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ABSTRACT

A series of zinc tetraaminophthalocyanine (ZnPcN) sensitized TiO2 hollow nanospheres
(ZnPcN/TiO2) with different loading dosages of ZnPcN were successfully synthesized by a
simple immersion method under ultrasonic agitation. The as-prepared ZnPcN/TiO2 samples
were characterized by X-ray diffraction, transmission electron microscopy, field-emission
scanning electron microscopy, X-ray energy-dispersive spectrometry, Fourier transform infra-
red, and ultraviolet–vis diffuse reflectance spectrum. The results show that ZnPcN/TiO2 nan-
ospheres composed of anatase crystalline phase with hollow structures have obvious
absorption in the visible-light region. The photocatalytic activities of ZnPcN/TiO2 nano-
spheres were evaluated by degradation of C.I. Basic Blue 41 aqueous solutions with air as an
oxidant under visible-light irradiation. The degradation results reveal that the photocatalytic
activity of ZnPcN/TiO2 hollow nanospheres enhances a lot. The apparent rate constant of
ZnPcN/TiO2 nanospheres with the mass ratio of 0.15% between ZnPcN and TiO2 is almost
seven times higher than that of titania hollow nanospheres.
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1. Introduction

In recent years, more and more efforts have been
focused on the semiconductor-based photocatalysts for
the oxidative degradation of various kinds of organic
pollutants [1], and various semiconductors for photo-
catalysis have been synthesized. TiO2 is generally used
as one of the most popular photocatalysts due to its
chemical stability, non-toxicity, inexpensive cost, and
high photocatalytic activity [2]. However, TiO2 can

only be excited by ultraviolet (UV) light (wavelength
(k) < 387 nm) due to its wide band-gap (3.2 eV for ana-
tase), which limits its applications in practice [3]. Also,
the quantum yield of TiO2 system for pollutant degra-
dation is usually very low due to the fast recombina-
tion of charge carriers. The strategies to enable TiO2 to
harness visible-light for pollutant oxidation by facilitat-
ing charge separation includes the following: (1) dop-
ing ions (metal [4,5], nonmetal [6] and co-doping [7]),
(2) coupling with other semiconductors [8], and (3)
loading photosensitizer [9–11]. Among these strategies,
using photosensitizer can not only increase the photo*Corresponding author.
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response of TiO2 to visible-light region due to photo-
sensitizer’s strong absorption of solar spectrum, but
also enhance the separation efficiency of photoexcited
electron–hole pairs in titania [11].

Phthalocyanines and metallo-phthalocyanines are a
class of macrocyclic complexes with high photostability
and high absorption coefficient in the solar spectrum
[12–14], which are often used as photosensitizers to
enhance the visible-light photocatalytic activity of TiO2

in water treatment. For instance, Huo et al. [3] reported
the preparation of CoSPc/TiO2/fly-ash cenospheres
and found the samples had good catalytic activity
under visible light. Sun et al. [11] used aluminum
phthalocyanine to sensitize TiO2 and studied the effect
of the experimental parameters on the efficiency for
chlorophenol degradation. Mele et al. [15] researched
the photocatalytic degradation for 4-nitrophenol by
using polycrystalline TiO2 samples impregnated with
Cu(II)-phthalocyanine under visible light. Wang et al.
[16] revealed that CuPcTs/TiO2 had higher photocata-
lytic activity than CuPcTs or pure TiO2. These above
researches all demonstrate that metallo-phthalocyanine
or its derivative sensitized TiO2 nanoparticles can effec-
tively improve the efficiency of organic oxidation under
visible light irradiation. However, it is well known that
the structure and crystalline size of TiO2 play important
roles in its photocatalytic activity [17,18]. More recently,
titania hollow nanosphere, due to its low density, high
surface area, good surface permeability as well as large
light-harvesting efficiency, has attracted enormous
attentions [19–21]. Moreover, titania hollow nanosphere
because of its relative large dimension can be easily
separated compared with titania nanoparticle. For an
environment point of view, metallo-phthalocyanine
sensitized TiO2 hollow nanosphere may be a very use-
ful and efficient visible-light photocatalyst for pollutant
treatment. However, few reports have been published
on the preparation of metal-phthalocyanines sensitized
TiO2 hollow nanospheres. Herein, we report the syn-
thesis of zinc tetraaminophthalocyanine (ZnPcN) sensi-
tized TiO2 hollow nanospheres (ZnPcN/TiO2) with
different loading dosages of ZnPcN by a simple immer-
sion method under ultrasonic agitation using ZnPcN as
a sensitizer. The photocatalytic activity of ZnPcN/TiO2

nanosphere is evaluated by the photocatalytic decom-
position of C.I. Basic Blue 41 (CB41) under visible light
irradiation (k> 400nm).

2. Experimental

2.1. Material

Tetrabutylorthotitanate (C16H36O4Ti), ethanol, and
isopropyl alcohol of analytical reagent grade were

purchased from Shanghai Chemical Reagent Com-
pany, China. Carbon nanospheres were prepared
according to literature procedures [22]. ZnPcN was
synthesized, purified, and characterized according to
the method of Cong et al. [23]. CB41 dye
(purity > 98%) was the commercial product supplied
by the dye company and used without further purifi-
cation. Distilled water was used throughout in all the
experiments. The structures of dye CB41 and ZnPcN
are given in Fig. 1(a) and (b).

2.2. ZnPcN/TiO2 catalyst preparation

ZnPcN sensitized TiO2 hollow nanospheres were
prepared as follows: Firstly, 0.06 g of carbon nano-
sphere was added into 80mL of mixed solution with
ethanol and distilled water. Then the mixture was
sonicated in an ultrasonic bath under 30 kHz frequen-
cies for 1 h. Next, 10mL isopropyl alcohol solution
containing 0.3mL tetrabutylorthotitanate (C16H36O4Ti)
was dropwise added to the above mixture under vig-
orous stirring for 30min. After that, the mixture was
kept under reflux condition at 353K for 6 h to obtain
titania coated carbon spheres. Thereafter, the compos-
ites were centrifugated, washed, and redispersed in
ethanol for three times. After dried at 333K for 2 h
under vacuum, the composites were calcined at 773K
for 3 h in the air to prepare TiO2 hollow nanospheres.
Lastly, 0.1 g of above TiO2 hollow spheres were dis-
persed in 50mL of ethanol containing certain mass of
ZnPcN based on the different mass ratios of ZnPcN/
TiO2. The mixture was sonicated in an ultrasonic bath
under 30 kHz frequencies for 3 h. After that, the mix-
ture was dried at 353K for 2 h under vacuum to
obtain ZnPcN sensitized TiO2 hollow nanospheres
with different dosage of ZnPcN. The as-prepared
ZnPcN/TiO2 samples were marked as ZPNT-0.1,
ZPNT-0.15, and ZPNT-0.2 in terms of the mass ratios
of ZnPcN/TiO2 of 0.1, 0.15 and 0.2%, respectively.

For comparison, TiO2 nanoparticles were also fab-
ricated in the absence of carbon nanosphere, and the
other systhesis conditions were kept the same as those
of TiO2 hollow nanosphere.

N N

NN

Zn
NH2

H2N

H2N

NH2

(b) 

CH3O S

N
C+

CH3

N=N N

C2H5

C2H4OH

CH3SO4
-

(a)

Fig. 1. The chemical structures of CB41 (a) and ZnPcN (b).
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2.3. Photocatalysis experiment

The photodegradation reaction of CB41 was con-
ducted in a photocatalytic reactor under visible light
at 298K. The photocatalyst of 50mg was dispersed in
100mL 20mgL�1 CB41 aqueous solution. Before illu-
mination, the suspension was magnetically stirred for
30min in dark to allow the adsorption–desorption
equilibrium of CB41 on the catalyst. The photocata-
lytic reaction was then initiated by irradiating with
one 300W tungsten halogen lamps with a light filter
cutting the light below 400 nm. At a defined time
interval, 5mL suspension was withdrawn and centri-
fuged at 8,000 rpm to remove any suspended solids.
Then, the concentration of residual dye CB41 in each
sample was measured by a UV–vis spectrophotometer
at kmax = 606 nm.

3. Results and discussion

3.1. Morphology of ZnPcN/TiO2

Fig. 2 illustrates the typical transmission electron
microscopy (TEM) images of TiO2 nanospheres (a)
and ZPNT-0.15 (b). From Fig. 2(a), it can be found that
as-prepared TiO2 obviously owns hollow sphere struc-
ture based on the strong contrast between the dark
edge and bright center of each sphere. The average
diameter of hollow sphere is in the range of 300–
350 nm and the shell thickness of sphere is about
35 nm. The TEM image of ZPNT-0.15 (Fig. 2(b)) shows
that ZnPcN sensitized TiO2 still keeps sphericity and
hollow structure. However, the contrast between the
edge and center of each sphere decreases a little
which may be due to the coating of ZnPcN on the
surface of TiO2. ZPNT-0.15 nanosphere has an average
diameter of about 300–370 nm and the shell thickness
is about 40 nm. These sizes are both slightly increased
compared with those of pure TiO2, which further
indicates that ZnPcN has loaded on surfaces of TiO2

nanospheres.

The corresponding SEM images of TiO2 nano-
spheres (a) and ZPNT-0.15 (b) are shown in Fig. 3.
From Fig. 3, it is clear that TiO2 nanospheres are com-
posed of spherical nanoparticle aggregates and the
average size of these nanoparticles is about 25–30 nm.
Moreover, from the broken sphere in Fig. 3(a), the hol-
low structure of sphere is very evident. In Fig. 3, it
can also be seen that the surfaces of these spheres all
seem very crude which indicates that the ZnPcN sen-
sitization has little effect on the roughness of surfaces.
It is reported that rough surface can enhance the
adsorption and transportation of contaminations [22],
thus improving the photocatalytic activity. These
results show that ZnPcN sensitized TiO2 hollow
spheres should have high photocatalytic activity.

Fig. 3(c) shows the X-ray energy-dispersive spec-
trometry (EDS) spectrum of sample ZPNT-0.15.
According to the EDS analysis, the spectrum peaks of
Zn, Ti, O, C, and N elements can be identified. Ti and
O peaks are from TiO2 spheres, and C, N, and Zn
peaks come from the ZnPcN. The existence of Zn, Ti,
O, C, and N indicate that the ZnPcN sensitized TiO2

has been successfully synthesized.

3.2. XRD analysis

The X-ray diffraction (XRD) patterns of as-
prepared samples are shown in Fig. 4. From the XRD
pattern of TiO2 hollow spheres, it can be confirmed
that as-prepared TiO2 spheres are identified as anatase

Fig. 2. TEM images of as-prepared TiO2 hollow sphere (a)
and sample ZPNT-0.15 (b).

Fig. 3. SEM images of as-prepared TiO2 hollow sphere (a)
and ZPNT-0.15 (b); and the EDS spectrum of ZPNT-
0.15 (c).
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phase (JCPDS card No. 21-1272), and no other phases
of TiO2, such as rutile or brookite, can be detected via
XRD indicating that TiO2 hollow sphere is composed
of pure anatase phase TiO2. As for the ZnPcN sensi-
tized samples, there is no difference in the patterns of
ZnPcN sensitized samples compared with that of
TiO2, and no peaks belonging to ZnPcN have been
found due to the small amount of ZnPcN. The results
show that the sensitization of ZnPcN does not change
the crystalline structure of TiO2, and ZnPcN molecules
do not enter into the lattice of TiO2.

3.3. UV–vis diffuse reflectance spectra

To study the optical absorption properties of as-
synthesized samples, UV–vis diffuse reflectance
spectra (DRS) in the range of 200–800nm were

investigated, and the results are shown in Fig. 5. From
Fig. 5, it can be seen that ZnPcN sensitized samples
all have obvious absorptions in the wavelength of
600–750 nm, which are well corresponding to the Q
bands of ZnPcN. However, the reflectance spectrum
of TiO2 shows no absorption in the visible range and
only exhibits the fundamental absorption band in the
UV region. The result indicates that TiO2 sensitized
with ZnPcN can extend its absorption spectrum into
visible light region. The inset figure in Fig. 5 is the
UV–vis DRS of ZnPcN sensitized TiO2 samples in
the range of 550–800 nm. The intensity of Q band in
the visible range is obviously increased with the
increase of ZnPcN dosage. When the mass ratio of
ZnPcN and TiO2 is lower than 0.15%, only the Q band
at 692 nm attributed to monomeric ZnPcN species can
be found. When the mass ratio is further increased to
0.2%, the Q bands at 692 and 627nm which belong to
the monomeric and dimeric ZnPcN species, respec-
tively, can be easily discovered. The appearance of
dimeric peak indicates that the increased dosage of
ZnPcN will result in the aggregate of ZnPcN on the
surface of TiO2.

3.4. FTIR spectra

The Fourier transform infrared (FTIR) spectra of
ZnPcN, ZnPcN sensitized samples, and TiO2 hollow
sphere are shown in Fig. 6. From the spectrum of the
ZnPcN (Fig. 6(a)), the absorption bands at 3,358 and
3,215 cm�1 are assigned to OH and N–H stretching
vibration, respectively. The 2,920 cm�1 band is due to
the C–H stretching vibration. The peaks near
1,728 cm�1 (C–N bond), 1,612 cm�1 (C=C bond),
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1,500 cm�1(C–C bond), and 1,348 cm�1 (C=N bond)
indicate that there is the ring of phthalocyanine. The
characteristic peak of Zn–C is at 824 cm�1. From the
spectrum of pure TiO2 (Fig. 6(b)), the absorption
bands in the region of 400–800 cm�1 observed in the
FTIR are assigned to the stretching vibration of Ti-O.
The peaks at 1,623 and 3,376 cm�1 are related with the
bending vibration and stretching vibration of –OH on
the surface of TiO2, respectively [24], which shows
that there contain a great deal of hydroxyls in the hol-
low TiO2. In the spectra of ZnPcN sensitized samples
(Fig. 6(c)–(e)), except the peaks in the region of 400–
800 cm�1 (Ti–O), main characteristic peaks near 2,925,
1,710, and 1,600 cm�1 assigned to ZnPcN can be
clearly observed, which indicates that ZnPcN coupled
TiO2 has been achieved. The attenuation and loss of
some peaks from the ZnPcN are probably due to the
minor content of ZnPcN in the composite. Moreover,
we can also find that these peaks slightly shift com-
pared with those of ZnPcN and 3,215 cm�1 assigned
to N-H stretching vibrations disappeares which may
be covered by the wide and high vibrations OH on
the surface of TiO2 located at 3,390 cm�1. According to
the differences in the characteristic peaks of ZnPcN,
TiO2, and ZnPcN/TiO2, it can be estimated that
ZnPcN molecules are anchored onto the surface of the
TiO2 by hydrogen bond between amino groups of
ZnPcN and hydroxyls on the surface of TiO2 hollow
spheres.

3.5. Photocatalytic activity

To investigate the photocatalytic activities of
ZnPcN sensitized TiO2 samples, photocatalytic degra-
dation experiments were carried out by degradating
CB41 in an aqueous suspension under visible-light

irradiation using ZnPcN/TiO2 samples as photocata-
lysts. For comparison, the photocatalytic degradation
experiment using sample TiO2 nanoparticle as a pho-
tocatalyst was also done. The photodegradation
curves were plotted with C/C0 vs. reaction time “t”.
C0 and C are the concentration of dye CB41 in the
reaction medium before visible light irradiation (C0)
and after “t” minutes reaction (C), respectively. Fig. 7
shows the CB41 photodegradation curves of samples
under the visible-light irradiation. It is obvious that
ZnPcN/TiO2 photocatalysts all exhibit higher activi-
ties than pure TiO2. The corresponding degradation
efficiency was calculated from Eq. (1):

Degradation efficiency ¼ ðC0 � CÞ=C0 � 100% ð1Þ

The degradation efficiencies of CB41 for sample
TiO2 hollow nanosphere and nanoparticle are about
32.7% and 14.1% after 130min irradiation, respec-
tively. TiO2 hollow spheres own better photocatalytic
activities than TiO2 nanoparticles due to their high
surface area, which may be beneficial for the surface
reaction between O2 and organic dyes. When the mass
ratio between ZnPcN and hollow TiO2 is 0.1%, the
degradation efficiency of CB41 reaches 54.9% at the
same irradiation time. As the mass ratio increases to
0.15%, the degradation efficiency of CB41 obviously
increases and reaches 94.7%. This may be due to the
improvement of ZnPcN dispersion on TiO2 hollow
sphere surfaces (Fig. 3(b)), accordingly, the harvest of
light in the region of visible light is significantly
increased so as to improve the visible-light photocata-
lytic activities. However, the degradation efficiency of
CB41 reduces to 45.1% when the mass ratio is 0.2%.
The reason may be the formation of dimer ZnPcN [25]
which lows the quantum efficiency of electric transfor-
mation. Thus, ZnPcN cannot effectively sensitize TiO2

hollow spheres and the degradation rate decreases.
In addition, the kinetic process of CB41 degrada-

tion is also investigated. The apparent rate constant
(kapp) can be chosen as the basic kinetic parameter for
the different photocatalysts, since it enables one to
determine a photocatalytic activity independent of the
previous adsorption period in the dark and the con-
centration of CB41 which remains in the solution [26].
The apparent first-order kinetic Eq. (2) is used to fit
experimental data (Fig. 7):

lnðC0=CÞ ¼ kapp � t ð2Þ

where kapp is the apparent rate constant. By Eq. (2),
kapp can be calculated from the slopes of the curves of
ln(C0/C) vs. irradiation time. Fig. 8 shows the
linear relationship of ln(C0/C) vs. time about the
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photocatalytic degradation of CB41 by all the pre-
pared samples. From Fig. 8, the apparent rate con-
stants of different samples are obtained. kapp and
linear correlation coefficient of R are listed in Table 1.
As seen in Table 1, the apparent rate constants of
ZnPcN/TiO2 samples are all larger than that of pure
TiO2. The apparent rate constant of ZnPcN/TiO2 hol-
low nanospheres with the mass ratio of 0.15%
between ZnPcN and hollow TiO2 is almost seven
times higher than that of titania hollow nanospheres.

3.6. Catalyst stability

The catalyst stability plays an important role in the
practical application of the photocatalyst. The
repeated experiments of CB41 degradation for
ZnPcN/TiO2 hollow nanospheres with the mass ratio
of 0.15% were conducted. After each run, the
photocatalyst was collected, and redispersed into new

solution of CB41, followed by equilibrium and visible
light irradiation. The results of repeated experiments
are shown in Fig. 9. From Fig. 9, it can be found that
the photodegradation efficiency of CB41 gradually
decreases with the increase of recycling time. Two
causes are possible: First, with the recycling time
increased, the amount of photocatalysts will be
decreased due to filtration and collection. Second, the
immobilized ZnPcN on TiO2 suffers from a gradual
bleaching during the photoreaction process [11],
which reduces the capture rate of visible-light.

3.7. Photocatalytic mechanism of ZnPcN/TiO2

The photocatalytic mechanism of ZnPcN/TiO2

under visible light irradiation is photosensitization.
The phthalocyanines in the solid state behave as
p-type semiconductors, characterized by energy of the
band gap about 2 eV [27]. Due to its low band gap,
ZnPcN molecules can be easily excited by visible light
and generate electrons. Then, the excited electrons
transfer to the conduction band of titania due to the
energy level of the excited state of the ZnPcN is
higher than that of titania conduction band, followed
by generation of ZnPcN cation radical (ZnPcN�þ) and
superoxide anion radical (O��

2 ) in the system. The
superoxide anion radical (O��

2 ) production is essential
for inducing the formation of HO�

2 and OH� radicals
responsible for oxidant attacks to CB41 in photocata-

lytic reactions [1]. At the same time, ZnPcN�þ radical
has a high redox potential [28], which can effictively
oxidize dye CB41, together with recovery of the origi-
nal ZnPcN. In this cycle, TiO2 only acts as an electron
mediator, and the ZnPcN works as a sensitizer.
Through photosensitization, the quantum yield of the
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Table 1
Apparent rate constant kapp (min�1) and regression relative
coefficient R for the TiO2 nanoparticles, hollow sphere,
and ZnPcN/TiO2 hollow nanosphere

Sample Apparent rate
constant

Regression relative
coefficient R

kapp (min�1)

TiO2

nanoparticles
0.00244 0.996

Hollow TiO2 0.00306 0.980

ZPNT-0.1 0.00556 0.977

ZPNT-0.15 0.02188 0.980

ZPNT-0.2 0.00440 0.983
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Fig. 9. The recycling experiment of the sample ZPNT-0.15
for CB41 degradation.

3494 Y. Jiang et al. / Desalination and Water Treatment 52 (2014) 3489–3496



oxidized and deoxidized process is increased, and
thus the degradation rate is improved. However, there
exists an optimal phthalocyanine content because too
much dosages will result in the formation of dimeric
phthalocyanine. The literature has reported that the
excited state of the dimer lives much shorter than that
of the monomer, not favoring the injection of electron
into the conduction band of TiO2 to generate oxidative
species [16]. As a result, the degradation efficiency of
CB41 will decrease. According to the data of photocat-
alytic experiment, we can know that the optimal
ZnPcN content is 0.15% (mass percent) to obtain high
photocatalytic activity.

4. Conclusion

In this study, ZnPcN sensitized TiO2 hollow nano-
spheres (ZnPcN/TiO2) with different loading dosages
of ZnPcN by a simple immersion method under ultra-
sonic agitation were successfully synthesized. The
photocatalytic activity of as-prepared ZnPcN/TiO2

was determined by degradation of CB41 in aqueous
solution under visible light irradiation. Compared
with pure titania, ZnPcN/TiO2 nanospheres exhibites
preferable visible-light activities in CB41 degradation.
The apparent rate constant of ZnPcN/TiO2 hollow
nanosphere with the mass rate of ZnPcN and TiO2 of
0.15% is almost seven times higher than that of pure
titania hollow sphere. The mechanism is mainly due
to the effective electron transfer from the conduction
band of ZnPcN to the conduction band of TiO2, so the
quantum yield of the oxidized and deoxidized process
is increased, resulting in the high degradation rate.
The dosage of ZnPcN is also very important for the
photodegradation activity of compound catalyst. Too
high dosages of ZnPcN will result in its aggregate,
thus decreasing the catalytic activity.
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