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A self-assembled perylene diimide (SA-PDI) film was prepared on an indium-tin-oxide (ITO) substrate
and acted as a photoanode for the photoelectrocatalytic (PEC) degradation of some emerging contami-
nants under visible light irradiation (k > 420 nm) and applied voltage. Due to the synergistic effect, the
photocatalytic degradation rate by the SA-PDI film under visible light irradiation and an applied voltage
of 2.1 V was 2.72 times and 14.5 times those of the PC and EC processes, respectively. The visible light
irradiation not only generated a promoting effect on electrocatalytic (EC) oxidation at potentials above
1.2 V but also generated many more h+ for promoting the electrocatalytic oxidation of phenol.
Furthermore, an applied voltage above 1.2 V could effectively improve the separation rate of electrons
from the SA-PDI electrodes to the Pt electrodes, and then, much more �O2

� and �OH could be generated
for improving the photocatalytic (PC) oxidation efficiency. Therefore, the h+, �OH and �O2

� could improve
the synergistic effect of phenol oxidation during the PEC process. Moreover, the SA-PDI film appeared to
have satisfactory stability in the PEC process. The SA-PDI film was also proven to be effective for two
other contaminants, namely, 2,4-dichlorophenol, and ciprofloxacin.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Coking wastewater contains many poisonous substances, such
as polycyclic aromatic hydrocarbons, volatile phenol and other
heterocyclic compounds. It is generated from coal gas purification
and coal coking [1]. These poisonous substances are mutagenic,
carcinogenic and refractory. They could cause harmful pollution
problems and lead to the serious toxicity of coking wastewater
to the entire world [2]. More seriously, phenolic compounds have
exhibited low biodegradability. Therefore, the phenolic com-
pounds discharged into natural water could pose a harmful and
persistent threat to our human health. In many industrial enter-
prises, phenol is a common by-product and intermediate chemical
material. Since it is a strong irritant and highly toxic, phenol is con-
sidered to be a priority pollutant and needs to be controlled. Tradi-
tional methods such as extraction, biological treatment and
chemical oxidation have been used to purify the phenolic wastew-
ater [3–8]. All of them have a large energy consumption, low min-
eralization or secondary pollution. These defects have limited their
use in practical applications. Thus, there is an urgent goal to
develop some new methods for phenol degradation.

Photocatalysis (PC) has been widely used in organic contami-
nant degradation in the last 20 years [9–11]. The photocatalyst
can produce some highly active species under light irritation. The
active species could be used to oxidize some phenolic compounds
at ambient temperature and pressure. At the same time, PC is low-
cost, environmentally friendly and highly efficient [12]. However,
PC also has some shortcomings such as its low utilization of solar
energy and rapid recombination of h+ and e�, which limit its pho-
tocatalytic degradation efficiency [13]. Moreover, the powder cat-
alyst is very difficult to separate and recycle from the water [14].

With the increasing demand for clean energy and the growing
problem of water pollution, the photoelectrocatalytic (PEC) tech-
nique has been regarded as a promising approach for the effective
removal of refractory pollutants due to the fast separation of
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charge carriers conducted by applying an external potential
[15–22]. The most investigated photoanode material is TiO2. It
can utilize ultraviolet light to achieve the efficient degradation of
various organic pollutants [23–25]. To make the most of the solar
light, more visible-light-responsive semiconductors such as WO3

[26], BiVO4 [27–29], and Fe2O3 [30] have been developed.
However, most of the semiconductors were inorganic semiconduc-
tors or contain metallic elements, which are difficult to degrade.
Therefore, to address this problem, developing suitable organic
semiconductors has become a major obstacle for the practical
application of the PEC process.

In recent years, our group had performed much research on
organic semiconductor materials. Especially, a perylene diimide
(PDI) supramolecular organic photocatalyst that acted as a special
n-type nanomaterial was formed through the self-assembly of PDI
molecules. Due to the high charge carrier mobility and electron
affinity, it could be widely used in the degradation of organic pol-
lutants under visible light irradiation [31–35]. Some significant
methods such as copolymerization [36], doping [37], supermolec-
ular assembly [33], and surface heterojunction design [38–40]
have been reported for increasing the catalytic activity. Although
PDI has excellent visible light absorption compared with other
photocatalysts, it is difficult to achieve effective degradation and
deep mineralization for phenol using the pure photocatalyst.
Therefore, the photocatalysis of PDI nanomaterials could be com-
bined with electrochemical oxidation to enhance the catalytic
activity of PDI. This synergistic photoelectric effect is beneficial
to enhance the degradation of phenol.

In the present work, the self-assembled PDI (SA-PDI) electrode
was synthesized in two simple steps. First, the bulk perylene dii-
mide (PDI) was dissolved in alkaline solution and then self-
assembled in the acidic solution to obtain a PDI nanowire. Then,
the PDI nanomaterials were immobilized onto the ITO substrate
and formed the SA-PDI electrode. The formation of the SA-PDI film
significantly promoted the separation of the photogenerated hole-
electron pairs under visible light irradiation (k > 420 nm) and
applied voltage. Phenol, a strong irritant and highly toxic organic
contaminant, was chosen as the target pollutant to investigate
the PEC activity of the SA-PDI electrode (Scheme 1). At the same
time, the enhanced mechanism of the degradation process has also
been discussed.
2. Experimental

All chemicals were analytical-grade reagents and purchased
from the Aladdin Chemical Reagent Co., Ltd. The indium-tin-
oxide (ITO) glass was purchased from the China Southern Glass
Scheme 1. (Color online) Schematic illustration of PDI films
Co., Ltd. The size of the ITO was 20 mm � 40 mm, and the thickness
was 1.1 mm. The resistance of the ITO sheet was 22X/square.
2.1. Preparation of electrodes

The bulk PDI and PDI nanomaterials were obtained by the
reported method, which is elaborated in the supporting document.

The SA-PDI electrodes were prepared through the dip coating
method. In brief, a certain quality of as-synthesized PDI nanowire
was dissolved in 5 mL of ethanol with strong stirring for 30 min.
Then, the slurry was coated onto the 20 mm � 40 mm ITO glass
electrode. The prepared SA-PDI electrode was conducted at
120 �C for 2 h. Finally, half of the PDI nanomaterial on the ITO glass
was removed leaving an approximately 20 mm � 20 mm PDI film
on the ITO glass. The as-synthesized electrode was washed with
pure water and dried before use. The obtained electrode was
denoted as a SA-PDI film. The bulk PDI was also used to prepare
an electrode through the above-methods and denoted as a B-PDI
film.
2.2. Characterization

The morphology of the as-synthesized electrode was researched
by transmission electron microscopy (TEM, Hitachi HT7700) and
scanning electron microscopy (SEM, Hitachi SU-8010). The UV–
Vis diffuse reflection spectra (UV–Vis/DRS) of the samples were
investigated by a UV–Vis spectrophotometer (Hitachi U-3010).
The chemical state and elemental composition of the obtained
electrode were tested by X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI, Quantera). A Perkin-Elmer LS55 spectrophotometer
was used to record the fluorescence spectra of the films. The main
active species during the PC, EC, and PEC processes were detected
by electron paramagnetic resonance spectrometry (EPR, JES-
FA200). A Bruker V70 spectrometer was applied to measure the
Fourier transform infrared (FT-IR) spectrum of the PDI nanowire.
The visible light was provided by a 500W xenon lamp
(k > 420 nm, Institute for Electric Light Sources, Beijing). The pho-
toelectrochemical tests were studied using a three-electrode sys-
tem, which included a saturated calomel electrode (SCE),
working electrode (as-prepared film electrodes), and counter elec-
trode (Pt wire). The electrolyte solution was 0.1 mol/L Na2SO4. The
frequency range in the electrochemical impedance spectra (EIS)
tests was 0.1–100,000 Hz. The potential range of 0–1.3 V was
applied in the cyclic voltammetry (CV) scans, for which the scan
rate was 0.1 V/s. The photoluminescence (PL) spectra of the SA-
PDI and B-PDI were tested and compared under an excitation
wavelength of 600 nm.
with highly phenol degradation under the PEC process.
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2.3. Photoelectrocatalytic degradation of phenol

The degradation processes were tested using the abovemen-
tioned three-electrode system. The pH of the electrolyte was regu-
lated by phosphate buffered solution (PBS, 0.1 mol/L). Phenol was
the degradation molecular probe. The visible light was obtained
from a 500W xenon lamp equipped with a 420 nm cut-off filter.
The average light intensity was 35 mW/cm2. A potential range of
0–2.4 V was employed for the PEC study.

2.4. Analytical methods

The concentration of phenol during the PEC process was
detected by HPLC with a UV absorbance detector at 270 nm (Agela
Technologies Inc.). The reversed phase column was a Venusil XBP-
C18. The mobile phase was CH3OH and H2O (55:45, v:v), for which
the flow rate was 1 mL/min. The experimental methods in the EC
and PC processes are the same as those described above without
the applied voltage or visible light.
3. Results and discussion

3.1. Morphology and structure

The morphologies of as-prepared Bulk PDI and self-assembled
PDI nanowire were observed by TEM (Fig. 1c and f). The length
of the PDI nanowire was 100–300 nm, and the diameter was
approximately 20 nm (Fig. 1f). Fig. 1a and d shows the SEM images
of the B-PDI film and SA-PDI film, respectively. It can be seen that
the SA-PDI film was much denser and smaller than the B-PDI film,
which could improve the contact surface between the self-
assembled PDI and the pollutant. The thickness of the film was
nearly 200 nm (Fig. 1b and e).

The FT-IR spectroscopy was used to confirm the functional
groups of the prepared PDI nanowires (Fig. S1a online). The FT-IR
data of the PDI nanowires showed that peaks at 1,652 and
1,688 cm�1 belonged to the C@O stretching, indicating the ketone
functionalities in the perylene diimide molecular structure and
carboxyl structure. The stretching vibration at 1,590 cm�1 could
Fig. 1. (Color online) Top-view SEM images of B-PDI (a) and SA-PDI (d) films; the side-vie
and the PDI nanowires (f).
be attributed to the r C@C groups from the aromatic carbon skele-
ton. Correspondingly, the Raman spectra of bulk PDI and the self-
assembled PDI nanowire exhibited peaks at 1,394 and
1,590 cm�1, respectively (Fig. S1b online) [41]. It is hard to observe
the difference between the PDI nanowire and bulk PDI. These
results, along with the FT-IR spectroscopy analysis, confirmed that
the structure of the PDI nanowire was similar to that of bulk PDI.
The crystalline phase of the obtained films was identified by X-
ray diffraction (XRD) technology (Fig. S1c online). In addition,
The PDI nanowire had a high degree of crystallinity and small d-
spacing for p-p stacking, which is expected to benefit the migra-
tion of charge carriers [41]. Furthermore, the XPS spectra
(Fig. S1d online) were also employed to analyse the groups in
detail. The narrow spectra of O 1s, C 1s and N 1s analyses further
confirmed that multiple functional groups were shown on the sur-
face of the PDI nanowires (Fig. S2 online).

3.2. Optical properties

Fig. S3 (online) shows the UV–Vis/DRS spectra of the SA-PDI and
B-PDI films. It was found that the absorption edge of the SA-PDI
film was wider than that of the B-PDI film. The obvious redshift
indicated that the SA-PDI film might exhibit superior PEC perfor-
mance. The Tauc plot could be used to estimate the band gap ener-
gies of the B-PDI and SA-PDI films (Eq. (1)):

ahvð Þ2 ¼ A hv � Eg
� �

; ð1Þ
where, a is the absorption coefficient, hv is the photon energy and A
is a constant. Therefore, the band gap energies (Eg) of the SA-PDI
and B-PDI films could be estimated easily by the Tauc plot
(ahv)2 = 0 [42]. Based on the intercept of the linear section, the band
gap energy of the SA-PDI film was 1.748 eV, which is lower than
that of the B-PDI film (1.811 eV) (Fig. S3a online). Therefore, the
narrow band gap could be beneficial for the separation of the pho-
togenerated hole-electron pairs. Next, the PL spectra of the B-PDI
and SA-PDI films were measured to investigate the recombination
rate of the h+-e� carriers (Fig. S3b online). The fluorescence emis-
sion spectra (655–820 nm) of samples were measured at a con-
firmed excitation wavelength (600 nm). It is worth noting that the
w SEM images of B-PDI (b) and SA-PDI (e) films; and the TEM images of bulk PDI (c)
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fluorescence intensity of the SA-PDI film was lower than that of the
B-PDI film, which indicates that the SA-PDI film had a lower recom-
bination rate of holes and electrons. These results, along with the
morphology, confirmed that the SA-PDI film could significantly
reduce the recombination of the photogenerated charge carriers,
resulting in excellent PEC activity.
Fig. 3. (Color online) The CV scans of the SA-PDI film in a Na2SO4 (0.1 mol/L)
electrolyte with phenol (5 ppm). (a) The CV curves of 3 times recycled tests. (b) The
CV curves of the SA-PDI film before and after washed by the water.
3.3. Photoelectochemical properties

In the process of the photoelectrocatalytic degradation of phe-
nol, the separation of photogenerated h+-e� pairs was very impor-
tant. Therefore, some effective techniques such as electrochemical
impedance spectroscopy (EIS) measurements, photocurrent tests,
and linear sweep voltammograms (LSV) were used to study the
carrier separation efficiency of the SA-PDI film. The photocurrent
response of the SA-PDI film was much higher than that of the B-
PDI film under the visible light irradiation (Fig. 2). The enhanced
photocurrent response of the SA-PDI film indicated that the SA-
PDI electrode had a better separation efficiency of photogenerated
carriers than the B-PDI electrode (Fig. 2a). Furthermore, the pho-
tocurrent response could also be enhanced by the applied voltage
(Fig. 2b). Thus, the photoelectrocatalytic performance was
improved due to the effects of the visible light and applied voltage.
Similarly, the separation efficiency of the h+-e� pairs and the inter-
facial charge transfer resistance could also be reflected by the
radius of the circular arc [43,44]. The arc radius decreased gradu-
ally as the applied voltage of the SA-PDI film increased (Fig. S4
online). As we all know, an increase in the Faraday capacitance
constant could decrease the impedance generated from the Fara-
day current at the same frequency. At the same time, the energy
barrier that the electrode reaction needed to overcome decreased.
Thus, the reactions could easily occur on the electrode. Signifi-
cantly, the photoelectrochemical data of the SA-PDI film indicated
that the catalytic reaction rate of the phenol degradation could be
improved by increasing the applied voltage and the visible light
irradiation.

The CV scans of the SA-PDI film in the Na2SO4 solution
(0.1 mol/L) with phenol (5 ppm) were also tested (Fig. 3). As shown
in Fig. 3a, the current intensity of the CV curve was reduced as time
goes by. When the SA-PDI film was washed by water, the current
intensity could be recovered and was higher than the third CV
curve (Fig. 3b). These results indicated that the phenol could be
polymerized and easily formed a polymer film on the surface of
the PDI/ITO electrode, which led to the passivation of the SA-PDI
film. When the applied voltage increased to 1.2 V, water molecules
on the electrode surface were oxidized and decomposed, produc-
Fig. 2. (Color online) Photocurrent response curves (a) and LSV plots (b
ing more active substances, such as �O2
� and �OH [45,46]. Thus,

the degradation rate of phenol was enhanced.
3.4. Photoelectooxidation performance of phenol

First, the photoelectrocatalytic stabilities of the SA-PDI film in
alkaline (pH 7.4) and acidic (pH 5.6) environments were studied.
As illustrated in Fig. S5 (online), the colour of the reaction solution
became red as the time progressed when the SA-PDI film was in
the alkaline (pH 7.4) environment, which was due to the depoly-
merisation of the PDI nanowire during the cooperative photoelec-
tric degradation of organic pollutants [47]. Thus, further different
processes for phenol degradation were tested in the acidic solution
(pH 5.6).
) of B-PDI and SA-PDI films under visible light irradiation and dark.
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The phenol degradation tests of the B-PDI and SA-PDI films in
the PC and PEC processes are shown in Fig. S6 (online). The corre-
sponding slope of the fitting line is equal to the kinetic constant k
[48,49], which could be used to compare the catalytic perfor-
mances. The PEC degradation rate constant of the SA-PDI film
was 0.087 h�1 under visible light irradiation and an applied voltage
of 2.1 V, which was 2.72 times higher than that at 0 V (0.032 h�1)
(Fig. 4a). The PC degradation efficiency of phenol by the SA-PDI
film was greatly increased with an applied voltage of 2.1 V
(Fig. S6 online). Comparing the degradation performance in the
PC and PEC processes, the applied voltage could reduce the recom-
bination of the e�-h+ pairs and produce more �O2

� and �OH. Thus, the
PC activity of the SA-PDI film was enhanced by the applied voltage
(Fig. S6a and b online). On the other hand, the degradation activity
of phenol in the EC process with an external potential of 2.1 V was
only 0.006 h�1, which was much lower than that of the PEC pro-
cess. The visible light irradiation generated a promoting effect for
EC oxidation. The PEC, EC, and PC degradation rates of the B-PDI
film were also measured (Fig. 4b) to explain the synergistic effect
of photoelectrocatalysis for phenol degradation.
3.5. Effect of the applied voltage

In the PEC degradation, the applied voltage could transfer the
photogenerated electrons to the Pt electrode and prevent the
recombination of the electron-hole pairs. The effect of the applied
voltage (0–2.4 V vs. SCE.) for phenol degradation was investigated
on a SA-PDI film (Fig. 4c) and B-PDI film (Fig. S7 online). The results
showed that when the applied voltage increased from 0 to 2.1 V,
the degradation of phenol increased significantly. The satisfactory
degradation performance was due to the enhanced separation of
the e�-h+ pairs with increasing applied voltage. However, the
amount of electrons generated by the fixed visible light irradiation
is constant. Thus, the width of the layer was difficult to further
Fig. 4. (Color online) Photoelectooxidation performance of phenol. The first order kinetic
PDI (b) film (visible light, 2.1 V applied voltage). (c) PEC and EC degradation of phenol (5
(d) The cyclic performance test for the phenol degradation of the SA-PDI film under the
increase if the applied voltage was higher than 2.1 V. Therefore,
the phenol degradation rate in the PEC process reached a maxi-
mum when the additional applied voltage was 2.1 V. However, if
the applied voltage in the PEC process was higher than 2.1 V, the
degradation rate (k) of phenol would not increase with the increase
of the applied voltage but decrease. The decreased kwas due to the
reallocation of the Hector Helmholtz layer and the space charge
layer. Due to the reallocation, the number of photogenerated
h+-e� pairs would be reduced. Additionally, the phenol at the high
applied voltage could form polymers and adsorb on the surface of
the SA-PDI film, which hindered the degradation of phenol
[50–52]. Therefore, 2.1 V was regarded as the optimum applied
voltage for phenol degradation under visible light irradiation. Most
importantly, the SA-PDI film shows a superior degradation activity
compared with the other reported catalysts (Fig. S8a online).
Furthermore, total organic carbon (TOC) measurements were also
carried out, and the results further confirm the strong degradation
activity of the SA-PDI thin film during the PEC process (Fig. S8b
online).
3.6. Stability of the SA-PDI film

The stability of the SA-PDI film for phenol degradation was also
confirmed through a cyclic experiment (Fig. 4d), SEM images
(Fig. S9a online), and XRD spectra (Fig. S9b online). The SA-PDI film
was recycled and reused 3 times under visible light irradiation and
an applied voltage (2.1 V) in the PEC degradation. The PEC degrada-
tion performance during the 3 reaction cycles maintained a similar
level. Additionally, no differences have been found in the SEM
images and XRD spectra of the SA-PDI thin film before and after
catalysis, indicating that the crystallinity and small d-spacing of
the p-p stacking of SA-PDI thin film did not change during the PEC
reaction. These results indicated that the SA-PDI film possessed
not only high photoelectrocatalytic activity but also good stability.
s curve fitting for EC, PC and PEC degradation of phenol by the SA-PDI film (a) or B-
ppm) on the SA-PDI film at various applied voltages in Na2SO4 solution (0.1 mol/L).
PEC process.
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3.7. Mechanistic analysis

The results of the above photoelectrochemical tests and phenol
degradation experiments showed that the PEC degradation was
higher than those of the PC and EC processes. The photocatalytic
activity mainly relied on the separation efficiency of photogener-
ated current carriers [53] and electron transfer. In the PEC process,
the applied voltage may generate more radical species with strong
oxidation capabilities. The electron spin resonance (ESR) spin-
trapping measurements were used to detect radicals in the reac-
tion systems. The presence of �OH or �O2

� could be reflected by
the DMPO, which could act as a spin trap. The ESR spectrometer
could be applied to detect the signal responses of �OH and �O2

�. As
shown in Fig. 5a, both the �O2

� and �OH signals could be observed.
Concretely, it was difficult to observe the ESR signals of �OH and
�O2

� in the dark. With visible light irradiation for approximately
4 min, the ESR signals appeared. The adsorbed O2 in the water
could scavenge photogenerated electrons and form �O2

� (Eq. (2)).
Furthermore, the �OH was generated through Eqs. (3) and (4)
[54,55].

e� þ O2 !�O�
2 ð2Þ

2e� þ O2 þ 2Hþ ! H2O2 ð3Þ

H2O2 þ�O�
2 !�OHþ OH� þ O2 ð4Þ

Next, the active species and mechanism of the PEC process
could also be investigated by the active species trapping experi-
ment [56]. As shown in Fig. 5b, the changes in the PEC degradation
efficiency with the addition of t-BuOH (hydroxyl radical scavenger)
and KI (holes scavenger) could be easily observed. Specifically, the
PEC degradation efficiency decreased slightly with the addition of
t-BuOH, which indicated that the �OH was not the main active spe-
cies during the PEC process. Significantly, the PEC degradation
Fig. 5. (Color online) Mechanism of the SA-PDI film degraded phenol. (a) ESR spectra of th
of photogenerated carriers trapped by the PEC process by the SA-PDI film under visible l
peaks related to the amount of �OH produced through the PC, EC and PEC processes after 2
the mechanism for the PC (d), PEC (e) and EC (f) processes for the oxidation of phenol.
efficiency was obviously suppressed with the addition of KI, indi-
cating that h+ was the main oxidative species. The fluorescence
spectra were also be used to measure the contents of �OH gener-
ated in the PC, EC and PEC processes, respectively. Terephthalic
acid (TA) could be regarded as a stable fluorescence probe for cap-
turing the �OH and generating 2-hydroxy terephthalic acid (TAOH).
The TAOH could be excited at 315 nm and showed emission of
unique fluorescence at approximately 435 nm [57,58]. The fluores-
cence spectra of TAOH appeared to show striking variations in the
three types of processes (Fig. 5c). Specifically, the fluorescence
intensity in EC was higher than in the PC process, which indicated
that the applied voltage could produce more active �OH. Thus, the
phenol degradation during the PEC process was attributed to the
synergistic reaction with visible light irradiation and the applied
voltage.

Furthermore, the degradation pathway of phenol was recorded
and confirmed by the HPLC system (Fig. S10a online). The peaks at
3.031, 2.361, 1.958, 1.737, and 0.965 min correspond to phenol, p-
benzoquinone, hydroquinone, phosphate buffer and maleic acid
[33]. Other more emerging contaminants (2,4-dichlorophenol and
ciprofloxacin) were also used to evaluate the PEC activity of the
SA-PDI film (Fig. S10b online). The degradation rate of ciprofloxacin
by the SA-PDI film was 0.89 h�1. The ciprofloxacin (10 ppm) was
oxidized to H2O and CO2 by the PEC process after 2.5 h.
4. Conclusions

SA-PDI nanowire was further used to obtain the SA-PDI film.
The SA-PDI film was applied to the PEC degradation of phenol.
The synergistic effect of photo- and electro- could promote and
optimize each other during the PEC degradation process. The
applied bias improved the photogenerated h+-e� separation effi-
ciency and generated more active species, and in the meantime,
e SA-PDI film in DMSO solvent detected �O2
� and that in water detected �OH. (b) Plots

ight (k > 420 nm) and an applied voltage (2.1 V). (c) Fluorescence emission intensity
h of visible light irradiation at an applied voltage of 2.1 V. Schematic description of
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the visible light irradiation could generate a promoting effect on EC
degradation. Thereby, the synergistic effect between EC and PC of
the SA-PDI film not only significantly enhanced the phenol degra-
dation efficiency but could also be developed to meet the increas-
ing demand for practical applications.
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