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Abstract The photoelectrocatalytic oxidation character-
istics of salicylic acid, formic acid and methanol on
anodized nanoporous titanium dioxide (TiO,) thin-films
were investigated by using electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization
techniques. From dark to ultraviolet illumination, the
open circuit potential (OCP) and film resistance of TiO,
films decreased markedly. A general equivalent circuit
model was proposed for the photoelectrochemical sys-
tem anodic TiO, thin-film electrode/test solution. The
photoelectrochemical oxidation process of the organic
compounds showed similar impedance features at OCP
and was controlled by the charge transfer step.
According to the polarization curves of the base solution
and organic solutions, the kinetic rate curves for the
photoelectrocatalytic oxidation of pure organic species
were obtained as a function of the potential bias. One
photooxidation peak was first observed at a bias po-
tential of ca. 0.26 V for these species with low concen-
trations.

Keywords Titanium dioxide film - Photoelectrocatalytic
oxidation - Potential bias - EIS - Photocatalysis

Introduction

The photocatalytic oxidation effect of titanium dioxide
(TiO,) has been extensively investigated for removing
organic pollutants in the recent 10 years [1-3]. This
photocatalytic technique is regarded as a very promising
method to solve many serious environmental problems,
especially to remove trace organic species undecompos-
able by the conventional water treatments. There are
some photocatalytic systems of TiO, on a pilot-plant
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scale for purifying water [4-6]. Usually TiO, catalyst is
utilized in the form of fine particle (i.e., suspensions of
TiO, particles) or thin film (i.e., TiO, on robust sub-
strates) in the photocatalytic systems. It is evident that
the active surface area available for photoreactions is
much larger in suspension systems than in film systems.
But practical applications of this technique aim more at
immobilizing TiO, catalysts onto various substrates
since the separation of tiny TiO, particles from the
purified water is inconvenient for suspension systems [7—
12].

Up to now, improving the photocatalytic efficiency of
TiO, thin-film photoreactors remains a major task in
achieving maximum potential in commercial applica-
tions. Fortunately, this task can be fulfilled to a great
extent by [11-18]: (1) using porous TiO, films to increase
the active surface area for photoreactions; and (2)
applying a positive potential bias on TiO, photocatalysts
to suppress markedly the recombination rate of photo-
generated electrons and holes. Under potential bias
conditions, the photocatalytic reactions on TiO, surface
may be considered as special electrode reactions
involving electron-hole (e-h) pairs on TiO, photoelec-
trode/liquid interface. Thus, the photoelectrochemical
degradation reactions of some model organic substances
on TiO, electrodes were inspected in the literature
through electrochemical tests, which provided useful
information concerning photoreaction mechanism [17,
19], photoelectrocatalytic degradation kinetics [14, 15,
20], and even adsorption of organic compounds [21].
Obviously, potential bias is very important for photo-
catalytic technique of TiO,, but there are very limited
studies and principles to determine this parameter.

In this study, photoelectrochemical degradation
behavior of various organic substances on nanoporous
TiO, films was characterized with -electrochemical
impedance spectroscopy (EIS) and potentiodynamic
polarization. Three compounds (i.e., formic acid, sali-
cylic acid and methanol) were selected as the target or-
ganic contaminants in water on the basis of their
different affinity to TiO, electrode surface and photo-



catalytic oxidation mechanism. Generally [22-24], (1)
methanol is a well-known radical scavenger and a non-
specific adsorbent to TiO, surface; (2) salicylic acid has
strong surface interaction (i.e., chemisorption) with TiO,
catalyst, and is oxidized directly by holes with byprod-
ucts adsorbed on TiO, surface; and (3) formic acid does
not decompose through simple photolysis and electrol-
ysis, but oxidizes to CO, through hole and/or hydroxyl
radical, without producing stable intermediates. The
main purposes of this work were to gain an insight into
the photoelectrocatalytic oxidation characteristics of
organic matters by TiO, catalysts, and to offer funda-
mental information for the application of positive po-
tential bias in photocatalytic systems for water
treatment.

Experimental
Test solutions

Sodium perchlorate (NaClO4H,0), methanol, formic
acid and salicylic acid with analytical grade were used.
The supporting electrolyte was a 10 m mol/L. (mM)
NaClO4 aqueous solution (i.e., base solution), which
had very little effect on photocatalytic process of organic
species [25]. Each test solution was prepared by dis-
solving one target organic compound in the base solu-
tion with a maximum concentration of 10 mM. Distilled
water was used for preparing test solutions.

Preparation of TiO, films

Commercial titanium foils (purity >99.7 wt.%) with
dimensions of 60x10x0.2 mm were used to prepare TiO,
films by anodization. The initial surface treatment was
to grind with 800 grit waterproof abrasive paper and
rinse with tap water. Prior to anodization, titanium
plates were pickled in dilute HF solutions (5 vol.%) and
cleaned with ethanol and distilled water. Titanium was
anodized with a direct current power in 1 M H,SO,4
solutions (ca. 25° C) at 100 V for 5 min to form TiO,
films. The anodized films were characterized by field
emission scanning electron microscopy (FESEM, JSM-
6700F) and X-ray diffraction (XRD, Rigaku D/max
2550V) with Cu Ko radiation.

Electrochemical tests

Each electrochemical experiment was performed at room
temperature in a three-electrode system which was
established on a beaker containing 100 mL test solution
without pH control and any aeration. A saturated calo-
mel electrode (SCE) and a platinum foil served as the
reference electrode and counter electrode, respectively.
TiO, film was bent to immerse horizontally an area of
1 cm? into test solution and 2 mm lower than the solu-
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tion surface, which was used as working electrodes. As an
illuminant, a 40 W high pressure mercury lamp was lo-
cated about 6 cm above the solution surface. All exper-
iments were carried out in these cases in order to keep the
intensity of incident ultraviolet (UV) light constant.

Measurements by EIS were conducted using an
electrochemical measurement system from PAR
(Princeton Application Research, AMETEK Inc.),
which comprised an M273A potentiostat, an M5210
lock-in amplifier and the PowerSine software. An
alternating current signal with the frequency range from
98 kHz to 10 mHz and an amplitude of 10 mV (rms)
was applied to the working electrode at the open circuit
potential (OCP). EIS spectra were interpreted using the
non-linear least square (NLLS) fitting procedure devel-
oped by Boukamp [26]. Values of OCP and polarization
curves were obtained with an electrochemical measure-
ment system, which included an M273A and the M352
software. Potentiodynamic polarization curves were
determined with a potential scan rate of 2 mV/s, which
could be a type of quasi-steady state measurement. All
experiments were repeated by using different specimens
to confirm reproducibility of the results.

Results and discussion
Characteristics of TiO, films

After titanium foils were anodized in H,SO, solution at
100 V, the surfaces became porous as shown in Fig. 1.
The size of pores is less than 150 nm. Apparently the
anodized foils were covered by oxide films in which only
TiO, with anatase structure was detected by XRD (not
shown), as widely described in the literature [17, 27, 28].
It was known that TiO, photocatalysts in anatase phase
had much higher photocatalytic properties than in other
phases [29]. The films formed in this case are about

100nm

Fig. 1 FESEM morphologies of anodic TiO, films formed at 100 V
in H,SO, solution
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240 nm in thickness, simply assumed a growth constant
of 2.42 nm/V and an initial film thickness of about 1 nm
[30]. Obviously, TiO, thin-films prepared by anodization
should have not only good adhesion to titanium sub-
strate but also coarse surfaces for photoelectrocatalytic
reactions because the films were directly grown from
titanium substrate and had nanoporous surface struc-
ture, which cannot be obtained through other film-
forming techniques such as sol-gel methods and thermal
oxidation [8, 31, 32].

Figure 2 gives the typical Bode plots of EIS spectra
for TiO, film in the test solutions under dark condition.
Some points at initial high-frequency part were omitted
because of the appearance of high-frequency phase shift
[33]. Experimental data were also compared with the
fitted values obtained from data processing as described
later. The lines represent the model calculations. It can
be seen that log|Z| is linear with log f 'and phase angle 6
has values close to 80° in the low frequencies
(f<0.1 Hz). These are characteristics of a predomi-
nantly capacitive behavior [34, 35], indicating that tita-
nium substrate/TiO, film electrode systems were in
passive state in the solutions. Furthermore, polarization
curves showed that the values of passive current density
were less than 1 pA/cm? in all test solutions under dark
conditions with increasing the applied potentials to
1.2 V versus OCP (not shown here). Thus, the titanium
substrates were assumed to be separated from solutions
by TiO, thin-films, which implied that the photoelect-
rochemical performance of TiO, films could be mea-
sured with insignificant influence of titanium substrate.

Variation of OCP

Figure 3 shows OCP versus UV-illumination time
curves for anodic TiO, films in various solutions. As

soon as the TiO, electrodes were illuminated with UV
light, all OCP dropped down to much more negative
values as a result of the sudden creation of e-/ pairs in
the films [36, 37]. Owing to the balancing rate between
creation and depletion of photogenerated carriers, each
OCP tended to stabilize after several minutes of irradi-
ation. The approximately unchanging OCP values
meant that steady states of photoreactions were attained
on TiO, film electrodes. As compared with in the base
solution, the relatively stable OCP shifted to lower val-
ues in formic acid or methanol solutions, and to higher
values in salicylic acid solutions. In general, the presence
of organic species is able to consume holes and let more
electrons accumulate in TiO, film, which reduced OCP
values. With the same concentrations, formic acid
showed higher activity in lowering OCP than methanol.
The increase of OCP with adding salicylic acid into the
base solutions might be explained by the strong chemi-
sorption of byproducts on TiO, electrode surface [22, 23,
38].

EIS spectra at OCP

Because photoelectrochemical oxidation reactions are
caused by the photogenerated e-h pairs on TiO, elec-
trode surface, EIS technique can be used as a very fast
and in-situ method for evaluating the oxidation process
of organic species at OCP [19, 20]. Certainly, it cannot
detect the photochemical oxidation that has taken place
in the solution instead of on the electrode surface. Fig-
ure 4 shows Nyquist plots for the TiO, photoelectrode
in the three types of organic solutions at OCP. Each EIS
spectrum only shows one capacitive arc in the Nyquist
plot and one peak in the Bode plot (not shown), sug-
gesting that charge transfer was the control step for
photoelectrocatalytic oxidation reactions of the species
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[20]. The oxidation mechanism did not change with
increasing the concentration of organic species. Thus,
the electrode potential would be the controlling
parameter of the electrode kinetic reactions under pres-
ent UV light. Furthermore, TiO, electrodes showed
similar impedance values (i.e., the size of the arc radius)
in all solutions except in 10 mM formic acid solution.
Particularly, owing to the strong affinity of salicylic acid,
the TiO, electrode surface might reach a saturated
adsorption at 0.1 mM. The increase of its concentration
up to 0.5 mM had no influence on impedance size be-
cause only the molecules in direct contact with the sur-
face underwent photooxidation. These results imply that
the photoelectrocatalytic degradation rate of these or-
ganic species had no significant difference at OCP and
was dominated by the generation and separation of e-A
pairs.

Though the time constant from TiO, film itself was
very difficult to be defined, the equivalent circuit [37, 39]
in Fig. 5 was proposed as a model for the electrochem-
ical system TiO, film/solution under both dark and
illumination conditions, due to the existence of thin
TiO, films on the titanium substrates. R, represents the
electrolyte resistance, Ry and Cy represent the resistance
and capacitance of TiO, film, R, and Cy represent the
charge transfer resistance and double layer capacitance,
respectively. In addition, both Cyand Cy; were replaced
with constant phase element (CPE) in the fitting proce-
dure due to the non-ideal capacitive response of the
interface TiO, film/solution. The impedance of CPE is
given by [40]

1

ZcPE :W (1)

where Y is the admittance magnitude of CPE, and o is
the exponential term. Pure capacitance behavior is rep-
resented by o= 1. In practice, o is in the range zero to one.

The model fitted the experimental data very well in
spite of the approximations made, as shown in Figs. 2
and 4. It can be concluded that the model provided a
reliable description for the electrochemical systems.
Table | gives the fitted results of EIS spectra for TiO,
films in the solutions with different concentrations of
formic acid in the absence and presence of UV light. The
relative errors from the fitting can reach 70% for R, in
the dark because of the poor definition of the trend of
EIS in the low frequencies, and are less than 5% for
other parameters.

The value of R, in the dark is of the order of
10°Q cm?, due to the passive state of titanium/TiO, film
electrodes in test solutions [37]. For a simple compari-
son, the values of Ry and R; under UV illumination are
significantly smaller than those in the dark, respectively.
From dark to illumination, the photoeffect in TiO, films
results in the huge changes of Ry [41], while the
appearance of oxidation of water (H,O) and formic acid
as anodic reaction on TiO, films reduces R, by a factor
of 700 or more. Moreover, about one half of R, was
reduced as a result of increasing formic acid concen-
tration from 1 to 10 mM, indicating that more e-h pairs
were separated by formic acid, and then more holes were
available to oxidize H,O and formic acid [11].

Potentiodynamic polarization curves

Figure 6 shows anodic polarization curves for the TiO,
photoelectrode in base solution and different organic
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Fig. 4 Nyquist plots for TiO, film electrodes in different solutions
under illumination. Symbols experimental data; /ines fitted values

solutions, where AE (applied potential bias or applied
voltage) is equal to the electrode potential difference
between applied potential (£) and OCP, namely

AE = E — Eqop (2)

In the literature [11, 22, 23], the effect of potential
bias was often estimated by the values of photocurrent
density (7,,) at a given electrode potential in E versus i,
curves. But in fact, polarized degrees (i.e. AE values)

Fig. 5 Equivalent circuit of the electrochemical system TiO, film/
solution. Ry, electrolyte resistance; Ry and Cy, resistance and
capacitance of TiO, film; R, transfer resistance; Cg, double layer
capacitance

were different at a given potential for organic species
with various concentrations, due to the different OCP
values as shown in Fig. 3. Thus, E versus iy, curve was
inconvenient for this purpose, and AE versus i, curves
were adopted in Fig. 6.

As far as the base solution is concerned in Fig. 6,
three parts of i, can be discerned with the increase of
AE. At the initial bias potentials within ca. 0.26 V, i,y
increases slowly and non-linearly, being indicative of the
low separation rates for photogenerated e-4 pairs under
the low electric field intensity conditions over the TiO,
photoelectrode system. At higher bias potentials, 7,y is
characterized by the linear change. It is assumed that the
electron transport in TiO, film becomes the rate-limiting
step, and then the TiO, photoelectrode behaves as a
constant resistance rather than a variable resistance [42,
43]. With further increasing bias potential, i, levels off
and tends to stabilize. This behavior is called as satu-
ration, which mainly results from scanty holes to facil-
itate the interface reactions and is related to light
intensity [21, 42].

As can be seen, the characteristics of iy, in organic
solutions are similar to those in the base solution. In the
base solution, only H,O was oxidized at TiO, electrode
surface by the photogenerated holes, while both H,O
and organic species were oxidized in organic solutions.
Except salicylic acid solutions, the addition of organic
species into the base solution results in the increase of i,y
at all the tested bias potentials, and the higher concen-
trations of organic species the larger i,,. These may be
caused by the competitive oxidation of organic species
with H,O and the current doubling effect of the free
radicals formed by subsequent photoreactions of or-
ganic species [11, 44]. The organic species might have
little influence on photooxidation of H,O due to their
very low concentrations [21]. Therefore, the photooxi-
dation rate (Ai,,) of pure organic species is approxi-

Table 1 Fitted results of EIS spectra for TiO, film electrodes in formic acid solutions

R, /Q cm? Yo.r /s ©Q cm ™2 o Re /Q cm?® Yo.q1 /s* Q cm ™2 Ol R, /Q cm?
In 0.01 M NaClO,; + 0.001 M formic acid solution in the dark

185 4.43x107* 0.48 1813 8.33x1073 0.93 3.38x0°
In 0.01 M NaClO4 + 0.001 M formic acid solution under illumination

174 4.90x1073 0.83 26 8.31x107* 0.86 4840

In 0.01 M NaClO4 + 0.01M formic acid solution under illumination

172 5.96x1073 0.94 23 1.79x1073 0.87 2240
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Fig. 6 Polarization curves for TiO, film electrodes in different
organic solutions under UV light

mately equal to the difference of i, between the organic
solution and base solution, obtained by

(3)

Figure 7 gives the plots of Ai,}, versus AE. One peak of
the photooxidation rate appears at ca. 0.26 V and the
higher concentrations of organic species the larger peak
rates. As discussed above, in low potential bias range,
photogenerated e-4 pairs had a low separation rate in the
base solution. When organic species were present, they
not only had the current doubling effect but also could
reduce the e-h recombination rate. The photooxidation
peak may represent a result of these two effects, and the
more organic species adsorbed on TiO, electrode surface
the more these effects which can be confirmed further by
the peak values in different organic solutions. Compared
with formic acid, salicylic acid shows a higher peak due
to its strong affinity to TiO, surface, while methanol
shows a lower peak due to its weak affinity. After this
peak, the separation rate of e-h pairs cannot be affected
by organic species. The linear increase in photooxidation
rate of H,O may lead to the decrease in photooxidation

Aiph = (iph)organic - (iph)base'
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Fig. 7 Variations of photooxidation current density for pure
organic substances with potential bias on TiO, films

rates of organic species with the lower concentrations.
After ca. 0.6 V, the photooxidation rates of salicylic acid
(0.1 mM), formic acid (1 mM) and methanol (1 mM) are
almost constant and far less than that of H,O. When the
concentrations of formic acid and methanol change to
10 mM, their photooxidation rates increase with poten-
tial bias and reach stability at ca. 1 V. This is because the
more organic species can adsorb on TiO, surface under
the higher concentration conditions. But, the photooxi-
dation rate of salicylic acid (0.5 mM) decreases to neg-
ative values, indicating that the photooxidation rate of
0.5 mM salicylic acid solution is lower than that of the
base solution after ca. 0.66 V, as shown in Fig. 6(a). The
main reason is that the byproducts adsorbed on the TiO,
electrode surface may inhibit the photoreactions of H,O
and salicylic acid [22, 23, 38].

Obviously, the photooxidation rate curves of organic
species instead of their organic solutions should be more
suitable for optimizing the potential bias values in
photoelectrocatalytic oxidation systems. In the very low
concentration cases, the potential bias at the rate peak is
the optimum value, while both the stable photooxida-
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tion rate and faradaic efficiency are going to be consid-
ered in the higher concentration cases.

Conclusions

TiO, thin-films with nanoporous surface and anatase
phase were prepared by anodization of titanium foils in
sulfuric acid solutions. From dark to ultraviolet illumi-
nation, OCP and film resistance of TiO, films decreased
markedly. The photoelectrocatalytic oxidation process
of salicylic acid, formic acid and methanol on TiO, films
had similar EIS characteristics at OCP. The simple
photoreactions were controlled by the charge transfer
step. Values of the charge transfer resistance could be
used to evaluate the overall rate of photoreactions.

According to the potentiodynamic polarization
curves of the base solution and organic solutions, the
kinetic rate curves for the photoelectrocatalytic oxida-
tion of pure organic species could be obtained as a
function of the potential bias. The photooxidation rates
changed with organic concentrations—for formic acid
and methanol from 1 to 10 mM, their photooxidaiton
rates increased, while for salicylic acid from 0.1 to
0.5 mM, its photooxidation rate decreased after 0.66 V,
even lower than the photooxidation rate of water. One
oxidation peak at a bias potential of ca. 0.26 V was
observed for these species, and the higher concentrations
of organic species within present concentration ranges
the larger peak values. After the potential bias increased
to ca. 1 V, the photooxidation rate reached stable val-
ues, and the photooxidation rate of water was much
larger than that of organic species.
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