
* Corresponding authors.

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2019.24410

172 (2019) 359–367
December

Polyoxometalate composite electrode prepared through layer-by-layer 
assembly for efficient phenanthrene photoelectrodegradation

Qingfei Duan, Jianbo Guo*, Jingfang Lu*, Yuanyuan Song, Caicai Lu, Yi Han, Haibo Li
Tianjin Key Laboratory of Aquatic Science and Technology, School of Environmental and Municipal Engineering,  
Tianjin Chengjian University, Jinjing Road 26#, Tianjin 300384, China, Tel. +86 22 23085116; email: jianbguo@163.com (J. Guo),  
Tel. +86 22 23085117; emails: Lujfzz@126.com (J. Lu), Duanqf0426@163.com (Q. Duan), Song23735735@126.com (Y. Song),  
lucaicai2010@163.com (C. Lu), hanyi1127@126.com (Y. Han), lhb1980725@163.com (H. Li)

Received 3 January 2019; Accepted 14 May 2019

a b s t r a c t
Polycyclic aromatic hydrocarbons (PAHs) are persistent environmental pollutants and the devel-
opment of systems that transform or eliminate PAHs would be of great interest for both the human 
health and environmental protection. In this study, photoelectrocatalytic composite electrodes 
were successfully prepared for phenanthrene (PHE) degradation under low current density con-
ditions. The electrodes were made of titanium dioxide (TiO2) and phosphomolybdic acid (PMo12) 
assembled through layer-by-layer to yield PMo12/CNTs/TiO2/Ti composites. The as-obtained 
electrodes were characterized by scanning electron microscopy, X-ray diffraction, and Raman 
spectroscopy. Electrochemistry showed PMo12/CNTs/TiO2/Ti electrodes to possess high photoelec-
trochemical activities due to broadened absorption spectra and solar light utilization efficiencies. 
The photoelectrocatalytic degradation of PHE was evaluated at different light sources at current 
density of 50 μA cm–2. Under sunlight, PHE at concentrations around 1.5 mg L–1 were completely 
degraded within 60 min. The constant of zero-order kinetics for PHE degradation was estimated to 
0.0227 mg L–1 min–1, and the reaction was identified as surface-controlled catalysis. A mechanism 
of charge separation was also proposed. Overall, these findings look promising for future catalysis 
associated with environmental remediation.

Keywords: Polyoxometalate; Photoelectrocatalyst; Phenanthrene

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are classified 
as pollutants due to their mutagenic, teratogenic, and car-
cinogenic properties. They are usually discharged into the 
environment from coking industry, oil spills, and waste oil 
processing [1–3]. PAHs are not only harmful to human health 
but also considered as ecological poison [1–4]. A total of 16 
PAHs have been so far listed as priority pollutants by the 
United States Environmental Protection Agency (USEPA) [5], 
and more than 200 categories of PAHs have been observed 
of which most have carcinogenic properties. Hence, their 

transformation or elimination is urgent for human and 
environmental protection.

The remediation of PAHs contaminants is challenging 
because of their low water solubility, easy accumulation, 
and refractory. Despite this, many biological, physical, 
and chemical technologies exist for remediation of PAHs 
contamination. Among engineering processes, advanced 
oxidation processes (AOPs) are generally considered the 
best engineering routes due to their high rates and effi-
cient transformations of organic pollutants. Recently clean 
energy-saving AOPs have attracted increasing attention, in 
which photoelectrocatalytic oxidation is an effective green 
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clean AOPs. Photoelectrocatalytic oxidation is defined as an 
electrochemically-assisted photocatalytic reaction technol-
ogy [6]. Its quantum efficiency increases by reducing recom-
bination of photogenerated electrons and holes through 
the application of an external bias to achieve complete 
mineralization of organic contaminants [7]. The activity of 
catalyst depends on the active components, which would 
determine the photoelectrocatalytic oxidation efficiencies. 
Hence, the selection of catalyst component is critical for 
successful remediation.

Titanium dioxides have been used as photocatalysts in 
many photoelectrocatalytic systems due to their high stabil-
ities, elevated specific surface areas, relevant recyclability, 
and non-toxicity [8,9]. However, the high recombination 
of electrons and holes, as well as their large band-gap lead 
to low quantum efficiency. To improve quantum efficiency, 
previous studies focused on the preparation and modi-
fication of TiO2 by nanocarbons as composite materials 
[10,11], yielding enhanced photocatalytic activities under 
visible light. Carbon acts as an electron trap to promote 
electron–hole separation, minimizing charge recombination 
and enhancing TiO2 conductivity. However, most studies 
focused on nanoparticles which can hardly be recovered due 
to their easy aggregations after completion of the reaction. 
Hence, the preparation of composite films is more attractive 
since it prevents aggregation. A few studies dealing with 
the deposition of nanocarbon on TiO2 nanotubes have so 
far been reported. The results overall showed good catalytic 
activities [10]. However, these traditional catalysts have low 
utilization of sunlight. Hence, novel TiO2 based composites 
with superior catalytic activities and better stability are 
highly desirable.

Polyoxometalates have attracted increasing attention in 
photocatalysis thanks to their highest oxidation states with 
unmatched range of physical properties, such as electronic 
versatilities, redox characteristics, and unique molecular 
structures [12,13]. POMs as electron acceptors have also 
been applied to TiO2 photocatalytic systems in an effort to 
enhance the conduction band and electron transfer rates 
for fast charge-pair recombinations [14,15]. Reduced POMs 
after accepting one or two conductive electrons on TiO2 are 
relatively stable, and readily available for re-oxidization by 
transferring electrons to oxidants [16]. In this case, POMs 
act as electron transfer mediators between TiO2 and electron 
acceptors. POMs could also absorb the ultraviolet light to 
produce photoelectrons. Hence, preparation of TiO2, CNTs, 
and POMs composite electrodes are feasible routes for solving 
the catalytic problems.

Numerous potential techniques have so far been applied 
for modification of supports with POMs. These include 
electrodeposition [17], chemisorption [18], and layer-by-
layer (LbL) self-assembly [19,20]. The LbL technique might 
yield polyelectrolyte multilayer films on substrates through 
alternate deposition of cationic and anionic aqueous solu-
tions. This route can be used to introduce functional groups 
with controlled macroscopic properties or form inter-
layer structures for continuous reaction [21]. The LbL of 
POMs on substrates requires positively charged cationic 
linker molecules to anchor the negatively charged POMs 
anions. Polyelectrolytes are often used as linkers in most 
studies, including poly(allylamine hydrochloride) [20] 

and poly(diallyldimethylammonium chloride) [22]. On 
the other hand, room temperature ionic liquids (RTILs) 
consisting of ion pairs at or near room temperature have 
attracted increasing attention due to their excellent prop-
erties, such as non-volatility and enhanced electrochemical 
properties [23,24]. In addition, POMs-based hybrids have 
been synthesized from imidazole ionic liquids, and few 
applications in catalysis have been reported [19,22,23,25].

In this study, TiO2 nanotube arrays were prepared by 
anodization, and CNTs were electrodeposited on TiO2 
nanotubes. Imidazolium-based cations derived from RTILs 
were employed as linkers for LbL modification of sub-
strates with Keggin type POM molecules. Scanning electron 
microscopy (SEM), X-ray diffraction (XRD), and Raman 
spectroscopy were employed for characterization of the 
modified electrodes. The photoelectrochemical performances 
were evaluated through the degradation of phenanthrene 
(PHE) as target pollutant. The novel composite electrodes 
showed overall high photoelectrocatalytic abilities.

2. Experimental setup

2.1. Reagents

Phosphomolybdic acid (PMo12) was purchased from 
Shanghai Titan Technology, Shanghai, China. Ti foil was 
obtained from Qinghe Jiarun Metallic Material, and CNTs 
from Nanjing XFNANO Material Technology. All other 
chemical reagents were of analytical grade unless other-
wise specified and supplied by Tianjin Beichen Fangzheng 
Chemical Reagent Factory. The deionized water was prepared 
by our laboratory system.

2.2. Preparation of substrate CNTs/TiO2/Ti

The electrode substrate was prepared using TiO2/Ti and 
CNTs, starting by anodization of Ti followed by preparation 
of CNTs oxide and CNTs oxide electrodeposition.

2.2.1. Preparation TiO2/Ti

Self-organized TiO2 nanotube arrays were prepared by 
anodization of Ti foils (0.5 mm in thickness) in a bath con-
taining ethylene glycol ((CH2OH)2), ammonium fluoride 
(NH4F), and deionized water [26]. Before anodization, Ti foils 
were polished with 500 mesh sandpaper then ultrasonically 
cleaned in acetone, ethanol, and isopropanol. Anodization 
was carried out in an electrolyte containing 0.15 M NH4F 
and 4% vol deionized water in (CH2OH)2 solvent. The cell 
was polarized at 50 V for 2 h using a DC power supply in a 
two-electrode system composed of a platinum cathode and 
Ti anode. Next, the anodized Ti foils were cleaned by deion-
ized water and calcined at 450°C for 3 h. After cooling down 
to room temperature, the photoactive anatase phase (TiO2/Ti) 
was employed as substrate for the electrodeposition of car-
bon nanotubes.

2.2.2. Preparation of CNTs oxide

The received CNTs were first purified before oxidation to 
remove any remaining metals and other amorphous carbon. 
They were then ultrasonically washed with concentrated 
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hydrochloric acid (HCl) for 45 min followed by washing 
with deionized water and drying. The resulting material was 
labeled as pCNTs. For functionalization, the pCNTs were 
further oxidized by wet chemical treatment [27]. To this end, 
pCNTs were first added to a solution containing sulfuric acid 
(H2SO4) and nitric acid (HNO3) at a ratio of 3:1. The mixture 
was heated by reflux to 70°C for 8 h under constant stirring, 
followed by washing with deionized water and drying to 
yield functional CNTs (O-CNTs).

2.2.3. Electrodeposition

O-CNTs were deposited on TiO2/Ti by electrodeposition 
[28]. The obtained O-CNTs were first ultrasonically dis-
persed in 0.1 M phosphate buffer solution (PBS, Na2HPO4 
[pH = 9.18]) to form a black suspension with concentration 
of 0.5 mg mL–1. Cyclic voltammetry was then applied to 
the black suspension in a three-electrode system con-
nected to a CHI 660E electrochemical workstation. The 
calcined TiO2/Ti was used as working electrode, platinum 
wire as counter, and saturated calomel as reference elec-
trode. The scanning was performed from –1.5 to 0.5 V 
at 50 mV s–1 for 20 cycles. After deposition, the working 
electrode was washed with deionized water and dried at 
room temperature.

2.3. LbL process

For integrating the negatively charged POM catalysts 
by LbL assembly technique, 1-butyl-3-methylimidazolium 
hydrogen sulfate was used as a linker for modification of 
the substrate. In LbL coating, POMs were first dissolved in 
deionized water to form 5 mM coating solution. 1-Butyl-3-
methylimidazolium hydrogen sulfate was then dissolved 
in deionized water to form 5 wt.% cation linker coating 
solution. The LbL process used to fabricate the composite 
electrode was performed according to several steps. First, 
the substrate was soaked in 9 M HNO3 (2 min) then washed 
with deionized water (2 min). Next, the electrode was trans-
ferred into 5 wt.% ionic liquid solution (20 min) then washed 
with deionized water (2 min). Finally, it was soaked in 5 mM 
POM solution (20 min) followed by washing with deionized 
water (2 min).

2.4. Characterization

The surface morphologies of obtained electrodes were 
characterized by SEM (Hitachi S-4800). XRD (D/max-2500) 
with Cu Kα radiation was used for structure identifica-
tion. Raman spectroscopy (D-35578 Wetzlar, Germany) 
was utilized for molecular structure determination. The 
electrochemical properties were evaluated on a CHI 600E 
workstation. All electrochemical experiments were per-
formed in a three-electrode system containing Na2SO4 
(0.01 mol L–1) as electrolyte.

2.5. Phenanthrene degradation

The photoelectrocatalytic oxidation experiments were 
performed in an electrochemical cell under constant stir-
ring to reduce mass transfer resistance. The three-electrode 
system was composed of composite electrode as working 
electrode, platinum foil as counter electrode, and saturated 
calomel electrode as reference electrode. Double display 
potentiometry was utilized for the oxidation process and 
performed for duration of 1 h. Phenanthrene was dissolved 
in methanol at concentration of 100 mg L–1 as mother liq-
uid. Oxidation experiment electrolyte was prepared by the 
mother liquid and Na2SO4, and then 2.0 mL sample was taken 
and stored in refrigerator prior to detection. The phenan-
threne concentration was determined by high-performance 
liquid chromatography (HPLC, Agilent 1100) equipped with 
UV detector and C18 reverse-phase column (inertsil ODS). 
The mobile phase contained a mixture of 20% deionized 
water and 80% methanol at total flow rate of 1.0 mL min–1. 
The injection volume was 20 μL, and wavelength of UV 
absorbance detector was fixed at 254 nm.

3. Results and discussion

3.1. Characterizations of PMo12/CNTs/TiO2/Ti composite electrode

3.1.1. Scanning electron microscopy

The anodization of Ti foil in ammonium fluoride solu-
tion led to deposition of amorphous TiO2 nanotubes on the 
anodized surface. Therefore, thermal treatment played an 
important role in transforming the amorphous phase into 

 

Fig. 1. Layer-by-layer self-assembly of composite electrode using POM and electrostatic linker, RTIL room temperature ionic liquids.
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crystalline phase in muffle furnace. The SEM images of 
TiO2 nanotube arrays are shown in Fig. 2a. The TiO2 nano-
tubes looked to cover the entire Ti foil surface with high 
order and directional nanotube arrays with diameters of 
60 nm. Fig. 2b depicts the SEM morphology of PMo12/CNTs/
TiO2/Ti composite electrode. CNTs appeared well adhered 
to TiO2 surface, meaning that CNTs were successfully 
electrodeposited on TiO2 nanotubes at CNTs concentration 
of 0.5 mg mL–1 and deposition time of 1,600 s. On the other 
hand, POMs were not visible in SEM due to their small 
sizes and lack of agglomeration.

3.1.2. X-ray diffraction

XRD profiles of CNTs/TiO2 and PMo12/CNTs/TiO2/Ti are 
shown in Fig. 3. The characteristic peaks at 2θ = 25.3°, 37.8°, 
48.6°, and 55° were attributed to the (101), (004), (200), and 
(211) planes of anatase TiO2 [10]. The main growth direction 
of TiO2 was identified as (101) facets. The characteristic peaks 
at 2θ = 20°–30° were associated with carbon [29], indicating 
the electrodeposition of CNTs on TiO2 nanotubes. The inten-
sities of TiO2 peaks decreased after combination with PMo12. 
The characteristic peaks at 2θ = 22° and 28° were associated 
with Keggin structure with significant peak intensities, sug-
gesting high dispersion of PMo12 on TiO2 surface support 
without aggregation. These data were consistent with those 
from SEM.

3.1.3. Raman spectroscopy

The Raman spectrum of anatase phase showed charac-
teristic peaks at 147, 197, 399, 515 (superimposed at 515 cm–1 
bands), and 639 cm–1 [30]. These bands can be assigned to the 
six Raman active modes of anatase phase with symmetries 
of Eg, Eg, B1g, A1g, B1g, and Eg, respectively. The major band 
of rutile phase appeared at 143 (superimposed at 143 cm–1 
band due to rutile phase), 235, 447, 612, and 826 cm–1. These 
bands were attributed to the B1g, two-phonon scattering, 
Eg, A1g, and B2g modes, respectively. In Fig. 4, five peaks at 
147, 199, 397, 513, and 636 cm–1 were visible. The strongest 
mode at 147 cm–1 (Eg) was 10-fold greater than any other 
phonon intensity arising from external vibration of ana-
tase structure, suggesting formation of anatase phase with 
long-range order in annealed film. The bands at 1,346 and 

1,602 cm–1 corresponded to D and G bands of MWCNTs [31]. 
The G band was assigned to E2C first order mode issued from 
tangential oscillations of carbon atoms, indicative of high 
degree of crystallinity. The D band represented the double 
resonance caused by disordered graphite and defects in sp2 
skeleton. The ID/IG ratio is often used to quantify the degree 
of disorder in carbon frameworks. Here, it was estimated to 
1.05, indicating relatively low degree of graphitization. This 
result was consistent with CNTs prepared by wet chemical 
oxidation by H2SO4/HNO3. The Raman spectrum of PMo12 
looked not that obvious since only small amounts of PMo12 
were deposited on CNTs/TiO2/Ti.

3.2. Electrochemistry

3.2.1. Photocurrent characteristics

A photocurrent response is often generated during 
separation of the photogenerated electron–hole pairs, and 
illumination increases the current that could result from 
photocarrier generation and carrier mobility enhance-
ment. The responsiveness of PMo12/CNTs/TiO2/Ti compos-
ite electrode under interrupted light was studied at fixed bias 
voltage of 0 V vs. SCE. The potentiostatic plots of photocurrent 

 

(a) (b) 

Fig. 2. SEM images of: (a) TiO2 nanotubes and (b) composite electrode.

 

Fig. 3. XRD patterns of CNTs/TiO2/Ti and PMo12/CNTs/TiO2/Ti.
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densities are displayed in Fig. 5. Promoted and stable photo-
current response was observed with the composite electrode 
and photocurrent reaching 1.25 mA. After photoreduction 
during the first “ON” light, the photocurrent response kept 
fairly stable under subsequent repetitive light irradiations, 
indicating robust adhesion between the film and underlying 
TiO2. This would favor the direct use of the composite elec-
trode as a whole.

3.2.2. Impedance properties

Electrochemical impedance spectroscopy (EIS) was used 
to examine the impedance properties of PMo12/CNTs/TiO2/
Ti composite electrode and TiO2/Ti electrode. Fig. 6 showed 
circular arcs with amplitudes decreased between TiO2 and 
PMo12/CNTs/TiO2/Ti composite electrode. To better deter-
mine the roles of CNTs in PMo12/CNTs/TiO2/Ti composite 
electrode, the EIS of CNTs/TiO2/Ti electrode was also mea-
sured. Obviously, CNTs/TiO2/Ti electrode substrate and 
PMo12/CNTs/TiO2/Ti composite electrode depicted nearly 

identical circular arcs. The resistances of CNTs/TiO2/Ti 
electrode substrate and PMo12/CNTs/TiO2/Ti composite 
electrode were much smaller than that of pure TiO2 elec-
trode. This suggested that CNTs promoted the electron 
transfer during the electrochemical reaction at PMo12/CNTs/
TiO2/Ti composite electrode as an electron mediator with 
high conductivity.

3.3. Photoelectrocatalytic degradation of PHE

The efficiency of PMo12/CNTs/TiO2/Ti composite elec-
trode toward PAHs degradation was studied using PHE as 
representative pollutant. Based on the conditions (with or 
without POM and light), three experiments were designed 
under the electrochemical system: visible light/ electro-
chemical, electrochemical system, and sunlight/electro-
chemical of PMo12/CNTs/TiO2/Ti electrode. For comparison, 
the ultra violet light/electrochemical system using CNTs/
TiO2/Ti electrode substrate as working electrode was also 
studied (Figs. 7a and b). All systems were explored at 
50 μA cm–2. The degradation rate of PHE using CNTs/TiO2/
Ti reached 40% after 60 min reaction. In presence of PMo12, 
the degradation rate of PHE was only 50%, meaning that 
PHE was hard to degrade at low current densities, consis-
tent with previous other reports [32]. However, the result 
demonstrated that PMo12 acted as a catalyst. Compared with 
the electrochemical system, the degradation rate of PHE 
improved in photoelectrocatalytic system. When CNTs/
TiO2/Ti was used as working electrode under ultraviolet 
light/ electrochemical system, the degradation rate of PHE 
reached 60%, which was equivalent to 20% increase when 
compared with the electrochemical system. This indicated 
that the electrode worked as photocatalyst and produced 
hydroxyl radicals from reactive oxygen species through 
radical chain reaction. Also, 60% degradation rate was 
obtained in the visible light/electrochemical system using 
PMo12/CNTs/TiO2/Ti as working electrode. An increase of 
10% in degradation rate meant that PMo12 contributed to 
catalysis but not obvious when compared with PMo12/CNTs/

 

Fig. 4. Raman spectrum of composite electrode.

 

Fig. 5. Photocurrent characteristic of composite electrode.

 

Fig. 6. EIS profiles of PMo12/CNTs/TiO2/Ti, TiO2, and CNTs/TiO2/
Ti electrodes.



Q. Duan et al. / Desalination and Water Treatment 172 (2019) 359–367364

TiO2/Ti under the electrochemical system. This revealed 
that the composite electrode reduced the band-gap width of 
TiO2. Finally, PHE was completely degraded after 60 min in 
sunlight/electrochemical system, which suggested the pres-
ence of synergetic catalytic effect between PMo12 and ultra-
violet light in this photoelectro catalytic system, causing the 
generation of more hydroxyl radicals when compared with 
the visible light system. The reason for this might have to do 
with the absorption peak of PMo12 located in the ultraviolet 
region, Hence, PMo12 can produce hydroxyl radical under 
ultraviolet light due to the presence of organic compounds 
in the solution [16]. Furthermore, during the first 20 min, 
the curve of CNTs/TiO2/Ti catalytic system appeared flat. 
This was attributed to PHE, which was quickly adsorbed on 
the electrode but cannot rapidly degrade. In other words, 
the rate of hydroxyl radicals production was the limiting 
step during the beginning of the reaction but later PHE 
adsorption rate became the limiting step. Such phenome-
non was not observed for PMo12/CNTs/TiO2/Ti composite 
electrode during photoelectrocatalytic reaction, suggesting 
that composite electrode can quickly generate hydroxyl 
radicals in the reaction system. In other words, the limiting 
step throughout the reaction was PHE adsorption rate. Thus, 
the composite electrode was an efficient composite material 
useful for HE oxygenolysis under low current densities and 
sunlight/electrochemical system.

3.4. Stability

The stability is an essential feature of any catalyst 
destined for industrial applications. Hence, recycling exper-
iments were carried out and the results are shown in Fig. 8. 
The electrode was reused for five consecutive cycles without 
obvious loss in catalytic activity, demonstrating preservation 
of the structural integrity of the modified electrode during 
recycling catalytic processes.

3.5. Reaction kinetics

To gain a better understanding of PHE degradation in 
photoelectrocatalytic oxidation system, the reaction kinetics 

was studied. The system was based on surface catalytic reac-
tions, and degradation process of PHE followed zero-order 
kinetics. The zero-order rate constant of PHE degradation 
reaction was determined in ultrapure water without other 
reagents to ensure stable pH and initial concentration of PHE 
(1.5 mg L–1). The kinetic equations are described in Eqs. (1) 
and (2).

− =
dC
dt

kPHE  (1)

C C kt0 − =PHE  (2)

where CPHE is concentration (mg L–1) of PHE at reaction time 
t (min), C0 is PHE concentration at time 0, and k is zero- order 
rate constant which could be calculated from the linear 
regression of (C0 – CPHE) as a function of time t.

The reaction constant was calculated as 0.0227 mg L–1 min–1 
(R2 > 0.94) after 60 min. Hence, the reaction was indepen-
dent of reaction concentration and only linked to the surface 

 

(a) (b)

Fig. 7. PAHs degradation of PHE at concentration of 1.5 mg/L: (a) PMo12/CNTs/TiO2/Ti composite electrode and (b) CNTs/TiO2/
Ti substrate. ELE means electrocatalysis system, SL means sunlight photoelectrocatalysis system, and UL means visible light 
photoelectrocatalysis system.

 Fig. 8. Conversion yields for recycling experiments of catalyzed 
PHE.
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state. By considering the adsorption–desorption processes, 
the rate constant was calculated as 0.0208 mg L–1 min–1 after 
40 min. Using substrate for PHE degradation, the reac-
tion rate constant was estimated to 0.0183 mg L–1 min–1 
(R2 > 0.99) after 40 min. Under other conditions, the rate 
constants were recorded as: 0.0101 mg L–1 min–1 (R2 > 0.96) 
(visible light/electrochemical), 0.01 mg L–1 min–1 (R2 > 0.88) 

(electrocatalysis system), and 0.0154 mg L–1 min–1 (R2 > 0.90) 
(sunlight photocatalysis system). Overall, the composite 
electrode showed a great photocatalytic activity toward the 
degradation of PHE.

3.6. Photoelectrocatalytic oxidation mechanism

AOPs are all chain-reaction sequences involving radical 
cycle propagation once radicals are formed [33]. In the 
proposed system, hydroxyl radicals were formed through 
two pathways. When visible light with photon energy (hν) 
was higher than band-gap energy of the semiconductor 
(Eg = 3.2 eV for anatase TiO2), the valence band electrons of 
the semiconductor would undergo band-to-band transition. 
This will promote electrons from the valence band into the 
conduction band, inducing photogenerated electrons (e–

cb) 
and holes (h+

vb) according to Eq. (1) [34]. Part of the photo-
generated holes (h+

vb) would escape the direct recombination 
(Eq. (2)), and the other part of h+

vb would reach TiO2 surface 
with surface adsorbed hydroxyl groups or water to form 
adsorbed hydroxyl radicals (•OHads) according to Eqs. (3) 
and (4) [35]. The hydroxyl radical would then leave the sur-
face toward bulk solution to form free hydroxyl radicals 
(•OHfree). Next, the photogenerated electron will migrate 
to POM through MWCNTs, leading to reduced-POM 
(POM(e–)red) (Eq. (5)) [36]. In other words, MWCNTs did not 
only act as electron transfer entities but also enhanced the 
efficiency of the electron use. Afterward, POM(e–)red would 
be oxidized to POM with O2 and transformed into •O2

–
ads 

(Eq. (6)) [37]. Simultaneously, part of POM(e–)red should 
become oxidized by the electrode reaction (Eq. (7)). O2

–
ads 

will generate hydroxyl radicals through free radical chain- 
reaction described by Eqs. (8)–(12) [7,14,35,38].

At ultraviolet light with hν higher than absorption 
threshold of POM, the POM will absorb light energy from the 

 

Fig. 9. Reaction kinetic curve of PHE at concentration of 1.5 mg L–1 
in photoelectrocatalytic system under sunlight as light source.

 Fig. 10. Photoelectrocatalytic oxidation mechanism.

Table 1
Proposed reaction mechanism

(1) TiO h e hcb vb2 + → +− +ν

(2) e h heatcb vb
− ++ →

(3) h OH OHvb ads ads
+ − •+ →

(4) h H O H O H OHvb free
+ + + •+ → → +2 2

(5) e POM POM ecb red
− −+ → ( )

(6) POM e O POM Ored ads( )− • −+ → +2 2

(7) POM e e POMred( )− −− →

(8) • − + •+ →O H HOads2 2

(9) 2 2 2 2 2HO H O Oads
• → +

(10) H O O OH OH O2 ads ads ads2 2 2+ → + +• − • −

(11) H O OH H O HOads ads2 2 2 2+ → +• •

(12) HO OH H O Oads2 2 2
• •+ → +

(13) POM h POM+ →ν *

(14) POM PAH POM e PAH
red

* + → ( ) +− +

(15) PAH PAH OH oxid. production+ •( ) + →
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ground state to move to the excited state (POM*) (Eq. (13)) 
[16]. According to Eq. (14), POM* would obtain electron 
from PAH to yield reduced state (POM(e–)red) [16]. The rest 
of the process was consistent with the first pathway. In sum, 
POM, MWCNTs, and TiO2-yielded heterogeneous composite 
catalyst with synergistic catalysis effect due to the different 
components. Finally, organic pollutants were oxidized to 
smaller molecule organic matter and inorganic matter, such 
as CO2 and H2O.

4. Conclusions

Novel PMo12/CNTs/TiO2/Ti composite electrode was 
prepared through LbL assembly. Compared with substrate 
CNTs/TiO2/Ti, the PMo12/CNTs/TiO2/Ti composite electrode 
showed extended light absorption and facilitated separa-
tion/transfer of photogenerated electron–hole pairs. This 
led to complete photoelectrocatalytic degradation of PHE 
(1.5 mg L–1) under low currents densities (50 μA cm–2) in 
sunlight photoelectrocatalytic system. The reaction kinetics 
was evaluated and zero-order rate constants were calculated 
for substrate and composite electrode in the photocatalytic 
system. It was shown that the photoelectrocatalytic system 
was governed by surface catalytic reactions. In addition, the 
composite electrode was reused for five consecutive cycles 
without obvious loss in catalytic activity, showing good sta-
bility during cyclic experiments. Overall, PMo12/CNT/TiO2/Ti 
composite looks a promising candidate for disposal of PAHs 
from wastewaters.
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