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ABSTRACT: Reactive chlorine species (RCS) such as HOCl and
chlorine radical species is a strong oxidant and has been widely used for
water disinfection. This study investigated a photoelectrochemical
(PEC) method of RCS production from ubiquitous chloride ions using
a WO3 ﬁlm electrode and visible light. The degradation of organic
substrates coupled with H2 evolution using a WO3 electrode was
compared among electrochemical (EC), photocatalytic (PC), and PEC
conditions (potential bias: +0.5 V vs Ag/AgCl; λ > 420 nm). The
degradation of 4-chlorophenol, bisphenol A, acetaminophen, carbamazepine, humic acid, and fulvic acid and the inactivation of E. coli
were remarkably enhanced by in situ RCS generated in PEC
conditions, whereas the activities of the PC and EC processes were
negligible. The activities of the WO3 ﬁlm were limited by rapid charge recombination in the PC condition, and the potential
bias of +0.5 V did not induce any signiﬁcant reactions in the EC condition. The PEC activities of WO3 were limited in the
absence of Cl− but signiﬁcantly enhanced in the presence of Cl−, which conﬁrmed the essential role of RCS in this PEC system.
The PEC mineralization of organic compounds was also markedly enhanced in the presence of Cl− where dark chemical
chlorination by NaOCl addition induced a negligible mineralization. The H2 generation was observed only at the PEC
condition and was negligible at PC and EC conditions. On the other hand, the oxidation of chloride on a WO3 photoanode
produced chlorate (ClO3−) as a toxic byproduct under UV irradiation, but the visible light-irradiated PEC system generated no
chlorate.

■

INTRODUCTION

Chlorination in electrochemical and UV photochemical
systems has been studied extensively.6−10 However, the
chlorination methods that generate RCS by activating
ubiquitous chloride ions without the need (or with the
minimal need) of electricity and UV light source are highly
desired in terms of the process safety and cost. This study is
motivated by the need of RCS generation using only visible
light and economical photoelectrode material. The photoelectrochemistry (PEC) of semiconductor metal oxides has
been intensely investigated for not only solar fuel production
but also the generation of reactive oxygen species (ROS) for
water treatment over the past decades.11−13 A recent study
successfully demonstrated the dual-functional PEC process,
employing a TiO2 photoanode and a stainless steel cathode,
which generates •OH radicals on the photoanode and reduces

Active chlorine is widely used for chemical oxidation of
ammonia, disinfection of drinking water, swimming pools, and
wastewater, owing to the proper oxidation power and relatively
long lifetime.1−4 Chloride ion can be oxidized to reactive forms
such as hypochlorous acid (HOCl), hypochlorite ion (OCl−),
Cl2, and chlorine radicals (Cl•, Cl2•−), which are collectively
referred to as reactive chlorine species (RCS) throughout this
manuscript. These RCS have a strong oxidizing power enough
to oxidize various organic pollutants and inactivate microorganisms. The relative amount of each RCS form is
dependent on pH. Dissolved chlorine gas (Cl2 (aq)) is
preferred at an acidic condition (pH < 3.3), which is
subsequently hydrolyzed to HOCl as a main RCS form at
3.3 < pH < 7.5 (eq 5), while OCl− is the main species at pH >
7.5 (eq 6).5 The disinfection power of HOCl is generally
regarded to be higher than that of OCl− by 80−100 times.5
Therefore, HOCl plays an important role in water treatment
under acidic conditions.
© 2019 American Chemical Society
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Figure 1. (a) XRD patterns and (b) DRS spectra of WO3 before and after the annealing process. (c) The cross-sectional image of a WO3 thin ﬁlm
electrode. (d) The cyclic voltammograms of WO3 thin ﬁlm electrodes with diﬀerent electrodeposition (ED) times under visible light irradiation.
[Na2SO4] = 0.1 M, [NaCl] = 50 mM, pH 4, λ > 420 nm.

water to molecular hydrogen on the cathode simultaneously.14
However, since TiO2 that cannot absorb visible light is not an
eﬃcient photoelectrode for solar light utilization, visible light
absorbing WO3 with a band gap of approximately ∼2.8 eV15
and valence band (VB) edge located at ∼3.0 V (vs NHE)16 has
been frequently investigated. Owing to the relatively low cost
and stability in acidic conditions, WO3 has been widely used as
a popular photoanode material for solar conversion processes
such as water photooxidation and water puriﬁcation.17−19 The
formation of a WO3 thin ﬁlm electrode has been investigated
by electrodeposition,18 the sol−gel method,20 the vacuum
coating method,21 and the doctor blade method.22 Above all, a
WO3 thin ﬁlm made by the electrodeposition method
exhibited superior electrochromic properties and higher PEC
activity and could be easily prepared on large area electrodes.23
Herein, we proposed and investigated a WO3-based PEC
system which achieved the degradation of organic compounds
(or microbial inactivation) by RCS and the production of H2
simultaneously under visible light irradiation. In particular, the
present visible-light PEC system produced no toxic chlorination byproducts such as ClO3− and ClO4−, which are
commonly generated from UV-photooxidation24 and electrochemical oxidation25 of chloride. This study demonstrates an
attractive strategy for utilizing ubiquitous chloride for water
puriﬁcation and an energy-recovering process using immobilized catalysts and solar light.

was immersed in the prepared solution for several hours to
decompose residual hydrogen peroxide in solution. The
electrochemical deposition was carried out with the threeelectrode conﬁguration, which included a working electrode
(FTO glass, 1 × 2 cm2), a Pt wire as a counter electrode, and a
Ag/AgCl reference electrode. A potential of −0.4 V (vs Ag/
AgCl) was applied to the working electrode for 35 min. At the
end of the deposition process, a potential of 0.2 V (vs Ag/
AgCl) was applied on the working electrode to remove the
blue coloration caused by the electron accumulation on WO3
during the deposition process. The obtained WO3 thin ﬁlm
was carefully washed with ethanol and distilled water and then
annealed in air for 1 h at 450 °C. A WO3 thin ﬁlm was
characterized by ﬁeld emission scanning electron microscopy
(FE-SEM, JEOL, JSM-7401F), diﬀuse reﬂectance spectroscopy
(DRS, Shimadzu UV-2401PC), and X-ray diﬀraction (XRD,
Max Science Co., M18XHF) using Cu−Kα radiation. A borondoped diamond (BDD) electrode (WESCO electrode) was
used as a control electrode for comparing the PEC and
electrochemical treatments.
(Photo)Electroanalytical Measurements. A single compartment cell (working volume: 50 mL) with the threeelectrode conﬁguration was employed in this study, which
included a working electrode (WO3 thin ﬁlm, 1 × 2 cm2), a Pt
wire as a counter electrode, and a Ag/AgCl reference electrode.
The electrode module was connected to a computer-controlled
potentiostat (Gamry Instruments Reference 600). The
supporting electrolyte for the following measurements was
0.1 M Na2SO4 solution. Cyclic voltammetry (CV) data were
collected in the potential range of −0.5 to +1.0 V (vs Ag/
AgCl) at a scan rate of 50 mV s−1. For visible light irradiation,
a 300-W Xe arc lamp with a cutoﬀ ﬁlter (λ > 420 nm) was used
as a light source.
Degradation of Organic Substrates Coupled with H2
Generation. The degradation of organic substances and
concurrent H2 generation were conducted in a single

■

MATERIALS AND METHODS
Electrodes Preparation and Characterization. Tungsten trioxide thin ﬁlms were prepared through an electrochemical deposition on a conducting FTO glass substrate
(Pilkington, 15 Ω per square) as reported previously.26
Tungsten powder (2.0 g) was dissolved in a hydrogen peroxide
solution (10 mL, Junsei, 35% purity). After the exothermic
reaction ended, 100 mL of distilled water and 30 mL of
isopropyl alcohol were added in solution. A cleaned Pt wire
9927
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after the inactivation experiment. Each experiment was
conducted in triplicates.
Analytical Methods. The concentration of free chlorine
species (FCS mainly as HOCl, excluding chlorine radical
species generated in the PEC system) was measured using the
DPD (N,N-diethyl-p-phenylenediamine) colorimetric method28 by measuring the absorbance at 515 nm with a UV/visible
spectrophotometer (Libra S22, Biochrom). The current
eﬃciency (ηFCS) of FCS generation (eq 1) was estimated in
the single compartment cell and calculated from eq 2

compartment cell reactor (working volume: 50 mL) with the
three-electrode system, which included a working electrode
(WO3 thin ﬁlm, 1 × 2 cm2), a counter electrode (Pt wire), and
a reference electrode (Ag/AgCl). The potential bias was ﬁxed
at +0.5 V vs Ag/AgCl (+0.7 VNHE), and the visible irradiation
(λ > 420 nm) source was the 300-W Xe arc lamp. The incident
light intensity was measured by an optical power meter
(Newport 1918-R), and the intensity of visible light active for
exciting WO3 (i.e., 420−455 nm region, see Figure 1b) was
estimated to be about 15 mW/cm2 by light intensity
measurements using two long-pass ﬁlters (transmitting at λ >
420 and λ > 455 nm, respectively). 4-Chlorophenol (4-CP,
Sigma), bisphenol A (BPA, Sigma), acetaminophen (AAP,
Sigma), carbamazepine (CBZ, Sigma), and humic acid and
fulvic acid (HA, FA, Suwannee River) were chosen as target
organic substrates to compare their degradation eﬃciencies in
variable energy input conditions: electrochemical (EC,
potential bias only), photocatalytic (PC, irradiation only),
and photoelectrochemical (PEC, potential bias with irradiation). The initial substrate concentrations were 50 μM for 4CP, BPA, AAP, and CBZ and 1 ppm for FA and HA, while 0.1
M Na2SO4 was added as a supporting electrolyte (with or
without 50 mM NaCl). Coumarin (Sigma) was used as a
trapping reagent of OH radicals, and tert-butyl alcohol (TBA,
Sigma),15 ethylenediaminetetraacetic acid (EDTA, Sigma),27
and sodium thiosulfate (Na2S2O3, Sigma)25 were used as OH
radical, hole, and residual RCS scavenger, respectively. For the
measurement of H2 gas evolution, the reactor with 0.1 M
Na2SO4 electrolyte (with or without 50 mM NaCl) and
organic substrate (4-CP) was initially purged with Ar gas
(Linde, 99.9995%) for 1 h to remove the dissolved oxygen.
During the reaction, gas samples were periodically withdrawn
from the headspace with a 100 μL glass syringe (Hamilton
81030).
Bacterial Inactivation. E. coli K12 (The Coli Genetic
Stock Center at Yale University, USA) was selected as the
model bacterial strain to evaluate the PEC (with or without 50
mM NaCl), PC, and EC disinfection. The bacterial strains
were stored in 25% sterilized glycerin at −80 °C. To prepare
the bacterial suspension for inactivation, the individual
bacterial strain was streaked on a nutrient agar plate and
incubated to acquire isolated colonies. Bacterial strains were
cultured in nutrient broth at 37 °C for 16 h with shaking 200
rpm to log phase. The cells were successively harvested by
centrifugation at 4000 rpm for 15 min, washed twice with 0.01
M PBS, and then moved to 50 mL 0.1 M Na2SO4 (pH = 4.0,
adjusted with H2SO4). The cell concentration was adjusted to
a ﬁnal cell density of 107 cfu mL−1, and the PEC bacterial
inactivation experiments were conducted under a constant
applied potential of +0.5 V (vs Ag/AgCl) in a 50 mL threeelectrode PEC bulk reactor. Before each experiment, the
reactor was washed several times to remove the residual
organics generated from the decomposition of bacteria, and all
glassware were sterilized by autoclaving at 120 °C for 15 min.
The reaction temperature was maintained at about 25 °C, and
the reaction solution was mixed under magnetic stirring
throughout the experiment. At diﬀerent time intervals, 1.5 mL
aliquots were collected for further analysis of ﬁnal bacterial
survival by diluting with sterilized 0.01 M PBS solution and
spreading 0.1 mL of the diluted sample uniformly on nutrient
agar plates. The nutrient agar plates were incubated at 37 °C
for 16 h, and the colonies formed were counted before and

Cl− + H 2O → HOCl + H+ + 2e−
ηFCS (%) =

(1)

2FV
d[FCS]
×
× 100
I
dt

(2)
−1

where F is the Faraday constant (96485 C mol ), V is the
electrolyte volume (0.05 L), [FSC] is the concentration of
HOCl and OCl− (M), I is the current (A), and t is the reaction
time (s). Chlorate (ClO3−) was analyzed using an ion
chromatograph (IC, Dionex ICS-2100) which was equipped
with a column Dionex IonPac AS 18 (4 mm × 250 mm) and a
conductivity detector. Analysis of 4-CP, BPA, AAP, CBZ, and
the degradation intermediates was done using a highperformance liquid chromatograph (HPLC, Agilent 1100).
HA and FA were analyzed by monitoring their ﬂuorescence
emission using a spectroﬂuorometer (HORIBA ﬂuoromax-4)
under the excitation of 279 nm. H2 in gas samples was analyzed
by a gas chromatograph (GC, HP6890A) with a thermal
conductivity detector (TCD) and a 5 Å molecular sieve
column.

■

RESULTS AND DISCUSSION
Properties of Electrodeposited WO3 Thin Film. Figure
1a shows the XRD patterns of WO3 thin ﬁlms before and after
the annealing process at 450 °C for 1 h in air. Before the
annealing process, an amorphous phase of WO3 deposited on
FTO glass exhibited no XRD patterns (almost the same with
bare FTO glass), but the annealing treatment transformed the
amorphous WO3 into a crystalline phase with inducing
markedly enhanced XRD intensities. The outstanding
diﬀraction peaks at 23.1°, 23.7°, and 24.2° (2θ) correspond
to the (001), (010), and (100) crystal planes of WO3.29 The
DRS in Figure 1b shows a red-shift of the spectrum and greater
absorption of visible light for the crystalline WO3 after the
annealing process. The band gap of amorphous WO3 (3.05
eV) was reduced to 2.82 eV after the annealing process (Figure
S2). The ﬁlm thickness increased gradually along with the
electrodeposition (ED) time, with increasing from 0.25 to 2.1
μm when the ED time increased from 5 to 55 min (Figure S1).
The optimal thickness of a WO3 thin ﬁlm was determined by
monitoring the photocurrent response during cyclic voltammetry (CV) analysis and found to be around 1.5 μm (Figure 1c
and 1d). The anodic photocurrent generated on WO3 under
visible light irradiation increased with increasing ED time up to
35 min (resulting in 1.5 μm thickness), and a further increase
of ED time slightly increased the photocurrent thereafter
(Figure 1d). Since the light penetration depth of WO3 has
been previously estimated to be ∼2.2 μm at 420 nm,30 the
optimal thickness was set to be lower than the penetration
depth so that the whole mass of the deposited WO3 could
eﬀectively absorb photons.
FCS Generation on WO3 under Visible Light. The
production of FCS on WO3 was measured and compared
9928
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Figure 2. (a) Production of free chlorine species (FCS) on a WO3 thin ﬁlm electrode in PEC, PC, and EC conditions. (b) The eﬀect of TBA,
EDTA, and Na2S2O3 addition on the generation of FCS on a WO3 thin ﬁlm electrode. +0.5 V (vs Ag/AgCl), [Na2SO4] = 0.1 M, [NaCl] = 50 mM,
[TBA]0, [EDTA]0, and [Na2S2O3] = 0.1 M, pH 4, λ > 420 nm. Eﬀect of (c) pH, (e) applied potential (vs Ag/AgCl), and (g) chloride
concentration on the FCS generation on a WO3 thin ﬁlm electrode under visible light irradiation (λ > 420 nm). Photocurrent density and current
eﬃciency of FCS generation depending on (d) pH, (f) applied potential (vs Ag/AgCl), and (h) chloride concentration. [Na2SO4] = 0.1 M, λ > 420
nm. The FCS generation of 1 μmol/cm2 corresponds to [FCS] = 0.04 mM.

Na2S2O3, the generation of FCS was completely inhibited,
which indicated that the FCS generation is mediated by hole
oxidation of chloride ion. However, it is interesting to note that
the FCS generation rate was even enhanced in the presence of
TBA. This implies that some hydroxyl radicals generated on a
WO3 photoanode (via eq 3) may transform HOCl into
inactive chlorine species such as chlorite and chlorate (e.g., see
eqs 10−13). When OH radicals are scavenged by TBA, the
further transformation of HOCl can be inhibited to increase
the level of FCS.
The FCS generation in the PEC condition was optimized
with varying pH, applied potential bias, and concentration of
chloride ion under visible light (see Figure 2c−2h). The

among the diﬀerent operation conditions of PEC, PC, and EC
(Figure 2a). Only the PEC condition generated FCS, and the
EC and PC conditions could not generate FCS at all because
the applied potential (+0.5 V vs Ag/AgCl) in the EC condition
was lower than the minimum potential required for chloride
oxidation (+1.36 VNHE) and the PC condition without a
potential bias was not eﬃcient in separating charge pairs.
However, in the PEC condition, FCS was eﬀectively generated
since the applied potential bias can assist the separation of the
charge pairs. To investigate the FCS generation mechanism in
the PEC condition, TBA, EDTA, and Na2S2O3 were used as
scavengers for •OH, holes, and FCS, respectively, in the PEC
condition (Figure 2b). In the presence of either EDTA or
9929
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Figure 3. Time proﬁles of (a) bisphenol A (BPA), (b) acetaminophen (AAP), and (c) carbamazepine (CBZ) degradation on a WO3 thin ﬁlm
electrode in PEC, PC, and EC conditions. (d) Time proﬁles of the ﬂuorescence emission intensity (excited at λex = 279 nm) of fulvic acid (FA: λem
= 451 nm) and humic acid (HA: λem = 464 nm) in PEC, PC, and EC conditions. C0 = 50 μM, [FA]0 and [HA]0 = 1 ppm, [Na2SO4] = 0.1 M,
[NaCl] = 50 mM, +0.5 V (vs Ag/AgCl), λ > 420 nm, pH = 4.

current density at higher potentials. However, a WO 3
photoanode was less stable at higher bias potential, and the
cyclic voltammetry of a WO3 electrode at 0.7 to 0.9 V
exhibited noticeable reduction of photocurrent with repeating
the CV cycles (Figure S3). This can be ascribed to the
electrode instability of WO3 at a higher potential bias. At the
applied potential of 0.5 V, the photocurrent was maintained
relatively stable (Figure S3). As for the chloride concentration
eﬀect, increasing [Cl−] from 10 to 50 mM monotonously
increased the FCS concentration (Figure 2g). Chloride ions
rapidly react with holes, retarding the recombination of the
charge pairs, to increase both the photocurrent density and
ηFCS (Figure 2h).
Degradation of Organic Compounds and Inactivation of E. coli. The activities of photogenerated RCS were
tested for the degradation of model organic compounds (4-CP,
BPA, AAP, CBZ, HA, and FA) under the operation conditions
of PEC, PC, and EC. Figures 3a−3c show that the degradation
of model compounds (BPA, AAP, and CBZ) was negligible in
EC and PC conditions and observed only in the PEC
condition, which is consistent with the FCS generation results
shown in Figure 2a. Although the organic substrates could be
degraded in a limited extent even in the absence of chloride by
direct hole oxidation, the presence of chloride markedly
enhanced their degradation, which conﬁrms the essential role
of RCS as a main oxidant in the visible light-irradiated PEC
system. The PEC degradation rate constants with and without
chloride are compared in Table S1. The PEC degradation
constants with chloride are higher by an order of magnitude
than those without chloride. Analogous results were also
obtained for the degradation of FA and HA using a WO3 thin
ﬁlm. Figure 3d shows the time-dependent variations of FA and
HA concentrations, which were expressed in terms of the
ﬂuorescence emission intensity (at 451 nm for FA and at 464

generation of FCS was monitored every 15 min in the PEC
system under visible light irradiation (λ > 420 nm). The eﬀect
of pH on FCS generation (Figure 2c) was investigated in the
pH range of 1 to 6 with 50 mM NaCl. The FCS generation
rate was the highest around pH 4 and reduced below and
above pH 4. The ηFCS was below 30% from pH 1 to 3 and
sharply increased to about 50% at pH 4 (Figure 2d). The rest
of the photocurrent seemed to be consumed in the oxygen
evolution reaction (OER) from water oxidation. At pH 1−3,
FCS is present mainly as Cl2 which can be removed through
volatilization with reducing the current eﬃciency of FCS
generation. As the pH increased beyond pH 4, ηFCS is reduced
probably because the VB edge potential moves to the negative
direction with increasing pH, which should reduce the driving
force of chloride oxidation (eq 4). In addition, the surface of
WO3 is negatively charged above pH 4 since the point of zero
charge (PZC) of WO3 is 4−5,16,31 which should inhibit the
adsorption of Cl− on a WO3 electrode and decrease the
formation of RCS. It should be also noted that the WO3 thin
ﬁlm is stable only in acidic conditions,32 where WO3 is
dissolved as WO42− above pH 6. This might be also
responsible for the reduced FCS production at pH 6.
h+VB + H 2O → •OH,

E 0 = 2.8 V (vs NHE)

(3)

2h+VB + 2Cl− → Cl 2(aq)

(4)

Cl 2(aq) + H 2O ↔ HOCl + HCl

(5)

HOCl ↔ OCl− + H+

(6)

(pK a = 7.5)5

As the applied potential bias increased from 0.1 to 0.9 V (vs
Ag/AgCl), the FCS production also increased in 50 mM NaCl
solution at pH 4 (Figure 2e). A higher anodic potential bias
would be more eﬃcient in preventing the recombination of
excited charge pairs, as demonstrated by the higher photo9930
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Figure 4. (a) Time proﬁles of 4-chlorophenol (4-CP) degradation on a WO3 ﬁlm electrode in PEC, PC, and EC conditions. (b) Time proﬁles of 4CP degradation in 0.1 M of Na2SO4 or NaCl with constant potential (0.5 V vs Ag/AgCl) and constant current (0.5 mA/cm2) in the PEC
condition. (c) Comparison of 4-CP degradation between the PEC system with in situ RCS generation and the dark system with initially added
NaOCl. (d) Time proﬁles of the chlorinated intermediates (2,4-dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP)) concentrations
with PEC and dark chemical chlorination. [4-CP]0 = 50 μM, [NaCl] = 50 mM, +0.5 V (vs Ag/AgCl), λ > 420 nm, pH = 4.

nm for HA, Figure S4). The degradation of the FA and HA
was negligible in EC and PC conditions but markedly
enhanced in the PEC condition with chloride ions, which is
consistent with the results obtained with the model organic
compounds. While the current density in the EC condition was
negligible at the applied potential bias of 0.5 V vs Ag/AgCl, it
was substantially increased in the PEC condition (Figure S5).
The addition of chloride ion further elevated the PEC current
density (Figure S5).
It should be mentioned that the PEC performance was
demonstrated in the presence of high electrolyte concentration
(0.1 M Na2SO4) to ensure the solution conductivity high
enough for reliable measurements of PEC parameters.
However, it is obvious that such reaction conditions are not
realistic at all for water treatment. Therefore, the PEC
performance was also tested in the absence of Na2SO4
electrolyte to demonstrate that the PEC degradation eﬃciency
is little hindered even in the absence of electrolyte (Figure 4a).
The PEC degradation with the electrolyte alone (0.1 M
Na2SO4, without Cl−) was very limited. More importantly, the
PEC mineralization eﬃciency was not reduced either by the
absence of 0.1 M Na2SO4 (see Figure 5a). This conﬁrms that
the addition of electrolytes (0.1 M Na2SO4) that was employed
for facile PEC measurements does not aﬀect the organic
degradation eﬃciency. Incidentally, the PEC performance for
the organic degradation was tested in real seawater (0.53 M
Cl− without any additional electrolyte) as well, which
demonstrated much higher activity than that in the typical
PEC condition with 50 mM NaCl (Figure 4a). The present
PEC system should be most suitable to the treatment of acidic
waters with high chloride content.

Figure 5. (a) TOC removal eﬃciency of 4-CP in dark chemical
chlorination and in PEC system (with or without Na2SO4) using a
WO3 ﬁlm electrode after 6 h reaction. (b) TOC removal eﬃciency of
organic pollutants (4-CP, bisphenol A (BPA), acetaminophen (AAP),
and carbamazepine (CBZ)) (6 h reaction) with or without chloride
ion and without dissolved O2 (Ar-saturated condition) in the PEC
system. C0 = 50 μM, [Na2SO4] = 0.1 M, [NaCl] = 50 mM, +0.5 V (vs
Ag/AgCl), λ > 420 nm, pH = 4.

As for the pH eﬀect, the PEC system was stable only at
acidic conditions (pH 4) and rapidly loses its activity at pH 6
9931
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chemical chlorination, the PEC chlorination system can
produce Cl• and Cl2•− (eqs 7 and 8) which should mineralize
organic substances more eﬃciently. The direct hole oxidation
of parent organic compounds and their degradation
intermediates may help the mineralization process along with
the chlorine radical species (eq 9).

during repeated uses (Figure S6), which is ascribed to the wellknown instability of WO3 at higher pH.32 Although the use of a
WO3 electrode is not suitable for neutral and alkaline water, it
can be applicable to the treatment of acidic wastewaters.
Despite the instability of WO3 in alkaline conditions, its merits
such as low material cost and visible light activity may
compensate for the demerit as long as the application is limited
to acidic conditions. However, more stable and more eﬃcient
visible light-active photoanodes working in a wider pH range
should be sought in further studies.
The kinetics of PEC degradation of 4-CP in 0.1 M NaCl
solutions was far faster than those in 0.1 M Na2SO4 solutions
both under potentiostatic and galvanostatic modes (Figure
4b). In addition, the fact that the degradation rates of 4-CP
were the same under the potentiostatic and galvanostatic
conditions implies that the overall reactions were not limited
by surface charge transfer. The photoinduced charge transfer
on a WO3 electrode induces the oxidation of chloride ions to
active forms among which HOCl/OCl− should be the main
products as shown in Figure 2. To assess the role of HOCl/
OCl− in the organic degradation, 0.1, 0.5, and 1.0 mM NaOCl
(as a form of FCS) were added initially in the absence of NaCl,
and the degradation of 4-CP was tested in dark conditions
(dark chlorination test in Figure 4c). Na2S2O3 as a FCS
scavenger was added at each sampling time to prevent further
reaction. While the PEC system with in situ RCS generation
continuously degraded 4-CP up to 2 h, the degradation of 4CP under the dark chemical chlorination stopped after all the
initially added NaOCl was depleted (Figure 4c). This indicates
either that the degradation of 4-CP needs a continuous supply
of RCS or that RCS other than HOCl/OCl− (e.g., chlorine
radicals) are involved in the degradation process: both
requirements can be met in the PEC system. Note that the
added [NaOCl] (0.1−1.0 mM) in the chemical chlorination
tests is higher than in situ [HOCl/OCl−] generated in this
PEC condition (about 0.04 mM Cl2 in 1 h). However, the
initially added NaOCl is mostly consumed within 20 min of
introduction, while RCS is continuously generated in the PEC
system to maintain the degradation activity up to 2 h. In
particular, it should be noted that dark chemical chlorination
alone cannot mineralize organic compounds at all even with
the 1.0 mM NaOCl condition (see Figure 5a) under which the
parent compound (4-CP) could be completely removed with
30 min (see Figure 4c). Therefore, the main active chlorine
species that are responsible for the PEC degradation/
mineralization should not be FCS (HOCl/OCl−) but most
probably chlorine radicals (Cl•, Cl2•−). Note that RCS in this
paper refers to FCS plus chlorine radical species.
TOC removal along with the PEC degradation of the parent
compounds was also measured and compared in the absence
and presence of chloride. Figure 5b shows that the
mineralization of organic substrates in the present PEC system
proceeded slowly, and only a partial mineralization was
achieved even after a 6 h reaction although the parent organic
compounds were completely removed within 2 h. Despite the
incomplete TOC removal, the presence of chloride markedly
enhanced the TOC removal eﬃciency in the PEC system
(Figure 5b), which is consistent with the positive role of
chloride in the PEC removal of parent compounds. Note that
the eﬃciencies of TOC removal (mineralization) were lower
than 20% in the absence of chloride (after 6 h PEC reaction),
which implies that the direct hole oxidation alone is not
eﬃcient in inducing the mineralization. Unlike the dark

h+VB + Cl− → Cl •

(7)

Cl • + Cl− → Cl 2•−

(8)

h+VB + Org. → Orgox → → CO2

(9)

The PEC generation of in situ RCS combined with hole
oxidation by utilizing visible light photons only can make solar
water treatment technically feasible. In addition, organic
compounds degradation in this PEC chlorination system
works well even under oxygen-free conditions (Ar-saturated)
because the hole-mediated generation of RCS on WO3 does
not require the presence of dioxygen.
On the other hand, the formation of harmful chlorinated
intermediates/byproducts in the EC and PEC treatment of
organic compounds is of serious concern when the target water
contains a high level of chlorides. To address this concern, the
formation of the chlorinated intermediates/byproducts from 4CP degradation was analyzed and compared between the PEC
and dark chemical chlorination systems (see Figure S7, Figure
4d). Although some chlorinated intermediates (e.g., 2,4dichlorophenol) were generated from the degradation of 4CP in the chloride-containing PEC reactor, they were gradually
degraded and eventually removed in the continuing PEC
reaction. This is in marked contrast to the dark chemical
chlorination case in which 2,4-dichlorophenol was generated as
a chlorination byproduct of 4-CP, but it was not removed at all
once generated (Figure 4d).
The visible light activated RCS was also tested for the
bacterial inactivation. In order to evaluate the bactericidal
performance, E. coli was selected as the model colony forming
bacteria. The dark electrolyte control (without light and
potential bias on WO3) and photolysis control (without a WO3
electrode) experiments showed no change in the cell density
within 4 h (Figure S8). This indicates that the presence of the
electrolyte (Na2SO4 and NaCl) alone or the visible light (λ >
420 nm) irradiation alone cannot inactivate E. coli at all. As
shown in Figure 6, the PEC system with chloride ions achieved

Figure 6. Time-dependent inactivation of E. coli in dark chemical
chlorination and in PEC, PC, and EC systems employing a WO3 ﬁlm
electrode. [Na2SO4] = 0.1 M, [NaCl] = 50 mM, [NaOCl] = 0.1 mM
(for dark chemical chlorination only), +0.5 V (vs Ag/AgCl), λ > 420
nm, pH = 4, the initial cell density of 107 cfu mL−1.
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generation of ClO3− was observed only under UV irradiation,
which was inhibited by the addition of TBA as an OH radical
scavenger. This indicates that the OH radical should be
responsible for the formation of ClO3−. In the PEC condition,
OH radical can be generated by the hole oxidation of water on
WO3 (eq 3). The OH radicals can oxidize chloride sequentially
to produce ClO3− (eqs 10−13).33 Since ClO4− was not
observed at all in our experimental conditions, ClO3− was
regarded as a stable end product.

the complete inactivation of bacteria cells within 4 h, whereas
lower inactivation eﬃciencies were obtained in the other
conditions: 3.7, 1.6, and 1.7 log reduction in the PEC without
chloride, PC and EC conditions, respectively. This observation
is consistent with the positive role of Cl− in degrading organic
substances. The visible light-driven PEC chlorination works for
bacterial inactivation as well as organic pollutant degradation.
The PEC chlorination was far more eﬃcient than the dark
chemical chlorination disinfection which was carried out with
initially added [NaOCl] that was higher than in situ PECgenerated [HOCl/OCl−] (Figure 6).
Formation of Chlorate and OH Radical. The common
byproducts of RCS-mediated oxidation are oxychloro-anions
such as chlorite (ClO2−), chlorate (ClO3−), and perchlorate
(ClO4−). However, ClO2− is hard to be quantiﬁed due to the
short-lived characteristics (i.e., facile oxidation to ClO3−) and
analytical limitation.25 Figure 7a shows the formation of ClO3−
in the PEC system with 0.1 M Na2SO4 and 50 mM NaCl at pH
4, at an applied potential of +0.5 V vs Ag/AgCl under UV (λ >
320 nm) and visible (λ > 420 nm) light irradiation. The

•OH + HOCl → •OCl + H 2O

(k = 2.0 × 109 M−1 s−1)

(10)
•OH + •OCl →

ClO−2

+H

+

•OH + ClO−2 → •ClO2 + OH−

9

(k = 1.0 × 10 M

−1 −1

s )

(11)

(k = 6.0 × 109 M−1 s−1)

(12)
•OH + •ClO2 →

ClO−3

+H

+

9

(k = 4.0 × 10 M

−1 −1

s )

(13)

In order to specify the role of hydroxyl radicals in ClO3−
formation, we used coumarin as a selective probe reagent for
OH radical trapping (Figure 7b). The reaction of coumarin
with OH radical would produce 7-hydroxycoumarin (7-HC, eq
14) which could be detected by monitoring its ﬂuorescence
emission (Figure S9).34
•OH + coumarin → 7‐HC

(λem = 456 nm)

(14)

The amount of OH radicals produced under visible and UV
light irradiation was signiﬁcantly enhanced in the absence of
chloride ion. This indicates that chloride ions scavenge OH
radicals with the concurrent transformation of chloride to RCS.
Under visible light irradiation, the PEC generation of OH
radicals was insigniﬁcant in the presence of chloride. Under
UV irradiation, in comparison, the OH radical generation was
markedly enhanced even in the presence of chloride ions.
Because UV photons are more energetic than visible light
photons, more energetic holes (hot holes) are generated under
UV irradiation, which should produce OH radicals more
eﬃciently. This is consistent with the observation that chlorate
(generated through the action of OH radicals) was produced
only under UV irradiation, not under visible light irradiation
(see Figure 7a). Although OH radicals seem to play a critical
role in oxidizing Cl− to ClO3−, their role in degrading organic
substrates appears to be insigniﬁcant. While the production of
OH radicals was hindered in the presence of Cl− as shown in
Figure 7b, the PEC degradation of a target substrate (4-CP)
was greatly enhanced in the presence of Cl− on the contrary
(Figure 7c). This indicates that the main oxidant in the present
PEC system is RCS, not OH radical. The RCS generated in
this PEC system includes not only HOCl/OCl− but also
chlorine-based radicals (i.e., Cl•, Cl2•−) that are comparable
with OH radical. For example, the bimolecular reaction rate
constant of OH radical with phenol (k(OH) = 6.6 × 109) can
be compared with those of RCS with phenol: k(Cl•) = 2.5 ×
1010, k(Cl2•−) = 2.5 × 108, k(HOCl) = 2.19 × 104.6 The
reactive chlorine and chlorine radical species can serve as
eﬀective oxidants in the absence of OH radicals.
H2 Generation Coupled with PEC Degradation. Figure
8a shows the production of H2 (in 0.1 M Na2SO4 solution with
50 mM NaCl) coupled with the simultaneous degradation of
organic substrate (4-CP). In PC and EC conditions, not only
the degradation of 4-CP but also H2 evolution was negligible.
Under the PC condition (visible light irradiation only), the fast
charge recombination in the unbiased WO3 ﬁlm seems to

Figure 7. Time proﬁles of (a) chlorate (ClO3−) generation, (b) 7hydroxycoumarin generation from the reaction of OH radicals with
coumarin (1 mM) which was monitored by the ﬂuorescence emission
intensity (λem = 456 nm, excited at 332 nm), and (c) 4-CP
degradation in the PEC condition under UV (λ > 320 nm) and visible
(λ > 420 nm) light irradiation with or without chloride ion. [4-CP]0 =
50 μM, [Na2SO4] = 0.1 M, [NaCl] = 50 mM, +0.5 V (vs Ag/AgCl),
pH = 4.
9933

DOI: 10.1021/acs.est.9b02401
Environ. Sci. Technol. 2019, 53, 9926−9936

Article

Environmental Science & Technology

Environmental Implications. Water treatment needs
energy of which production usually consumes water. Therefore, the development of energy-eﬃcient water treatment
technologies helps conserve both water and energy resources.
For this purpose, a water treatment process that recovers
energy at the same time is an attractive option.37 A
simultaneous production of RCS and H2 along with the
oxidative degradation of organic pollutants (or bacterial
inactivation) was demonstrated in this study, employing a
WO3 ﬁlm photoanode working under visible light. Photon
energy drives both the generation of in situ RCS that serves as
an oxidant and the production of H2 as a solar fuel. The
present PEC chlorination process has several merits that
include no need of catalyst recovery (compared to slurry
photocatalysts), an enhanced generation of RCS at relatively
low potential bias (+0.7 V vs NHE) compared to the common
EC condition (>3.0 V vs NHE),6,8 and the concurrent
production of H2 for energy recovery. To compare the energy
consumption needed to achieve the same level of the target
pollutant removal between PEC and EC systems, the
degradation of 4-CP was compared between the PEC system
(operating at a typical optimized condition of this work: 0.5 V
vs Ag/AgCl, 50 mM Cl−) and a control EC system (employing
a BDD electrode biased at 2.0 V vs Ag/AgCl, 50 mM Cl−).
The required energy consumption to achieve 80% removal of
4-CP (50 μM) was estimated to be 49.4 Wh L−1 for PEC
(WO3) and 90.2 Wh L−1 for EC (BDD) systems, respectively
(Figure S10). As long as free sunlight can be employed in the
PEC system as a light source, the PEC system consumes much
less energy than a typical EC treatment. In addition, it is
possible to recover a part of the energy consumed for the
chloride activation in the PEC system through the generation
of H2 as a solar fuel. Although the PEC/(visible light)
chlorination system was less eﬃcient than the PEC/UV
chlorination system, the production of ClO3−, a toxic
chlorination byproduct, could be inhibited under the visible
light irradiation. The presence of Cl− as a precursor of RCS
was essential in the PEC system, and the required
concentrations of Cl− in the 10−50 mM range are ubiquitous
in wastewaters. When compared with dark chemical chlorination, the in situ PEC activation of chloride is far more eﬃcient
in the mineralization of organic pollutants, which implies that
the chlorinated byproducts formation should be reduced as
well. However, the eﬃciency and stability of the present PEC
chlorination system employing the WO3 photoanode are not
good enough for practical water treatment applications at the
current state and need to be further enhanced with developing
more eﬃcient and robust photoanodes and cost-eﬀective
reactors.

Figure 8. (a) Production of H2 coupled with 4-CP degradation on a
WO3 thin ﬁlm electrode in PEC, PC, and EC conditions. (b)
Production of H2 in the PEC condition with or without chloride ion.
The dashed lines represent the theoretical amount of H2 generation
based on the measured current with assuming Faradaic eﬃciency of
unity. [4-CP]0 = 50 μM, [Na2SO4] = 0.1 M, [NaCl] = 50 mM, +0.5 V
(vs Ag/AgCl for PEC and EC), λ > 420 nm, pH = 4.

inhibit the eﬃcient interfacial charge transfer. In addition, the
conduction band position of WO3 (∼0.4 V vs NHE)35 is not
suitable for H2 generation (0 V vs NHE). In the EC condition,
on the other hand, the applied anodic potential (+0.5 V vs Ag/
AgCl) makes the H2 generation unfavored on the cathode as
well. On the contrary, a notable H2 production was observed in
the PEC condition where the electrons excited by visible light
on the WO3 ﬁlm could be eﬀectively transferred to the Pt
counter electrode by the potential bias. The presence of
dissolved O2 inhibited the generation of H2 by scavenging
electrons on the cathode (see Figure 8a).36 However, 4-CP
degradation was not retarded at all under an anoxic condition
(Ar purging condition), indicating negligible inﬂuence of
dioxygen on the oxidation reaction. The main oxidants are
RCS in this PEC system, and their generation is not hindered
by dioxygen because RCS are generated by the direct oxidation
of chloride ions with holes. On the other hand, the redox cycle
of chloride ions could interfere with the hydrogen evolution.
Although the H2 production rate was slightly dependent on
[Cl−], the average Faradaic eﬃciency of H2 evolution was
∼100% in the absence of Cl− and 80% in the presence of Cl−
(based on the measured current, dashed lines in Figure 8b).
Anodically generated RCS could be subsequently reduced on
the cathode (eqs 15−17), thereby lowering the production
eﬃciency of H2.
HOCl + H+ + 2e− → Cl− + H 2O
−

−
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