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This study reports a new method for photocatalysts to degrade organic dyes on organic semiconductors. A
novel strategy is reported to form TiO, nanorod (NR)/polydopamine (PDA) electrodes with a photoelectric
polymerization strategy for PDA (pep-PDA) to produce cocatalytic electrodes. Amperometric i—t curves and
UV-vis diffuse reflectance spectra were recorded and showed that compared with traditional self-
polymerization (sp-PDA) and electropolymerization (ep-PDA), TiO, NR/pep-PDA exhibited an enhanced
photocatalytic activity under visible light. As expected, TiO, NR/pep-PDA showed a significant
improvement for the degradation of methylene blue (MB) under visible light, which can be attributed to

Received 4th March 2020 . . L . . .
Accepted 19th June 2020 the strong absorption of PDA in the visible light region and the more complete and uniform coverage of
the TiO, NRs by the pep-PDA film. This study not only proposes a novel and highly efficient way to load

DO 10.1039/d0ra02076a PDA on TiO, NRs but also provides useful insights for the loading of other photocatalysts on organic
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Introduction

Currently, a shortage of global fresh water resources and
a deterioration of water quality have become universal prob-
lems.™* An urgent need for clean water resources has led to
a continuous development of advanced water-treatment tech-
nologies. There are many advanced physical and chemical
technologies for water pollution treatment, such as adsorption,
filtration, reverse osmosis, electrocatalysis, and photo-
catalysis.*” However, these methods have their own limitations,
such as high energy consumption and incomplete processing.®
Fortunately, the increase in research on conductive polymer
nanomaterials has presented the possibility for catalysis and
adsorption to be applied together in water treatment.>*®

In recent years, semiconductor photocatalytic technology has
shown great potential in water treatment as an environmentally
friendly, stable, and inexpensive treatment method." Rutile TiO,
nanorod arrays (NRs) are widely used as semiconductor catalysts
with high catalytic activity and thermodynamic stability.">™**
However, the wide band gap (3.02 eV) of rutile TiO, means it only
works under high-energy (UV) light, which is not conducive to the
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semiconductors to degrade organic dyes.

economic viability of the material. Polydopamine (PDA) is a highly
effective sensitizer that can significantly improve the photo-
catalytic activity of rutile TiO, under visible light.*>*® In addition,
the PDA coating has also proven to be an excellent adsorbent for
methylene blue (MB)."” The methods for forming a PDA coating on
TiO, NRs include water bath self-polymerization,'® electro-
chemical polymerization,'® and photopolymerization.'> However,
we found in experiments that self-polymerization and electro-
chemical polymerization produced nonuniform PDA coatings on
the TiO, NR surfaces, which was not conducive to MB adsorption
and degradation. Furthermore, traditional PDA photo-
polymerization requires at least 6 h to uniformly cover the surface
of TiO, NRs, which is not useful when searching for a rapid and
inexpensive synthesis of the required materials.

Based on these considerations, we report a method to induce
the uniform polymerization of PDA on the surface of TiO, by
constructing a photoelectrocatalytic system. By introducing UV
light into the traditional electropolymerization process, the PDA
could evenly cover the surface of TiO, NRs in 1 h under a bias
voltage of 0.2 V, which is 6 times shorter than the traditional
photopolymerization time. As expected, compared to self-
polymerization (sp-PDA) and electropolymerization (ep-PDA),
synergistic photoelectric co-catalysis polymerization PDA (pep-
PDA) on the TiO, NR surface has a higher adsorption capacity
and stronger catalytic performance for MB. This synergistic
method for the photoelectric co-catalysis polymerization of PDA
can not only quickly form a film on the surface of a semi-
conductor material but can also cover the electrode surface
uniformly and completely. This provides potential for the
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industrial applications of TiO, NR/pep-PDA in the photo-
catalytic degradation of organic dyes.

Experiment
Preparation of rutile TiO, NRs

Before the hydrothermal reaction started, half of the area of the
FTO was wrapped with green tape and then sequentially soni-
cated for 20 min in isopropyl alcohol, acetone, ethanol, and
pure water. Next, 10 mL of pure water, 10 mL of hydrochloric
acid (12 M), and 1 mL of titanium isopropoxide were placed in
a beaker and stirred for 60 min to form a TiO, precursor solu-
tion. Subsequently, the stirred precursor solution and the pro-
cessed FTO were transferred to a reaction kettle and
hydrothermally treated at 160 °C for 200 min. After the reaction
was cooled to room temperature, the FTO samples in the reac-
tion kettle were collected and sequentially washed with acetone,
ethanol, and pure water. Then, they were dried at room
temperature. Finally, the dried samples were placed in a muffle
furnace and annealed at 550 °C for 180 min at a temperature

increasing rate of 2.5 °C min ™.

Preparation of the TiO, NR/pep-PDA electrode

PDA was uniformly and completely grown on the surface of the
TiO, NRs by introducing light during the electropolymerization
(bias 0.2 V) process. Briefly, 400 mg of a dopamine (DA)
hydrochloride solution was added to 100 mL of PBS (pH = 6.0)
solution as an electrolytic solution. In a quartz glass beaker,
a three-electrode system (Pt counter electrode and Ag/AgCl
reference electrode; Zahner Zennium, Germany) was used to
simulate the electropolymerization environment, and the
working electrode was irradiated with a low-power UV light
(30 W, 365 nm) source for 60 min. To facilitate comparisons,
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a self-polymerized (90 °C, 240 min) TiO, NR/sp-PDA electrode
and an electropolymerized (0.8 V, 60 min) TiO, NR/ep-PDA
electrode were prepared with the same content of dopamine
hydrochloride.

Adsorption of methylene blue

The prepared TiO, NR/pep-PDA electrode and 30 mL of an MB
solution (0.1 mg mL ') were put into a beaker and stirred at
a low speed for 360 min in darkness. The MB concentration in
the supernatant was measured every 60 min using a UV-visible
spectrophotometer. The initial absorbance was expressed as C,
and the absorbance during the adsorption process was
expressed as C, so (Cy — C)/C, could approximate the adsorption
efficiency. In addition, the TiO, NRs, TiO, NR/sp-PDA, and TiO,
NR/ep-PDA electrodes were tested for absorbance by the same
method. The above experiments were performed three times to
evaluate the error of the experimental data.

Photocatalytic degradation of methylene blue

The prepared TiO, NR/pep-PDA electrode and 30 mL of the MB
solution were placed in a round Petri dish and exposed to visible
light (420-780 nm) under vertical irradiation for 180 min. The
MB concentration in the supernatant was measured every
30 min using a UV-visible spectrophotometer. The initial
absorbance was expressed as V,, and the absorbance during the
adsorption process was expressed as V, so (V, — V)/V, could
approximate the degradation efficiency. In addition, the TiO,
NRs, TiO, NR/sp-PDA, and TiO, NR/ep-PDA electrodes were
tested for absorbance by the same method. The above experi-
ments were performed three times to evaluate the error of the
experimental data.

Fig. 1 Schematic of the photoelectrocatalytic polymerization of PDA on the surface of the TiO, NR electrode.
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Results and discussion
Preparation and characterization

The preparation process of the TiO, NR/pep-PDA is shown in
Fig. 1. According to the previously reported classical method,*
TiO, NRs were grown on FTO by a hydrothermal reaction using
titanium isopropoxide hydrochloride as a precursor. The
washed and calcined TiO, NR electrodes were placed in an oven
to dry. Then, the prepared TiO, NR electrode was placed in a DA
solution (quartz beaker, pH = 6.0) and connected to a Pt elec-
trode and a reference electrode through an electrochemical
workstation. After the electropolymerization system was set up,
the voltage was set to 0.2 V and low-power UV light was used to
irradiate the conductive surface of the electrode. It is known
that TiO, NR electrodes can generate a large number of holes
and electrons under UV light. However, due to the high
photoelectric recombination efficiency, the actual number of
holes and electrons is much lower than the theoretical value,
which results in a low efficiency of photopolymerized PDA.
Fortunately, when an electrical circuit is introduced during
photopolymerization, a large amount of holes will be left on the
surface of the TiO, NR electrode because electrons are

View Article Online
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transported to the counter electrode; thus, the above improves
the polymerization efficiency of PDA.

To investigate the uniformity of the PDA films formed by
different polymerization methods, all the electrodes were
characterized by SEM. Fig. 2(a) shows a top-view SEM image of
the TiO, NRs, Fig. 2(b) shows a side-view SEM image of the TiO,
NRs. TiO, showed a regular nanorod array structure, and the
membrane structure was not found on the surface. Fig. 2(c)
shows the SEM image of the TiO, NR/sp-PDA. The PDA film was
irregular on the surface of the TiO, NRs and was not well
distributed because DA preferentially grows where the PDA
aggregates during self-polymerization.” As shown in Fig. 2(d),
the electropolymerized PDA films were stratiform and relatively
more distributed on the surface of the TiO, NRs compared to
those prepared with the self-polymerization method. The
potentials on the surface of the TiO, NR electrode were different
after being energized, which was caused by the crystallinity and
size difference between each nanorod.* Fig. 2(e) shows an SEM
image of the TiO, NR/pep-PDA electrode. Unlike sp-PDA and ep-
PDA, the pep-PDA film was evenly distributed on the surfaces of
the TiO, NRs. The combination of light and electricity caused
a large number of holes to accumulate on the surface of each

Fig.2 Top-view SEM images of: (a) TiO, NRs, (c) TiO, NR/sp-PDA, (d) TiO, NR/ep-PDA, and (e) TiO, NR/pep-PDA. Side-view SEM images of (b)

TiO2 NRs. EDS mapping image of (f) TiO, NR/pep-PDA.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 3D, 2D images and height profile of the TiO, NRs (a—c) and TiO, NR/pep-PDA (d—f) electrode generated from atomic force microscopy

(AFM) analysis.

TiO, NRs. These photogenerated holes decomposed water to
generate a large number of free radicals, thereby initiating the
highly efficient polymerization of DA. In addition, the reason for
the different thicknesses of the PDA film is that each nanorod
was different from each other, so the catalytic efficiency of each
place of the nanorod array was also different. To further
demonstrate that the PDA film was effectively loaded on the
surface of the TiO, NRs, EDS mapping characterization of the
TiO, NR/pep-PDA (Fig. 2(e) white dotted area) was performed
(Fig. 2(f)). Large and uniform amounts of C and N were
distributed around Ti and O, which proved that the PDA film
was uniformly loaded on the surface of the TiO, NRs.

Based on previous reports investigating the effect of the PDA
layer on the roughness of TiO,, we expected that the roughness
of our synthesized TiO, NR/pep-PDA would be lower than that
of TiO, NRs. The successful loading of PDA could significantly
improve the roughness of materials with uneven structures. The
AFM images of TiO, NRs (Fig. 3(a-c)) and TiO, NR/pep-PDA
(Fig. 3(d-f)) and the roughness evaluation data are shown in
Fig. 3. It can be easily seen from Fig. 3(a and d) that the elec-
trode roughness after loading the PDA was significantly
reduced. Fig. 3(c and f) show the roughness data of the elec-
trode, where TiO, NR/pep-PDA was much smaller than TiO,

26136 | RSC Adv, 2020, 10, 26133-26141

NRs, which shows the uniform loading of the PDA on the
electrode surface.

Comparison of the catalytic activities of the TiO, NR/PDA
electrodes under different polymerization conditions

Fig. 4(a) shows the XRD patterns of the TiO, NR/PDA electrodes
under different polymerization conditions. All the peaks in
Fig. 4(a) are typical peaks of rutile TiO, (PDF#21-1276) and FTO
(PDF#46-1088), which shows that the polymerization mode of
PDA did not affect the TiO, NRs and did not introduce other
impurities. The catalytic effect comes from the TiO, NRs and
PDA. After 6 cycles of degradation, the crystal form and peak
intensity of TiO, did not change much, indicating the stability
of the TiO, NR/pep-PDA electrode.

UV-vis diffuse reflectance spectroscopy was applied to
analyze the photoelectric response characteristics of the TiO,
NR/PDA electrodes under different polymerization conditions.
As shown in Fig. 4(b), pure TiO, had edge absorption at wave-
lengths lower than 420 nm. Compared with pure TiO,, the
spectra of TiO, NR/sp-PDA and TiO, NR/ep-PDA were enhanced
in the visible region, which was attributed to the strong
absorption of PDA in the visible region.”*?* Compared with TiO,
NRs/sp-PDA, the spectrum of TiO, NR/ep-PDA was significantly

This journal is © The Royal Society of Chemistry 2020
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(a) XRD patterns of the TiO, NR/PDA electrodes under different polymerization conditions and after degradation. (b) UV-vis diffuse

reflection spectra and (c) amperometric i—t curve responses of the TiO, NR/PDA electrodes under different polymerization conditions. (d)
Electrochemical impedance spectroscopy (Nyquist plots) of TiO, NRs and TiO, NR/pep-PDA in the light. (e) Photoluminescence (PL) spectra
under 280 nm excitation at room temperature. (f) PL decay spectra of TiO, NRs and TiO, NR/pep-PDA.

enhanced in the visible light region, which may be due to it
having a more regular morphology and a more appropriate
degree of PDA polymerization. It is worth noting that the
spectrum of TiO, NR/pep-PDA had the strongest absorption in
the visible light region, and the absorption band edge had
a significant redshift, which indicates that pep-PDA plays a vital
role in improving the visible light utilization of TiO, NRs.

To further understand the photocatalytic activity advantages
of the TiO, NR/pep-PDA electrodes, instant photocurrent

This journal is © The Royal Society of Chemistry 2020

measurements of the electrodes prepared with different poly-
merization methods were obtained by irradiation with visible
light. Fig. 4(c) shows the amperometric i-t curve responses of
the different electrodes. The photocatalytic activity essentially
corresponds to the magnitude of the photocurrent."*?¢ This is
because the essence of photocatalysis is a redox reaction that is
initiated by holes or electrons on a photoactive surface.””**
Therefore, to a certain extent, a high photocurrent can also
represent an increase in catalytic activity. As seen from Fig. 4(c),

RSC Adv, 2020, 10, 26133-26141 | 26137
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(a) Adsorption efficiency of different electrodes in MB solution. (b) MB adsorption PL spectra of TiO, NRs/pep-PDA under visible light

irradiation. (c) Histogram of the adsorption efficiency at 360 min. (d) Degradation efficiency of different electrodes to MB solution. (e) MB
degradation PL spectra of TiO, NR/pep-PDA under visible light irradiation. (f) Histogram of the adsorption efficiency at 180 min.

the photocurrent of the TiO, NR/pep-PDA electrode was much
larger than that of the other electrodes, even 10 times that of
pure TiO,. Therefore, pep-PDA was the most effective method
for PDA loading.

As shown in Fig. 4(d), the prepared TiO, NR/pep-PDA elec-
trodes were characterized via EIS measurement, which is
a powerful strategy for detecting photoelectrons and the elec-
tron-hole separation efficiency, as well as the charge-transfer
resistance of TiO, NR/pep-PDA electrodes. The radius of the
semicircle in the EIS Nyquist plot was similar to the R of the
fabricated biosensor. Compared with the TiO, NRs, the TiO,
NR/pep-PDA electrodes exhibited a smaller semicircle radius,
higher charge-transfer efficiency, and lower R, in the same
frequency range in the presence of light.*

Photoluminescence (PL) emission spectroscopy, which
measures the irradiative recombination of electrons and holes,
is a useful method to elucidate the migration and separation
behavior of charge carriers in photocatalysts. We therefore
measured the PL spectra for both TiO, NRs and TiO, NR/pep-
PDA. The TiO, NR spectrum showed an intense and wide
emission peak at about 450 nm (Fig. 4(e)). Compared to TiO,
NRs, the PL emission intensity of TiO, NR/pep-PDA was much
lower, indicating the increased charge separation and transfer
in TiO, NR/pep-PDA.

In order to prove that the PDA introduced in TiO, could
promote the separation of photogenerated electrons and holes,
the photogenerated electron lifetimes of the two electrodes were

26138 | RSC Adv, 2020, 10, 26133-26141

analyzed by time-resolved fluorescence spectroscopy (Fig. 4(f)).
The fluorescence decay kinetics indicated that TiO, NR/pep-
PDA had a longer average fluorescence lifetime, while the
significantly increased average fluorescence lifetime indicated
that the presence of PDA could effectively promote the separa-
tion of photogenerated electrons and holes.

MB adsorption efficiency of the TiO, NR/PDA electrodes
prepared with different polymerization methods

Adsorption is also a method for treating organic pollutants.
Good adsorption can assist the photoelectrode in degrading
organic pollutants. Therefore, the TiO, NR/PDA electrodes
produced with different polymerization methods were tested for
their MB adsorption efficiency in solution. Fig. 5(a) shows the
MB adsorption efficiencies of the different electrodes. It can be
easily observed that the MB adsorption efficiency on the
adsorbent increased rapidly in the initial stage, but then, the
subsequent growth rate gradually slowed down. This result can
be attributed to the fact that in the initial stage, the adsorbent
has a large number of surplus adsorption sites, so it can quickly
adsorb a large number of MB molecules. Then, over time, the
number of adsorption sites decreases, and MB molecules on the
adsorbent will also repel free MB molecules in the solution. The
experimental results are thus the same as expected. The TiO,
NR/pep-PDA electrode with a large area of PDA had the highest
adsorption efficiency compared to that of the other two elec-
trodes at the same time.

This journal is © The Royal Society of Chemistry 2020
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180 min. (c) Photocatalytic mechanism of the TiO, NR/pep-PDA electrode to MB under visible light. (d) Effect of some scavengers on the
photodegradation of MB. (e) Effect of hydroxyl radicals on the MB degradation of the TiO, NR/pep-PDA electrode. (f) Universality of the TiO, NR/

pep-PDA electrode for the degradation of organic pollutants.

MB degradation efficiencies of the TiO, NR/PDA electrodes
prepared with different polymerization methods

Fig. 5(d) shows the visible light catalytic performance of the four
different electrode materials for MB. The TiO, NR/pep-PDA
electrode, in the absence of a cocatalyst, showed enhanced
visible light catalytic performance for MB, and the degradation
efficiency reached 76% in 180 min. Compared with the other
three electrodes, the degradation rate of TiO, NR/pep-PDA was

This journal is © The Royal Society of Chemistry 2020

stable, and there was no rapid growth in the early stage or slow
growth in the late stage. The reason for this may be that the
degradation efficiency was limited by the electrode area.***' In
addition, with increasing time, the degradation efficiency of
TiO, NR/ep-PDA began to decrease compared to that of TiO,
NR/sp-PDA after 75 min. The reason for the above reverse trend
may be that the TiO, NR/ep-PDA electrode had poor diffusibility
in low-concentration MB solutions.
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Considering that long-term cycle durability is one of the
most important properties of photocatalysts, a stability evalu-
ation of the TiO, NR/pep-PDA electrode was performed. As
shown in Fig. 6(a), after 6 cycles and up to 1080 min of
measurement, the TiO, NR/pep-PDA electrode still retained
81% of its catalytic performance when compared to the first
cycle, which indicated that the prepared electrode had high
stability. TiO, is a light and stable material, which can ensure
that the catalytic ability does not significantly decrease after
long-term light exposure.**** Similarly, benefitting from the
pep-PDA polymerization method, the uniform loading of PDA
on the surface of TiO, is also one of the reasons for the overall
performance of the stable material. Therefore, the photo-
electrocatalytic polymerization of PDA is a promising method.

At present, it is generally accepted that the mechanism of
degrading organic pollutants is that the free radicals generated
by the photocatalytic decomposition of water react with the
target molecules. Therefore, the presence of H,0, is beneficial
to the photocatalytic degradation process because it can be
reduced by photogenerated electrons to increase the rate of free
radical formation. In addition, the consumption of photo-
generated electrons by H,O, reduces the recombination rate of
electron holes and further improves the catalytic activity of the
electrode itself (Fig. 6(c)).

To understand the photocatalytic degradation mechanism
and the active species involved in the degradation of MB,
trapping experiments using various scavengers were investi-
gated. The prepared TiO, NRs/pep-PDA catalyst was used to
degrade MB after the incorporation of different scavengers.
Fig. 6(d) shows that after the addition of KI and KBrOs,
a dramatic decrease in the photodegradation efficiency was
observed, indicating that both holes and electron plays a crucial
role in the degradation of MB. In addition, we further studied
the effect of the addition of H,O, (5 mM) on the degradation
efficiency. As shown in Fig. 6(e), the final degradation efficiency
of the TiO, NR/pep-PDA electrode under visible light was 75.6%,
while the degradation efficiency reached 88.2% after adding
H,0,. This result shows that H,0, can effectively improve the
degradation rate and efficiency of photocatalysts for organic
pollutants.

In order to verify the universality of the prepared electrode A,
catalytic degradation experiments were carried out on methy-
lene orange (MO), Congo red dye (CR), and ofloxacin (OFX)
respectively. Fig. 6(f) shows the visible light catalytic perfor-
mance of the four different electrode materials for MB, MO, CR,
and OFX. The TiO, NR/pep-PDA electrode demonstrated
enhanced visible light catalytic performance for MB, MO, CR,
and OFX, and the degradation efficiency reached more than
73% in 180 min. It is worth noting that the degradation effi-
ciency of organic dyes by electrode A was greater than for anti-
biotics, which shows that the prepared electrode was more
suitable for the treatment of water pollution.

Conclusions

In summary, we successfully developed a new photoelectric
polymerization strategy for PDA (pep-PDA) to quickly construct
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cocatalytic TiO, NR/pep-PDA electrodes. Compared with the
TiO, NR/self-polymerization (sp-PDA) and TiO, NR/
electropolymerization (ep-PDA) electrodes, the TiO, NR/pep-
PDA electrode had a uniform and complete PDA film, and it
exhibited high efficiency in conveniently degrading MB. The
enhanced photocatalytic degradation ability was attributed to
the surface of the TiO, NRs being loaded with a more complete
and uniform PDA film. In addition, the presence of H,O, could
effectively improve the degradation rate and efficiency of the
photocatalysts to organic pollutants, which was attributed to
the fact that H,O, as an electron acceptor could not only
improve the photocatalytic activity of the electrode but could
also increase the rate of free radical generation. This study
provides a new strategy for PDA loading on photocatalysts, and
TiO, NR/pep-PDA has the potential to be applied in industrial
wastewater treatments.
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