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A B S T R A C T

In this paper, g-C3N4/BiVO4 composite was electrospinned onto FTO substrate and used as photoanode for
photoelectrocatalytic degradation of diclofenac sodium. The photoelectrocatalytic degradation efficiency of DCF
by the g-C3N4/BiVO4 photoanode is much higher than that by the individual g-C3N4 and BiVO4 photoanodes.
The first order kinetic constants are estimated to be 3.2 × 10−3 min−1 for g-C3N4/BiVO4 photoanode, while the
kinetic constants are 1 × 10−4 min−1 and 1.1 × 10−3 min−1 for g-C3N4 and BiVO4 photoanode. To further
increase the degradation of DCF in PEC process, H2O2 was added into the system, and the results indicated that
DCF degradation was largely increased. The kinetic rate constant was 5.6 × 10−3 min−1 for H2O2 assisted PEC
process and it was estimated to be 3.2 × 10−3 min−1 and 1 × 10−5 min−1 for the individual PEC process and
H2O2 oxidation process, respectively. Effect of initial pH, H2O2 dosage and applied bias on DCF degradation was
investigated in detail. The highest DCF degradation efficiency was achieved at initial pH of 3.17 and applied bias
potential of 1.0 V (vs. SCE) with 10 mM H2O2 addition. Involved reactive active species were studied using
electron spin resonance; a proposed reaction pathway was proposed.

1. Introduction

In the past decades, pharmaceuticals and personal care products
(PPCPs) are emerging as a new type of organic pollutants that have
received an increasing attention [1–4]. PPCPs have been found in
aquatic environments such as in surface water, groundwater and
drinking water as well as in soils [5], which have put serious threat to
wild life and human health. Diclofenac sodium (DCF) is commonly used

as a non-steroidal anti-inflammatory drug. DCF has been recognized
as a persistent toxic pollutant and it can bring adverse effect to the
kidney, liver and other organs even at very low concentrations [6,7]. In
general, DCF are difficult to be removed through conventional water
treatment processes [8]. Recently, many researchers have reported the
degradation of diclofenac sodium using advanced oxidation processes
(AOPs). For instance, it has been proved that DCF could be removed
effectively by UV irradiation with H2O2 addition [9]. Ozonation
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technology also achieved a complete conversion of chlorine to ions and
32% mineralization of DCF for 1.5 hours’ treatment [10].

Many studies have reported the degradation of DCF by photo-
catalysts [11–13]. Generally, the photocatalyst has to be separated
[14], and the photocatalytic efficiency was needed to be increased due
to the low separation efficiency of photo-generated electron-hole pairs.
Photoelectrocatalytic (PEC) process in which a small positive potential
is applied on the semiconductor photoanode has proven to be more
efficient than single photocatalytic process [15,16]. Photoanodes with
suitable band-gap structures, good charge-carrier conductivities, and
fast surface reaction kinetics are desired to achieve a high degradation
rate of the targeted pollutants [17,18].

Bismuth vanadate (BiVO4) is a promising material for PEC process
[19,20]. BiVO4 has a suitable direct band gap (2.4 eV) for absorbing
visible light with a highly positive valence band edge of 2.86 eV versus
the normal hydrogen electrode [21]. In order to increase its photo-
catalytic activities, many studies have been carried out, such as a
doping heteroatom (e.g., phosphate or erbium) into BiVO4 [22,23],
controlling the morphology of BiVO4 [24], and synthesizing the com-
posite photocatalysts [25,26]. Lately, several works reported that
photocatalytic activity was enhanced by forming BiVO4/Bi2Ti2O7

composite [27], BiVO4/CO3O4 composite [28] and BiVO4/TiO2 com-
posite [29].

Graphitic carbon nitride (g-C3N4) is a metal-free organic polymeric
semiconductor. It has a band gap of 2.7 eV and has recently attracted a
remarkable attention in photocatalytic water splitting [30,31], photo-
catalytic degradation of organics [32,33], etc. Recently, g-C3N4/BiVO4

photocatalyst was synthesized and g-C3N4 has been proved to be a
suitable material to modify BiVO4 [34]. g-C3N4/BiVO4 composite has
been used in the RhB degradation [34], photocatalytic water splitting
[35], photocatalytic oxidation of NO in gas phase [36] and so on. Ex-
perimental results show that the composites exhibited the better pho-
toelectric activity towards the pollutant degradation.

Herein, the g-C3N4/BiVO4 composite was fabricated onto FTO sub-
strate by adding the prepared g-C3N4 nanosheet in the preparation
process of BiVO4 photoanode, and the obtained g-C3N4/BiVO4 compo-
site was used as photoanode for the PEC degradation of DCF. The re-
moval efficiency of DCF by the composite photoanode is significantly
increased in comparison with the individual BiVO4 and g-C3N4 photo-
anode. With the addition of H2O2 into the PEC system, degradation of
DCF was obviously increased. Added H2O2 in the PEC system was ac-
tivated by photogenerated electrons at the cathode into the generation
of %OH radicals as confirmed by ESR technique, which leaded to the
increase of DCF degradation efficiency. Effects of initial pH, H2O2 do-
sage and applied bias on DCF degradation were investigated in details.
A possible reaction intermediates was indentified and a oxidation
pathway of DCF was proposed.

2. Experiment section

2.1. Materials preparation

2.1.1. Synthesis of g-C3N4 nanosheets
Bulk g-C3N4 was prepared by heating dicyandiamide at 550 °C for

2 h in a muffle furnace [37]. The as-prepared bulk g-C3N4 (1.0 g) was
mixed with 10 mL concentrated H2SO4 (98%, AR) in 50 mL beaker and
stirred for 8 h. The solution was then slowly poured into 100 mL of
deionized water, and was centrifuged at 8000 rpm. The g-C3N4 was
washed with deionized water till the pH of the solution is near 7. Fi-
nally, white powders of g-C3N4 nanosheets were obtained [38].

2.1.2. Synthesis of g-C3N4/BiVO4 films
The g-C3N4/BiVO4 films was prepared by electrospinning method.

The electrospinning precursor was prepared by adding 0.125 g of g-
C3N4 nanosheets into 2.5 mL acetic acid and stirring for 1 h, then so-
nicating for another hour. After sonicating, 0.27 g of bismuth (III) ni-
trate pentahydrate (BiN3O9·5H2O, ≥98%, Sigma-Aldrich), 0.195 g of

vanadium (III) acetylacetonate (C15H21O6V, 97%, Sigma-Aldrich) was
added into previous solution. The solution was stirred at room tem-
perature for 2 h. The stoichiometry of Bi:V was 1:1.The precursor was
electrospinned onto a heated FTO glass which was placed on an alu-
minum foil. The distance between the needle and collector was 5.0 cm.
The feeding speed was 0.08 mm·min−1, and the applied voltage was
12 kV. Subsequently, g-C3N4/BiVO4 films were calcined at muffle fur-
nace with a heating rate of 10 °C·min−1 from room temperature to
450 °C and keep at 450 °C for 0.5 h.

2.2. Photoelectrocatalytic experiments

PEC degradation of DCF were carried out in a quartz electro-
chemical reactor (5 × 5 × 6 cm). 100 mL of diclofenac sodium solu-
tion with concentration of 10 mg/L was added into the reactor. The PEC
system was consisted of a Pt counter-electrode (Pt wire, 70 mm in
length with a 0.4 mm diameter), a working electrode (g-C3N4/BiVO4

films, active area of 6 cm2), and a SCE reference electrode. The PEC
experiments were conducted on a CHI660E potentiostat (CH
Instruments, Inc.) and a Xe lamp with a 420 nm cutoff filter as light
source (BoPhilae technology Co, LTD) The experiment was carried out
with stirring. 0.5 M potassium phosphate (KH2PO4) buffer solution (pH
7) with or without 1 M sodium sulfite (Na2SO3) as hole scavenger was
used as the electrolyte. Prior to measurements, the electrolyte was
thoroughly deaerated by purging it with N2 for 0.5 h. Potentials are
shown vs. RHE (reversible hydrogen electrode) related as
ERHE = ESCE + 0.059 pH + 0.244, where ERHE is the potential vs. the
reversible hydrogen electrode, ESCE is the potential vs. the saturated
calomel electrode, and pH is the pH value of the KH2PO4 electrolyte
solution (pH =7.0).

The concentration of DCF was determined by high-performance li-
quid chromatography (HPLC; Shimadzu LC-20AT, Tokyo, Japan) with
a C18 (250 mm× 4.6 mm × 5 μm) reversed-phase column (GL
Sciences Inc., Tokyo, Japan) and a UV detector. The mobile phase was a
mixture of acetate buffer (pH = 5.0) and methanol (V/V = 40/60)
with a flow rate of 1 mL/min. The injection volume was set as 20 μL.

Organic reaction products were analyzed by UPLC-Q-TOF-MS
(ACQUITY UPLC, Quattro Premier XE, Waters, America) with C18
(50 mm × 2.1 mm× 1.7 μm) reversed-phase column. The mobile
phase contained A (0.2% formic acid in water) and B (0.1% formic acid
in acetonitrile) at the flow rate of 0.3 mL/min. The gradient was 90% A
for 1 min, linearly increasing to 95% B for 8 min, 95% B and 5% A for
5 min, decreasing back to 90% A and maintaining for 1 min. The mass
spectrometer was operated with negative electrospray ionization re-
corded from 50 to 1000 m/z.

3. Results and discussion

3.1. Characterization of g-C3N4/BiVO4 photoanode

The morphology of g-C3N4, BiVO4 and g-C3N4/BiVO4 photoanode
are shown in Fig. 1. g-C3N4 shows a fractured layered structure
(Fig. 1a). BiVO4 photoanode has a smooth surface due to its high
crystallinity, as observed in the image of pristine BiVO4 (Fig. 1b). From
the image of the photoanode (Fig. 1c), it can be observed that the
junction between BiVO4 and g-C3N4 is limited to the surface and their
inherent morphologies are not changed. The average size of g-C3N4/
BiVO4 is smaller than that of BiVO4 alone, which means a larger specific
surface area and more active sites for the g-C3N4/BiVO4 photoanode. In
the preparation process, high substrate temperature will lead to an
increase of the particle size of BiVO4 (Fig. 1b), but In the g-C3N4/BiVO4

film, BiVO4 particles are much smaller and distributed between the
nanosheets, implying that the introduction of g-C3N4 can restrain the
growth of BiVO4 particles (Fig. 1c).

As shown in Fig. 2, the XRD spectra show that the composite g-
C3N4/BiVO4 photoanode has a crystal structure of monoclinic scheelite
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BiVO4. Diffraction peaks observed at 2θ values of 18.6, 28.6, 34.5, 39.5,
42.1, 45.4, 46.8, 52.9, and 58.2 correspond to the (1 1 0), (1 2 1),
(2 0 0), (2 1 1), (1 5 0), (1 3 2), (2 4 0), (1 6 1), and (1 2 3) planes of
monoclinic scheelite BiVO4 (No. 14-0688). Furthermore, the existence
of g-C3N4 in the composite photocatalyst has been proved by the peak
at 27.2°, which is a representative peak for g-C3N4 with a graphitic
layered structure.

3.2. Photocurrent response of g-C3N4/BiVO4 photoanode

As shown in Fig. 3, the g-C3N4/BiVO4 photoanode showed a better
photoelectrochemical response than the individual BiVO4 photoanode.
When Na2SO3 is used as a hole scavenger, the g-C3N4/BiVO4 photo-
anode has a photocurrent density of 0.38 mA/cm2, which is much
higher than that of the BiVO4 photoanode (0.16 mA/cm2) at 0.5 V (vs.
SCE). Without the addition of Na2SO3, the photocurrent density was
0.1 mA/cm2 and 2.5 × 10−3 mA/cm2, respectively. The

photogenerated holes accumulated on the surface of photoanodes for
poor water oxidation kinetics of BiVO4, resulting in serious surface
charge recombination, as evidenced by the great difference (64 times)
of the two curves of BiVO4 in Fig. 3a, b. Our results indicate that in-
troduction of g-C3N4 nanosheets significantly reduces the amount of
holes accumulated and thus prohibits the surface recombination during
water oxidation, as evidenced by the much less pronounced photo-
current transients (3.8 times) [39].

3.3. Comparison of various photoanodes for PEC degradation of DCF

The PEC degradation of 10 mg/L DCF was studied with g-C3N4,
BiVO4 and g-C3N4/BiVO4 photoanodes with the applied potential of
1.0 V (vs. SCE). As shown in Fig. 4, the DCF removal rate can reach
30.1% using the g-C3N4/BiVO4 composite photoanode in 2 h. In con-
trast, only 0.05% and 12.5% of DCF is removed in the PEC system using
g-C3N4, BiVO4 photoanode, respectively. The first order kinetic con-
stants are estimated to be 3.23 × 10−3 min−1 (R2 = 0.956) for g-
C3N4/BiVO4 photoanode, while the kinetic constant are

(c) 

(b) 

(a) 

Fig. 1. SEM image of (a) g-C3N4; (b) BiVO4; (c) g-C3N4/BiVO4.
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Fig. 2. XRD results of g-C3N4/BiVO4 composite, g-C3N4, BiVO4.
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Fig. 3. Periodic on/off photocurrent responses: (a) with Na2SO3; (b) without Na2SO3.
Conditions; applied bias, 0.5 V (vs. SCE); pH0, 6.52.
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1 × 10−4 min−1 (R2 = 0.938) and 1.1 × 10−3 min−1 (R2 = 0.986)
for g-C3N4 and BiVO4 photoanodes, respectively. These results indicate
that the composite photoanode can degrade DCF efficiently. In the case
of the g-C3N4/BiVO4 photoanode, due to its staggered energy band and
superior structure, the photogenerated electrons can easily transfer to
Pt cathode through the external circuit through the conduction band of
BiVO4, which shortened the travel distance of electrons and reduced the
chance of the recombination of electron-hole pairs compared with the
individual g-C3N4 and BiVO4 photoanodes. At the same time, the pho-
togenerated holes on BiVO4 are transferred to the valence band of g-
C3N4. In conclusion, the ultrathin film structures and smaller size of g-
C3N4/BiVO4 film photoanode possesses a shorter travel distance for
photogenerated electron-hole pairs [40] and provide more charge car-
riers under visible light irradiation for g-C3N4/BiVO4 films than that for
BiVO4 films, which contributed to the high DCF degradation efficiency
in PEC process.

In order to further increase the removal rate of DCF, the effect of
applied bias potential on the DCF removal was investigated. As illu-
strated in Fig. 5, the degradation efficiency of DCF increases with a bias
potential increasing. When the applied bias potential is increased from
0 V to 1.0 V (vs. SCE), the removal ratio of DCF after 2 h is increased
from 7.0% to 29.4%. But when it is increased to 1.5 V (vs. SCE), the
removal of DCF is only increased by 1.8%. The kinetic rate constant
increases with the applied bias increases. When the applied bias in-
creases from 0 to 1.5 V, the rate constant increases from
9 × 10−5 min−1 (R2 = 0.900) to 3.27 × 10−3 min−1 (R2 = 0.966).
The change of applied voltage affects the charge transfer of the whole
circuit, the increased bias promotes the separation of the photo-
generated electron-hole pairs and reduces their recombination. As a
result, the photocatalytic oxidation efficiency of DCF at the photoanode
is increased. But there was no obvious increase in the reaction rate
constant when the applied bias potential was increased from 1.0 to
1.5 V (vs. SCE) (3.13 × 10−3–3.27 × 10−3 min−1). This is probably
because that the charge separation efficiency reaches a saturation value
when the applied bias potential reaches 1.0 V. Moreover, oxygen evo-
lution due to water splitting on the photoanode may interfere with the
degradation of DCF at the applied bias potential higher than 1.0 V (vs.
SCE) [41]. Therefore, the applied bias of 1.0 V was selected in the
subsequent experiments.

3.4. Promoted effect of H2O2 on DCF degradation

The effect of H2O2 addition on DCF removal in PEC process was
investigated with the g-C3N4/BiVO4 photoanode. From Fig. 6a, it can be
seen that the removal efficiency of DCF by the individual H2O2 oxida-
tion is negligible. Interestingly, a remarkable enhancement of DCF re-
moval efficiency is observed in PEC process with the addition of 10 mM
H2O2. In this case, nearly 65% DCF is removed in 3 h. The kinetic in-
vestigations exhibit that the degradation of DCF follows pseudo-first
order kinetics. As shown in block diagram, the kinetic rate constant is

5.63 × 10−3 min−1 for H2O2 assisted PEC process (k3) and is estimated
to be 3.13 × 10−3 min−1 and 1 × 10−5 min−1 for individual PEC
process (k1) and H2O2 oxidation process (k2), respectively. It can be
observed that k1 (PEC) + k2 (H2O2) < k3 (PEC + H2O2), which means
that a synergistic effect exists between PEC and H2O2 for DCF removal.
As shown in Fig. 6b, there is an obvious improvement of instantaneous
current with H2O2 added into the PEC system. The incident photon-to-
current conversion efficiency (IPCE) of the as-prepared samples was
measured at 1.0 V (vs. SCE) with a 300 W Xe lamp coupled with a
monochromator. IPCE was significantly improved with the addition of
H2O2 (Fig. 6). These results indicate that the combination of H2O2 and
PEC process is an efficient way to degrade DCF.

DCF degradation under different H2O2 dosage is shown in Fig. 6d.
When H2O2 concentration was increased from 0 to 10 mM, the removal
efficiency of DCF was increased to be 62.3% after 3 h. By contrast,
when the H2O2 concentration was 15 mM, only 51.5% DCF was re-
moved. The kinetic rate constant for H2O2 concentration of 0, 5, 10 and
15 mM was calculated to be 3.13 × 10−3 min−1, 5.02 × 10−3 min−1,
5.63 × 10−3 min−1 and 3.7 × 10−3 min−1, respectively. Therefore,
the concentration of H2O2 was chosen as 10 mM in this system. The
decrease of DCF degradation efficiency is explained as follows. First,
H2O2, can react with photogenerated e− from the photoanode to Pt
cathode, resulting in the generation of %OH (Eq. (1)), which is a super
strong oxidant that can oxidize a variety of organic substances com-
pletely [42]. However, the superfluous H2O2 can also react with the
generated %OH (Eq. (2)). Therefore, addition of H2O2 with high con-
centration can inhibit the removal of DCF by scavenging parts of re-
active oxidative species like %OH radical [43–45], thus decreasing the
removal efficiency of DCF.

H2O2 + %OH → H2O + HO2 (1)

H2O2 + %OH→ H2O + O2 (2)

As shown in Fig. 7, with the increase of DCF concentration from 0.2
to 10 mg/L, the removal rate decreases and the first order-kinetic
constant is decreased from 9.7 × 10−2 (R2 = 0.961) to
5.63 × 10−3 min−1 (R2 = 0.990). We speculate that under the same
system, the same active species can be generated to remove DCF. Lower
amount of initial pollutants will achieve higher removal rate at the
same time. It is worth noting that the DCF concentration of 0.2 mg/L,
between the range of real diclofenac concentrations of pharmaceuticals
sewage [46] and 0.2 mg/L DCF was removed within 30 min.

The pH is an important parameter that influences the degradation
efficiency of organic pollutants. The adsorption and dissociation of the
substrate, the photocatalyst surface charge and oxidation potential of
the valence band can be influenced by the pH variation [47]. The effect
of the initial pH0 on the DCF removal was illustrated in Fig. 8. When
pH0 is 3.17, 6.52–9.89, the removal ratio of DCF is 93.4%,
62.3%–75.5%, respectively. As shown in the inset of Fig. 8, the de-
gradation rates of DCF fitted well with pseudo-first-order reaction
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model and the kinetic rate constants are determined to be
1.49 × 10−2 min−1 (R2 = 0.999), 5.63 × 10−3 min−1 (R2 = 0.990)
and 7.66 × 10−3 min−1 (R2 = 0.992), respectively. The pKa of DCF is
4.18, so it is positively charged at pH 3.17, and it deprotonates at pH
6.52 and 9.89 [48]. Two reasons may account for the high DCF de-
gradation efficiency at low pH. Firstly, %OH is generated through the
reaction shown in Eq. (3).

H2O2 + e− → %OH + OH− (3)

At low pH, H+ ions react with OH− and promotes the reaction of %
OH generation, thus facilitating the degradation of DCF. Second, DCF
that is positively charged would aggregate at platinum filament cath-
odes under charge action [49]. Under the condition of partial alkalinity,
the potential gradient forces the electrons toward the counter electrode,
and the photogenerated hole reacted with OH− to produce %OH at
working electrode as Eq. (4) [50].

h++ OH− = %OH (4)

In order to investigate the effect of matrix on DCF degradation, the
urban wastewater sample after secondary treatment was from a city
sewage treatment plant in Beijing, China. The COD of raw water is
about 50 mg/L, and 10 mg/L DCF was added. As shown in Fig. 9, 68.9%
of DCF was removed in wastewater, which is similar with that in DI
water. The effect of matrix was negligible.
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constants. Conditions: applied bias, 1.0 V (vs. SCE); H2O2 dosage: 10 mM; pH0, 6.52.

0 20 40 60 80 100 120 140 160 180
0.0

0.2

0.4

0.6

0.8

1.0

0

4

8

12

16

9.896.523.17

k 
(1

0-3
m

in
-1
)

pH
0

 pH=6.52
 pH=3.17
 pH=9.89

C
/C

0

Reaction time (min)

Fig. 8. Effect of initial pH on the DCF removal, inset figure – kinetic rate constants.
Conditions: [DCF] = 10 mg/L; applied bias, 1.0 V (vs. SCE); [H2O2] = 10 mM.

J. Sun et al. Chemical Engineering Journal 332 (2018) 312–320

316



3.5. Involved active species in DCF degradation and proposed reaction
pathway

In order to investigate the reactive species responsible for the de-
gradation of DCF, quenching experiments were firstly conducted using
tert butyl alcohol (%OH quencher) [51], N2 (removal of dissolved
oxygen, there by inhibiting %O2

− production) and ethylenediaminetetra
acetic acid disodium salt (hole scavenger) [52], respectively. It can be
seen from Fig. 9a, b that the degradation efficiency of DCF is decreased
after the addition of TBA, N2 and EDTA-2Na. The inhibition effect of
tert butyl alcohol on the DCF degradation was more obvious than other
scavengers in both PEC and H2O2 assisted PEC, indicating that %OH
plays an important role in the degradation of DCF. The inhibition effect
was more serious in PEC system with H2O2 addition, indicating that
more %OH radicals are generated with the addition of H2O2. Besides,
photogenerated holes and O2

− also contributed to the degradation of
DCF. %O2

− not only can react directly with DCF, but also react with
water to produce H2O2 which can further generate %OH [53]. The ex-
perimental phenomenon is a good proof of our speculation: In the PEC
system, there is no additional H2O2 for further %OH production, which

results in a low removal rate; and in the H2O2 assisted PEC system,
which acts as an electron acceptor and effectively prevents the re-
combination of photo generated holes and electrons, leading to a higher
degradation rate.

To confirm our speculation, we used ESR to detect the free radicals
generated during the reaction process using DMPO as a free radical
scavenger, the results were shown in Fig. 10a. With the addition of
H2O2, a typical signal representing DMPO-%OH species appears, which
indicated that the main free radical in the solution is %OH in the PEC
system with H2O2. However, it was only observed a small signal of %OH
in the PEC system. For the H2O2 assisted PEC system, the distribution of
%OH was studied by the ESR spectrum at the surface of the cathode, the
surface of the photoanode and in the bulk solution. As illustrated in
Fig. 10b, most %OH radicals are generated from the reaction of H2O2

with the photogenerated electrons, and are mainly concentrated on the
cathode surface. %OH radicals are also produced near the surface of the
photoanode by the photo generated holes. The main reactions are as
follows (Eqs. (5)–(8)):

H2O2 + e− → %OH + OH− (5)

O2 + e− → %O2
− (6)
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Fig. 9. The degradation of DCF in different matrix; (b) kinetic rate constants. Conditions:
[DCF] = 10 mg/L; applied bias, 1.0 V (vs. SCE); H2O2 dosage: 10 nM; pH0, 6.52.
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%O2
− +2H2O → 3%OH + OH− (7)

h+ + H2O → %OH + H+ (8)

As shown in Fig. 10c, the generated active radicals are detected
during the PEC reaction with the various applied biases in the H2O2

assisted PEC system. The ESR technique was used to check the radicals
near the platinum wire cathode with various bias potentials of 0, 0.5, 1
and 1.5 V (vs. SCE), respectively. When the bias voltage is 0 V, the weak
peaks assigned to active hydroxyl radicals appear the cathode. In
comparison, the peak intensity increases with the increase of the ap-
plied bias voltage within a certain range. Based on these ESR analysis
results, it was proposed that electron and hole pairs generated from the
photoanode, electrons reach the cathode through an external circuit
and mainly react with the added H2O2 to produce active hydroxyl ra-
dicals (Eq. (5)); the hole can directly oxidize pollutants on the photo-
anode surface, and can also react with H2O to produce hydroxyl radical
[54]. As a result, H2O2 enhanced the PEC degradation of DCF (Fig.11).

Intermediates were studied, mass spectra of the products were
presented in Fig. 12 and a proposed reaction pathway in Fig. 13. Be-
sides DCF itself, we formulated these detected products from P1 to P3,
respectively. The MS spectrum of P1 showed a strong peak at 161 m/z
and 177 m/z (Fig. 12a). P1 might be the product derived from the
compound (m/z 161) by addition reaction with %OH, which was pre-
viously reported as the major product in the degradation process of DCF
[55]. In the mass spectrum of P2, the most important fragment 228 m/z
corresponded to the loss of HCl from fragment 264 m/z (Fig. 12b). In
the mass spectrum of P3, the most important fragment was 266 m/z and
it corresponded to the loss of CO2 from 310 m/z (Fig. 12c). The MS
spectrum of DCF showed a molecular ion peak at 294 and 250 m/z
(Fig. 12d), CO2 loss should be the loss of 44, which was consistent with
previous studies about DCF [56]. In this study, the DCF was broken into
P4∗ and P5∗ with the attack of %OH. Hydroxyl radicals then attacked

and substituted amino group on the benzene ring to form P1 .P1 can
also be formed by cleavage of CeN bond from P6∗. P8∗ was drived from
of DCF with the loss of CO2. P3, P7∗ and P9∗ results from hydroxylation
as a result of %OH attack. P2 could be obtained by dehalogenation and
oxidation of P9∗. P7∗ could be obtained by decarboxylation of P6∗. It
can be concluded that most of the intermediates were generated by the
attack of %OH in the reaction. This result was consistent with the ESR
analyses and %OH were the main oxidizing species in our system.

A same analysis was done in the PEC system, and a similar result
was concluded. Hydroxyl radicals play a major role, and H2O2 can assist
PEC to produce more hydroxyl radicals.

4. Conclusions

In this study, an effective H2O2 assisted PEC process was proposed
using g-C3N4/BiVO4 photoanode under visible light irradiation for DCF
degradation. The composite photoanode showed a higher photoelec-
trochemical response compared to the individual g-C3N4 and BiVO4. It
was confirmed that added H2O2 accelerated the degradation of DCF in
the PEC system using the g-C3N4/BiVO4 photoanode. The results re-
vealed that the H2O2 dosage of 10 mM, the applied bias voltage of 1.0 V
(vs. SCE) was more suitable for the degradation of DCF and the pH 3.17
was found to be the most suitable for H2O2 activation. It was demon-
strated that the main active species in the PEC system included %OH and
%O2

−, which were responsible for DCF degradation.
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