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a b s t r a c t

A tetracycline hydrochloride (TC) molecularly imprinted polymer (MIP) modified TiO2 nanotube array

electrode was prepared via surface molecular imprinting. Its surface was structured with surface

voids and the nanotubes were open at top end with an average diameter of approximately 50 nm. The

MIP-modified TiO2 nanotube array with anatase phase was identified by XRD and a distinguishable red

shift in the absorption spectrum was observed. The MIP-modified electrode also exhibited a high

adsorption capacity for TC due to its high surface area providing imprinted sites. Photocurrent was

generated on the MIP-modified photoanode using the simulated solar spectrum and increased with the

increase of positive bias potential. Under simulated solar light irradiation, the MIP-modified TiO2

nanotube array electrode exhibited enhanced photoelectrocatalytic (PEC) activity with the apparent

first-order rate constant being 1.2-fold of that with TiO2 nanotube array electrode. The effect of the

thickness of the MIP layer on the PEC activity was also evaluated.

& 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Photoelectrocatalytic (PEC) oxidation has been reported as an
efficient method in improving the photocatalytic (PC) efficiency of
the photoelectrode by applying a low electrical bias potential
between the anode and the cathode, which can decrease the
recombination rate of photogenerated electrons and holes [1–3].
A stable and active photoelectrode is crucial in obtaining good PEC
performance. TiO2 has been proved to be a promising photo-
catalyst because of its high PC activity. The TiO2 photoelectrode,
which is prepared by immobilizing TiO2 on a solid carrier, is
widely used in PEC oxidation. Some supported carriers, in
particular copper, aluminum and stainless steels, were more
easily oxidized under a positive bias, even without UV illumina-
tion [4,5]. By comparison, titanium has become a kind of favorable
carrier for coating TiO2 photocatalyst to be used as photoelec-
trode, for the possible reason that titanium oxidizes only at
applied potentials higher than 3 V [6].

In recent years, highly ordered TiO2 nanotube array produced
by potentiostatic anodization has become a kind of interesting
inorganic material due to its large internal surface area. Its well-
formed nanotube-array architecture offers the ability to influence
the absorption and propagation of light through the architecture,
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and the closely packed vertically aligned crystalline tubes also
offer the excellent electron percolation pathways for vectorial
charge transfer between interfaces [7–9]. Because the TiO2

nanotube array grows directly on the titanium substrate by
electrochemical anodic oxidation method, it possesses a very
strong mechanical strength [10]. So the anodic TiO2 nanotube is a
stable photocatalyst in the solution and has displayed excellent PC
and PEC performances under UV light irradiation [3,10].

Adsorption of the organic pollutants over TiO2 photocatalyst is
usually considered to be an important parameter in determining
degradation rates of PC oxidation [11] and surface modification
may be an alternative strategy to increase the adsorption ability of
TiO2. Molecular imprinting is a promising technique for creating
specific molecular recognition sites in solid materials by using
template molecules [12]. Since Mosbach and co-workers reported
the theophylline and diazepam molecularly imprinted polymer
(MIP) for mimicking the antibody combining sites [13], interest in
the molecular imprinting technique has surged because of its
unique properties of predetermination, selectivity and specific
affinity for the template [14–18]. In general, the MIP synthesis
undergoes three steps, viz. mixing the functional monomers and
the template, polymerization of a monomer with a cross-linker
around a template molecule through UV light irradiation or
calefaction way, and lastly, removing the template by washing. In
this way, the sites capable of selectively rebinding the target
analyte are left in the polymer [17,19]. Nowadays, the combination
of surface molecular assembly with nanostructures in the
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Fig. 1. Chemical structure of tetracycline hydrochloride.
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imprinting technology and imprinting template molecules at
single-hole hollow microspheres have been developed to take
advantage of large surface areas for increasing the imprinting sites
effectively [12,20,21], and the molecularly imprinted materials
have showed potential applications not only in sensors, separation
and bioassay [16,17,22–25], but also in photocatalysis. Recently,
Zhu and co-workers prepared MIP-modified TiO2 photocatalyst
and found that the PC activity of TiO2 was improved [26,27].
However, they used P25 as the carrier, which would suffer from
the difficulty of separating suspended TiO2 particles from aqueous
solution.

The TiO2 nanotubes have improved properties compared to any
other forms of titania [28], among which the anodic TiO2

nanotube arrays have the most remarkable properties. The
strategy of increasing the adsorption capability of TiO2 nanotube
array electrode by modifying it via a thin layer of MIP becomes
accessible to construct a novel MIP-TiO2 hybrid electrode, which
keeps both a specific adsorption capacity and high PEC activity. To
our knowledge, application of MIP-modified TiO2 nanotube array
electrode in PEC degradation has not been reported. Antibiotics
have been exposed to the environment with increasing attention.
The excessive accumulation of tetracycline hydrochloride (TC; see
Fig. 1), a type of broad-spectrum antibiotic, can produce a series of
pathological changes and disrupt ecosystem equilibrium [29,30].
In the present study, MIP-modified TiO2 nanotube array electrode
was prepared, using TC as the template and the test substance as
well. The MIP-modified TiO2 nanotube array may find its
important roles in enhancing the PEC activity of TiO2 for the
degradation of pollutants.

2. Experimental

2.1. Chemicals and materials

The titanium sheets were purchased from Tianjin Gerui Co.
Ltd., China. Tetracycline hydrochloride (TC) and ethylene glycol
dimethacrylate (EGDMA) were obtained from Alfa Aesar A
Johnson Matthey, United States. Methacrylic acid (MAA) was from
Tianjin Bodi Chemical Ltd., China, and 2,20-azobisisobutyronitrile
(AIBN) was from Tianjin Fuchen Chemical Reagent Co., China.
All the other chemicals were of analytical grade and used as
received. Deionized water was used for preparation of all aqueous
solutions.

2.2. Preparation of TiO2 nanotube arrays

The anodization of pretreated titanium sheet was performed
in a two-electrode electrochemical cell. More details of
anodic oxidation had been described previously [31]. To induce
crystallinity, the initially amorphous as-anodized sample was
annealed at 500 1C for 1 h with heating and cooling rates of
2 1C min�1.
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2.3. Preparation of MIP-modified TiO2 nanotube arrays

The imprinted polymer was prepared by radical polymeriza-
tion method. The template molecule, functional monomer, cross-
linker and initiator were dissolved in 1 mL of methanol in a
columniform quartz tube to make a mixture solution containing
0.013 M TC, 0.36 M MAA, 1.79 M EGDMA and 0.054 M AIBN. The
solution was mixed uniformly by sonication for 5 min, and then
was slowly dropped on two sides of TiO2 nanotube array electrode
to get a uniform coating. Afterwards, the electrode was fixed in
the columniform quartz tube. The tube was then sealed and
purged with nitrogen for a further 20 min. Polymerization was
carried out under UV light irradiation for 4 h. The template was
removed by successive washing in deionized water until no TC
was detected in the eluates. At the same time, the nonimprinted
(NIP)-modified TiO2 nanotube array electrode was prepared as a
reference using the same reaction mixture without the addition of
the template and being treated in the same procedure.

2.4. Characterization of MIP-modified TiO2 nanotube arrays

Atomic force microscopy (AFM; CSPM, Being Nano-
Instruments Ltd.) was used to scan the MIP-layer surface structure
of the MIP-modified TiO2 nanotube arrays over an area of
5mm�5mm. Morphological characterization of the samples was
carried out using environmental scanning electron microscope
(ESEM; Quanta 200 FEG). X-ray diffraction (XRD) analysis using a
diffractometer with Cu Ka radiation (Shimadzu LabX XRD-6000)
was used to determine the crystalline structure of the samples.
The UV–vis diffuse reflectance spectra (DRS) were recorded on a
Jasco UV-550 spectrophotometer with an integrating sphere;
BaSO4 was used as a reference sample.

2.5. Photoelectrochemical measurements

The photocurrent density was measured using a CHI electro-
chemical analyzer (CH Instruments 650B, Shanghai Chenhua
Instrument Co. Ltd., China) in a standard three-electrode config-
uration with the MIP-modified sample as photoanode, a platinum
foil as counter electrode and a saturated calomel electrode (SCE)
as reference electrode. A high-pressure xenon short arc lamp
(CHF-XM35-150 W, Beijing Changtuo Co. Ltd., China), as a spectra
physics solar simulator, was applied as the radiation source.

2.6. Photoelectrocatalytic experiment

The PEC oxidation of TC was carried out in a single
photoelectrochemical compartment. The MIP-modified TiO2 na-
notube array as photoanode, a platinum foil as counter electrode
and an SCE as reference electrode were connected to the CHI 650B
electrochemical analyzer. Bias potentials applied on the photo-
anode were 0.4 V (vs. SCE) in the experiments. The spectra physics
solar simulator (CHF-XM35-500 W, Beijing Changtuo Co. Ltd.,
China) with the illumination intensity of 100 mW cm�2, which
was measured by a radiometer (model FZ-A, Photoelectric
Instrument Factory, Beijing Normal University, China) at the
position of photoanode, was placed in parallel with the photo-
reactor. All the experiments went on with continuous magnetic
stirring. The initial concentration of TC aqueous solution (40 mL)
was 5 mg L�1 and 0.01 M sodium sulfate was added as the
electrolyte. During the reaction, the TC solution was sampled
periodically and the absorbance was measured at 277 nm using a
Jasco V-550 spectrophotometer. A total organic carbon (TOC)
analyzer (TOC-VCPH, Shimadzu, Japan) was employed for deter-
mining the mineralization of TC solutions.
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3. Results and discussion

3.1. Surface of the MIP modified on the TiO2 nanotube array

electrode

Fig. 2 shows AFM images of the surface of the MIP modified on
the TiO2 nanotube array electrodes. An MIP layer covered on the
surface of the electrode can be seen obviously in Fig. 2(a). The
rugged surface of the cross-linked MIP before being washed by
water presented a pattern of crests and valleys. As shown in
Fig. 2(b), more surface voids were observed after the electrode
being washed with deionized water, which could be ascribed to
the removal of the template as well as the volatilization of the
solvent [19]. The role of the solvent in the molecular imprinted
technology is to provide porous structure for the MIP. During the
process of polymerization, the solvent molecules can enter the
inside of the MIP and are removed in the post treatment, leaving
pores in the MIP. They can not only hasten both the bonding rate
of template molecule with the monomer and the removal rate of
the template molecule, but also promote the electron transfer
between the electrolyte solution and the surface of the TiO2

nanotube array electrode [19].
3.2. Morphology of the MIP-modified TiO2 nanotube arrays

Fig. 3 shows the top-view ESEM images of neat and MIP-modified
TiO2 nanotube arrays. The electrodes modified with different
80.00
40.00
0.00

0.00
1000.00

2000.00

3000.00

4000.00

5000.00 0

80.00
40.00

0.00
0.00
1000.00

2000.00

3000.00

4000.00

5000.00 0

Fig. 2. AFM images of the surfaces of the MIP layer modified on TiO2 nanotube array e

by deionized water.
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thicknesses of MIP layer, namely thin and thick MIP layers, were
obtained using approximately 200 and 800mL of the same
mixture solutions of polymerization precursors, respectively,
which were continuously dropped on each side of the TiO2

nanotube array electrodes, and being treated in the same
procedure. From Fig. 3(b), most nanotubes of MIP-modified
electrode were still open at the top end, the same as the TiO2

nanotubes (Fig. 3(a)). In the process of MIP modification, the
mixture solution could diffuse down the length of the hollow core
of the nanotubes; thus, the inside surface of the nanotubes was
modified with the thin MIP layer, making the average diameter
reduced from approximately 80 to 50 nm. While further increas-
ing the thickness of the MIP layers, the TiO2 nanotube pores were
blocked deeply (Fig. 3(c)) and the surface area was decreased,
leading a reduction of the PEC activity of MIP-modified electrode.
Accordingly, the TiO2 nanotube array electrode modified with thin
MIP layer was chosen for the following investigations in the
present study.

n

3.3. XRD analysis

Fig. 4 corresponds to XRD patterns obtained from TiO2

nanotube arrays and MIP-modified TiO2 nanotube arrays. The
XRD patterns of as-anodized TiO2 nanotube arrays were found to
be amorphous in nature and were annealed to convert them to
crystalline phases as seen in Fig. 4(a). The MIP-modified TiO2

nanotube arrays had crystallized structure (Fig. 4(b)) with clear
om
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Fig. 3. Top-view ESEM images of: (a) TiO2 nanotube arrays and TiO2 nanotube

arrays modified with (b) thin MIP layer and (c) thick MIP layer.
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2 Theta (degree)

(a)

(b)

Fig. 4. XRD patterns of: (a) TiO2 nanotube arrays and (b) MIP-modified TiO2

nanotube arrays.

Fig. 5. DRS spectra of MIP-modified TiO2 nanotube arrays and TiO2 nanotube

arrays.
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diffraction of anatase (2y ¼ 25.21), which were almost the same as
TiO2 nanotube arrays. The results of XRD patterns indicated that
the process of modifying MIP layer on the TiO2 nanotube arrays
did not affect its crystallization.
3.4. DRS analysis

The anodic TiO2 nanotube array electrode has been proved to
have higher PEC activity than that of TiO2 layer electrode under
UV light irradiation [3]; however, its band gap energy is so wide
that it offers relatively inefficient utilization of solar energy. In the
present study, we found that the MIP-modified TiO2 nanotube
arrays showed enhanced visible-light response than TiO2 nano-
tube arrays. As shown in Fig. 5, a distinguishable red shift in the
absorption spectrum of MIP-modified TiO2 nanotube arrays was
observed. Compared to TiO2 nanotube arrays, the absorption edge
moved from 378 to 403 nm. Therefore, we can assume an
improved PEC activity of MIP-modified TiO2 nanotube array
electrode under solar light irradiation. According to the UV–vis
DRS spectra, it is suggested that the process of modifying TiO2

nanotube arrays with a thin MIP layer provided a possibility to
combine photocatalysis with solar energy effectively.
3.5. The adsorption property of MIP-modified TiO2 nanotube arrays

The adsorption of TC on MIP-modified TiO2 nanotube arrays
was performed by placing the sample in the solutions (40 mL)



ARTICLE IN PRESS

Fig. 6. Amount of TC molecules bound by MIP-modified TiO2 nanotube array

electrode and TiO2 nanotube array electrode.

Fig. 7. Photocurrent densities vs. time of MIP-modified TiO2 nanotube array

electrode being applied with different bias potentials (vs. SCE) under simulated

solar light irradiation (I0 ¼ 50 mW cm�2).
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with different TC concentrations. The whole process went on with
continuous magnetic stirring for 2 h at room temperature. The
amount of adsorbed TC was determined by measuring the
difference between total TC amount and residual amount in
solution. The adsorption capability of TiO2 nanotube arrays for TC
was also performed under the same conditions. The imprinting
effect could be confirmed by the fact that the MIP-modified TiO2

nanotube arrays showed a higher adsorption capacity for TC than
the TiO2 nanotube arrays (Fig. 6), indicating the molecular
recognition ability and adsorption ability of MIP [26]. The
maximum of adsorption capacity at equilibrium condition was
about 34.88 ng for the MIP-modified sample, which was nearly
1.5-fold of that for the TiO2 nanotube arrays. The effective
imprinted sites produced at the wall or in the inside surface of
the nanotubes contributed to the improved adsorption capacity of
MIP-modified TiO2 nanotube arrays to target molecules.

p

Fig. 8. Photocurrent density generation of MIP-modified TiO2 nanotube array

electrode in: (a) water solution containing 5 mg L�1 TC and (b) pure water solution

under simulated solar light irradiation (I0 ¼ 50 mW cm�2).

s

3.6. Photoelectrochemical characteristics of MIP-modified TiO2

nanotube arrays

According to DRS analysis, the absorption edge of MIP-modified
electrode extended to the visible light region. Therefore, the
photoelectrochemical measurements of MIP-modified TiO2 nano-
tube array electrode were carried out using 0.5 M sodium sulfate as
the supporting electrolyte to measure the photoresponse of the
electrode under simulated solar light irradiation. The difference
between the dark and the light currents is the photocurrent
[32]. As indicated in Fig. 7, no current was observed on the
MIP-modified TiO2 nanotube array electrode in the dark. While
under simulated solar light irradiation and no bias potential
being applied on MIP-modified photoanode, an average
0.507�10�2 mA cm�2 photocurrent density on the photoanode
was observed. When 0.2, 0.4, 0.6 and 1.0 V (vs. SCE) were applied
to the MIP-modified photoanode, the photocurrent densities
were increased to average 0.986�10�2, 1.80�10�2, 2.87�10�2

and 4.93�10�2 mA cm�2, respectively. The generation of the
photocurrent should be ascribed to the MIP-modified TiO2

nanotube array electrode response to the solar light.
The photocurrent densities on MIP-modified TiO2 nanotube

array electrode in the supporting electrolytes with and without TC
were also measured under simulated solar light irradiation as
shown in Fig. 8. It was clear that the photocurrent density in the

www.
electrolyte containing TC was higher than that in pure water,
which meant that the presence of TC promoted the separation of
photogenerated electrons and holes. The reason might be as
follows: photogenerated holes can react with water to produce
�OH, which can oxidize the TC effectively. The decrease of the
amount of �OH will promote the reaction Eq. (1):

hþ þH2O! �OHþHþ (1)

Then more photogenerated holes are formed and further involved
in the reaction Eq. (1) to create �OH. Therefore, the combination
of photogenerated carriers is inhibited to some extent and more
photogenerated electrons are driven to the counter electrode,
leading to a significant increase in the photocurrent. In this
process, the adsorption of TC on the MIP-modified electrode
contributes to the generation of the higher photocurrent.
3.7. Photoelectrocatalytic activities

The PC and PEC activities of MIP-modified TiO2 nanotube array
electrode were measured under simulated solar light irradiation to
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Fig. 9. (a) The variation of TC concentrations and (b) the variation of ln(C0/C) with

degradation time in DP, PC and PEC processes involving MIP-modified TiO2

nanotube array electrode and TiO2 nanotube array electrode under simulated solar

light irradiation.

Fig. 10. (a) The variation of TC concentrations and (b) the variation of ln(C0/C) with

degradation time in PEC oxidation under simulated solar light irradiation with NIP-

modified TiO2 nanotube array electrode, TiO2 nanotube array electrode modified

with thick MIP layer and TiO2 nanotube array electrode modified with thin MIP

layer.
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investigate their utilization of clean energies such as solar energy.
The PC removals of TC on the MIP-modified TiO2 nanotube array
electrode and TiO2 nanotube array electrode were almost the same
(Fig. 9(a)). Although the adsorption capability of MIP-modified
sample is higher than TiO2, the light intensity of the surface of TiO2

nanotube arrays will be weakened due to the absorption of solar
light by MIP layer. Their corporate effect may cause similar PC
activities of the two electrodes. While in PEC oxidation with a bias
potential (0.4 V vs. SCE) being applied, the MIP-modified electrode
exhibited better PEC activity than TiO2 electrode. After 2 h, 73% of
TC was removed, which was 12% higher than that on TiO2

electrode. It can be explained that the photogenerated carriers
are separated efficiently in PEC process, which accelerates the
removal of adsorbed TC on the MIP-modified electrode, and more
target compounds in the solution are continuously adsorbed on
the electrode. The good adsorption capacity of MIP layer modified
on the TiO2 nanotube arrays contributes to the relatively higher TC
removal. On the other hand, the TOC removal (46%) on MIP-
modified electrode after 2 h was lower than TC removal (73%), but
it was still 1.5-fold of TOC removal (31%) on TiO2 electrode.
Therefore, not only the TC removal efficiency but also the

ww
 mineralization of TC on the MIP-modified TiO2 nanotube array
electrode was increased in the PEC process.

The kinetics of TC degradation in the present study in direct
photolysis (DP), PC and PEC processes followed pseudo-first-order
kinetics and is described in Fig. 9(b). The apparent first-order rate
constant k was evaluated according to ln(C0/C) ¼ kt, where C

represented the TC concentration at time t and C0 was the initial
concentration. As shown in Fig. 9(b), the TC could be transformed
in DP process, corresponding to the apparent first-order rate
constant (k) of 0.211 h�1. The presence of MIP-modified and neat
TiO2 nanotube array electrode increased the rates of TC removals,
yielding apparent constants of 0.358 and 0.347 h�1, respectively.
While in PEC process, the rate of TC removal was further
increased. The corresponding apparent first-order rate constant
on MIP-modified TiO2 nanotube array electrode was 0.670 h�1,
approximately 1.2-fold of that on TiO2 nanotube array electrode
(0.550 h�1).

The influence of polymer layer on PEC activity of TiO2 nanotube
electrode was also investigated. As shown in Fig. 10(a), 47%, 58%
and 73% of TC were removed in PEC process on NIP-modified
electrode, the electrodes modified with thick and thin MIP layers,
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respectively. Clearly, the TC removal on NIP-modified electrode
was the lowest among these electrodes due to its poor adsorption
of the target compound. On the other hand, the MIP-layer
thickness would affect the formation of effective imprinted sites
in imprinted polymer shells and sequentially the adsorption
capacity of MIP layer [33], which played a role in determining the
PEC activity of MIP-modified TiO2 nanotube electrode. The PEC
activity of the electrode modified with thick MIP layer was inferior
to the one modified with thin MIP layer, indicating that more bulk
aggregates formed in the polymer could reduce the amount of
effective imprinted sites and thus the accessibility of the target
species; and besides, the thick MIP layer would weaken the
simulated solar light more deeply, which was also unfavorable to
PEC degradation. The reaction kinetics is undergone by linear fit
and corresponding kinetic constants are shown in Fig. 10(b). The
fastest TC removal rate was obtained on TiO2 nanotube array
electrode modified with thin MIP layer, corresponding to
the apparent first-order rate constant (k) of 0.670 h�1, roughly
1.5- and 2-fold of those on the electrode modified with thick MIP
layer (0.445 h�1) and NIP-modified TiO2 nanotube array electrode
(0.324 h�1), respectively.
4. Conclusions

In the present study, an MIP-modified TiO2 nanotube array
electrode was prepared. The MIP layer provided the TiO2 electrode
molecular adsorption ability, leading to higher adsorption cap-
ability for TC. Moreover, MIP modification also enhanced TiO2

nanotube array response to simulated solar light. The experi-
mental results confirmed that the PEC activity of TiO2 electrode
under simulated solar light irradiation could be improved by
molecular imprinting technique at TiO2 nanotube arrays. This
study provides a viable approach for producing surface modified
TiO2 nanotube array electrode that is expected to be promising in
solar energy related practical applications.
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