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Abstract Sol–gel and dip-coating methods were used to
prepare the modified nano-TiO2 film electrode; its photo-
catalytic and electrochemical properties were investigated
under both UV light and sunlight for the degradation of
Disperse Blue. The results showed that the effect of co-doping
metal and non-metal ions was better than that of single metal
ion doping or no doping. Y–F co-doping could better take
advantage of sunlight so as to decrease the energy gap of
semiconductor and to improve the utilization of visible light,
while Ce–F co-doping served to separate photo-generated
h+/e− pairs, which resulted in better degradation of dye under
UV light. The grain size of prepared electrode was from 15 to
25 nm, and nano particles were arranged smoothly as well as
closely with each other, confirming to be an effective binder.
The final decolorization extents reached 44.43% under sunlight
and 96.86% under UV light within 30 min, respectively.

Keywords Modified nano-TiO2 film electrode . Sol–gel .
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Introduction

Titanium dioxide (TiO2) serves as one of the most promising
photocatalytic materials in the area of environmental protec-

tion, especially in the heterogeneous photocatalytic field [1].
That is to say, a better understanding and improvement of the
reaction could enable it to be widely applied in industry, such
as the treatment of effluent of dyes. The surface of TiO2 is
excited by UV light so as to generate conduction band
electron (e−) and valence band hole (h+). h+ has a strong
ability to obtain electron and to generate strong oxidability—
it can oxidize OH− and H2O absorbed on surface to ·OH;
meanwhile, e− can also react with absorbed O2 to form active
oxygen like ·O2

− which in combination with ·OH together
participate in redox reactions [2]. The superiorities of TiO2,
such as operation simplicity, moderate reaction conditions,
high degradation efficiency, easy automation, no secondary
pollution, etc., are the hotspots and highlights that win
researchers’ attention and favors in recent years [3].

However, two main drawbacks largely limit the indus-
trial application of this photocatalytic technology: (1) the
energy gap is too large (3.2 eV) so it can only be exited
effectively under ultraviolet irradiation where the wave-
length is smaller than 380 nm, but there is only 4% of UV
light in sunlight; therefore, TiO2 responds weakly to
sunlight and (2) the lifespan of h+/e− pairs is not long
enough to lower the quantum efficiency [4, 5].

The way to promote the efficiency of photocatalysis
includes the improvement through preparation and the
modification by some other elements such as transition metal,
noble metal, base metal, or even non-metal. Modification can
not only improve the photocatalytic activity of TiO2 towards
the degradation on organic pollutants but also result in the
expansion of photosensitivity to the visible light region [6].
Marta Mrowetz et al. [7] found that nitrogen doping could
extend the absorption of TiO2 into the visible light region.
Michael R et al. [8] conducted a systematic study of metal
ion doping in quantum-sized TiO2 and found that the
concentration of dopant greatly influenced the energy level
because of a complex function. Riassetto D et al. [9]
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successfully prepared Pt-doped nano-TiO2 particles to
improve the photocatalytic properties. F´elix G et al. [10]
also discovered that Ce doping could significantly enlarge
the surface area and lower the energy gap.

In this paper, sol–gel method was used to prepare modified
nano-TiO2 film electrode by both single metal ion doping
and co-doping metal and nonmetal ions. The properties of
electrode were optimized via adjustment of several parame-
ters, and Disperse Blue (DB) solution served as the refractory
wastewater for degradation experiment decolorized by
prepared electrode under both sunlight and UV light.

Materials and methods

Reagents

Disperse Blue from Shanghai Dyeing Plant, ethanolamine
(HOCH2CH2NH2), tetrabutyl titanate (TBTA), acetylacetone
(C5H8O2), isopropanol ((CH3)2CHOH), polyethylene glycol
(PEG4000), yttrium nitrate hexahydrate (Y(NO3)3·6H2O),
cerium nitrate hexahydrate (Ce(NO3)3·6H2O), sodium fluo-
ride (NaF), etc. were all of analytical purity. TA1-type Ti
sheet was chosen as Ti substrate (with thickness of 0.5 mm)
from Shanxi Ti Company.

Apparatus

The range of apparatus used included a self-made photo-
catalytic reactor (500 W UV lamp)—the device is shown in
Fig. 1; in via confocal microscopic Raman spectroscopy
(Renishaw in Britain); S-4800 scanning electron microscope
(Hitachi in Japan); AUTOLAB model PGSTAT30 (Metrohm
in Switzerland); D8 ADVANCE X X-ray diffractometer
(Bruker in Germany); 8453 UV–vis spectrometer (Agilent in
the USA); and self-made elevator with slow velocity.

Preparation of nano-TiO2 film electrode

Firstly, 5 mL isopropanol was added into 10 mL TBTA,
while a small amount of acetylacetone was used as inhibitor
to slow down the hydrolysis of TBTA. After vigorous
stirring for 0.5 h, component A was prepared. A thimbleful
of distilled water was added into 2.5 mL isopropanol where
ethanolamine served as regulator to get component B; 5%
(wt%) PEG was a thickener here to avoid the agglomeration
of particles and increase hydrophilicity and was mixed with
2.5 mL isopropanol to obtain component C. Proportional
amounts of Y(NO3)3·6H2O, Ce(NO3)3·6H2O, and NaF
were added and dissolved into component C, respectively,
at the same time. Then, B was added dropwise into C under
vigorous stirring, and A was also added dropwise into BC
intermixture, after stirring for 0.5 h and aging overnight,
and then stably translucently and homogeneously yellow
TiO2 sol was prepared for further usage.

Polished ultrasonic was cleaned in detergent and acetone,
respectively, and then detarnished under acid etching followed
by washing with distilled water. Ti substrate (2×3 cm) was
sealed under anhydrous ethanol [11]. Dip-coating method was
applied in this paper for the preparation of modified electrode
to optimize the properties because of its low cost and
controllability. Ti sheet was dipped vertically into the sol
solution and elevated under slow speed then dried under an
infrared lamp for 10min and annealed at 500 °C for 10min in a
muffle furnace after five times of dip-coating to make sure that
the coating layer was completely oxidized. The process was
repeated three times while the last annealing time increased to
90 min to acquire modified anatase TiO2 electrode.

Experiment for photocatalysis

The reaction was operated in a self-made reactor. A 500-W
UV lamp with a main emission at 254 nm as the external

Fig. 1 Self-made photocatalytic
reactor
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light source was suspended on the side wall of the reactor,
and the whole degradation process was conducted in a
beaker containing 50 mL 100 mg/L DB solution and
connected to a condensate pipe with continuing cooling water.
Modified nano-TiO2 film electrode served as the working
electrode and Pt electrode acted as counter electrode,
whereas a saturated calomel electrode was used as reference
electrode. The degradation was operated under sunlight and
UV light for 30 min, respectively. UV–vis spectrometer was
used for whole-wavelength scanning and the maximum
absorptive wavelength was 567 nm. The absorbance values
before and after the reaction were recorded as A0 and A. The
calculation for decolorization extent on DB could be:

h ¼ A0 � Að Þ=A0 � 100% ð1Þ

Results and discussion

Optimization of parameters for the preparation
of modified electrode

Influence of doping amount of Ce(NO3)3·6H2O on electrode

The doping of elements from lanthanide could localize the
photo-generated electrons and holes on lanthanide and
TiO2, respectively, so as to inhibit the recombination of the
pairs. In this paper, Ce(NO3)3·6H2O was the dopant for Ce3
+ doping. The molar ratios between Ti and Ce were 100:0,
100:0.5, 100:1.0, and 100:1.5, respectively.

Figure 2 exhibited the XRD patterns of modified TiO2

electrodes under different intermingled quantities of Ce3+. It
was showed that Ce doping by no means changed the
anatase phase of TiO2, and no other oxidants containing Ce
element were detected. However, the peak intensity of
anatase phase (101) of TiO2 (2θ=25°) decreased with the
doping quantities of Ce3+. It was contributed to the fact that
[12–14] Ce3+ was uniformly distributed in the system to form
stable TiO2 sol. The radius of Ce

4+ was 0.092 nm, which was
larger than that of Ti4+ (0.068 nm). Therefore, Ce4+ cannot
find an easy access to the lattice of TiO2 but only be bonded
with the surface of TiO2 grains through Ti–O–Ce bonds then
inhibited the further growth of grain size. In addition, the
Ce-4f orbit was in the most stable state while completely
empty, half full, or fully full, which meant that Ce4+ found
itself easy to obtain e− and become Ce3+. Hence, the
following reaction might have happened under annealing so
as to generate large amount of valences [15, 16]:

2Ce4þ þ O2� ! 2Ce3þ þ 1=2O2 þ valence ð2Þ

At the same time, it could also be seen from the figure
that the more the doping of Ce element, the broader the

peak shape of XRD patterns, which implied the smaller
grain size of nano particles. The calculation from Scherrer
equation Dhkl ¼ k � l= bhkl � cosqð Þð in Table 1 was in
accordance with the conclusion above.

The prepared sol solution under different molar ratios
between Ti and Cewas dried for 2 h in an oven firstly and then
annealed at 500 °C for 90 min in a muffle furnace. The TiO2

powder obtained was experimented for ultraviolet–visible
diffuse reflection, and energy gap was also calculated by the
following formula:

Eg ¼ 1; 240=l ð3Þ
where Eg was the energy gap (eV) of TiO2 and l was the
wavelength of absorption edge (nm). The figure was shown
in Fig. 3 and the results were exhibited in Table 2. The data
and curves implied that single Ce-doping cannot improve the
photosensitivity efficiency of sunlight well and make the red-
shift because of the slightly bigger energy gap.

The modified powders were also under Fourier-
transformed infrared (FT-IR) test and the results were
shown in Fig. 4. In the FT-IR spectrum, 500~1,000 cm−1

were the nonsymmetrical vibration of the stretching
vibration of Ti–O bond; 700 cm−1 was the symmetric
stretching vibration of Ti–O–Ti bond; 1,600 cm−1 was the
bend vibration of hydroxy while 3,100–3,700 cm−1 were
the symmetric stretching vibration of hydroxyl (in this
paper, it was resulted from butyl alcohol derived from the
hydrolysis of TBTA) [17, 18]. The adding of PEG enabled
the bonding between CH2-O side chain and Ti- to form the

Fig. 2 XRD patterns under different molar ratios between Ti and Ce

Table 1 Grain size of electrode under different molar ratios between
Ti and Ce

nTi/nCe 100:0 100:0.5 100:1.0 100:1.5

Grain size, nm 19 19 17 14
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structure like CH2–O–Ti because of its compatibility,
dispersibility, stability as well as viscosity, and it could be
completely decomposed under 250 °C [13]. No matter how
much Ce was doped, no other place appeared as the
absorption peak but at 500 to 1,000 cm−1. This proved that
the PEG served as the thickener and during the preparation
other organics were all decomposed, volatized, or com-
pletely burnt except TiO2.

The open-circuit potential (OCP) was a mixed potential
of all the redox potentials in the solution, at the surface, and
at the interface, and its trend absolutely implied the change
of the surface of the electrode [20]. In this research,
Autolab was used to observe the variation of electrodes
prepared under different molar ratios between Ti and Ce,
and the relationship between OCP and time under UV light
was also discussed. The OCP dropped down to much more
negative values when the electrode was irradiated with UV
light as a result of the sudden generation of photo-generated
h+/e− pairs [19]. The detailed process can be described as
follows: the UV lamp was turned off for the first 50 s then
turned on for the next 50 s and turned off for the last 50 s.
The values of potential both before the light’s turning on
and after its turning off were recorded and subtracted; the
results were listed in Fig. 5. After irradiation for a short
time, the balance rate between creation and depletion of
photo-generated carriers was obtained. The value of OCP
tended to be stable and a steady state of photoreactions was
attained on nano-TiO2 film electrodes [20]. Under the
doping molar ratio nTi/nCe=100:0.5, the electrode reached

the largest OCP at 0.6508 V. Its response to UV lamp was
more notable than the others; however, excessive doping of
Ce would lead to the excessive distortion of lattice and
changes of cell constant so as to lower the response to UV
light. The OCP value in this paper was twice as large as
what Li M C [20] had done while four times as large as
what Shuhu Xiao [21] had researched.

In addition, the electrochemical impedance spectroscopy
(EIS) response of TiO2 electrode under both sunlight and
UV light at OCP was also operated in this research. Under
UV light, the amount of photo-generated electrons would
be much more than that of under sunlight. Therefore, the
resistance would be reduced so that the arc radius on the
EIS Nyquist plot shrank [19]. In this paper, the high and
low frequencies were 1,000,000 and 1 Hz, respectively, for
EIS test because of the better Nyquist arc that the electrode
exhibited under this condition. The results can be seen in
Fig. 6. The doping of Ce element cannot lower the

Fig. 4 FT-IR spectrum of Ce-doping TiO2 powders

Fig. 3 UV–vis diffuse reflection spectrum under different ratios
between Ti and Ce

Table 2 Energy gap under different ratio between Ti and Ce

nTi/nCe 100:0 100:0.5 100:1.0 100:1.5

Energy gap, eV 2.78 2.83 2.90 2.88
Fig. 5 OCP-Ce-doping molar ratio relationship under UV radiation
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resistance of electrode whether it was under sunlight or UV
light, which was in accordance with the conclusion from
UV–vis diffuse reflection. However, the resistance under
UV light when the molar ratio was nTi/nCe=100:0.5 was
smaller than the other doping quantities.

Given all that, the molar ratio nTi/nCe=100:0.5 was
chosen as the proper molar ratio for Ce-doping.

Influence of doping amount of Y(NO3)3·6H2O on electrode

The doping of elements from transition element could
refine the grain size of nano TiO2 and serve as the potential
trap for inhibition between photo-generated hole and
electron; it resulted from the charge transfer between
electrons on d orbital of doping element and electrons on
conduction or valence band of TiO2. In this paper, Y
(NO3)3·6H2O was the dopant for Y-doping. The molar
ratios between Ti and Y were 100:0, 100:0.5, 100:1.0, and
100:1.5, respectively.

The structure change was due to the radius of doping
element and its electrical charge. Dopant could replace Ti4+

or occupy the space among lattice node [22]. Figure 7
showed the XRD patterns of modified TiO2 electrodes
under different intermingled quantities of Y3+. It was shown
that Y-doping in no way changed the anatase phase of TiO2,
and no other oxidants containing Y element were detected.
However, the peak intensity of anatase phase (101) of TiO2

(2θ=25°) decreased with the doping quantities of Y3+. It
might be contributed to the fact that [23] the little amount
of Y enabled a uniform distribution in the sol system
without detection by XRD or resulted from the reason that
[24, 25] the radius of Y3+ was 0.088 nm, which was larger
than that of Ti4+ (0.068 nm). Therefore, Y3+ rendered the
nano lattice to form Ti–YxOy–TiO2 solid solution, which
meant that Y3+ found itself an access to the lattice of TiO2 so
as to lead its distortion and weaken the peak intensity of
anatase phase. Also, the more the doping quantity of Y, the
broader the peak shape of XRD patterns. The phenomena was
convinced from the calculation of grain size from the Scherrer
equation shown in Table 3, which implied that the more the
doping of Y3+, the smaller the grain size of nano particles.

The prepared sol solution under different molar ratios
between Ti and Y were dried for 2 h in an oven firstly and
then annealed at 500 °C for 90 min in a muffle furnace. The
obtained TiO2 powder was experimented for ultraviolet–
visible diffuse reflection (Fig. 8), and the data of energy gap
were also shown in Table 4.

Fig. 7 XRD patterns under different molar ratio between Ti and Y

Fig. 6 EIS of electrode under different Ce-doping molar ratio

Table 3 Grain size of electrode under different molar ratio between Ti
and Y

nTi/nY 100:0 100:0.5 100:1.0 100:1.5

Grain size, nm 19 19 15 11
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The figure showed that Y, as a transition element, could
effectively expand the photosensitivity of TiO2 into the visible
light region, and the response range increased to 500 nm
compared to the former 345 nm. It was because Y had a
larger range of light adsorption range, and Y-doping rendered
the original TiO2 to become photosensitive and form a new
energy level to effectively adsorb sunlight [26]. Lattice
distortion from doping would form strain energy in order to
compensate this energy. Oxygen atoms from the TiO2 surface
found for themselves an easy way to escape from the lattice so
as to take effect as h+ trap, lower the recombination of h+/e−

pairs, and improve photo-catalytic activity [26]. Although Y-
doping can improve sunlight efficiency, there still existed an
optimal doping quantity because excessive doping also led to
the excessive distortion of lattice and the decrease of
photosensitivity. Data in Table 4 also explained that the energy
gap of TiO2 could get the lowest value at nTi/nY=100:1.0.

The FT-IR test and the results were shown in Fig. 9. No
matter how much Y was doped, no other place was the
absorption peak but at 500 to 1,000 cm−1. The figure
proved that the PEG served as the thickener and during the
preparation other organics were all decomposed, volatized,
or completely burnt except TiO2.

OCP test was also experimented here. The values of
potential both before the light’s turning on and after its
turning off were recorded and subtracted, and the results
were listed in Fig. 10. The figure exhibited that under the
doping molar ratio nTi/nY=100:1.0, the electrode got the

biggest OCP at 0.6051 V. Its response to UV lamp was also
more notable than others, and excessive doping of Y would
lead to the excessive accumulation on Ti–YxOy–TiO2 solid
solution. The accumulated electrons generated electric field
to capture holes, which meant that excessive Y-doping
became a recombination center of h+/e− pairs and resulted
in a decrease of photo-catalytic activity.

In addition, EIS response of modified TiO2 electrode
under both sunlight and UV light at OCP was also operated
in this research. The results can be seen in Fig. 11. The
Nyquist arc still proved the homogeneity doping [27]. The
doping of Y element enabled the decrease of the Nyquist arc
so as to decrease the resistance of electrode under sunlight,
and the optimal doping quantity was nTi/nY=100:1.0
because of refinement of grain size and decrease of
resistance among particles; on the other side, the resistance

Fig. 9 FT-IR spectrum of Y-doping TiO2 powders

Fig. 8 UV–vis diffuse reflection spectrum under different molar ratio
between Ti and Y

Table 4 Energy gap under different molar ratio between Ti and Y

nTi/nY 100:0 100:0.5 100:1.0 100:1.5

Energy gap, eV 2.78 2.11 2.09 2.13
Fig. 10 OCP-Y-doping molar ratio relationship under UV radiation
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of electrode under UV light was a little bit larger than that
of no doping, which meant that Y-doping cannot effectively
expand the use of UV light.

Therefore, nTi/nY=100:1.0 was chosen as the proper
molar ratio for Y-doping.

Influence of co-doping on modified electrode

Researchers have proved that [28] single metal ion doping
could improve the photocatalytic efficiency but not expand
the photosensitivity to the visible light region, whereas non-
metal doping can enable the photocatalytic material TiO2 to
respond to the visible light so as to effectively take
advantage of sunlight. In addition, co-doping of metal and
non-metal elements can produce a synergetic effect [29–31].
On one hand, non-metal element served as the inhibitor of
photo-generated h+/e− pairs; on the other hand, metal element
played a role in expanding the photosensitivity range.
Documents had also illustrated that [12, 32] F− doping can

form Lewis acid and enhance surface acidity. The acids formed
can react with π− charged aromatic compounds to form new
active sites and improve the photocatalytic efficiency of
TiO2. At the same time, photocatalysis was the synergism
between direct and indirect oxidation. Surface fluorination
could not only decrease the recombination of h+/e− but also
increase the mass transfer among organics in the solution so
as to degrade them into intermediates and then the final
products [33]. As a result, co-doping of Ce–F and Y–F was
investigated in this paper for modification of TiO2 electrode.

Influence of co-doping an amount of Ce(NO3)3·6H2O
and NaF on electrode

The doping molar ratios between Ti and F were nTi/nF=
1:0.1, 1:0.5, 1:1.0, and 1:1.5, respectively. After one-night
aging, only the sample at nTi/nF=1:0.1 was stable while
others formed white precipitates. The stable sample was
used for dip-coating at 500 °C and annealing for 90 min
and then the modified electrode was prepared.

The XRD patterns of the electrode were shown in
Fig. 12. Ce–F co-doping had not changed the anatase phase
of TiO2 but weakened the peak intensity, which meant that
Ce and F were uniformly distributed in a sol system. At the
same time, the calculation for grain size was listed in
Table 5, which meant that co-doping cannot show the effect
of refining the grain size.

The FT-IR test was also experimented here. The results were
shown in Fig. 13. The absorption peak from 500 to
1,000 cm−1 was assigned to TiO2. The wavelength range
from 3,200 to 3,600 cm−1 proved the weak existence of
hydroxy derived from the hydrolysis of TBTA. The presence of
surface hydroxy did good to the improvement of photocatalytic
oxidation. No other absorption peak can be found here.

Fig. 11 EIS of electrode under different Y-doping molar ratio

Fig. 12 XRD patterns of TiO2, Ce-doping TiO2 and Ce–F co-doping
TiO2 electrodes
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The modified powders were also tested under ultraviolet–
visible diffuse reflection and the result was shown in Fig. 14
while the energy gap values are listed in Table 6. The
absorption spectrum slightly expanded to the visible light
region and the energy gap was lower than that of single
doping or without doping. Ce–F co-doping was effective in
generating more photo-generated h+/e− pairs [34].

EIS test was performed both under sunlight and UV
light, and the results were shown in Fig. 15. Ce–F co-
doping did not show marked improvement under sunlight;
the resistance of co-doping electrode was still large.
However, under UV light, the resistance of co-doping
electrode was definitely smaller than under other condi-
tions, which was consistent with the conclusion from
ultraviolet–visible diffuse reflection.

OCP was also tested here under UV light and the result
was shown in Fig. 16. The figure showed that the OCP
obtained the biggest value at 0.7193 V under co-doping. Its
response to UV lamp was also more notable than single
doping and no doping, proving that F can take effect on the
separation of photo-generated h+/e− pairs so as to improve
the photosensitivity of the electrode.

Linear sweep voltammetry (LSV) was used for investi-
gating the electrochemical properties as well. The conclu-
sion can be seen as in Fig. 17. Ce–F co-doping did not
show its advantages under sunlight on account of no
significant difference among currents with the increase of
voltage but reflected a notable performance under UV light

irradiation, which meant that Ce–F co-doping can effec-
tively improve photo-quantum efficiency.

Scanning electron microscope (SEM) was used for
morphology in this paper, and the pictures were displayed
in Fig. 18. The results illustrated that under a magnification
of × 2,000, the surface of a single Ce-doping electrode was
much smoother and less cracked than that of under Ce–F
co-doping or without doping, where the co-doping and no-
doping electrode appeared with a typical cracking “island”
structure; under the magnification of × 100,000, the grain
size of Ce single doping electrode exhibited more refined
particles with a value from 15 to 20 nm, where the Ce–F co-
doping rendered the lattice distortion more severe so as to
make the grain size a little bit larger. However, the
arrangement of particles was still dense and uniform and
resulted in an increase of active sites and specific surface
areas; on the contrary, the grain size of the electrode without
dopingwas not that uniform andmore cracks can also be seen.
Besides, no other kinds of oxide were found on the surface of
electrodes to manifest that Ce3+ entered into the TiO2 lattice.

Given all that, the proper molar ratio of a modified
electrode with co-doping of Ce and F should be nTi/nCe=
100:0.5 and nTi/nF=1:0.1.

Influence of co-doping amount of Y(NO3)3·6H2O
and NaF on electrode

The doping molar ratios between Ti and F were nTi/nF=
1:0.1, 1:0.5, 1:1.0, and 1:1.5, respectively. The other

c

a

b

Fig. 14 UV–vis spectrum under different co-doping of Ce and Ce–F

Fig. 13 FT-IR spectra of electrode under doping and co-doping of Ce
and Ce–F

Table 5 Grain size of TiO2, Ce-doping TiO2, and Ce–F co-doping
TiO2 electrodes

Electrode TiO2 Ce-doping TiO2 Ce–F co-doping TiO2

Grain size, nm 19 19 20

Table 6 Energy gap under co-doping of Ce and Ce–F

Electrode TiO2 Ce–TiO2 Ce–F–TiO2

Energy gap, eV 2.78 2.83 2.55
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operations for preparing the sol system were totally the
same as described before. After one-night aging, only the

sample at nTi/nF=1:0.1 was stable while others formed
white precipitates. The stable sample was used for dip-
coating with 500 °C and annealing for 90 min and modified
electrode was prepared.

The XRD patterns of electrode were shown in Fig. 19.
Y–F co-doping had not changed the anatase phase of TiO2

but weakened the peak intensity, which proved the uniform
distribution of Y and F in the sol system. At the same time,
the calculation for grain size was listed in Table 7, which
meant that doping cannot take advantage of refining the
grain size.

The FT-IR test was also experimented here; the results
were shown in Fig. 20. the absorption peak from 500 to
1,000 cm−1 was assigned to TiO2. The wavenumber range
from 3,200 to 3,600 cm−1, which proved the weak
existence of hydroxy derived from the hydrolysis of TBTA.
The presence of surface hydroxy did good to the improve-
ment of photocatalytic oxidation. No other absorption peak
can be found here.

Fig. 17 LSV of electrode under co-doping of Ce and Ce–F

Fig. 16 Relationship between OCP and Ce-doping or Ce–F co-doping

Fig. 15 EIS of electrode under co-doping of Ce and Ce–F
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The modified powders were also tested under
ultraviolet–visible diffuse reflection and the result was
shown in Fig. 21 while the energy gap values were listed
in Table 8. The absorption spectrum of co-doping
electrode expanded to the visible light region but the
extent was smaller than single Y-doping electrode, so the
same to the data which resulted in energy gap, showing
that F-doping cannot improve the photosensitivity of

sunlight, which was in accordance with the published
papers [35, 36].

EIS test was performed both under sunlight and UV light,
and the results were shown in Fig. 22. Y–F co-doping and Y-
doping revealed improvement under sunlight than no doping.
The reason was that Y can improve the photosensitivity of
visible light while F is taking advantage of separating h+/e−

pairs; however, under UV light, the resistance of co-doping

a (2000) a (100000)

b (2000) b (100000)

c (2000) c (100000)

Fig. 18 SEM image of modified electrodes of TiO2, Ce, and Ce–F
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electrode was larger than under other conditions, which
illustrated that co-doping was not conducive to UV light
response but with enhanced sunlight response.

OCP was also tested here under UV light and the result
was shown in Fig. 23. The figure exhibited that the OCP
reached the biggest value at 0.7325 V under co-doping. Its
response to UV lamp was also more notable than single
doping and no doping, which proved that F can take effect
on the separation of photo-generated h+/e− pairs so as to
improve photosensitivity of electrode.

LSV was used for investigating the electrochemical
properties as well. The conclusion can be seen as discussed
in the following text (Fig. 24). Y–F co-doping and Y-doping
showed their advantages under sunlight when the bias
potential was smaller than 0.5 V because of the improvement
of photosensitivity; under UV light, the photocurrent of co-
doping was a little bit larger than that of other two electrodes,
thanks to the separation effect of h+/e− pairs.

SEM was used for morphology and the pictures were
displayed in Fig. 25. The results illustrated that under a
magnification of × 2,000, the surface of single Y-doping
electrode was much smoother and less cracked than that of Y–
F co-doping or without doping, where the co-doping and no-
doping electrode appeared with a typical cracking “island”
structure; under the magnification of × 100,000, the grain size
of single Y-doping electrode exhibited more refined particles
with the value from 15 to 20 nm, where the Y–F co-doping
made the lattice distortion more severe so as to make the grain

size a little bit larger. However, the arrangement of particles
was still dense and uniform and resulted in an increase of
active sites and specific surface areas; on the contrary, the
grain size of electrode without doping was not uniform and
more cracks can be seen. Because no other oxides were found
on the surface of electrodes, it proved that Yalso joined in the
lattice of the TiO2 structure, replacing Ti4+.

Given all that, the proper molar ratio of modified
electrode with co-doping of Y and F should be nTi/nY=
100:1.0 and nTi/nF=1:0.1.

Degradation on Disperse Blue solution under modified
electrode

China was one of the largest dye-producing and dye-
consuming countries in the world. Disperse dye was widely
used among other kinds of dye. It had azo-bond (−N=N–) and

Fig. 21 UV–vis spectrum under different co-doping of Y and Y-F

Fig. 20 FT-IR spectra of electrode under doping and co-doping of Y
and Y-F

Fig. 19 XRD patterns of TiO2, Y-doping TiO2 and Y-F co-doping
TiO2 electrodes

Table 7 Grain size of TiO2, Y-doping TiO2 and Y–F co-doping TiO2

electrodes

Electrode TiO2 Y-doping TiO2 Y–F co-doping TiO2

Grain size, nm 19 15 19
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could be decomposed into more than 20 kinds of carcinogenic
aromatic amine to harm human and environment. The
degradation of azo dye was the process of breaking down
the azo-bond and production of intermediate products and
then further degradation into final products [21].

In this paper, 50 mL 100 mg/L Disperse Blue 165–1
solution was chosen as the target pollutant because the ratio of
biological oxygen demand to chemical oxygen demand was
pretty slow, which means that it is difficult to be biodegraded.
During degradation, the pHwas not adjusted and the pH of the
dye solution was 6.2. The concentration of supporting
electrolyte NaCl is 0.1 mol/L, and the decolorization time
lasted 30 min while the time interval of 5 min was set.

Therefore, we discussed the optimal electrode for the final
decolorization extent from different doping electrodes.

Fig. 24 LSV of electrode under co-doping of Y and Y-F

Fig. 23 Relationship between OCP and Y-doping or Y-F co-doping

Fig. 22 EIS of electrode under co-doping of Y and Y-F

Table 8 Energy gap under co-doping of Y and Y–F

Electrode TiO2 Y–TiO2 Y–F–TiO2

Energy gap, eV 2.78 2.09 2.65

1440 J Solid State Electrochem (2012) 16:1429–1445



Influence of single doping on the photocatalytic
degradation of DB

Degradation of DB by electrodes with single Y-doping and
Ce-doping was researched under both sunlight and UV
light. The result was shown in Fig. 26. Under sunlight, the
lowest concentration after degradation was the Y-doping
electrode with molar ratio at nTi/nY=100:1.0. The final

residual concentration of DB was 88.38 mg/L, which meant
that the decolorization extent was 11.62%. This resulted
from the expanding of photosensitivity to the visible light
region, the lower energy gap, the decreased electrode
resistance as well as the larger response of OCP, whereas
under UV light, the results were different from those under
sunlight. Ce-doping with molar ratio at nTi/nCe=100:0.5
showed the optimal effect for degradation. The residual

a (100000)

b (100000)

a (2000)

b (2000)

c (2000) c (100000)

Fig. 25 SEM image of Y-doping and Y-F co-doping electrode
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concentration was only 0.87 mg/L after 30 min and the
decolorization extent was more than 99%. This is attributed
to the fact that Ce-doping refined grain size so as to
increase the active sites and enhance the photocurrent. The
conclusion was in accordance with the research from the
property investigation as discussed earlier.

Influence of co-doping on the photocatalytic degradation of DB

Electrodes prepared under co-doping of Y, Ce, and F and
single doping as well as no doping for degradation of DB
both under sunlight and UV light were tested under the
same conditions to avoid operation errors and environmental
variations. The changes of relationship between DB concen-
tration and time were drawn in Fig. 27.

The figures demonstrated that at the first 5 to 10 min,
the concentration of DB decreased dramatically under
different electrode degradation, which meant that the

decolorization of DB was rapid during this time period.
With time passing by, the DB concentration varied much
smoother. Under sunlight, Y-doping and Y–F co-doping
electrodes exhibited better effect than Ce-doping and Ce–
F co-doping electrodes, respectively, and the effect of Y–
F co-doping was even more notable than single doping.
The final decolorization extent was 44.43% after 30 min.
It was 30.77% higher than no doping, which embodied
its improvement in expanding of photosensitivity due to
the broadening of photosensitivity of Y3+ and the
separation effect of F−. The synergic effect showed
obvious advantages than other electrodes, while under
UV light, Ce–F co-doping electrodes showed the best
performance in degradation of DB and the final decolor-
ization extent was 96.86% after 30 min. This resulted from
the lattice distortion and its contribution to lower the
energy gap and resistance so as to produce a large amount
of active sites to degrade organic dye solution.

Fig. 26 Degradation of single doping electrodes on DB

Fig. 27 Degradation of co-doping electrode on DB
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Kinetic model for photocatalytic degradation of DB

Langmuir–Hinshelwood model was the general kinetic
model for photo-catalytic degradation [21]. It could be
expressed as follows:

r ¼ �dC=dt ¼ kobs � k1 � C= 1þ k1 � Cð Þ ð4Þ
where r is reaction rate [mg/(L min)], C is concentration of
DB at any time (mg/L), t is reaction time (min), kobs is
apparent reaction rate constant [mg/(L min)], and k1 is
adsorption rate constant (L/mg).

Through integrating Eq. (3) with respect to time (t), we
can obtain:

ln C0=Cð Þ= C0 � Cð Þ ¼ kobs � k1 � t= C0 � Cð Þ½ � � k1 ð5Þ
where C0 is initial concentration of DB (mg/L).

Kinetic models under sunlight for degradation

Through the drafting between ln(C0/C)/(C0-C) and t/(C0-C),
and Least Square Method was used to fit the kinetic
parameters, the results of parameters were shown in Table 9,
the data of kobs showed that, it could reach the highest value

under Y–F co-doping, which meant that the reaction rate
was the fastest under this condition under sunlight. At the
same time, the modification had influence on k1, its value
also reached the highest level under Y–F co-doping. As a
result, Y–F co-doping was chosen as the best electrode for
degradation under sunlight.

The comparison between theoretic fitting degradation
curve derived from obtained kobs and k1 and experimental
degradation data was also shown in Fig. 28, it turned out
that the kinetic parameters fitted well with the real
degradation.

Kinetic model under UV light for degradation

Also, through the drafting between ln(C0/C)/(C0−C) and
t/(C0−C), least square method was used to fit the data
shown in Table 10. The results of kobs showed that it could
reach the highest value under Ce–F co-doping, which
meant that the reaction rate was the fastest under this
condition. The modification had less influence on k1. It did
not vary notably among different electrodes. As a result,
Ce–F co-doping was chosen as the best electrode for
degradation under UV light.

Table 9 Kinetic parameters under different doping electrodes under
sunlight

Doping electrode k1L/mg kobs mg/(L min) R2

TiO2TiO2 0.0095 0.0577 0.9722

Ce-doping 0.0103 0.0675 0.9932

Ce–F co-doping 0.0116 0.0618 0.9554

Y-doping 0.0106 0.0694 0.9910

Y–F co-doping 0.0120 0.1578 0.9652

Fig. 28 Comparison between theoretical and real degradation under
different electrodes under sunlight

Table 10 Kinetic parameters under different doping electrodes under
UV light

Doping electrode k1L/mg kobs mg/(L min) R2

TiO2 0.0138 5.2464 0.9973

Ce-doping 0.0119 6.0939 0.9531

Ce–F co-doping 0.0135 6.4674 0.9717

Y-doping 0.0127 6.0652 0.9701

Y–F co-doping 0.0119 6.0971 0.9779

Fig. 29 Comparison between theoretical and real degradation under
different electrodes under UV light
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The comparison between theoretic fitting degradation curve
derived from obtained kobs and k1 and experimental degrada-
tion data was also shown in Fig. 29. It turned out that the
kinetic parameters fitted perfectly with the real degradation.

Conclusion

The following conclusions are hence drawn from this study:

1. Sol–gel method can be used for the preparation of
modified nano-TiO2 film electrode with nano-grain size
and high photocatalytic activity. Cerium and yttrium
can refine the grain size and take effect on expanding
the photosensitivity to the visible light region while
non-metal element fluorine serves for the effective
separation of photo-generated h+/e− pairs so as to
improve the final decolorization extent.

2. Under SEM, Autolab, XRD, FT-IR tests, and the like,
the proper molar ratio for Ce–F co-doping is nTi/nCe=
100:0.5 and nTi/nF=1:0.1 under UV light, while the
proper molar ratio for Y–F co-doping is nTi/nY=
100:1.0 and nTi/nF=1:0.1 under sunlight.

3. The modified co-doping electrodes were investigated
for the degradation of 100 mg/L DB solution. The
optimal final decolorization extent after 30 min under
sunlight is 44.43% as tested by Y–F co-doping
electrode and 96.86% under UV light as experimented
by Ce–F co-doping electrode.

4. The kinetic model for degradation is well in accordance
with the general Langmuir–Hinshelwood model. The
bigger the kobs and k1, the faster the reaction and
adsorption rate. In this paper, kobs reaches the maximum
value at Ce–F co-doping under UV light while under
sunlight for Y–F co-doping. The theoretical degrada-
tion curve derived from kinetic parameters is also well
matched with the real degradation.
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