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ABSTRACT: The hierarchical tetranitro copper phthalocyanine (TNCuPc) hollow
spheres were fabricated by a simple solvothermal method. The formation mechanism
was proposed based on the evolution of morphology as a function of solvothermal time,
which involved the initial formation of nanoparticles followed by their self-aggregation
to microspheres and transformation into hierarchical hollow spheres by Ostwald
ripening. Furthermore, the hierarchical TNCuPc hollow spheres exhibited high
adsorption capacity and excellent simultaneously visible-light-driven photocatalytic
performance for Rhodamine B (RB) under visible light. A possible mechanism for the
“aqueous-solid phase transfer and in situ photocatalysis” was suggested. Repetitive tests
showed that the hierarchical TNCuPc hollow spheres maintained high catalytic activity
over several cycles, and it had a better regeneration capability under mild conditions.
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1. INTRODUCTION

Organic compounds are widely dispersed and likely to occur
as environmental hazards in water. Among different organic
pollutants, dyes have been designated as priority pollutants by
many countries, because of their acute toxicity and long persistence.
Thus, they must be degraded to below environmentally accepted
levels before safe disposal to public health. Various technologies,
such as biodegradation, adsorption, catalytic wet oxidation, advanced
oxidation processes (AOPs), etc., have been conventionally used
for dyes treatment.””” Among these methods, adsorption tech-
niques and photocatalytic degradation have been extensively
investigated. Adsorption techniques have potential for removing
organics from water, because of their high efficiency and ability to
separate a wide range of chemical compounds. On the other
hand, photocatalytic degradation has received much attention as
an alternative method in the removal of environmental pollutants
in aqueous as well as gaseous media. Anatase-type TiO, has
been proven as environmental friendly catalysts, because of its
capability to decompose the different organic and inorganic
pollutants.® '

Considering the effectiveness of adsorption methods and
these ground-breaking results of TiO, photocatalytic degrada-
tion, some groups designed an efficient supported photocatalyst
system, which combines adsorbent material and TiO, photo-
catalyst together.'””'* In those works, the efficiency of TiO,
photocatalytic degradation could be enhanced via the anchoring
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of photocatalysts on suitable supports, particularly those with a
large surface area. The adsorption of pollutants on high-surface-
area supports, e.g., cellulosic fiber and active carbons, increases
their concentration around supported photocatalysts; their diffu-
sion into photocatalysts thereby promotes the photocatalytic
process. However, there were some deficiencies in this system.
First, the supports may negatively affect catalyst utilization,
especially in photocatalysis systems, where some of the active
sites were hidden inside the support and were not accessible by
the light."® Second, for the TiO, photocatalysts, a major handicap
is its rather large optical band gap (3.2 eV for the anatase phase),
which means it could only be activated by ultraviolet (UV) light
(A < 400 nm).' According to the solar spectrum, UV light ac-
counts for only a small fraction (4%) of the incoming solar
energy, whereas visible light comprises as much as 43%. All the
analysis above implied that it was highly desirable to integrate the
advantages of both high adsorption capacity and visible-light-
driven photocatalytic activity into one compound.
Phthalocyanines, especially those metal phthalocyanines, could
be referred to as attractive alternatives for the visible-light-
induced photocatalytic decomposition of dye compounds.'” '
Photoactivity of phthalocyanines arises from their ability to pro-
duce the highly active 'O, singlet oxygen species upon photon
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flux absorption in either UV or visible parts of the spectrum. This
singlet oxygen is formed during the extinction mechanism of the
excited triplet state, following its collision with molecular O,.
Details on this mechanism are given elsewhere.*”?* In addition,
besides this property, phthalocyanines revealed very good photo-
stability, negligible toxicity, and high thermal and chemical
stability. More importantly, in our previous work, we found that
nanoscale phthalocyanines reveal very good adsorption for the
organic dye.** Because of the above advantages, phthalocyanines
might be seriously considered as practically available photocata-
lysts that have high adsorption capacity and in situ photocatalytic
activity for the treatment of water contaminated with many
organic dyes.

Based on the above considerations, here, we attempted to
construct an “aqueous—solid phase transfer and in situ photo-
catalysis” system, to solve the problems of supported photo-
catalyst systems. In this system, azo dyes such as Rhodamine B
(RB) could be quickly adsorbed onto/into the photocatalysts
from aqueous solution and decomposed in situ simultaneously in
the presence of visible light. After a careful inspection of the
feasibility and photocatalytic efficiency of the metal phthalocya-
nines, tetranitro copper phthalocyanine (TNCuPc) hierarchical
hollow spheres were chosen as tested materials and fabricated via
a solvothermal method for the first time. The photodegradation
of RB was employed to evaluate the adsorption capacity and
photocatalytic activities of TNCuPc hierarchical hollow spheres
under visible-light irradiation. As a result, the hierarchical hollow-
sphere nanostructures exhibited high adsorption capacity and
excellent simultaneously in situ visible-light-driven photocataly-
tic performance. The formation mechanism of the hierarchical
hollow sphere and the effects of reaction time were also investigated.
Moreover, such simple and versatile strategy can provide a
general way to fabricate other phthalocyanine nanostructures,
such as tetranitro cobalt phthalocyanine (TNCoPc) nanballs,
tetranitro nickel phthalocyanine (TNNiPc) nanorods.

2. EXPERIMENTAL SECTION

2.1. Preparation of Hierarchical TNCuPc Hollow Spheres.
The synthesis and chemical structure of TNCuPc were shown in Figure
S1 in the Supporting Information. In a typical experiment, 4-nitrophtha-
lonitrile (0.100 mmol), Cu(Ac),-2H,0 (0.025 mmol) and ammonium
molybdate (1 mg) were put into a Teflon-lined stainless steel autoclave
with a capacity of 25 mL, containing 20 mL of ethylene glycol solution.
The mixture was then stirred to form a milk-like suspension, which was
then sealed and solvothermally treated at 160 °C for 20 h. The autoclave
then was cooled to room temperature. The obtained sample was washed
with deionized water and ethanol to remove any ionic residual, then
dried in an oven at 80 °C for 4 h.

2.2. Characterization. Field-emission scanning electron micro-
scopy (FESEM) (Model XL-30 ESEM FEG, Micro FEI Philips) was
used to characterize the morphologies of the products. An energy-
dispersive X-ray (EDX) spectroscopy system, which was attached to
scanning electron microscopy (SEM) equipment was used to analyze
the composition of the samples. X-ray diffraction (XRD) patterns of the
samples were recorded on a Rigaku Model D/max-2500 X-ray diffract-
ometer. Fourier transform infrared (FT-IR) spectra were obtained using
a Magna Model 560 FT-IR spectrometer with a resolution of 1 cm ™.
X-ray photoelectron spectroscopy (XPS) was performed on a VG-
ESCALAB Model LKII instrument with Mg KR ADES (hv = 1253.6
eV) source at a residual gas pressure of <1 x 10~ ° Pa. Surface areas were
calculated using the Brunauer—Emmett—Teller (BET) equation. The
ultraviolet-visible (UV—vis) diffuse reflectance (DR) spectroscopy
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Figure 1. (A) Low-magnification SEM image of the TNCuPc hierarch-
ical hollow spheres. (B,C) High-magnification SEM image of the
TNCuPc hierarchical hollow spheres. (D) High-magnification view of
the area highlighted in panel C.

of the samples were recorded on a Cary Model 500 UV-vis-NIR
spectrophotometer.

2.3. Photocatalytic Test. The photoreactor was designed with an
internal xenon lamp (XHA, 150 W) equipped with a cutoff glass filter
transmitting light at a wavelength of 4 > 400 nm, surrounded by a water-
cooling quartz jacket to cool the lamp, with 100 mL of the RB solution
with an initial concentration of 10 mg L ™" in the presence of a solid cata-
lyst (0.05 g). The solution was stirred in darkness for 30 min to obtain a
good dispersion and reach adsorption—desorption equilibrium between
the organic molecules and the catalyst surface. Decreases in the con-
centrations of dyes were analyzed by a Cary Model 500 UV-vis-NIR
spectrophotometer at A = 553 nm. At given intervals of illumination,
3-mL aliquots were collected from the suspension and immediately
centrifuged; the concentration of RB after illumination was determined
at A = 553 nm using a UV-vis spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure of the Hierarchical
TNCuPc Hollow Spheres. Figure 1 showed the typical SEM
images of the hierarchical TNCuPc hollow spheres. Figure 1A
was a low-magnification SEM image of the as-prepared product,
from which numerous uniformly sized spheres with an average
diameter of 2—3 um could be clearly observed. Moreover, no
other morphologies could be detected, indicating a high yield of
the product with the spherical morphology. The high-magnifica-
tion SEM image of an individual broken sphere is shown in
Figure 1B. The broken sphere had a bowl-like shape and the wall
thicknesses of the sphere are 500—700 nm, indicating that the
spheres had a hollow structure. A typical microsphere is shown in
the magnified SEM image in Figure 1C, and more details marked
with a rectangle in Figure 1C are shown in Figure 1D, which
demonstrated that the exterior of each hollow sphere were com-
posed of abundant randomly assembled nanospheres with an
average diameter of ~50 nm. Meanwhile, Figure S2 in the
Supporting Information showed the EDX spectrum of the
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Figure 2. (A) XRD patterns and (B) FT-IR spectra of the TNCuPc hierarchical hollow spheres.

100

80+ BET surface area: 31.8 m*/g

|

8071 _o— Adsorption /

Quantity adsorbed (cm®/g)

—o— Desorption §7>

40 - d

' g*
20 - Eﬁﬂ)

PP EPP

04
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/p,)

Figure 3. N, adsorption—desorption isotherm curves of the TNCuPc
hierarchical hollow spheres.

hierarchical TNCuPc hollow spheres. It indicates that elemental
carbom, nitrogen, oxygen, and copper exists in the hierarchical
TNCuPc hollow spheres.

Figure 2 shows the X-ray diffraction (XRD) pattern and FT-IR
spectrum of the hierarchical hollow spheres. As observed in
Figure 2A, four main reflection peaks appeared, at 20 = 6.4°,
13.8°,24.7°, and 27.5°, which could be indexed to the diffraction
peaks of TNCuPc.*® From Figure 2B, it is observed that the
hierarchical TNCuPc hollow spheres showed several absorption
peaks at ~727, 755, 910, 1090, 1141, and 1605 cm ', which
might be assigned to phthalocyanine skeletal and metal—ligand
vibrations.”**” The other absorption peaks at 1521, 1337, and
850 cm™ ' might be respectively assigned to the asymmetric
N—O stretching, symmetric N—O stretching, and C-NO,
stretching, because of the nitro groups present in the structure
of the TNCuPc molecule.” In addition, the chemical composi-
tion and purity of the hierarchical TNCuPc hollow spheres was
studied using X-ray photoelectron spectroscopy (XPS) analysis.
The fully scanned spectra in Figure S3A in the Supporting
Information demonstrated that elemental carbon, nitrogen, oxygen,
and copper existed in the hierarchical TNCuPc hollow spheres.
As observed in Figure S3B in the Supporting Information, there
were two symmetric peaks in the Cu 2p region. The peak
centered at 935.1 eV corresponded to Cu 2p;,,, and another
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Figure 4. UV—vis diffuse reflectance spectrum of the TNCuPc hier-
archical hollow spheres.

one centered at 955.2 eV was assigned to Cu 2py ,, indicating a
normal state of Cu®" in the hierarchical TNCuPc hollow spheres.
All of the results above confirmed the formation of the target
product of TNCuPc.

The surface structures of the hierarchical TNCuPc hollow
spheres were analyzed by nitrogen sorption isotherm techniques.
Figure 3 presented the nitrogen adsorption—desorption iso-
therms of the above TNCuPc hollow spheres. As observed in
Figure 3, the BET surface areas of the prepared hierarchical
TNCuPc hollow spheres are 31.8 m” g~ '. The larger BET surface
area was attributed to the surface hierarchical nanostructures of
the hierarchical hollow spheres. The larger BET surface area and
hierarchical hollow structure could have facilitated more-efficient
contact of hierarchical TNCuPc hollow spheres with organic
contaminants and thus improved its photocatalytic activity.

The optical absorption of the hierarchical TNCuPc hollow
spheres was conducted with a UV—vis absorption spectrometer.
As shown in Figure 4, the hierarchical TNCuPc hollow spheres
exhibited absorption bands in the wavelengths of 600—750 nm,
which might be attributed to the Q-band of TNCuPc.*® The
Q-band corresponds to excitation between the ground-state a;,
(7) highest occupied molecular orbital (HOMO) to the eg (%)
lowest unoccupied molecular orbital (LUMO). Furthermore,
two splitting absorption bands were observed at ~630 and
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Figure 5. (A) Adsorption and photocatalytic degradation of RB by different photocatalysts with the same weight under visible-light irradiation. (B)
Photocatalytic activity of the sample for RB degradation with three times of cycling uses.

710 nm, which is likely due to the vibronic coupling in the excited
state.”” ' The band at 300—450 nm belonged to the typical
Soret-band (B-band) absorption of phthalocyanine. Gouterman
suggested that the B (Soret) band is due to the a8
transition.”> The phthalocyanines in the solid state behave as
p-type semiconductors, characterized by a band-gap energy of
~2 eV.** 3 This indicated that the hierarchical TNCuPc hollow
spheres had a suitable band gap for photocatalytic decomposition
of organic contaminants under visible-light irradiation.

3.2. Adsorption Capacity and Photocatalytic Properties.
The photocatalytic activities of the hierarchical TNCuPc hollow
spheres were evaluated by the degradation of RB in aqueous
solution under visible-light irradiation. Before studying and com-
paring the activities of the hierarchical TNCuPc hollow spheres,
the bleaching of RB in the absence of any catalysts was first
examined. As shown in Figure SA, RB degradation without a
photocatalyst was also performed, and the results demonstrated
that the degradation of RB was very slow in the absence of a
photocatalyst under visible-light irradiation. Next, the photoca-
talytic activities of the Degussa-P2S was studied. It can be seen
that the Degussa-P2S had no photocatalytic activity under the
visible light, except decent adsorption for RB, which could be
attributed to the high specific surface area of the samples. As
shown in Figure 5A, in the presence of hierarchical TNCuPc
hollow spheres but in darkness, the removal rate of RB was ~56%
within 30 min. Almost no change occurred during the next
270 min, which was attributed to the good adsorption capacity of
TNCuPc, while the adsorption of RB was close to saturation by
the end of the initial 30 min. It seems very important to consider
whether photocatalysis could still happen effectively after the ad-
sorption of RB to hierarchical TNCuPc hollow spheres reached
equilibrium. Indeed, ~91% of the RB was degraded under
identical conditions, but under irradiation with visible light. This
demonstrated that the hierarchical hollow-sphere nanostructures
exhibited high adsorption capacity and excellent simultaneously
in situ visible-light-driven photocatalytic performance.

Moreover, the regeneration capability of the hierarchical
TNCuPc hollow spheres was examined for degradation of dye
during a four-cycle experiment, which was very important for the
hierarchical TNCuPc hollow spheres to apply in environmental
technology. As shown in Figure 5B, each experiment was carried
out under identical conditions; after a four-cycle experiment, the
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photocatalytic activity of the hierarchical TNCuPc hollow spheres
remained almost unchanged. It was indicated that the hierarch-
ical TNCuPc hollow spheres displayed an efficient photoactivity
for the degradation of organic pollutants under visible-light
irradiation and could easily be separated for reuse.

Based on the above results and the earlier reports on the
supported catalyst systems,">*”*® a proposed mechanism of
“aqueous—solid phase transfer and in situ photocatalysis” of
RB with the TN CuPc hierarchical nanostructures was elucidated
as follows. In the initial stage of degradation RB solution, the
color of the reaction solution did not change. When hierarchical
TNCuPc hollow spheres were added into the RB dye solution,
the color of the RB solution changed from pink to light pink.
Meanwhile, the major absorption peaks of RB at ~553 nm
diminished gradually under visible-light irradiation in the pre-
sence of hierarchical TNCuPc hollow spheres, which indicated
the adsorption of the RB dye on the photocatalyst (see Figure S4
in the Supporting Information). Finally, since the pink dye on the
catalyst decomposed eventually over time, the color of the RB
solution changed to a transparent color. It is believed that the
relationship of hierarchical TNCuPc hollow spheres to dyes
involved van der Waals forces and hydrogen bonds, resulting in
an anchor effect of dye molecule onto/into the hierarchical
TNCuPc hollow spheres. On the other hand, the dyes anchored
onto/into the hierarchical TNCuPc hollow spheres can therefore
be degraded rapidly and effectively in situ at the surface and
interior of hierarchical TNCuPc hollow spheres. Because of the
high affinity of the hierarchical TNCuPc hollow spheres toward
dyes and the concentration difference between these two phases,
the decomposed dyes could be replenished continuously with
dyes in the aqueous phase until complete depletion. However, in
the absence of visible light in the dye solution, the color of the RB
solution kept its light pink color, indicating that the adsorption
occurred, but the photocatalysis did not.

3.3. Formation Mechanism of the Hierarchical TNCuPc
Hollow Spheres. To well understand the formation mechanism
of the hierarchical TNCuPc hollow sphere, products formed at
different solvothermal reaction times were examined via SEM.
Figures 6A—D show SEM images of the products obtained at
different reaction stages, clearly reflecting the morphology
evolution process of the products. The structure and morphol-
ogy of the precursor were found to be largely dependent on the
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Figure 6. Time-dependent morphological evolution of the TNCuPc
samples obtained for different solvothermal times: (A) 20 min, (B) 1 h,
(C) 8 h, and (D) 20 h. Panel E shows the formation mechanism of a
TNCuPc hierarchical hollow sphere.

solvothermal reaction time. As shown in Figure 6A, only nano-
particles with a diameter of ~500 nm were obtained when the
solvothermal reaction time is 20 min. When the solvothermal
reaction time is extended to 1 h, microspheres with a diameter of
~1 um gradually appeared, accompanying the small nanoparti-
cles (see Figure 6B). When the solvothermal reaction time was
prolonged to 8 h, hierarchical solid hollow microspheres were
obtained on a large scale, as shown in Figure 6C. However, these
hierarchical solid microspheres are only the intermediate stage.
The internal part of the solid microsphere gradually reaggre-
gated. Finally, the hierarchical TNCuPc hollow spheres were
obtained after the solvothermal reaction was carried out for 20 h
(see Figure 6D).

Based on the above experimental results, the possible growth
pattern and formation mechanism of the hierarchical TNCuPc
hollow spheres are shown in Figure 6E. During the initial stage of
the solvothermal process, because of the high temperature and
high pressure, TNCuPc nanoparticles were produced and tend to
assemble into spherical agglomerates driven by reducing the sur-
face energy of the nanoparticles. Subsequently, the Cu”* and
4-nitrophthalonitrile in the solution prefer transferred onto the
surface of the nanoparticles and nucleated on the small pro-
tuberances, which provided many high-energy sites for the

growth of nanostructures. These aggregated nanoparticles then
would further serve as seeds to grow into secondary nanostruc-
tures for the hierarchical TNCuPc hollow spheres. As the solvo-
thermal time was prolonged, the internal part of the solid
microsphere gradually dissolved and reaggregated. Finally, the
hierarchical TNCuPc hollow spheres are formed, because of
mass diffusion and Ostwald ripening.

Last but not least, the simple experimental procedure for the
hierarchical TNCuPc hollow spheres makes this method quite
simple, environmentally benign, and cost-effective for the synth-
esis of other metal phthalocyanines for various applications.
Figure SS$ in the Supporting Information shows the SEM image
of two nanostructures prepared by the similar solvothermal method.
It can be seen that various nanostructures, such as TNCoPc
nanoballs and TNNiPc nanorods, can be successfully fabricated,
demonstrating the generality of the present method. We believe
such method may open new pathways to designing other organic
nanostructures for potential applications such as use in catalysis
and opto-electronic devices. Our related work is in progress and

will be published later.

Bl CONCLUSIONS

In summary, by using a solvothermal process, the TNCuPc
hierarchical hollow spheres were successfully fabricated. The
formation mechanism and the effects of reaction time were also
investigated. Furthermore, the hierarchical TNCuPc hollow
spheres exhibited not only high adsorption capacity, but also
excellent photocatalytic activities for RB under visible light. A
possible mechanism for the “phase transfer and in situ photo-
catalysis” was suggested. Also, it is expected that the TNCuPc
hierarchical hollow spheres with high photocatalytic activity will
greatly promote their industrial application to eliminate the
organic pollutants from wastewater.
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