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This study employed BiOI-deposited TiO2 nanotube arrays (BiOI-TNTAs) electrode in a photoelectrochemical
(PEC) system to oxidize Ibuprofen and generate hydrogen in the anodic and cathodic chamber, respectively.
FESEM results revealed the diameter of TiO2 nanotubes was 90–110 nm. According to the XRD analysis, the
BiOI-TNTAs were dominated by the anatase phase and tetragonal structure of BiOI. XPS results confirmed the co-
existence of BiOI in the BiOI-TNTAs associated with Bi (33.76%) and I (8.81%). UV–vis absorption spectra illus-
trated BiOI-TNTAs exhibit strong absorptions in the visible light region. The PEC method showed the best
degradation efficiency for Ibuprofen is a rate constant of 3.21 × 10−2 min−1. The results of the Nyquist plot re-
vealed the recombination of photogenerated electron-hole pairs was inhibited as the bias potential was applied.
Furthermore, the Bode plot demonstrated the lifetime (τel) of photoexcited electrons of BiOI-TNTAs was 1.8 and
4.1 times longer than that of BiOI-Ti and TNTAs, respectively. In the cathodic chamber, the amount of hydrogen
generation reached 219.94 μM/cm2 after 3 h of reaction time.
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1. Introduction

Titaniumdioxide (TiO2) has been viewed as an efficient, eco-friendly
photo-catalyst due to its high photo-activity, photo-stability, low-cost
and non-toxicity (Hoffmann et al., 1995; Linsebigler et al., 1995). How-
ever, TiO2 has some innate drawbacks such as a relatively large bandgap
(3.2–3.4 eV, only excited by UV light) and fast charge pair recombina-
tion, which confines its photocatalytic application.

For the purpose of enhancing the photocatalytic activities of TiO2, de-
positing with heterojunction, such as CdS (Cheng et al., 2014; Yao et al.,
2014; Yin et al., 2007), Cu2O (Sun et al., 2016; Talebian et al., 2013), and
ZnO (Momeni and Ghayeb, 2015; Tobajas et al., 2016; Yang et al., 2016)
etc., is a good way to enhance visible-light absorption and improve
charge separation. Among these photocatalysts, BiOI, a p-type semicon-
ductorwith a forbidden zone of 1.8–2.0 eV, has attracted considerable at-
tention due to its good response in the visible light region. Zhang et al.
(2009) first reported the BiOI/TiO2 heterojunction was synthesized by
a simple soft-chemical method and exhibited much higher photocata-
lytic activity than that of BiOI and TiO2. However, materials in powder
form are difficult to separate and recycle from the reaction system.
Highly ordered TiO2 nanotube arrays (TNTAs) were chosen as a quite ef-
fective material for refractory organic compound degradation in the PEC
system (Liu et al., 2011a). The highly ordered nanotube array structure
makes them an excellent electron infiltration pathway for charge trans-
fer between interfaces (Grimes and Mor, 2009).

The PEC method, combining electrochemical and photocatalytic ox-
idation, can minimize the hole–electron pair recombination. This
method enables various applications, such as solar cells (Peng et al.,
2013; Yang et al., 2016; Yu et al., 2015), water reduction (Monfort
et al., 2016; van de Krol and Grätzel, 2011; Zhou et al., 2009), CO2 reduc-
tion (Cole et al., 2010;Monfort et al., 2016; Peng et al., 2013) andwaste-
water treatment (Zhao and Zhu, 2006; Zhang et al., 2007; Peng et al.,
2012; Sun et al., 2016). Recently, many research groups have studied
the synergetic effect of electrochemical and photocatalytic oxidation
and developed good qualitative understanding of the reaction mecha-
nisms (Zhao et al., 2007; Zhao and Zhu, 2006). However, somequantita-
tive information on the synergetic effect in the PEC system is lacking and
needed for further understanding.

IBP, an non-steroidal anti-inflammatory drugs (NSAIDs) in the
human treatment of fever and pain (Madhavan et al., 2010), has been
detected inmunicipal wastewater treatment plant effluents and natural
waters (Camacho-Muñoz et al., 2010) due to its wide use, stability and
lack of biodegradation. The concentration of IBP in the environment
have been reported to be between 10 ng/L and 160 μg/L (Santos et al.,
2007; Skoumal et al., 2009; Méndez Arriaga et al., 2010). Some studies
indicated IBP could influence cyclooxygenase reactions and therefore
affect not only the reproduction of aquatic animals, but also the photo-
synthesis of aquatic plants, even in low concentration (Santos et al.,
2007; Liu et al., 2015). Therefore, it is urgent to remove these wastewa-
ters before discharging them into the ecosystem.

In this study, BiOI-TNTAs was synthesized by the CVD method and
characterized by FESEM, XRD, XPS and UV–vis. BiOI-TNTAs are used as
a photoanode in a self-designed PEC system (double-chamber). PEC ex-
hibits strong catalytic activities toward organic contaminant (IBP) deg-
radation and hydrogen generation. In addition, the synergetic effect of
electrochemical and photocatalytic in the PEC degradation system was
evaluated by electrochemical impedance spectroscopy (EIS) and the
Bode plot. The electrochemical properties of the BiOI-TNTAs system
and the PEC degradation mechanism of IBP were discussed.

2. Experimental section

2.1. Synthesis of BiOI-TNTAs

Highly ordered TiO2 nanotubes were fabricated by electrochemical
anodization, with the preparation being described in detail in our
previous study (Chen et al., 2015). The BiOI-deposited TNTAs were syn-
thesized by the chemical vapor deposition method (CVD). First, 0.05 g
BiI3 (Aladdin Chemistry Co., Ltd.) was added into a ceramic crucible
where the obtained TNTAswas laid on. The ceramic crucible was heated
to 250 °C at a heating rate of 2 °C/min for 3 h.

2.2. Characterization of BiOI-TNTAs

The crystal structure of samples was elucidated by XRD (X'Pert Pro
MRD, PANalytical, Holland) with a Cu Kα source of wavelength
0.154 nm. The morphology was observed with a Nova NanoSEM 430
(FEI, USA) FESEM. The XPS experiments were performed on the TNTAs
with a PHI 5000 Versa Probe system (Physical Electronics MN, USA).
The binding energy of the XPS spectra was calibrated with reference
to the C1s peak 284.8 eV. TheUV–vis absorption spectraweremeasured
under the diffused reflection mode using an integrating sphere
(UV2401/2, Shimadu, Japan) attached to a Shimadu 2550 UV–vis
spectrometer.

2.3. PEC and EC measurements

A three-electrode system was carried out in PEC experiments. A
BiOI-TNTAs, a Ptwire and anAg/AgCl electrodewere selected as awork-
ing electrode (WE), counter electrode (CE) and reference electrode
(RE), respectively. A 100 W Hg lamp was used as the light source in
the PEC, PC and P processes. The wavelength of the light sources (Hg
lamp) and commercialfluorescent lamp is 365 nmand 450–750 nm, re-
spectively. All degradation experiments were performed in a self-
designed H-type reactor, which included a quartz window (7 cm2), an
anode chamber and cathode chamber. These two chambers were con-
nectedwith a cation-exchangedmembrane tomaintain the ion balance
in the system. Upon light irradiation, the reaction solution was sampled
to determine the concentration change of IBP and analyzed by LC
(Shimadzu, 64D, Japan). IBP initial concentration was 5 mg/L for all
the degradation experiments. The preparation is that 5 mg of IBP was
dissolved in water to 1 L in brown volumetric flask and stirred for
7 days. The collected hydrogen gas was detected by gas chromatogra-
phy (Shimadzu, GC-14B, Japan) with a TCD detector. For comparison,
the photocatalytic (PC) experiment was performed using the same sys-
tem without external potential. An electrochemical (EC) oxidation ex-
periment was performed at the same bias without light illumination.

The I-t curvemeasurements and PEC degradation experiments were
controlled by an electricity workstation (ΩMetrohm-AutoLAB,
PGSTAT302N, Holland). EIS tests were performed under open circuit
voltage over a frequency range from 105 Hz to 10−2 Hzwith an AC volt-
age magnitude of 5 mV.

3. Results and discussion

3.1. Characterization of BiOI-TNTAs

The morphologies of the TNTAs, BiOI-Ti and BiOI-TNTAs were char-
acterized by SEM. Fig. 1A displays a typical SEM image of the TNTAs
with a regularly arranged pore structure. The TNTAs show an average
outer diameter of 105 nm and wall thickness of 20 nm. Fig. 1B and C
shows the SEM image of BiOI-Ti and BiOI-TNTAs, respectively. The
SEM image illustrates the BiOI scattered on the surface of Ti and
TNTAs, and the formed sheet-structure. In addition, Fig. 1C shows the
outer and inner pore diameter of the nanotube was about 100 and
80 nm, respectively. This result suggests TNTAs retain their integrity
with no significant morphological change after BiOI deposition. The re-
sult here is similar to the findings of Dai et al. (2011) who fabricated
BiOI/TNTAs by the impregnating hydroxylation method. Notably, the
color of the TNTAs film became yellow, implying a thin layer of BiOI
film was successfully deposited on the TNTAs surface. EDX analysis of
the BiOI-TNTAs is shown in Fig. 1D, indicating the nanocomposites
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Fig. 1. FESEM images of (A) TNTAs, (B) BiOI-Ti, (C) BiOI-TNTAs and (D) EDX results of BiOI-TNTAs.
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contained Ti, O, Bi and I. Furthermore, Table 1 shows that the atomic
percent (at.%) of Ti, O, Bi and I is 20.27, 18.25, 33.76 and 8.81%, respec-
tively. These results illustrate the BiOI had successfully deposited onto
the TNTAs. Film material, such as BiOI-TNTAs, with high photocatalytic
reactivity and strong stability can therefore serve as a photoanode.
The TNTAs-based PEC system might perform well as a promising
method for wastewater treatment and the present fuel cell system
(Liu et al., 2011b). The results of XRD show no other phase beside Ti
metal, TiO2 anatase and tetragonal BiOI phase in the BiOI-TNTAs sam-
ples (Fig. S1). The XPS results further confirm the coexistence of BiOI
and TiO2 in BiOI-TNTAs (Fig. S2).

The optical property of BiOI-Ti, TNTAs and BiOI-TNTAs was exam-
ined by UV–vis absorption spectra, as shown in Fig. 2. The spectrum ob-
tained from the pure TNTAs film (Fig. 2A) shows TNTAs can be excited
under ultraviolet light at a wavelength below 400 nm, which was as-
cribed to the intrinsic band gap absorption of TiO2. The absorbance
shoulders of pure TNTAs in the visible region can be assigned to the scat-
tering of light caused by pores or cracks in the nanotube arrays (Dai
et al., 2011; Yu et al., 2003). In contrast, Fig. 2B reveals the BiOI-Ti and
BiOI-TNTAs film show strong absorbance shoulders in the wavelength
ranging from 400 to 650 nm and 400 to 630 nm, corresponding to
bandgaps of 1.6 and 1.62 eV (can be calculated according to the Tauc
Table 1
Element content results of XPS analysis for BiOI-TNTAs.

Name Peak BEa Height counts FWHMb eV Area (P) CPS At.%c

Bi4f7 158.62 12273.69 1.17 27851.24 33.76
C1s 284.74 537.79 1.37 1120.11 18.9
I3d5 619.11 4049.05 1.36 10099.9 8.81
O1s 529.72 1843.6 1.32 3121.4 18.25
Ti2p3 465.89 1339.51 3.46 6213.76 20.27

a BE: binding energy.
b FWHM: full width at half maximum.
c At.: atom.
formula, (αhν)1/2 = β(hν − Eg)), respectively. This phenomenon can
be assigned to the intrinsic band gap absorption of BiOI that could facil-
itate the absorption of the solar energy in the visible region.

3.2. Photoelectrochemical activity of BiOI-TNTAs

IBP degradation by using different materials (TNTAs, BiOI-Ti and
BiOI-TNTAs) andmethods (P, PC, EC and PEC represent photolytic, pho-
tocatalytic, electrochemical and photoelectrochemical, respectively)
were compared, as shown in Fig. 3. The light source applied in the
PEC, PC and P experimentswas a 100WHg lamp irradiation. In addition,
a bias potential of 1.2 V (vs. Ag/AgCl) was employed in the PEC and EC
processes. As shown in Fig. 3A, the PEC process was the most efficient
way in degrading IBP. IBP was completely removed in 120 min via the
PEC method, whereas only 81.69 and 2.04% of the IBP was removed by
the PC and EC processes, respectively. In this study, IBP degradation by
the PEC system fits a pseudo-first-order reaction, ln(C0/C) = kt, where
k is the apparent rate constant and C0 and C are the initial and reaction
concentrations of aqueous IBP, respectively. Table 2 shows the rate con-
stants of IBP degradation are 3.21 × 10−2, 2.13 × 10−2, 0.02 × 10−2 and
1.81 × 10−2 min−1 for PEC, PC, EC and P methods, respectively. IBP PEC
degradation by TNTAs, BiOI-Ti and BiOI-TNTAs were also compared. IBP
was completely degraded in 120min by the PECmethod using the BiOI-
TNTAs photo-anode. Clearly, BiOI-TNTAs performed more efficiently
than BiOI-Ti and TNTAs in IBP degradation (Fig. 3B, Table 3). As to the
IBP degradation via the PEC, PC, P and EC methods, the TOC removal
rates were 55.18%, 40.30, 28.19 and 12.63%, individually (Fig. 3C).

The reusability and stability of IBP degradation and hydrogen gener-
ation via BiOI-TNTAs were examined in this study. As shown in Fig. 4,
the BiOI-TNTAs PEC degradation of IBP shows high stability in
the course of the PEC recycles and retained 100% of its initial activity
with the first-pseudo rate constants of 0.0321, 0.034, 0.0316 min−1 for
three runs (Fig. 4A). Meanwhile, in the cathodic chamber, the amount
of hydrogen generation reached 219.94, 207.4, 219.9 μM/cm2 after
a 3 h reaction time for each cycle (Fig. 4B). The results above illustrated
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BiOI-TNTAs display good stability and can be reusable. In the PEC
system, the applied bias potential can minimize the recombination
of photo-generated electrons and holes and thereby enhance
the photon-efficiency, enabling simultaneous utilization of photo-
generated holes to degrade IBP and electrons to generate hydrogen.

A 13 W commercial fluorescent lamp was selected to compare the
light sources. As shown in Fig. S3, 35.9% of the IBP was removed by
the PEC method, while merely 5.2% of IBP was removed by commercial
fluorescent lamp irradiation. This result demonstrates the visible-light
induced PEC applications of BiOI-TNTAs are feasible. Compared to the
IBP degradation results in Fig. 3B, the PEC method exhibited better per-
formance under UV-light than visible-light illumination. Although the
UV–vis results provide evidence BiOI-TNTAs can be excited in the visible
light region, the IBP degradation results showed a better photo-electro
response at shorter irradiation wavelength. This might be because irra-
diation at a shorter wavelength always accompanies higher photo-
energy. Higher photo-energy leads to greater photon kinetic energy, fa-
cilitating movement of photons.

3.3. Photoelectrochemical properties of BiOI-TNTAs

Electron-hole pairs would be generated as the light illuminated at
BiOI-TNTAs photo-anode. Therefore, transient photocurrent responses
were conducted to evaluate the photocatalytic performance of the
photo-anode. Fig. S4 shows BiOI-TNTAs exhibit the highest photocur-
rent (0.147 mA), which was 2.8 times higher than that of the TNTAs
(0.053mA), indicating depositionwith BiOI significantly enhanced elec-
tron mobility by reducing the recombination of electron-hole pairs.
Moreover, the photocurrents were enhanced with the increased bias



Table 3
Pseudo-first-order rates of IBP PEC degradation (kobs) via different materials (BiOI-Ti,
TNTAs and BiOI-TNTAs).

Materials Rate constant (kobs, min−1) R2

TNTAs 0.0087 0.9967
BiOI-Ti 0.015 0.9922
BiOI-TNTAs 0.0321 0.9724

Table 2
Pseudo-first-order rates of IBP degradation (kobs) under different processes.

Processes Constant (kobs, min−1) R2

P 0.0181 0.9835
PC 0.0213 0.9899
EC 0.0002 0.9842
PEC 0.0321 0.9724
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potential (0 to 1.2 V) in the PEC system (Fig. S5). This result agreedwith
the finding of Chen et al. (2015), showing the photo-generated elec-
trons would be driven to the cathode as the bias potential was applied
in the PEC system. The above results indicated applying a bias potential
to the PEC system can attract more electrons to the cathode of BiOI-
TNTAs, thereby increasing the photocurrents and leaving more holes
to participate in the oxidation reaction in the anodic chamber.

The behavior of the charge transfer processes at the semiconductor–
electrolyte interface can be explained by EIS (Cheng et al., 2008; Kang
et al., 2013; Ye et al., 2012). Fig. 5A shows the Nyquist plots of BiOI-Ti,
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et al., 2013).
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Table 4
Fitting results for equivalent circuits of BiOI-Ti, TNTAs and BiOI-TNTAs.

Samples Rs (Ω) Rp (Ω) fmax (Hz) τel (ms)

TNTAs 26.09 1154.4 202.36 0.787
BiOI-Ti 6.279 567.26 86.85 1.833
BiOI-TNTAs 0.908 343.32 49.41 3.238
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electrons in the photoanodes increased about 4.1 times following
BiOI deposition. Similar results can be found in the study of Ye et al.
(2013).
3.4. Mechanism of BiOI-TNTAs PEC system

In the PEC system, the photocurrent increased with an external bias
potential, leading to reduced recombination of photo-generated holes
and electrons. The photo-generated electrons followed the electric
field as EC currents, accelerating the separation of electron-hole pairs.
The enhanced PEC activity of BiOI-TNTAs can be ascribed to the syner-
getic effects of the photochemical and electrochemical and p-n junction
structure (Zhang et al., 2009). The photocatalytic activity depends on
the electron-hole pairs generated by BiOI-TNTAs with light irradiation.
The photo-generated electrons and holes could transfer to the surface
of the BiOI-TNTAs and react with the adsorbed reactants. However,
the photo-generated electrons and holes can recombine easily
(Linsebigler et al., 1995). The PEC system in this study can overcome
this obstacle by separating the photo-generated electron-hole pairs,
with the help of bias potential. The p-n junction in BiOI-TNTAs plays a
critical role in effectively separating the electron-hole pairs. The con-
duction band (CB) and valence band (VB) of the BiOI and TNTAs, at
the point of zero charge, can be estimated by the following equation
(Kim et al., 1993; Lin et al., 2007):

EVB ¼ X−Ee þ 0:5Eg

ECB ¼ EVB−Eg

where X is the absolute electronegativity of the semiconductor and Ee is
the energy of free electrons on the hydrogen scale (ca. 4.5 eV). Accord-
ing to the above equations, the top of the VB and the bottom of the CB of
the TNTAs are calculated to be 3.00 and −0.20 eV, respectively. Corre-
spondingly, the VB and CB of BiOI are examined to be 2.25 and
0.63 eV, respectively.

A schematic diagram of the energy band for the p-BiOI and n-TNTAs
as well as the possible charge separation mechanism after forming the
BiOI-TNTAs heterojunction is presented in Fig. 6. Before contact, the
conduction band edge of BiOI is more higher than that of TiO2, and the
Fermi level of BiOI is lower than that of TiO2 (Zhang et al., 2009). After
contact, the energy band rises up in BiOI and falls in TNTAs. The Fermi
levels of BiOI and the TNTAs achieve an equilibrium as the p-n junction
of BiOI and the TNTAs is formed (Yu et al., 2010). BiOI can generate elec-
trons and holes when excited by visible light irradiation. Under irradia-
tion, photo-generated electrons jump to the CB of BiOI, leaving holes in
the VB of BiOI. In addition, the photo-generated electrons in the CB of
BiOI migrate to the CB of the TNTAs. The photo-generated holes accu-
mulate in the VB of BiOI. The photo-generated electrons transfer from
the surface of BiOI to the Ti foil (at the bottom of the TNTAs). Later,
the electrons are attracted from the anode (BiOI-TNTAs) to the cathode
via the external circuit. In the anodic chamber, the holes could react
with H2O to form hydroxyl radicals (•OH), a strong oxidant, which can
oxidize most organic pollutants (Peng et al., 2017). Dong et al. (2015)
employed electron ESR to detect •OH in BiOI photocatalytic reaction
and proved •OH was responsible for pollutant oxidation. Thus, the p-n
junction formed in the p-BiOI/n-TiO2 interface can separate the photo-
generated electron-hole pairs effectively, and reduce the recombination
of electron-hole pairs. These separated electrons and holes migrate to
the surface and react with the reactants adsorbed on the photocatalyst
surfaces, enhancing PEC performance.
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4. Conclusion

BiOI depositing TiO2 nanotube arrays (BiOI-TNTAs) were success-
fully synthesized via the CVD method. The as-synthesized BiOI-TNAs
were employed as a photo-anode in a self-designed PEC system to si-
multaneously degrade IBP and generate hydrogen in the anodic and ca-
thodic chambers, respectively. Three different types of photo-anode,
TNAs, BiOI-Ti and BiOI-TNTAs, were characterized via SEM, XRD, XPS,
UV–vis as well as EIS for better understanding their physical and chem-
ical properties. Among the P, PC, EC and PEC methods, the BiOI-TNTAs
PEC process is the most efficient in degrading IBP with a Pseudo-first-
order rate constant of 0.0321 min−1. The synergetic effects between
electrochemical and photocatalytic contributions in PEC system were
quantified by EIS and Bode plot analyses. The electron lifetime (τel) of
BiOI-TNTAs (3.24 ms) was about 4.1 times higher than that of pure
TNTAs (0.79 ms) under a bias potential 1.2 V (vs. Ag/AgCl). In the pres-
ent PEC system, with the contribution of bias potential, most electrons
are attracted to the cathode, leading to decreased recombination of
photo-generated electrons and holes, thereby enhancing the photocat-
alytic efficiency.
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