vl1 + n2 fl132 Vl4 )
n3 fl032 (n1 gl011 Vl1 + n2 gl111 Vl3 ) + n2 fl132 (n2 gl111 Vl2 + n1 gl011 Vl4 )

n2 fl032 (n2 fl011 Vl1 + n1 fl111 Vl3 ) + n3 fl132 (n1 fl111 Vl2 + n2 fl011 Vl4 )
n3 fl032 (−n1 gl011 Vl1 − n2 gl111 Vl3 ) + n2 fl132 (−n2 gl111 Vl2 − n1 gl011 Vl4 )

ijk

fl

where
Qext =

simplify the formulas, some shorthand notations are introduced in
the following,

(6)

(7)

where
Vl1 = −fl122 gl121 + fl121 gl122

(8)

Vl2 = −fl022 gl021 + fl021 gl022

(9)

ijk

gl

=

fl122 gl021

− fl021 gl122

Vl4 = −fl121 gl022 + fl022 gl121

(10)

(11)

Here, ni , for i = 1, 2, 3, denotes the refractive indexes in three different regions. The corresponding spherical Bessel and spherical
Hankel functions are presented by jl (z) and hl (z), respectively. To

≡

 d i
dz

[zjl (z)]|z=nj ˛k

 d i
dz

[zhl (z)]|z=nj ˛k

with (d/dz)0 = 1, (d/dz)1 = d/dz, ˛1 = x, and ˛2 = y, respectively. Based
on the formulas from the extended Mie’s scattering theory, given
in Eqs. (4) and (5), we have shown the calculated efﬁciency factors
for extinction and absorption, Qext and Qabs for hollow-spheres in
Fig. 7. To have a clear comparison with our synthesized hollow
sphere nano-particles, instead of the normalized size parameters commonly adopted in the literature, we ﬁxed the incident
light wavelength at l0 = 388 nm, corresponding to the energy gap
3.2 eV for TiO2 materials, and vary the particle diameters. By
considering the photocatalytic activity performed in the water,
we took n1 = 1.33, n2 = 2.5 + 0.1i, and n3 = 1.33 in our simulations.
As an extreme case by setting the inner radius b = 0, the calculated efﬁciency factors for extinction and absorption shown in the
dashed-lines in Fig. 7, can be reduced to the accepted results for a
fully-ﬁlled solid-sphere. With these dashed-lines, it not only justiﬁes our extended Mie’s theory, but also used as a reference in the
comparison.
To identify the thickness effect, we also introduced a normalized
thickness parameter deﬁned as
≡

Vl3

≡

a−b
a

(12)

which varies from 0 to 1. In this case, for a complete empty sphere
(b = a), we have  = 0; while for a fully-ﬁlled solid sphere (b = 0),
we have  = 1. For example, one can ﬁx the thickness parameter
at  = 0.7 for the consideration of a thick hollow-sphere. As shown
in Fig. 7(a) and (b), even though there exists a shift in the resonance peaks for the Mie’s scattering, the corresponding efﬁciency
factors for extinction and absorption for a hollow-sphere are almost
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Fig. 8. Absorption power for a single hollow sphere, Wabs , is shown for different thickness parameter, , and different size parameter, x in (a) 3D and (b) contour plots
respectively. A clear transition from high absorption to low absorption is demonstrated between the colored and uncolored regions in the contour plot (b), where the number
shown in the contour line is the value of scaled absorption power, Wabs /l20 .

the same as those of a fully-ﬁlled solid-sphere, i.e., the dashedlines in Fig. 7. In this case, we can say that the hollow-sphere is
thick enough. In contrast, for a thin hollow sphere, such as the
thickness parameter taken as  = 0.1 in Fig. 7(c) and (d), the extinction and absorption curves are signiﬁcantly modiﬁed. Now, the
ﬁrst resonance peak in the efﬁciency factor for extinction is not
only shifted notably but also broadened signiﬁcantly, as shown in
Fig. 7(c). Moreover, from Fig. 7(d), the corresponding efﬁciency for
absorption also decreases dramatically. In this case, the scattering property of a hollow-sphere is totally different from those of a
solid-sphere.
To have a further link with our experiments on photocatalytic
performance of hollow spheres, we take the weight of photocatalyst into consideration. Applying the condition of same weight, the
total absorption power for nano-particles, Wtot , can be calculated
by including the total number of particles Nparticle , i.e.,
Wtot ≡ Nparticle ×

Wabs
Iin

(13)

For particles in shape of a fully-ﬁlled solid-sphere, the total number of particles is Nsolid particle = 3M/4a3 , for a given mass M, the
known material density , and the particle radius a. But for particles
in shape of a hollow-sphere, with the outer and inner radii deﬁned
as a and b, the corresponding total number of particles becomes
Nhollow particle = 3M/4(a3 − b3 ). It can be understood that for the

same weight, we have more particle numbers in shape of hollow
spheres.
Numerical simulation of the absorption power for a single
hollow sphere, Wabs , is shown in Fig. 8 for different thickness
parameter, , and different size parameter, x. From the contour
plot in Fig. 8(b), a clear transition from high-absorption to lowabsorption region can be seen. For a given hollow-sphere, when
the shell of enough thickness, one has almost the same scattering properties as a single solid-sphere. By considering a spherical
scatter with a diameter of 300–900 nm mostly observed in the
reports (size parameter, x = 3–7 at wavelength of 350 nm of incident light as marked by a white dashed rectangle in Fig. 8(b)),
our calculation shows that a hollow sphere has absorption power
equivalent to a solid sphere when the shell thickness parameter
reaches a critical value, 0.3–0.6. However, with a hollow structure,
the total number of particles for hollow-spheres is larger than that
of solid-spheres resulting in the enhancement of total absorption
power. Instead, when the shell of a hollow sphere is too thin, the
overall absorption power approaches to the value of crushed powders without any nano-structures even though the total number of
particles increases.
Considering now the above theoretical results with the experimental measurement of photocatalytic activity in Fig. 6, the effect
of the hollow structure of the particle on photocatalytic activity is demostrated. We assume that the measured photocatalytic
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performance is dominated by the total absorption power through a
linear relationship between the electron–hole recombination and
total absorption power of TiO2 nanoparticles. Other mechanisms,
such as electron–hole migration or trapping process, are neglected
at this stage. Our numerical results for the total absorption power
are demonstrated for hollow spheres with shell size of 50 nm,
but with different particle diameters. For wavelength around TiO2
energy gap, such as the solid- and dashed-lines for the incident light
wavelengths at 0 = 350 nm and 388 nm shown in Fig. 6, the calculated curves of total absorption power, Wtot , have a very similar
tendency. That is, we have a very large value of absorption power
when the diameter of hollow spheres is smaller than 500 nm. On the
other hand, when the particle diameter is larger than 500 nm (i.e.
when the hollow sphere is thin), the absorption power decreases.
Furthermore, the absorption power for the case of crushed samples, by taking the particle diameter to 25 nm in simulations, can
be viewed as a reference line (dotted-line in Fig. 6). In this way,
our simulation curve depicts the low photocatalytic behavior of
crushed TiO2 samples. The comparison between our theoretical
results and experimental data, the markers in Fig. 6, is in good
agreement and conﬁrms the enhancement of photocatalytic activity by using TiO2 nano-particles in shape of hollow-spheres.
4. Conclusion
We reported experimental and theoretical scattering properties of highly uniform TiO2 nano-particles in the shape of hollow
spheres as photocatalyst. Our hollow sphere nano-particles are synthesized by a self-sacriﬁcing template method in which the TiO2
spheres act not only as a precursor but also as a template in NaF
solution. With a controllable diameter in the hollow sphere, a sizedependent enhancement of photocatalytic activity is demonstrated
and compared quantitatively with an extended Mie’s scattering
theory. An optimized absorption power of these hollow spheres
was quantitatively demonstrated with a large enhanced photocatalytic behavior compared to those without structures under the
condition with the same amount of weight as solid spheres. Our
results demonstrate the possibility of synthesizing interior structure in nano-materials for applications in green energy and dye
sensitized solar cell with TiO2 nano-particles.
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