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Abstract

Two novel metal phthalocyanines (Zn Tetra(butylformate-phenoxy)phthalocyanine
(ZnTBPP) and Zn Tetra(tert-butyl-phenoxy)phthalocyanine (ZnTTPP)) were synthe-
sized. Besides, TiO, nanorods (PN) are prepared through the hydrothermal method.
The synthesized metal phthalocyanines are used to sensitize TiO, nanoparticles
(P25) and PN. Then, four types of metal phthalocyanine-sensitized TiO, compos-
ite photocatalytic materials (ZnTBPP/P25, ZnTTPP/P25, ZnTBPP/PN and ZnTTPP/
PN) are obtained and characterized by methods of X-ray diffraction, scanning elec-
tron microscopy, nitrogen adsorption—desorption, Fourier-transform infrared spec-
troscopy, UV—Vis diffuse reflectance spectroscopy, fluorescence spectra and den-
sity-functional theory. At last, the photocatalytic degradation of thodamine B (RhB)
is taken as an example to study the photocatalytic activity of composite photocata-
lytic materials. The results show that the photocatalytic activity of the composite
photocatalytic material is stronger than that of TiO,. This is because in the photocat-
alytic process, the loading of metal phthalocyanine can expand the material’s pho-
toresponse range and enhance its light absorption performance. At the same time,
the metal phthalocyanine can optimize the energy-level structure of the material and
reduce the electron—hole recombination. Besides, we found that the photocatalytic
activity of nanorods is stronger than that of the nanoparticles because the nanorod
structure with a large specific surface area can not only increase metal phthalocya-
nine load, but also expose more active sites.
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Introduction

The over-exploitation of fossil fuels has brought about increasingly serious prob-
lems in energy depletion and environmental pollution [1, 2]. By applying the pho-
tocatalysis technology, solar energy can be directly adopted to degrade organic
pollutants, which has attracted scientists’ attention [3, 4]. Semiconductor photo-
catalysis technology has the advantages of high efficiency, low energy consump-
tion, simple operation, mild reaction conditions and no secondary pollution. The
technology can effectively convert organic pollutants into inorganic molecules [5,
6]. Among various semiconductor photocatalytic materials, TiO, gains favor by
virtue of its high catalytic activity, well-performed stability, low price and no tox-
icity to human body. It enjoys great potential in the circle of sewage treatment
and air purification [7-9].

The process of pollutant photodegradation can be generally divided into three
stages [10, 11]. Firstly, the photocatalytic material captures light energy to obtain
energy. Secondly, the photocatalytic material generates electron—holes by electron
transition. Finally, electron—holes are harnessed to conduct the redox reaction to
degrade organic pollutants [12—15]. There are still some drawbacks for TiO, to be
applied as a photocatalyst in the photocatalytic degradation of organic pollutants.
For example, TiO, can only absorb ultraviolet light. It means that TiO, can only
absorb and utilize 3% ~ 5% of the energy in solar spectrum [16—18]. TiO, has a
3.2 eV conduction-valence gap width and requires higher energy to generate elec-
tron—holes. A part of the generated electron—holes are used to conduct the redox
reaction. The other part are for carrying out the electron—cavity recombination
[19-21]. TiO, is small in particle size and high in surface energy. Hence, it can
easily agglomerate and fail to reach satisfactory specific surface area. Currently,
there are many ways to enhance the photocatalytic activity of TiO,, such as metal
mixing [22-24], dye sensitization [25, 26], and preparing lower-dimensional
morphology like nanorods, nanotube arrays, nanosheets and so forth [27, 28]. All
these studies work to enhance the photocatalytic activity of TiO, to some extent.
The research on the three stages of photocatalytic process has been conducted
to enhance the photocatalytic activity of TiO,, based on the defects of TiO,. A
method to optimize TiO, is applying the metal phthalocyanine dye-sensitized
TiO, nanorod. Metal phthalocyanine dye sensitizer is capable to enhance the
spectral absorption performance of photocatalyzed materials, but also optimize
the energy structure of photocatalyzed materials [29-31]. The photo-generated
electron—hole recombination of photocatalytic materials can be improved as long
as the peripheral groups of metal phthalocyanine dye sensitizers are modified [32,
33]. Moreover, lower-dimensional nanostructure, such as nanorods, nanotubes
and nanosheets, has larger specific surface area than nanoparticles. Meanwhile,
the dye loading capacity can be enlarged if these kinds of nanostructure expose
more active spots [34].

Metal phthalocyanine, as a type of organic dye sensitizer, possesses excep-
tional thermal and chemical stability. It shows a strong absorption ability in
ultraviolet and near infrared area. In addition, its structure is easy to modify.
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The recombined material obtained through metal phthalocyanine TiO, sensitiza-
tion can effectively enhance the light absorption performance of TiO, [35-37].
The large conjugated structure of metal phthalocyanine helps itself show bet-
ter energy-level structure and works well to match the energy-level structure of
TiO,. As a result, the problem of wide conduction-valence gap can be overcome.
Attaching specific functional groups for metal phthalocyanine can improve the
photocatalytic activity of composite materials to some extent. For example,
metal phthalocyanine attaches ester functional groups with dioxygen structure as
the anchored group, which can boost photo-sensitizer and TiO, to connect [38].
The attachment to electronic groups can optimize the energy-level structure of
composite materials [39].

In this paper, two types of metal phthalocyanines modified by two varied func-
tional groups (ZnTBPP and ZnTTPP) are synthesized. Besides, TiO, nanorods
are prepared by taking P25 as titanium through the hydrothermal method. The
synthesized metal phthalocyanine is used to sensitize TiO, nanoparticles (P25)
and TiO, nanorods (PN). Then, four types of metal phthalocyanine-sensitized
TiO, composite photocatalytic materials (ZnTBPP/P25, ZnTTPP/P25, ZnTBPP/
PN and ZnTTPP/PN) are obtained. The structure and performance of compos-
ite photocatalytic materials are characterized and analyzed. The XRD and SEM
are applied to analyze the crystal structure and morphology of composite pho-
tocatalytic materials. The UV—Vis diffuse reflectance spectroscopy is adopted
to analyze the light absorption performance of composite photocatalytic materi-
als. The fluorescence spectrum is used to study the electron—hole longevity of
composite photocatalytic materials. The density-functional theory is utilized to
analyze the energy-level structure of composite photocatalytic materials. At last,
the photocatalytic degradation of RhB is taken as an example to study the photo-
catalytic activity of composite photocatalytic materials.

Experimental
Materials and methods

All reagents and solvents are purchased through commercial channels and no
further purification is required before use. The 'HNMR of ZnTBPP and ZnTTPP
were performed on the spectrometer (Bruker Avance 400). The Rigaku X-ray
diffractometer (XRD, R-AXIS RAPID) and field emission scanning electron
microscopy (SEM, FEI NOVA NANOSEM 450) are applied to analyze the
crystal structure and morphology of photocatalytic materials. Other instrument
information is as follows: Fourier-transform infrared spectroscopy (FT-IR, Shi-
madzu-4800 s); spectro-photometer (UV-2300); UV-Vis diffuse reflectance
spectrometer (UV-Vis-DRS, Shimadzu-UV525); fluorescence spectrometer
(Hitachi FL-4500); and density-functional theory (DFT, Spartan 08 package).
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Synthesis of metal phthalocyanines ZnTBPP and ZnTTPP

The synthetic routes of the metal phthalocyanines are shown in Scheme S1 (Online
Resource). The synthesis routes of ZnTBPP and ZnTTPP. The detailed synthetic
procedures are as follows [40, 41]. The chemical structures of ZnTBPP and ZnTTPP

are shown in Fig. 1.
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Fig. 1 Chemical structures of ZnTBPP and ZnTTPP
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Zn Tetra(butylformate-phenoxy)phthalocyanine (ZnTBPP)

The ZnTBPP was prepared by a two-step method. The first step is to synthesize
4-(3,4-dicyano-phenoxy)-benzoic acid butyl ester (DPB). The butyl p-hydroxy-
benzoate (2.910 g, 0.015 mol) and K,CO; (2.000 g, 0.014 mol) was added to
DMF solution (30 ml). The mixture was slowly heated to 75 °C. The 4-nitroph-
thalonitrile (2.598 g, 0.015 mol) was added after stirring for 0.5 h with the pro-
tection of N,. The reaction was proceeded at 75 °C for 30 h with the protec-
tion of N,. Finally, mixture was poured into 200 ml ice water and stirred for
0.5 h and the solvent was removed under reduced pressure. A light green crys-
tal of DPB was obtained. The second step is that DPB (1.281 g, 4 mmol) and
(CH;C0O0),Zn (0.219 g, 1 mmol) was added in N-pentanol (40 ml). The mixture
was stirred for 0.5 h at 150 °C under N, protection. The reaction was proceeded
at 150 °C for 24 h with the protection of N, after adding DBU (2 ml) as a cata-
lyst. Finally, mixture was poured into methanol solution (50 ml) and the solvent
was removed under reduced pressure. Purification by silica gel column chroma-
tography (CH,Cl,/CH;COOC,Hs=4/1) afforded ZnTBPP as a green solid.

Yield: 58%. Mp:>300 °C. 'H-NMR (DMSO-d6, 400 MHz, ppm): 5=28.15
(d, 4H), 8.05 (m, 8H), 7.93 (d, 4H), 7.55 (m, 4H), 7.29 (m, 8H), 4.28 (t, 8H),
1.72-1.67 (m, 8H), 1.45-1.41 (m, 8H), 0.93 (t, 12H). FT-IR (KBr): v, cm™,
2931, 2350, 1703, 1600, 1479, 1251,1105, 950, 860, 736. UV-Vis (DMF) A,/
nm, 352, 608, 672.

Zn Tetra(tert-butyl-phenoxy)phthalocyanine (ZnTTPP)

The ZnTTPP was prepared by a two-step method. The first step is to synthesize
4-(4-tert-butyl-phenoxy)-phthalonitrile (BPP). The tert-butylphenol (2.253 g,
0.015 mol) and K,CO; (2.000 g, 0.014 mol) was added to DMF solution (30 ml).
The mixture was slowly heated to 75 °C. The 4-nitrophthalonitrile (2.598 g,
0.015 mol) was added after stirring for 0.5 h with the protection of N,. The
reaction was proceeded at 75 °C for 30 h with the protection of N,. Finally,
mixture was poured into 200 ml ice water and stirred for 0.5 h and the solvent
was removed under reduced pressure. A brown solid of BPP was obtained. The
second step is that BPP (1.104 g, 4 mmol) and (CH;COO),Zn (0.219 g, 1 mmol)
was added in N-pentanol (40 ml). The mixture was stirred for 0.5 h at 150 °C
under N, protection. The reaction was proceeded at 150 °C for 24 h with the
protection of N, after adding DBU (2 ml) as a catalyst. Finally, mixture was
poured into methanol solution (50 ml) and the solvent was removed under
reduced pressure. Purification by silica gel column chromatography (CH,Cl,/
CH;COOC,Hs=4/1) afforded ZnTTPP as a green solid.

Yield: 56%. Mp: > 300 °C. '"H-NMR (DMSO-d6, 400 MHz, ppm): =8.07 (d,
4H), 7.75 (d, 4H), 7.51 (m, 8H), 7.33 (m, 4H), 7.11 (m, 8H), 1.30 (s, 36H). FT-
IR(KBr): v, cm™!, 2935, 2350, 1600, 1483, 1240, 1199, 948, 831, 730. UV-Vis
(DMF) A, /nm, 353, 609, 670.

max’
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The preparation of TiO, nanorods

TiO, nanorods are prepared by taking P25 as titanium through the hydrothermal
method. 2.0 g of P25 was added to 60 mL NaOH (10 mol/L) under vigorous stirring
at room temperature for 4 h. Then, the mixture was transferred into a Teflon-lined
stainless steel autoclave and heated to 200 °C kept for 24 h. After cooling to room
temperature, the product is washed with distilled water until pH was at around 7.
The product is vacuum dried at 80 °C for 3 h. The dried product was added to 60 ml
HCI (0.1 mol/L) and stirred for 3 h. Then, the mixture was transferred into a Teflon-
lined stainless steel autoclave and heated to 180 °C kept for 24 h. Finally, the TiO,
nanorods were obtained by vacuum drying for 4 h.

Preparation of composite photocatalytic materials (ZnTBPP/P25, ZnTTPP/P25,
ZnTBPP/PN and ZnTTPP/PN)

Prepared two metal phthalocyanine-sensitized P25 composite photocatalytic materi-
als (ZnTBPP/P25, ZnTTPP/P25). Metal phthalocyanine 0.01 g (ZnTBPP, ZnTTPP)
and P25 (1.00 g) are dissolved in DMF (10 ml) and absolute ethanol (20 ml). The
mixture was stirred at room temperature for 3 h. Then, the mixture was transferred
into a Teflon-lined stainless steel autoclave and heated to 120 °C kept for 48 h.
Finally, the products were obtained by vacuum drying at 80 °C for 4 h. The prepara-
tion of ZnTBPP/PN and ZnTTPP/PN is the same as ZnTBPP/P25 and ZnTTPP/P25,
only P25 needs to be replaced with TiO, nanorod.

By measuring the UV—visible light absorbance of the solution before and after
adding P25 and TiO, nanorods, the loading amount of the metal phthalocyanine on
the photocatalytic material was calculated.

Photocatalytic degradation

The 15 mg of photocatalyst (P25, PN, ZnTBPP/P25, ZnTTPP/P25, ZnTBPP/PN and
ZnTTPP/PN) was added to RhB (50 ml, 5x 107> mol/L). The mixture was stirred in
the dark for 0.5 h. Then, the mixture is transferred to the sunlight simulator and con-
tinues to react for 1 h with 4 mL of the suspension suction every 6 min. The absorb-
ance of RhB after high-speed centrifugation is measured by UV—Vis spectro-pho-
tometer. The photocatalytic activity of each photocatalytic material can be obtained
by the variety of RhB UV—Vis absorbance.

Results and discussion
XRD analysis

The XRD measurement and analysis on P25, PN and composite photocatalytic
materials are conducted. As shown in Fig. 2, the peak values at 23.2°, 37.9°, 48.1°,
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Fig.2 XRD patterns of P25, PN and composite photocatalytic materials

54.0°, 55.2°,62.8°, 69.0°, 70.4° and 75.2° clearly represent the formation of anatase
crystals. The XRD peak broadening of anatase crystals shows that P25, PN and
composite photocatalytic materials are all nanoscale. Moreover, the metal phthalo-
cyanine loading has no impact on the crystal structure of composite photocatalytic
materials as metal phthalocyanine trace loads.

Analysis

The morphology and structure of P25, PN and composite photocatalytic materials
are analyzed through SEM. As shown in Fig. 3, the formation of nanorod structure
can be seen by comparing the SEM graphs of P25 and PN. Compared with easily
aggregated nanoparticles, nanorod structure has larger specific surface area, which
is conducive to metal phthalocyanine loading. The SEM graphs of four composite
photocatalytic materials are observed and analyzed. It is found that the morphology
and structure show no obvious change. Only the appearance turns rougher. The load-
ing amount of metal phthalocyanine is calculated through analyzing the UV—visible
absorption spectra of the preloaded and loaded solutions. The calculation process
and results are shown in Table S1 (Online Resource). In terms of the load capac-
ity, ZnTBPP/PN > ZnTTPP/PN >ZnTBPP/P25>7ZnTTPP/P25. The reason is that
the larger specific surface area of nanorods helps metal phthalocyanine loading.
Furthermore, compared with ZnTTPP, ZnTBPP has four ester groups peripherally,
which boosts the combination between metal phthalocyanine and TiO,. Greater
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1526 X.Zhou et al.

Fig.3 SEM a-f images of P25, PN, ZnTBPP/P25, ZnTTPP/P25, ZnTBPP/PN and ZnTTPP/PN

loading means more exceptional photocatalytic performance, which can be reflected
in the final photocatalytic degradation of RhB.

FT-IR analysis

The Fourier-transform infrared spectroscopy is utilized to analyze P25, PN and com-
posite photocatalytic materials. The results are shown in Fig. 4. Through the spec-
tra analysis, it shows that the characteristic absorption peaks of hydroxyl groups at
3420 cm™! and 1630 cm™! appear for P25 and PN. It indicates that hydroxyl groups
exist on the surface of TiO,. Furthermore, metal phthalocyanine appears at the C-H
stretching vibration characteristic peak at 2935 cm™' and at the ether symmetric
stretching vibration characteristic peak at 1240 cm™!. It means that metal phthalo-
cyanine successfully loads on P25 and PN.
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Fig.4 FT-IR spectra of P25, PN and composite photocatalytic materials

UV-Vis-DRS analysis

The UV-Vis diffuse reflectance spectroscopy is used to study the spectral absorp-
tion performance of P25, PN and composite photocatalytic materials in the range
of 200 nm to 800 nm. As shown in Fig. 5, P25 and PN have light absorption only
within 400 nm. But the two absorb at 550 nm-750 nm for the four composite pho-
tocatalytic materials. This indicates that metal phthalocyanine loading can extend
the photoresponse range of photocatalytic materials. Moreover, the characteristic
absorption peak of phthalocyanine appears at 670 nm for all four composite pho-
tocatalytic materials. This indicates that metal phthalocyanine completely loads on
TiO,. Hence, the metal phthalocyanine loading enlarges the light response range of
TiO, from ultraviolet area to ultraviolet—visible area, and enhances the light absorp-
tion performance of composite photocatalytic materials. As a result, the photocata-
Iytic performance of composite photocatalytic materials is strengthened.

BET analysis

The N, adsorption—desorption isotherm is an analytical method used to study the
specific surface area of a substance. It can be seen from Figure S6 (Online Resource)
that all six photocatalytic materials exhibit typical IV isotherm. The specific sur-
face areas of P25, PN, ZnTBPP/P25, ZnTTPP/P25, ZnTBPP/PN and ZnTTPP/PN
are 48.44 cm~>/g, 80.77 cm™>/g, 46.95 cm™/g, 47.44 cm~/g, 76.90 cm~/g and
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Fig.5 UV-Vis-DRS spectra of P25, PN and composite photocatalytic materials

77.11 ecm™3/g, respectively. The specific surface area of PN is significantly increased
compared with P25. A larger specific surface area is conducive to the adsorption
of metal phthalocyanine, which is verified in the adsorption capacity test results.
In addition, compared with P25 and PN, the sensitization of metal phthalocyanine
leads to a decrease in the specific surface area of the composite photocatalytic
material.

Fluorescence spectra analysis

The fluorescence spectra of P25, PN and composite photocatalytic materials are
used to conduct the characteristic analysis to study the impacts of metal phthalocya-
nine loading on the electron—hole longevity of composite photocatalytic materials.
From Fig. 6, it can be seen that the four composite photocatalytic materials all per-
form less strongly in absorption peaks. Electron—holes can be generated in photo-
generated materials under the light stimulation. Some of electron—holes are applied
to conduct the redox reaction for degrading organic pollutants, while the other part
are utilized to undergo the electron—hole recombination. The energy generated by
electron—hole recombination can be released in the form of light. Therefore, the
low-intensity fluorescence absorption peak represents the low-degree electron—hole
recombination. The results show that the metal phthalocyanine loading can weaken
the electron—hole recombination of photocatalyzed materials to a certain extent.
Thus, the photocatalyzed performance of composite photocatalyzed materials is
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Fig.6 Fluorescence spectra of P25, PN and composite photocatalytic materials

stronger than that of P25 and PN. Moreover, comparing the fluorescence spectra of
ZnTBPP and ZnTTPP loaded composite photocatalytic materials, the absorption
intensities of ZnTTPP/P25 and ZnTTPP/PN are higher than those of ZnTBPP/P25
and ZnTBPP/PN. The reason is that the electronic group tert-butyl on the periphery
of ZnTTPP can increase the fluorescence absorption. In comparison, the electron-
withdrawing group N-butyl formate on the periphery of ZnTBPP can scale down the
fluorescence absorption.

Density-functional theory analysis

It is to study the role of metal phthalocyanine loading on the energy-level structure
of composite photocatalytic materials and the electron transfer in composite pho-
tocatalytic materials during the photocatalysis. Density-functional theory (DFT) is
deployed to do the quantum chemistry calculation of ZnTBPP and ZnTTPP. Fig-
ure 7. The HOMO, LUMO and conduction-valence gap Eg of ZnTBPP and ZnTTPP
are calculated by DFT. As shown in Fig. 8, it can be seen that the conduction-
valence gaps of ZnTBPP and ZnTTPP are 2.16 eV and 2.13 eV, respectively. Both
values are smaller than that of TiO, (3.2 eV). The results indicate that ZnTBPP and
ZnTTPP can conduct electronic transition under sunlight prior to TiO,. The LUMO
values of ZnTBPP and ZnTTPP are —2.97 eV and —2.66 eV, respectively, which are
higher than that of TiO2 (—4.0 eV). The results indicate that the electrons produced
by ZnTBPP and ZnTTPP transition can be effectively transferred to TiO, conduction
band.
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Fig.7 The HOMO and LUMO energy-level structure of Zn'TBPP and ZnTTPP
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Fig.8 The energy-level structure diagrams of TiO,, ZnTBPP and ZnTTPP
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The electron transfer on composite photocatalytic materials during the photo-
catalytic process is studied and analyzed. Then is shown in Fig. 9. The sunlight
irradiation first induces the metal phthalocyanine to generate electrons through
the electronic transfer. Then, the electrons are transferred to TiO, conduction
band for reacting with O, in the air. HOO- and OH- with a high activity are gener-
ated, which continue to react and trigger the degradation of organic pollutants.

Photocatalytic activity

The photocatalytic activity of P25, PN and composite photocatalytic materials
is analyzed by the photocatalytic degradation of RhB under the sunlight simu-
lator. Figure 10 shows, It displays the photocatalytic efficiency of each photo-
catalytic material in the comparison of blank experiments. The results are in line
with the expected ones: ZnTBPP/PN >ZnTTPP/PN >ZnTBPP/P25 > ZnTTPP/
P25>PN>P25. In general, the photocatalytic activities of the four composite
photocatalytic materials are stronger than those of ordinary TiO,. Based on the
analysis of photocatalytic process, the reasons are summarized in three aspects.
Firstly, metal phthalocyanine loading improves the light absorption performance
of photocatalyzed materials. Secondly, the existence of metal phthalocyanine
weakens the electron—hole recombination of photocatalyzed materials. Finally,
the energy-level structure of metal phthalocyanine matches with TiO,, which
can optimize the energy-level structure of composite photocatalyzed materials to
some extent.

Moreover, the photocatalytic activities of ZnTBPP/PN, ZnTTPP/PN and PN
with ZnTBPP/P25, ZnTTPP/P25 and P25 are compared. It can be found that the
nanorod structure demonstrates exceptional performance compared with nanopar-
ticles. This is attributed to the large specific surface area of nanorod structure,
which can expose more active spots but also promote metal phthalocyanine load-
ing. Comparing ZnTBPP/PN and ZnTTPP/PN, ZnTBPP/P25 and ZnTTPP/P25, it
is found that the photocatalytic activity of loaded ZnTBPP is stronger than that
of ZnTTPP. This is probably because the existence of ester groups in ZnTBPP
enhances the electron transfer between metal gold phthalocyanine molecules and
TiO,.

—
LUMO l

Dye

Solar

HOMO

Fig. 9 The diagram of photocatalytic process
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Fig. 10 The photodegradation of RhB using different photocatalysts materials

Conclusions

In summary, the photocatalytic activity of the four composite photocatalytic materi-
als is stronger than that of TiO,. It shows that metal phthalocyanine-sensitized TiO,
nanorods can effectively improve the defects of TiO, and enhance its photocatalytic
activity. In the process of photocatalytic degradation of organics, the loading of
metal phthalocyanine can enhance the light absorption performance of the photo-
catalytic material, optimize the energy-level structure of the photocatalytic material,
and reduce the electron—hole recombination, thereby enhancing the photocatalytic
activity of the photocatalytic material. In particular, Zn'TBPP/PN has the strongest
photocatalytic activity among all photocatalytic materials. This is because PN has a
larger specific surface area than P25, which can increase the loading of metal phth-
alocyanine and expose more active sites. In addition, compared with ZnTTPP, the
presence of ester groups in ZnTBPP enhances the electron transfer between metal
phthalocyanine molecules and TiO,.Therefore, ZnTBPP/PN has the highest photo-
catalytic activity.
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