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Highly ordered titanium dioxide (TiO,) nanotubes film was successfully synthesized via anodic oxidation
of a Ti foil in an ammonium fluoride-based ethylene glycol solution. The electrogenerated chemilumines-
cence (ECL) behavior of the resulting TiO, nanotubes film was subsequently studied. Strong ECL emission
was observed at —1.40V (vs. Ag/AgCl) and the ECL spectrum displayed three emission peaks which were
bathochromatically shifted by ca. 140 nm as compared to its corresponding photoluminescence (PL)
emission peaks, indicating that the surface state plays an important role in the emission process. The ECL
Keywords: .. h . . .
A emission can also occur in a deareated solution attributing to the surface adsorbed O, molecules. The
Electrochemiluminescence . ) , . . X
Tio, ECL emission intensity was quenched by dopamine and greatly enhanced in the presence of dissolved
0, and H,0,, making it possible to detect these analytes. The TiO, nanotubes film has been successfully

Nanotubes
Semiconductor applied to determine the dissolved O, content in river and pond water samples, the H,0, concentration
Sensor in commercial disinfectant samples and the dopamine concentration in commercial dopamine injections

with satisfactory results. The plausible ECL mechanisms of TiO, nanotubes film in aqueous solution are

discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor nanocrystals (NCs) have recently attracted
intensive attentions due to their unique size- and shape-dependent
electrochemical, electronic, magnetic and optical properties [1-5].
The electrogenerated chemiluminescence (ECL) behavior of NCs,
which has great potential in novel ECL sensors and biological labels
for ECL detection, has been widely studied in recent years after
Bard and his co-workers firstly reported the ECL of silicon quan-
tum dots (Si QDs) [6]. Subsequently, the ECL behaviors of CdSe NCs
[7], CdSe/ZnSe NCs [8], Ge NCs [9], CdTe NCs [10], and PbS NCs
[11] in organic solvents, and CdSe NCs [12], CdSeTd/ZnS NCs [13],
CdTe NCs [14], and CdS nanotubes [15] in aqueous systems were
investigated.

As a wide-band-gap semiconductor material, titanium dioxide
(TiO,) is one of the most important transition metal oxides. Since
Fujishima and Honda first discovered that single-crystal TiO, semi-
conductor is highly active for the photocatalytic decomposition of
H,0in 1972 [16], it has been extensively delved in the fields of envi-
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ronmental purification and solar energy conversion [17-21]. TiO,
can be fabricated in various nanostructures. The highly ordered
TiO, nanotubes can offer larger surface area without sacrificing the
geometric and structural order, maintain uniform pore-size dis-
tribution and possess favorable charge-transport properties [22].
In addition, it entails a larger number of active reaction sites
for chemical reactions to take place. As such, it has been widely
studied due to its geometric features of unique photoelectron-
ics and photocatalysis properties. For instances, TiO, nanotubes
have been used in synthesizing dye-sensitized solar cells [22-24],
opto-electronic devices [24], water-photoelectrolysis system [25],
photocatalyst [26], gas sensors [27,28] and is an anode material for
lithium-ion batteries [29]. Moreover, TiO, is nontoxic, biocompat-
ible and environmentally safe; and has been used in biomedical
field such as drug delivery and release [26,30] and as a substrate
for immobilizing biomolecules [31]. Some interesting photo- and
electro-luminescence behaviors of TiO, have also been reported
[32-34] but its ECL behavior has not been widely studied. Although
the ECL characteristic of TiO,/Nafion in aqueous solution using lin-
ear sweep voltammetry and the ECL of Ag/TiO, nanotubes using
S,052~ as a coreactant was recently investigated [35,36], the ECL
of TiO, nanotubes film using cyclic voltammetry (CV) without core-
actant has never been reported.

In this work, the electrochemical and ECL behaviors of TiO, nan-
otubes film in aqueous potassium nitrate (KNO3) solution were
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studied using CV. It was found that the TiO, nanotubes film display
some favorable ECL properties. The vertically oriented TiO, nan-
otubes exhibit three emission peaks in the ECL spectrum which are
bathochromatically shifted as compared to its photoluminescence
(PL) spectrum. The main attribute of our TiO, nanotubes film is that
it can produce stable and reproducible ECL signal in deareated solu-
tions with no added coreactant. On the other hand, the ECLintensity
can be greatly enhanced by coreactants such as dissolved O, and
H,0;.

The determination of dopamine is of great importance in bio-
chemistry. Several electrochemical methods using TiO, for analysis
of dopamine have been developed [37]. Nevertheless, not much
attention has been paid to determine dopamine using TiO, nan-
otubes film based on ECL. In this work, we attempt to use our
TiO, nanotubes film to determine dopamine at low concentra-
tions. Finally, the plausible ECL mechanisms of TiO, nanotubes film
in aqueous solution are proposed. Compared with the previously
reported ECL system [35], our self-organized TiO, nanotubes film
possesses the advantages of ease of fabrication, excellent photo-
and ECL-stability. In addition, our proposed ECL technique has
been successfully applied to determine dissolved O,, H,0, and
dopamine in real samples. The experimental results demonstrate
that it can be utilized in developing simple and sensitive ECL meth-
ods for detection of these analytes.

2. Experimental
2.1. Chemicals

Potassium nitrate and ammonium persulfate were purchased
from Sinopharm Chemical Reagent Company (Shanghai, China).
Ammonium fluoride was obtained from Chengdu Chemicals
(Sichuan, China) and ethylene glycol was from Meilin Industry
and Trade Co., Ltd. (Tianjin, China). Hydrogen peroxide was pur-
chased from Kelong Chemical Reagent Company (Sichuan, China).
Dopamine was obtained from Sigma-Aldrich (St. Louis, MO, USA).
All reagents of analytical purity were used as received without fur-
ther purification. Double-distilled water was used throughout the
experiments.

2.2. Apparatus

Electrochemical measurements were performed in a conven-
tional three-electrode system in which a bare Ti foil or TiO,
nanotubes film (10 mm x 10 mm) was employed as the working
electrode, a 0.5-mm diameter platinum (Pt) wire and an Ag/AgCl
(saturated with KCl) electrode were used as the counter and refer-
ence electrodes, respectively. The ECL signals were obtained from
an MPI-E electrochemiluminescence analyzer system (Xi'an Remax
Analyse Instrument Co., Ltd., Xi’an, China). The working voltage of
the photomultiplier tube was 800 V. The PL spectrum was acquired
on a Hitachi F-4500 fluorescence spectrophotometer (Tokyo, Japan)
with a Xe lamp as the excitation light source. The ECL spectrum was
constructed by plotting the ECL intensity of the TiO, nanotubes
film against the cut-on wavelengths (400, 425, 440, 460, 490, 504,
535, 555, 575, 588, 606, 620, and 640 nm) of a series of optical fil-
ters used. X-ray diffraction (XRD) measurements were performed
on a Tongda TD-3500 X-ray powder diffractometer (Liaoning,
China) with Cu Ka radiation (A =0.154 nm). The XRD patterns were
recorded from 20° to 80° at a scan rate of 0.06°/s. The morpholo-
gies of TiO, nanotubes film were examined using a Hitachi S-4800
ultra-high resolution field emission scanning electron microscope
(Tokyo, Japan). The Brunauer-Emmett-Teller (BET) surface area
of TiO, nanotubes film was determined by nitrogen (N) adsorp-
tion method using a Quadrasorb™ SI Surface Area and Pore Size

Analyzer (Quantachrome, Instruments, Boynton Beach, FL, USA).
Infrared (IR) absorption spectra of the KBr disks containing pow-
der samples were recorded on a Nicolet 6700 FT-IR spectrometer
(Thermo Scientific, Sugar Land, TX, USA) at a resolution of 4cm~!
in the range of 400-4000cm™!.

2.3. Preparation of TiO, nanotubes film

The TiO, nanotubes film was synthesized according to a previ-
ously reported method [38]. A Ti foil (99.6% purity) was sonicated in
acetone, isopropanol and double-distilled water successively, fol-
lowed by drying in a stream of N, prior to the electrochemical
treatment. The Ti foil was anodized at a constant potential of 60V
for 10 h in a ethylene glycol solution of 0.05% NH4F using a Pt wire
as the counter electrode at room temperature. After anodization,
the Ti foil was ultrasonically cleaned in double-distilled water to
remove surface debris and dried in a stream of N,. The resulting
TiO, nanotubes film was then sintered at 450°C in air for 2h and
then cooled to room temperature.

2.4. Sample preparation

Pond water river water samples were collected from the cam-
pus pond and Jin River, respectively. Before ECL measurement, the
water samples were added with KNO5 as the supporting electrolyte
to a final concentration of 0.10 M. Two different commercial H,O,
disinfectants were purchased from a local drugstore and two dif-
ferent brands of dopamine hydrochloride injections were obtained
from a local hospital. The H,0, and the dopamine samples were
diluted with appropriate volumes of double-distilled water prior
to the ECL measurement.

3. Results and discussion
3.1. Synthesis and characterization

The highly ordered TiO, nanotubes film was synthesized by an
anodic oxidation of Ti foil in a NH4F-based ethylene glycol solution.
The top surface and cross-section morphology of the nanotubes film
was studied by SEM as depicted in Fig. 1a-c. The SEM images show
that the TiO, nanotubes with an average inner diameter of ~80 nm,
~15nm thickness and ~1 pwm length were aligned orderly on the
surface of the Ti foil. The BET surface area of the nanotubes film
was determined as 43.21 m?/g. Fig. 1d compares the XRD patterns
of the film with and without annealing at 450 °C for 2 h. It is obvi-
ous that the anodized TiO, film is almost entirely amorphous (1)
but can be converted into anatase-structure (2) after annealing at
450°C. Our results indicate that annealing TiO, is an essential step
to obtain well-organized TiO, nanotubes on the Ti foil. The XPS
spectrum of TiO, nanotubes film was also acquired which clearly
shows the presence of Ti 2p and O 1s on the Ti foil (Fig. S1 of Sup-
plementary Data).

3.2. PL and ECL spectra of the TiO, nanotubes film

Fig. 2 displays the (a) photoluminescence (PL) and (b) ECL spec-
tra of the TiO; nanotubes film. The PL spectrum was acquired at an
excitation wavelength of 261 nm. The ECL spectrum was obtained
by collecting the ECL data during CV potential sweep with the use
of a series of optical filters (cut-on wavelengths: 400, 425, 440, 460,
490, 504, 535, 555, 575, 588, 606, 620, and 640 nm). The ECL spec-
trum is bathochromically shifted as compared to the PL spectrum.
The PL spectrum possesses two emission peaks at around 414 and
472 nm accompanied by four shoulder peaks at ca. 370, 454, 484,
and 495 nm (Fig. 2a). Three emission peaks at ca. 510, 554 and
606 nm are observed for the ECL spectrum (Fig. 2b). It is obvious
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Fig. 1. SEM images of the (a) top surface, (b) cross-sections with lower and (c) higher magnifications of TiO, nanotubes film. (d) XRD patterns of Ti film samples without and

with annealing at 450 °C for 2 h. A and Ti are anatase and titanium peaks, respectively.

that the energy states of the photo-excited TiO, are different quite
from that of the electro/chemo-generated excited TiO5.

The PL emission peak at 370 nm is proposed to be ascribed to
the energy vertical transitions at the X edge of the Brillouin zone:
X1a = Xqp [39,40] and the 415 nm band in our case may attribute
to the lowest energy indirect transitions from the edge to the cen-
ter of the Brillouin zone, X1, — 'y}, which is close to the transition
energy diagrams of TiO, particles calculated by Daude et al. [40].
In addition, the PL measurements reveal that the presence of four
peaks at 454, 472, 484, and 495 nm might arise from the electron
transition mediated by defect levels such as oxygen vacancies in
the band gap at various energies [41]. The ECL peaks are red-shifted
by ca. 140 nm as compared to the corresponding PL peaks which is
consistent with the previous work of Si[6], CdSe [7] and Ge [9], sug-
gesting that the surface state of TiO, nanotubes plays an important
role in the electrochemical and emission processes.

3.3. ECL behavior of TiO5 nanotubes film

Cyclic voltammetry, which can provide definite redox reactions,
was employed to characterize the ECL behavior and emission stabil-
ity of the TiO nanotubes film. Fig. 3a shows the CV and ECL curves of
aTifoilin 0.10 M KNOj3 solution (pH 5.6) ata scanrate of0.10 V/s. No
ECL light emission was detected and the background current was
very low. However, when a TiO, nanotubes film was used, under
the same CV conditions, the cathodic current was greatly increased
and the ECL signal was strong with a maximum of —1.40V in the
negative scan (Fig. 3b), suggesting that these ECL phenomena must
have derived from the TiO, nanotubes. It was also found that the
light emission intensity of the TiO, nanotubes film was higher at the
more positive scan potential windows as depicted in Fig. S2, possi-
bly attributing to the oxygen effect derived from the decomposition
of water or more charge injections. As such, the ECL emission was
conducted at a negative potential scan of 0.0 to —1.6V to preclude

these effects. The ECL peaks under the negative potentials indicate
that TiO, nanotubes are reduced to TiO,*~ which can subsequently
react with some oxidized species or some coreactants to produce
excited-states TiO,* and then decay back to its ground state with a
concomitant release of luminescence (vide infra).

In addition, TiO, can exist as rutile-phase. Thus, the ECL of
the rutile-phase TiO, nanotubes film was investigated. The TiO,
nanotubes film turned to rutile-phase structure after annealing at
900°C for 2 h. Fig. S3 displays its XRD pattern. Similar CV and ECL
experiments were conducted on the rutile-phase TiO, nanotubes
film (Fig. S4). It was found that light emission started to appear at
—1.30V and gradually increased with the negative potential scan.
Unfortunately, its ECL intensity is 2.5 times lower than that of
anatase-phase TiO, nanotubes film. Thus, we only focus our studies
on anatase-phase TiO, nanotubes film in the subsequent work.

The effect of dissolved O, on ECL intensity was investigated and
displayed in Fig. 4. Various concentrations of O, (balanced with
N,) gases were bubbled through the 0.10 M KNOj solution (pH
5.6). CV scan was then applied and the ECL of anatase-phase TiO,
nanotubes film was monitored. The ECL intensity increased with
the increase in dissolved O,, inferring that O, plays an important
role in enhancing the ECL reactions of TiO, nanotubes film. The
ECL emission intensity increases linearly over the range 20-80%
0, solution (correlation coefficient of 0.9979, the inset in Fig. 4).
This optical response might be attributed in part to the trapping of
electrons in surface states during the CV [42] and the adsorption
of 0, molecules during the ECL process. In order to further inves-
tigate the oxygen effect on ECL processes, H,O, was added into
the deareated electrolyte and the ECL is shown in Fig. S5. The ECL
intensity was enhanced in the presence of H,0,. The ECL reaction
mechanisms can thus be summarized according to these results
and other previous reports [12,43]:

TiO; + e~ — TiOy*~ (1)
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Fig. 2. (a) PL and (b) ECL spectra of the TiO, nanotubes film in 0.10M KNO3; (pH
5.6). The PL spectrum was acquired at an excitation wavelength of 261 nm. The ECL
spectrum was obtained by plotting the ECL intensity against the cut-on wavelength
of the optical filter used to capture the ECL intensity under CV scan between 0.0 and
—1.60V at 0.10V/s.

0, +H,0 + 2~ — OOH™ +OH~ 2)

2Ti0y*~ +00H™ +H,0 — 30H™ 4 2Ti0,* (3)
or

2Ti0,*~ + Hp05 — 20H™ + 2Ti0,* (4)

TiOy* — TiO, + hv (5)

Initially, the TiO, nanotubes film is reduced to TiO,*~ by charge
injection during the negative potential scan (Eq. (1)). The dissolved
0, is also simultaneously reduced to OOH~ (Eq.(2)) which can then
act as a coreactant to react with TiO,*~ to form the excited state
TiO,* (Eq. (3)). When the excited state TiO,* falls back to its ground
state TiO,, photon will be released (Eq. (5)). Similarly, H,0, in the
solution can directly react with TiO,*~ to produce the excited state
TiO," (Eq. (4)) with a concomitant release of photon (Eq. (5)).

It is interesting to note that weak ECL could still be observed
after the electrolyte was deareated by a stream of high-purity N,
for more than 40 min (Fig. 4a) which is quite different from the
literature results [35]. The ECL mechanism of TiO, nanotubes film
in a deareated solution can be explained as follows: there are lots
of oxygen vacancies and defects on the surface of TiO, nanotubes
and the applied potentials facilitate the formation of more available
holes [44]. Moreover, the unique structure of the highly ordered
TiO, nanotube arrays allows fast and efficient transfer of electrons.
These are all factors that can make surface oxygen vacancies and
defects bind with electrons easily to form the excited state in the
sub-band, thus, light emission can still occur after deaeration. This
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Fig. 3. ECL (curve 1) and CV (curve 2) curves of (a) Ti foil and (b) TiO, nanotubes
film in 0.10 M KNOs solution (pH 5.6) with the potential cycled from 0.0 to —1.60V
at a scan rate of 0.10V/s.

may also be attributed to the initial adsorption of O, molecules on
the surface of TiO, nanotubes due to its large surface-to-volume
ratio. The ECL mechanisms of the TiO, nanotubes film in both
deareated and O,-saturated solutions are summarized in Scheme 1.
The inset of Fig. 4 shows that the ECL intensity starts to level off at
higher O, concentration (>80%) probably due to the fact that the O,
molecules have already been fully occupied on the TiO, nanotubes
surface so that further increase in O, has no effect on ECL.

The effect of scan rate on the ECL intensity was studied
and shown in Fig. 5. The ECL intensity increased sharply with
the increase in scan rate at 0.020-0.10V/s and then slowly at
0.10-0.20V/s. The increase in ECL emission is probably related to
the diffusion of the oxidized species at the surface of the elec-
trode, i.e., the higher the scan rate, the easier the ECL reactions to
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Fig. 4. ECL emission intensities of TiO, nanotubes film in 0.10 M KNOs solution (pH
5.6) saturated with different % of O, gases: (a) 0.0, (b) 20, (c) 40, (d) 60, (e) 80, and
(f) 100%. The potential cycled from 0.0 to —1.60V at a scan rate of 0.10 V/s. The inset
displays the plot of ECL response of the TiO, nanotubes film against % of O,.
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Scheme 1. Schematic diagramillustrates the ECL mechanisms of the TiO, nanotubes
film in both (a) deareated and (b) O,-saturated solutions.

take place. In other words, ECL is prone to the diffusion-controlled
process.

It is well-known that the ECL of semiconductor NCs is sensitive
to pH. The effect of pH on the ECL of TiO, nanotubes film was inves-
tigated and depicted in Fig. 6. The ECL intensity increases with the
increase in pH 3.0-5.6 and then declines with further increase in
pH 5.6-10. Maximum ECL intensity is obtained under mild acidic
conditions, suggesting that small quantities of H* in the electrolyte
solution can enhance the light emission. However, in strong acidic
conditions, the excess protons will be electro-adsorbed at the band
edge trap sites of TiO, (Eq. (6)) resulting in inhibition of ECL [45].

TiO, + H* + e~ — TiO(OH) (6)

On the other hand, the ECL intensity drops in the basic condi-
tions, attributing to the fact that high concentration of OH~ will
inhibit the formation of OOH™ (Eq. (2)). As a result, weak ECL emis-
sion was observed.

Dopamine is an important neurotransmitter which plays a
significant role in the central nervous, renal, hormonal and cardio-
vascular system. It has been reported that the two hydroxyl groups
in the ortho position of dopamine can chelate with the surface Ti
atoms, resulting in a five-membered ring coordination complex
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Fig. 5. Effect of scan rate on the ECL intensity of TiO, nanotubes film in 0.10 M KNO3
solution (pH 5.6) with the potential cycled from 0.0 to —1.60 V.
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Fig. 6. Effect of pH on the ECL intensity of the TiO, nanotubes film in 0.10 M KNO3;
solutions under various pHs. The potential was cycled from 0.0 to —1.60V at a scan
rate of 0.10V/s.

[46]. In the present work, dopamine was introduced into the solu-
tion to study its effect on the ECL of TiO, nanotubes film. Fig. 7
displays the ECL intensities of the TiO, nanotubes film in 0.10 M
KNO3 solution (pH 5.6) in the presence of various concentrations
of dopamine. The ECL intensity was monotonic decreased with
the increase in concentration of dopamine and almost completely
quenched by 3.0 mM dopamine. This result might be ascribed to
the chelation of the enediol moiety of dopamine with the sur-
face Ti atoms, thus inhibiting the reaction between TiO, and other
oxidized species. The formation of dopamine-Ti complex at the
surface of the TiO, nanotubes film is confirmed by FTIR studies.
Fig. 8 depicts the IR spectra of the TiO, nanotubes film before and
after exposure to dopamine. Both spectra display the broad band at
around 3400 cm~!, corresponding to the surface adsorbed water
and hydroxyl groups. Another typical broad band between 400
and 900 cm~! is originated from the Ti-O-Ti band of TiO,. How-
ever, there are some obvious differences in the IR spectra between
the TiO, nanotubes (Fig. 8a) and dopamine adsorbed TiO, nan-
otubes (Fig. 8b) samples. A significant increase of the absorption
signal at ~1631 cm~1! appears in the dopamine adsorbed TiO, nan-
otubes sample, attributing to the O-H bending of the adsorbed
water plus N-H bending and C=C ring stretching vibration of
dopamine [47,48]. In addition, the bands at ~1486 and 1398 cm™!
can be assigned to the benzene ring stretching whereas the band at
~1273 cm™! is C-0O stretching. A new band at 1073 cm~! ascrib-
ing to the aryl-oxygen stretching vibration is also observed for
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Fig. 7. ECL emission intensities of TiO, nanotubes film in 0.10 M KNO; solution (pH
5.6) with various concentrations of dopamine (a) 0.00, (b) 5.00, (c) 10.0, (d) 100, and
(e) 3000 WM. The potential cycled from 0.0 to —1.60V at a scan rate of 0.10V/s.
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Fig. 8. FTIR spectra of TiO, nanotubes film (a) before and (b) after exposure to
dopamine.

the dopamine adsorbed TiO, nanotubes sample. All these results
clearly show that dopamine binds to the oxide surfaces in a biden-
tate dianion form [49]. As such, it is possible to develop a new
ECL method based on TiO, nanotubes for the determination of
dopamine. It is anticipated that other compounds such as ascorbic
acid, epinephrine and norepinephrine containing enediol moieties
will also behave similarly. In essence, it is possible to develop a
high-performance liquid chromatographic method in conjunction
with the use of our TiO, nanotubes for detection of these analytes.

3.4. Real sample analysis

In order to investigate the feasibility of the TiO, nanotubes film
electrode for analyzing real samples, the dissolved O, content in
environmental water samples, the H,O, concentration of disinfec-
tants and the dopamine concentration of injection samples were
examined using our proposed ECL method. The results are summa-
rized in Table 1. The recoveries range from 96.0% to 106%, indicating
that the proposed TiO, nanotubes film electrode can be applied to
real sample analysis.

Table 1
Determination of dissolved O, H,0, and dopamine in real samples.
Analyte Sample Added Found Recovery
concentration concentration (%)
Dissolved O,  Pond water - 10.1 mg/L -
6.78 mg/L? 6.63 mg/L 97.8
4.52 mg/L? 4.48 mg/L 99.2
2.26 mg/L? 2.36 mg/L 104
River water - 8.02 mg/L -
6.78 mg/L? 6.88 mg/L 101
4.52 mg/L? 4.63 mg/L 102
2.26 mg/L? 2.23mg/L 98.5
H,0, Sample 1 - 0.84M -
1.00M 1.87M 103
1.00M 1.87M 103
Sample 2 - 0.98 M -
1.00M 1.94M 96.0
1.00M 2.03M 105
Dopamine Sample 1 - 51.0mM -
50.0 mM 104 mM 106
50.0mM 102 mM 102
Sample 2 - 52.0mM -
50.0 mM 102 mM 100
50.0mM 101 mM 98.0

2 The water samples were bubbled by a stream of 15%, 10% and 5% v/v O, balanced
with Ny, respectively, at 18°C.

4. Conclusion

In summary, highly ordered TiO, nanotubes film was prepared
by anodic oxidation in a NH4F-based ethylene glycol solution. This
well-organized TiO, nanotubes film possesses the advantages of
ease of fabrication and good stability. It displays stable, strong
and reproducible ECL emission in aqueous solution. Maximum ECL
emission occurs at —1.40V, indicating that TiO, nanotubes film is
reduced to TiO,*~ and then react with some oxidized species or
coreactants including O, Hy0, and (NH4),S,0g (Fig. S6) to form
the excited-states TiO,*. Light emission is produced when TiO,*
returns to its ground state. It was also found that ECL emission
could still occur in deareated solution attributing to the surface
defects and adsorption of O, molecules on the TiO, nanotubes sur-
face. Besides, the ECL signal can be inhibited by dopamine possibly
due to the formation of a stable five-membered ring in the Ti and
dopamine complex. The ECL spectrum was found to be red-shifted
as compared to its PL spectrum, indicating that the surface state of
TiO, should play an important role in the ECL process. Finally, the
TiO, nanotubes film have been applied to determine the concen-
trations of dissolved O,, H,0, and dopamine in real samples with
satisfactory results.
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