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a  b  s  t  r  a  c  t

The  chrysanthemum-like  TiO2 (CT800)  was  synthesized.  It exhibited  excellent  photoactivity,  which
greatly  exceeded  that  of  conventional  P25.  To  discover  the  key  factors  that  governed  the  photocatalytic
properties,  the  specific  reduction  of  Ag+ ions  was carried  out  and  EPR  spectra  of  CT800  were  obtained.
Both  an  HADDF  image  and  EDX  mapping  indicated  that  the  Ag+ ions  tended  to  be  reduced  close  to the
center  of  the  micro  matrix  of CT800.  Moreover,  the  EPR  spectra  strongly  suggest  that  the  excited  elec-
eywords:
itanium dioxide
ierarchical structure
hotocatalyst
harge separation

trons  tended  to migrate  toward  the center  of  the  micro  matrix,  resulting  from  a  multiple  junction,  cascade
effect,  which  efficiently  reduces  the  recombination  of  excited  electrons  and holes  and  greatly  increases
the  photoactivity.  Additionally,  the  special  morphology  of  CT800  was  responsible  for  the  hot  spots  at  the
surface  of nano  sheets  and  then  contributing  to its outstanding  photocatalytic  activity.  Furthermore,  the
unidirectional  electron  transfer,  because  of the  cascade  effect,  by materials  of  different  sizes  provides  a

n  of e
etero-junction new avenue  for the  desig

. Introduction

Recently, nano/micro hierarchically structured materials have
ttracted considerable attention since their architectures combine
he features of micro- and nano-scaled materials and exhibit unique
roperties that differ from those of the corresponding mono-
orphological structures [1–3]. Their favorable performance in

arious applications, such as lithium-ion batteries [4], gas sensors
5], dye-sensitized solar cells (DSSCs) [6] and photocatalysts, have
een reported upon [7]. To enhance the efficiency of photocata-

ysis, the key factors that govern photocatalysis attract the most
ttention by scientists. Numerous investigations have revealed that
he high efficiency of a photocatalyst has several characters. (1)

 high surface area can provide more active sites for the forma-

ion of photo-generated free radicals [8–10]. (2) A wide spectral
bsorption of light enables the use of considerable solar energy,
ielding a higher photo-reaction rate. One means of using more
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lectronic  and  photoelectrochemical  devices.
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solar energy is to reduce the band gap. Both doping with a small
amount of impurity [11] and creating surface defects to form the
sub-bands, can reduce the band gap of a material [12]. (3) Efficient
charge separation by a hetero-junction can reduce the recombina-
tion rate of excited electrons and holes. Generally, a hetero-junction
effect occurs between two materials [13,14] or polymorphs [15,16]
that have different band gaps or energy states. The electrons tend
to migrate to the lower energy states, and the holes migrate in
the opposite direction, which strongly reduces the recombination
of excited electrons and holes. Moreover, in our earlier study, a
similar phenomenon was  observed in a anatase TiO2 single phase
[17]. When the anatase titanium dioxides of different sizes were
mixed, great photocatalytic performance was  observed, resulting
from the efficient charge separation, which was  due to the hetero-
junction between the different sized particles. As we  know, the
most effective charge separation system is the photosynthesis in
nature. In plant cell, chloroplast is one of the major pigments
performs photosynthesis efficiently. When light is absorbed, the
excited electrons are formed and passed down to an electron trans-

port chain, which consists of a series of electron acceptors with
different energy states. This multiple electron transport process
significantly reduces the electron-hole recombination making the
photosynthesis efficient. (4) Hot spots on the surface of a material

dx.doi.org/10.1016/j.apcatb.2013.05.076
http://www.sciencedirect.com/science/journal/09263373
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ave been suggested to be photoactive sites [18–20]. Chen et al.
emonstrated experimentally and numerically that highly pho-
oactive sites were located at the interfaces among particles, and
romoted efficient photocatalysis [18]. These key phenomena can
e considered in the development of highly photoactive materi-
ls. TiO2 is one of the most important functional materials because
f its wide range of applications [21–31]. Recently, some forms of
ano/micro hierarchically structured TiO2 have been synthesized
y various methods and have performed well in various applica-
ions [32–37], and especially as in photocatalysts [38,39]. This good
erformance must be accurately explained. Hence, this investiga-
ion seeks to elucidate the key causes of the good photoactivity of
he nano/micro hierarchically structured TiO2. In this investigation,

 special “cascade effect” was observed in the nano/micro hierarchi-
ally structured TiO2. The photo-excited electrons and holes were
eparated by a series of electron transfer between various energy
tates, reducing the recombination, which result in excellent pho-
oactivity.

. Experimental

.1. Preparation of TiO2

In this work, all chemicals were purchased from Aldrich
ompany and used directly without further purification.
hrysanthemum-like TiO2 were synthesized from titanium

sopropoxide (TTIP, 97%, Aldrich) and acetic acid (98–100%,
ldrich) by a simple solvothermal method. The details of the
rocedure can be found in our earlier work [4]. Once the reaction
as complete, the solvent was removed by placing the products in

 vacuum. The white powder, chrysanthemum-like titanate, was
btained (hereafter CT). The products were heated in air at 800 ◦C
or 1 h at a temperature ramping rate of 1 ◦C per minute, and then
ooled to room temperature (yielding a product that is referred to
ereafter as CT800). CT800g was prepared by grinding CT800 in a
ortar using a pestle by hand for 10 min.

.2. Experiments on photocatalyst

The performances of TiO2 (CT800, CT800g and P25) as a pho-
ocatalyst were studied. The samples were illuminated under an
e lamp at an intensity of about 1 W cm−2. Each powdered sam-
le was placed in 25 mg  L−1 methylene blue (MB) solution, stirred

n the dark for 1 h, and then illuminated. During illumination, a
race amount of solution was removed every 5 min  and centrifuged,
efore being filtered through a Millipore filter to separate out the
iO2 particles. UV–vis spectra of the filtrates were obtained to
etermine the concentration of methylene blue.

.3. Preparation of Ag@CT800

To determine the kinetics of photo-excited electrons in CT800,
he powdered sample was suspended in AgNO3(aq) solution and
lluminated under an Xe lamp. The concentration of AgNO3(aq) was
.6 mM;  the illumination period was 5 min. After illumination, the
recipitate was collected using a centrifuge, washed several times
ith DI-water to remove the residual solvent AgNO3(aq) solution

nd then dried in vacuo.  The product was subsequently examined
y STEM (scanning transmission electron microscopy).

.4. Characterization of materials
Scanning electron microscope (SEM) images were obtained
sing a JOEL-6500 field emission scanning electron microscope.
ransmission electron microscopy (TEM) and STEM images were
aptured with a JOEL-2010 transmission electron microscope at
mental 142– 143 (2013) 752– 760 753

an accelerating voltage of 200 kV, high-angle annular dark field
(HADDF) images were acquired using an HAADF detector with an
acceptance angle from 150 to 400 mrad. The structure of the pow-
der was  using a Brucker D8-advanced diffractometer (XRD) with Cu
K� radiation. Electron paramagnetic resonance (EPR) spectra were
obtained using a Brucker E-580 Electron paramagnetic resonance
spectrometer. The samples were placed in a Suprasil quartz glass
tube with a diameter of 5 mm and then cooled to 10 K in 20 min,
before being illuminated by an Xe lamp (120 W)  for 20 min. Data
were collected every 5 min  at 10 K.

3. Results and discussion

3.1. Characterization of As-synthesized TiO2

Fig. 1(a) and (b) presents the SEM image and XRD pattern of the
chrysanthemum-like TiO2 (CT800), respectively. The diameter of
each particle is about 2 �m (Fig. 1(a)) and the XRD pattern of CT800
can be indexed to anatase (JCPDS, No. 21-1272). Fig. 1 (c) displays
the TEM image of CT800, revealing a morphology that is consis-
tent with the SEM image. Each particle is constructed from nano
subulate sheets that grew radially from the center of the matrix.
Additionally, the thickness of each nano subulate sheet gradually
decreases. The thicknesses and grain sizes of zones 1, 2 and 3 from
the tip of the sheet to the center of matrix follows the order zone
1 < zone 2 < zone 3. HRTEM was  used to analyze the CT800 fur-
ther. According to Fig. 1(d)–(f), the thicknesses in zones 1, 2 and
3 are approximately 5 nm,  15 nm and 30 nm,  respectively. Numer-
ous small grains formed in zone 1. In zones 2 and 3, the crystal
grains are larger with better crystallinity. Additionally, it is worth
mentioning that traces of immature particles were found in CT and
CT800 (hereafter designated as immature CT and immature CT800,
respectively), as shown in Fig. S1(a) and (b). Similar to mature par-
ticles, CT and CT800, the immature particles are also constructed
by nano subulate sheets but the amounts of nano subulate sheet
are much less than the mature particles. Therefore, the center of
the chrysanthemum is exposed, and may  be observed by SEM.

3.2. Photocatalytic test

The photoactivity of CT800 was investigated by studying the
degradation of methylene blue (MB), using commercial TiO2
(Degussa P25) as the reference. Fig. 2 depicts the photodegrada-
tion of MB  by CT800 and P25. Obviously, CT800 exhibited higher
photoactivity than P25: the k values of CT800 and P25 were 0.117
and 0.083, respectively. Recently, some reports have attributed
the favorable photoactivity of P25 to its hetero-junction, which is
formed as a synergistic effect of anatase and rutile [40–43]. Rutile
can utilize not only UV light but also visible light, and can inject
electrons into anatase while the holes remain in the rutile, resulting
in charge separation. Hence, the recombination of excited electrons
and holes is reduced, resulting in favorable performance of the pho-
tocatalyst. However, CT800 is composed of a single phase, anatase.
The two-phase hetero-junction, comprising anatase and rutile, in
P25 is not present in CT800. Therefore, the excellent photoactivity
of CT800 must be attributed to other factors. In previous research,
the high photoactivity of materials has usually been attributed to
several factors, such as (1) a large surface area [8], (2) a wide spec-
tral range of absorbed light [11,12], (3) efficient charge separation
by the hetero-junction [13–16] and (4) hot spots on the surface
of the material [18–20]. Comparing CT800 with P25 demonstrates

that P25 has a higher specific surface area (52 cm3 g−1) than does
CT800 (22 cm3 g−1) (Fig. S2). However, the spectral range of light
absorbed by P25, which consists of mixed anatase and rutile phases,
is wider than that absorbed by the single-phase CT800, because the
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Fig. 1. (a) SEM image, (b) XRD pattern and (c) TEM image of CT800. (d), (e), and (f) HRTEM images that correspond to zones 1, 2 and 3 in (c).

Fig. 2. (a) C/C0 versus time for degradation of methylene blue (MB) and (b) ln(C0/C) as a function time for CT800 and P25. The slopes of black and red lines are 0.11713
and  0.08339, respectively. C0 and C denote initial concentrations at adsorption equilibrium and concentration of MB at various photodegradation times, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web  version of the article.)
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Table  1
Small-particle size effects upon the BET surface area, wavelength at the band gap position, magnitude of blue shift of the band gap compared with bulk TiO2, and quantum
yields of the photocatalytic reactions of CH3CCH with H2O over anatase-type TiO2, at 300 K [44].

Particle size (Å) BET surface area (m2 g−1) Wavelength at band gap position (nm) Magnitude of blue shift of band gap (eV) Quantum yieldsa (%)

38 1068 371.5 0.156 7.18 × 10−2

50 941 375 0.126 7.02 × 10−2

65 609 380.5 0.079 8.80 × 10−2

85 430 385 0.041 2.42 × 10−2

110 312 387 0.024 2.26 × 10−2

220 137 388 0.016 1.13 × 10−2
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a Quantum yields were measured at 300 nm.  Quantum yield = (number of photof

and gap of rutile is smaller than that of anatase, expending the
ight absorption. Therefore, neither the first nor the second factor
avors photocatalysis by CT800.

.3. Cascade effect

The third factor, the hetero-junction, is associated with two
aterials or polymorphs, such as P25. Moreover, in our earlier

nvestigation, a hetero-junction was found to be formed between
articles of different sizes, even if they comprise only single phase
f TiO2 [17], because the band gaps in nano materials exceed
hose of bulk materials [44,45]. Anpo et al. also reported that
oth the band gap and photocatalysis quantum yields of anatase
iO2 are increase with decreasing particle size of TiO2 (Table 1).
he large blue shift in the absorption spectra results from size-
uantization effect [44–48]. These reports are consistent with our
revious observations, the hetero-junction occurring between dif-
erent sized particles of the same material. In the case of CT800,
n the form of subulate sheets comprised chrysanthemums, the
rains of the tips of subulate sheets are nano-sized, but the central
arts of the chrysanthemums which consist of many large grains are
icro-scaled. This variation in sizes of the grain in a particle causes

ariation in its band structure; the tips of sheets have higher energy
tate due to the larger band gap which is caused by the nano-sized
rain. However, the grain sizes increased gradually along the direc-
ion toward the center of CT800, accompany with the decreasing in
and gaps and quantum yield. Therefore, the central micro matrix

as lower energy state. Hence, resulting in a series of electron trans-
ort from the tips of sheets to the central micro matrix, lead to the
eparation of electrons and holes, which greatly improves the pho-
ocatalytic properties. The electron transfer between grains in the

ig. 3. “Cascade effect” of nano/micro hierarchically structured TiO2. The bar showed in th
nergy  states, respectively. The colored chrysanthemum constructed by sheets which is i
heets  is higher than that of central micro matrix, owing to size effect, and the excited el
he  enlargement was extracted from TEM image. The excited electron at the tip (enclose
o  the lower excited energy state (black bar). (For interpretation of the references to colo
0.000 0.264 × 10−2

 products)/(number of incident photons).

sheet may  be designated as a multiple junction, because of the grain
size increased gradually from the tips of nano sheets to the central
micro matrix, accompany with the gradationally decrease of energy
state. The electrons migrate as a series of cascade toward the cen-
tral micro matrix (Fig. 3). This phenomenon is analog to the electron
transport chain in the photosynthesis. In additional, a gradient of
electric potential resulting from the different amounts of excited
electrons at the tip and the center of chrysanthemum also drive
electrons from tip to center to generate “cascade effect”. As previ-
ously reported [44], the quantum yield of the smaller nano grain is
higher than that of the larger grain. Thus, during the illumination
of CT800, the excited electrons at the tips of sheets are more than
that at the central parts of the chrysanthemums. Accordingly, a gra-
dient of electric potential was formed in between the tip and the
central part. Subsequently, the excited electrons tend to migrate
toward the central parts of the chrysanthemums, and the excited
holes were move toward the different directions.

3.3.1. Examine the cascade effect by the specific reduction of Ag+

ions
To examine the excited electrons move to the center part of CT

800 resulting in the great photocatalysis, the photo-reduction of
AgNO3 was studied using CT800 as the catalyst. CT800 was sus-
pended in AgNO3(aq) solution and illuminated under an Xe lamp.
Following illumination for 5 min, the precipitate was  rinsed by DI
water, yielding the brown product (Ag@CT800). Figs. 4(a) and (b)
displays the STEM and HAADF images of Ag@CT800, respectively.

The morphology of Ag@CT800 was similar to that of CT800, despite
the presence of some small particles on it. Generally, in a large parti-
cle, the tip, edge and corner with high surface energy, usually lead
to the nucleation on there [49–52]. However, the HAADF image

e left side represents the energy state, red and black colors represent high and low
llustrated at the center of the figure represents the energy state of the tips of nano
ectrons tend to migrate toward the central micro matrix. The image of the sheet in
d by red square) which has higher exciting energy state (red bar) tends to migrate
r in this figure legend, the reader is referred to the web version of the article.)
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ig. 4. The examination of migration behavior of the excited electrons by photo-re
 and (e) Ag; (f) and (g) HRTEM images of Ag@CT800, revealing that Ag nanoparticl
ano  sheets and the central micro matrix are enclosed by the red and orange rash c

eveals that Ag particles aggregated in the center of particles, indi-
ating that the Ag+ ions tended to be reduced near the center of the
atrix. The central micro matrix in each particle seems to act as a

low-energy center” that attracts electrons from the tip of subulate
heets, resulting in the separation of excited electrons and holes.
dditionally, EDX mapping was carried out to locate the reduced
g particles. Fig. 4(c)–(e) shows the EDX signals that correspond to
i, O and Ag, respectively. The center of the micro matrix was  colo-
ized by Ag particles, consistent with the HAADF image. A similar
esult was also obtained using an AgNO3(aq) solution with a high
oncentration and a longer period of illumination (Fig. S3). In addi-

ion, the different distribution of Ag particles precipitated on the
ip and bottom part of the subulate sheets were further examined
y photo-reduced Ag+ using immature CT800 as catalyst. As shown

n Figs. S1(c) and (d), a large Ag particle is clearly observed at the
n of Ag+. (a) STEM image; (b) HAADF image of Ag@CT800; (c) EDX maps of Ti; (d)
ferentially populate near the center and grain boundary of TiO2 particle. The tip of
respectively.

center by SEM, while a few very small particles at the tip of imma-
ture CT800, after 60 min illumination in 12 mM AgNO3(aq). The more
Ag located at the center of the chrysanthemums was further sub-
stantiated by Ag distribution according to the EDX spectra (Fig. S4).
Moreover, some reduced Ag particles were also located at the tips
of the nano sheets. The TEM images in Figs. 4(f) and (g) reveals that
some Ag particles are preferentially reduced at the grain bound-
aries of the nano sheets, suggesting that these boundaries serve
as “hot spots”, where electrons are likely to be trapped. Hence, the
high photoactivity of CT800 can be explained by the efficient charge
separation of electrons and holes due to the “cascade effect”, and by

the additional “hot spots” on the surface. In order to recognize the
function of photo-excited hole, the photo-degradation experiments
were executed with the addition of photo-excited hole scavenger,
EtOH, which significantly decays the photoactivity of CT800 (Fig.
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Fig. 5. (a) SEM image; (b) XRD pattern; (c

5). Thus, imply that the active excitons of the photo-degradation
s hole.

.3.2. Examine the cascade effect by destroying the morphology
f material

To confirm further the “cascade effect”, the morphology and

hotoactivity of ground CT800 (CT800g) were studied in detail.
ig. 5(a) and (c) presents the SEM and TEM images of ground
T800 (CT800g), respectively. The nano/micro hierarchical struc-
ure of CT800 was completely destroyed after grinding. The

ig. 6. (a) C/C0 versus time for the degradation of methylene blue (MB) and (b) ln(C0/C) 

.11713 and 0.04554, respectively. (For interpretation of the references to color in this fig
 image and (d) HRTEM image of CT800g.

chrysanthemum-like morphology collapsed and became small
fragments, causing the specific surface area of CT800g to be larger
than that of CT800 (Fig. S2). The XRD pattern and HRTEM image
reveal that the crystalline structure of CT800g is that of anatase
(Fig. 5(c) and (d)). According to the XRD examinations and grain
size estimation of CT800 and CT800g by Scherrer equation, both

the grain sizes and crystallinity of CT800g are the same as those of
CT800 (Fig. S6). Fig. 6 shows the photodegradation of MB  by CT800
and CT800g. The CT800g had poorer photoactivity than CT800; the
k value of CT800g was only 0.041, even though CT800g had larger

as a function of time for CT800 and CT800g. The slopes of black and blue lines are
ure legend, the reader is referred to the web version of the article.)
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pecific surface area. This result is not surprising, since CT800g did
ot have the nano/micro hierarchical structure, and so lacked the
cascade effect” and “hot spots” that promote photoactivity. The
imilar result was also observed when the fibrillar anatase TiO2
as used as the active material of the photodegradation of MB  (Fig.

7).
The light harvest of CT800 and CT800g were further studied

y UV–vis spectra, as shown in Fig. 7. The additional absorption
ear the visible region of CT800g results from the small band gap
f CT800g, reveals that some defects were generated on the sur-
ace by grinding [53]. The estimated band gaps of CT800g and
T800 are 3.19 and 3.25 eV, respectively. Increasing surface defects
n CT800g slightly decrease its bandgap, resulting in the wider
egion of light absorption, which improve the light harvest. More-
ver, after grinding, the surface area of CT800g is larger than that
f CT800. According to these observations, CT800g is expected to
xhibit better photocatalytic activity than that of CT800. However,
he results revealed the reverse. Therefore, we proposed that the
ano/micro hierarchical structure with “cascade effect” is one of the

mportant factors that resulted in the great photocatalytic activity
f CT800.
.3.3. Examine the cascade effect by EPR
The electron paramagnetic resonance (EPR) technique was

dopted to investigate the electronic state of the photocatalysts

ig. 8. EPR spectra of (a) CT800 and (b) CT800g; (c) and (d) EPR signal intensity that corre
f)  integrated area under EPR signals that correspond to surface electron-trapping sites in
Fig. 7. UV-abs spectra of CT800 and CT800g powders.
under illumination. Fig. 8(a) and (b) presents the EPR spectrum of
CT800 and CT800g, respectively. Under illumination, the intense
signal at g = 1.991 can be identified as being associated with the
trapped electrons in the lattice of anatase [54,55], and the broad

sponds to lattice electron trapping sites in CT800 and CT800g, respectively; (e) and
 CT800 and CT800g, respectively.
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ignal in the range g = 1.86–1.95 was attributable to the electrons
hat were trapped at the surface sites [56]. Such a broad signal
ndicates that electrons were trapped at various surface sites with
arious energy states [57]. Since the CT800 has a nano/micro hier-
rchical structure, we propose that the nano sheets contribute most
f the surface electron trapping sites and the central micro matrix
ontribute most of the lattice electron trapping sites. To analyze
urther the kinetics of the excited electrons, Fig. 8(c) and (e) plots
he variation of the intensity of the signals associated with the
attice and surface electrons, respectively, with time. Under illumi-
ation, the intensity of the signal from the lattice-trapped electrons
f CT800 increased with the illumination time. However, the rate
f increase decreased slowly for 15 min, after which the rate of
ncrease increased slightly. The number of trapped electrons at the
urface reached its maximum at 15 min, before declining. These
bservations strongly suggest that the flow of electrons was unidi-
ectional, and the excited electrons that were generated at the tip
f the nano sheets tended to move toward the center of the micro
atrix from the tip of the nano sheets. In contrast, CT800g exhibited

ifferent features. The intensity of the trapped lattice electrons ini-
ially increased, saturating after 15 min  (Fig. 8(d)), and the number
f electrons trapped at the surface sites increased in proportion to
he illumination time (Fig. 8(f)) because of the absence of the mul-
iple junction. Moreover, in the EPR spectrum of CT800g, a broad
ignal that is related to the electrons that are trapped on the sur-
ace sites is also observed, it showed stronger intensity than CT800
ecause of the specific surface area of CT800g is larger than CT800.

. Conclusion

In summary, TiO2 (CT800) with a chrysanthemum-like mor-
hology, constructed from nano subulate sheets that grew radially
rom the center of the matrix, was synthesized and exhibited out-
tanding photocatalytic performance. The excellent photoactivity
f CT800 is attributed to (1) effective charge separation that is
aused by the hopping of electrons from the tips of the nano subu-
ate sheets to the central matrix of the particle by “cascade effect”,
nd (2) the “hot spots” on the surface. The cascade effect of the
ano/micro hierarchical structure was verified by the observation
f the aggregation of electrons in the center of the chrysanthemum-
ike TiO2 particle, as revealed by EPR and the specific reduction of
g+ ions. The photocatalytic reaction of TiO2-related materials was

nvestigated in detail. The results thus obtained provide in sight into
he design of photoactive materials and help to explain the high
hotoactivity of nano/micro hierarchically structured materials.
urthermore, the unidirectional electron transfer, because of the
ascade effect, by materials of different sizes provides a new avenue
or the design of electronic and photoelectrochemical devices.
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