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In this study, nitrogen and cerium co-doped titanium dioxide
nanoparticles were prepared by sol-gel method and were calcined in
air atb50 °C for 2 hours. Then, the surface glassy carbon electrode
was modified and coated with synthesized nanoparticles. The
crystalline structure of the nanoparticles was characterized by X-ray
diffraction (XRD). The topography, surface roughness and particle
size distribution of the coatings were investigated by atomic force
microscopy (AFM). Photoelectric properties such as the changes of
the absorption edges and band gap values of the nanoparticles were
studied by diffuse reflectance spectra (DRS). The hydrophilic
property of the coatings was also measured by a contact angle
device. In all of the analyses, the effect of nitrogen doping amount
on the characteristics of N, Ce co-doped titania samples was
investigated. According to the results, the band gap of the co-doped
titania samples relative to that of pure titania has been decreased
(from = 3.21 eV to = 2.78 eV) and their surface hydrophilicity has
been improved (from 1.01 (deg.min) to 1.60 (deg.min?)). Among
the samples the co-doped titania contains the ratio of Ce/Ti: 1% and
N/Ti: 0.25%, has the highest amount of anatase phase (= 93.1%), the
lowest agglomeration at the surface, the smallest band gap energy (=
2.78 eV) and the highest photo-induced super-hydrophilicity
(hydrophilicizing rate: 1.60 (deg.min)).

1-Introduction

designed based on surface modification of

Recently, titania has received much attention,
since it has some outstanding properties such as
good chemical and physical stability, non-
toxicity, low price, high photocatalytic activity,
special hydrophilic and photoelectric properties
[1-3]. TiO; has been used in many fields, for
instance, photocatalyst, antibacterial,
hydrophilic materials and electrode modifiers of
sensors [4-7]. In recent years, electrochemical
and photoelectrochemical biosensors have been

* Corresponding author:
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electrodes by semiconductors such as titania to
detect biomolecules [6, 7]. In general, the titania
has a wide band gap (= 3.2 eV) and shows
photocatalytic activity only under UV light
irradiation. On the other hand, in titania, the
lifetime of photo-excited electron-hole pair is
short and charge carriers recombination occurs,
which lead to the reduction of the photoelectric
properties of TiO [2, 3]. Furthermore, UV light
damages biomolecules and it’s not applicable
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for designing an electrochemical and
photoelectrochemical sensing of biomolecules.
There are various ways to improve the
performance of titania under visible light, such
as the doping with metallic, non-metallic and
rare earth elements, the connection of
semiconductors to each other and dye-
sensitization [8-12].

In this study, nitrogen and cerium dopants were
selected to improve titania performance under
visible irradiation. Cerium doping has been
received significant interest due to its specific 4f
orbitals' electrons configuration, the redox
couple Ce**/Ce*, the trapping of electrons by
this oxidation-reduction pair and as a result the
increasing of lifetime of photo-excited electron-
hole pair [13-15]. And doping of nitrogen into
titania lattice was reported, which can shift the
band gap and absorption edge to lower energy
levels. In this regard, due to contribution of p
orbitals into the band gap narrowing by mixing
with oxygen 2p orbitals [15-17].

In this study, to improve the hydrophilic and
photoelectric properties of titania nanoparticles,
nitrogen and cerium were co-doped into titania
structure. Pure and N, Ce co-doped titania
samples were synthesized via a sol-gel method.
Then, photo-induced hydrophilicities and
photoelectric activities of co-doped titania
samples were investigated and compared with
the pure titania sample with focus upon the
effect of nitrogen content on the photo activities.
Finally, the optimal sample was selected to
modify electrode surface and to improve its
performance for photoelectrochemical
applications.

2- Experimental procedure

2-1- Materials and equipment

Tetra-n-butyl orthotitanate (98%), nitric acid
(63%) and ethanol absolute were purchased
from Merck®. Urea (99.5%) and cerium (l11)
nitrate hexahydrate (99.5%) were purchased
from Acros® and Alfa aesar®, respectively. The
X-ray diffraction (XRD) was used with Cu K,
radiation (A=0.1541 nm) at a scan rate of 0.05
20s?, (Philips PW3040). The topography,
surface roughness and particle size distribution
of the samples were investigated by atomic force
microscopy in contact mode (AFM: Auto probe,
CP model). Ultraviolet-visible light diffuse
reflectance spectra (DRS) were applied using a

UV-Vis spectrophotometer (Jasco V570
Accessory ARN 475) within the wavelength
range of 200-800 nm. Contact angle
measurements were by the sessile drop method
by a contact angle device (OCA 15 puls, Data
Physics). Water droplets were placed at three
different positions for each sample, and the
average values were adopted as the contact
angles.

2-2- Synthesis of pure titania and N, Ce co-
doped titania

In this investigation, pure and N, Ce co-doped
titania nanoparticles were synthesized by sol-gel
method [15]. For this purpose, the constant
amount of cerium(lll) nitrate hexahydrate
besides different amounts of urea were dissolved
in absolute by the Ce/Ti doping ratio: 1% and
N/Ti doping ratio of 0, 0.25, 0.5, 1 and 2%,
respectively. The pervious solution was added
into a tetra-n-butyl orthotitanate solution in
absolute ethanol. Then, the resulting transparent
sol was peptized at room temperature for about
48 hours. Then, the mixture of ethanol, nitric
acid and deionized water were added drop wise
to the resulting solution until the sol was
changed to gel. The gel was air dried at 110 °C
for 1 hour. Finally, it was calcined at 550 °C
under air atmosphere for 2 hours at maximum
temperature [15]. It is noteworthy that pure
titania nanoparticles (T sample) were prepared
via the same manner using tetra-n-butyl
orthotitanate, without cerium (lllI) nitrate
hexahydrate and urea in the composition. The
pure and N, Ce co-doped titania nanoparticles
were (N-C-T samples) were prepared.

2-3- Surface coating of the electrodes

In the next step, to modification of the
electrochemical and  photoelectrochemical
electrodes, a glassy carbon electrode (GCE) was
polished by using alumina powder and then
rinsed by sonication in ethanol and deionized
water for 5 min. 10 mg the powder (pure and N,
Ce co-doped titania) dispersed in 5 ml ethanol
and deionized water and then 20 ul of the
suspension was coated onto the GCE surface and
dried at room temperature to construction of the
modified and coated electrode.

2-4- List of symbols
Table 1 shows the coding of the samples.
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X: The anatase content. Eqg.1
Ia: The peak intensity of (101) crystal planes associated with anatase. Eq. 1
Ir: The peak intensity of (101) crystal planes associated with rutile. Eqg. 1
D: The crystallite size. Eq. 2
K: Scherrer constant equal to 0.89. Eq. 2
A: The wavelength of incident ray. Eq. 2
f3: The full width at half-maximum of the peak (FWHM). Eq. 2
0: The plane peak position. Eq. 2
o The fractional reflectance at each wavelength. Eq. 3
h: The Planck constant. Eqg. 3
v: The photon frequency. Eq. 3
AO: The hydrophilicizing rate (deg.min™) Table 5

Table 1. The coding of the samples.

Composition Calcination
Sample code temperature

Titania CelTi (%) N/Ti (%) (°C)
T pure 0 0 550
ON-C-T Ce doped titania 1 0 550
0.25N-C-T N, Ce co-doped titania 1 0.25 550
0.5N-C-T N, Ce co-doped titania 1 0.5 550
IN-C-T N, Ce co-doped titania 1 1 550
2N-C-T N, Ce co-doped titania 1 2 550

3- Results and discussion

3-1- XRD analysis

The XRD patterns of pure and N, Ce co-doped
titania nanoparticles are shown in Figure 1. The
located peaks at 2/ 1: 25.3° and 27.4°, correspond
to anatase (101) and rutile (110) crystal planes,
respectively.

The results suggest that only anatase peak was
detected in the N, Ce co-doped titania samples,
while pure titania sample has both anatase and
rutile peaks. The XRD patterns of the samples
indicate that no characteristic peaks of nitrogen
and cerium species were detected. This is may
be attributed to the fact that the nitrogen and
cerium species are present as a highly dispersed
state in titania. Furthermore, the peak position
shifts confirm the nitrogen and cerium co-
doping into titania crystalline lattice [18, 19].
Comparison of the approximate anatase content
and the average crystallite sizes were calculated

by using equations 1 and 2 (Eq. 1 and 2) [20, 21]
and are shown in Table 2.

X (%) = 100/ (1 + 1.256 (Ig/14)) Eq. 1
D = K\/pcose Eq. 2
According to the results, in pure titania sample
the anatase content was about 72.9 %, and with
increasing N/Ti doping ratio to 0.25%, the
percentage of anatase phase has increased up to
about 93.1%. While, when the N/Ti doping was
increased to 2%, the anatase content has been
reduced. On the other hand, it is obvious that
increasing N/Ti doping ratio to 2%, reduces the
crystallite size (from 27.2 nm to 10.7 nm). The
results suggest that nitrogen and cerium doping
into  titania  lattice  postpones  phase
transformation from anatase to rutile and
prevents the extreme growth of crystallite size.
Since the ionic radius of Ce** and Ce** are larger
than that of Ti**, it is difficult for Ce** to enter
theTiO, crystalline lattice instead of Ti**. The
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Ce** and Ce*" ions seem more perhaps to
become complex with the surface oxygen of
TiO2, which represses the growth of titania
crystallite [22, 23].

3-2- AFM analysis

Figures 2 and 3 show the AFM images (three
dimensional surface plots (1.0x1.0 um?)) and

the AFM surface profile of samples,
respectively. The particle size distribution and
the roughness values of the pure and N, Ce co-
doped titania coatings are summarized in Table
3.

A

A: Anatase
R: Rutile

A A A

Intensity (a. u.)

B

20 30 40

30 60 /0 80

20 (degree)

Fig. 1. XRD patterns of the pure and N, Ce co-doped titania nanoparticles.

Table 2. Crystalline properties of the pure and N, Ce co-doped titania nanoparticles.

Average Anatase
Sample Anatase content (%) ..
crystallite size (nm)

T =72.92 =272
ON-C-T =86.53 =19.2
0.25N-C-T =93.10 =14.6
0.5N-C-T = 86.67 =127
IN-C-T =90.51 =117
2N-C-T =91.51 =109
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Fig. 2. AFM (3D) images of the pure and N, Ce co-doped titania coatings,
a) T, b) ON-C-T, c¢) 0.25N-C-T, d) 0.5N-C-T, e) IN-C-T, f) 2N-C-T.
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Fig. 3. AFM surface profile analysis of the pure and N, Ce co-doped titania coatings,
a) T, b) ON-C-T, c) 0.25N-C-T, d) 0.5N-C-T, e) IN-C-T, f) 2N-C-T.

According to this results, the preparation of
samples in nanoscale size are confirmed. On the
other hand, with increasing nitrogen doping in
co-doped titania samples, the average particle
size and the surface roughness have been
decreased. That is, N and Ce co-doping not only
has prevented the growth of crystallites
(according to the results of Table 2), but also has

controlled the growth of particles. But in “IN-
C-T” and “2N-C-T” samples that contain more
urea and more doped nitrogen, nanoparticle
agglomeration is observed, which reduces
specific surface area and useful surface
properties, and the lowest agglomeration is
found in “0.25N-C-T” and “0.5N-C-T” samples.
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3-3- DRS analysis

The diffuse reflectance spectroscopy of the pure
and co-doped titania nanoparticles are presented
in Figure 4a.

The shift in the absorption edge toward red
wavelengths and a higher width are obvious in
the N, Ce co-doped titania nanoparticles in
comparison with pure titania nanoparticles.
Furthermore, the co-doped titania samples
relative to pure titania sample have higher light
absorption in the visible range, and the widest
absorption edge in the visible range is for
“0.25N-C-T” sample. It seems the red-shift and
higher light absorption are due to the presence
of new energy level into the band gap, the
energy level for Ce®/Ce* is 1.8 eV. [20].
Moreover, it is reasonable to consider that when
amount of O atoms is replaced by N atoms in
titania lattice, it creates a new energy level on
top of the valance band and causes the red-shift
[15, 24]. As a result, the widest absorption edge
and highest light absorption in the visible range
is for “0.25N-C-T” sample.

Kubelka-Munk function ((ahv)*? vs. hv plots,
Eq. 3 [25-27]) and the calculated band gaps of
the samples are represented in Figure 4b and

Table 4. According to the results, the observed
band gaps for N, Ce co-doped titania
nanoparticles are significantly lower than
calculated value for pure titania nanoparticles (=
3.2 V). As the N/Ti ratio increased to 0.25%,
the band gap values of the samples have been
decreased, but further increase of the N/Ti ratio
and over-doping of titania nanoparticles, have
increased the amounts of the bond gap, again.
The remarkable thing is that all of the bond gap
values of the co-doped titania samples are less
than the value in the pure titania sample.

It can be concluded that nitrogen and cerium co-
doping into titania lattice has decreased the band
gap values, due to the creation of defect energy
levels within titania [3, 15]. On the other hand,
since in anatase phase, the indirect band gap is
more effective and the lifetime of electron-hole
pair is longer, the anatase phase has better
photoelectric properties than the rutile phase
[28, 29]. Eventually, “0.25N-C-T” sample (with
maximum anatase content and the optimal
doped value) has the smallest band gap of about
2.78 eV.

Table 3. Particle size distribution and roughness values of the pure and N, Ce co-doped titania coatings.

Particle size distribution Average particle size Average roughness (Ra)
Sample
(nm) (nm) (nm)
T =797-319 22.94 3.880
ON-C-T =8.34-334 21.65 3.385
0.25N-C-T =4.67-18.7 11.53 1.916
0.5N-C-T =4.56-183 10.65 1.851
IN-C-T =441-177 12.31 1.789
2N-C-T =3.38-13.5 9.95 1.217
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Fig. 4. (a) DRS, (b) Band gap determination of the pure and N, Ce co-doped titania nanoparticles.
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Table 4. Values of band gap of the pure and pure and N, Ce co-doped titania nanoparticles.

Sample T ON-C-T

0.25N-C-T

0.5N-C-T IN-C-T 2N-C-T

Band gap (eV) =3.21 =31

2.78 =3.03 =2.98 =3

3-4- Hydrophilicity analysis

Figures 5 and 6 show the water contact angle of
the pure and N, Ce co-doped titania coatings
under light irradiation in ambient conditions.
After holding the specimens in dark conditions
for 24 hours, the contact angles of the specimen
surface have been measured about 62 to 79
degrees. Because the surface defective sites can
be replaced by oxygen atoms and the surface
wettability changes from hydrophilic to
hydrophobic. After 20 and 40 min, visible light
irradiation, the contact angles of all coatings
decreased. That is, all samples have photo-
induced hydrophilic property. As expected,
“0.25N-C-T” sample showed the best photo-
induced super-hydrophilicity. Its contact angle

Dark Irradiation (20 min) Trradiation (40 min)

@ ! !

reduced from about 69° to less than 5° within 40
min, while the photo-induced hydrophilicity of
pure titania coatings showed the worst case
(reduction from about 79° to 38° within 40 min).
For further quantitatively characterization, the
photo-induced hydrophilicizing rates (A®:
deg.mint) of the coatings in 40 min under light
radiation were compared. The hydrophilicizing
rate of the coatings is summarized in Table 5.
The difference in photo-induced
hydrophilicizing rate of the coatings is related to

the change in phase structure, surface
topography, specific surface area and
photoelectric  properties [30, 31]. The

hydrophilicizing rate (A8) of “0.25N-C-T” is
about 1.6 (deg.min’), while that of pure titania
sample is just 1.01 (deg.min?).

Dark

Irradiation (20 min)  Trradiation (40 min)

® I I

© I I | ! !
© | I I o | I i

Fig. 5. The water contact angle of a) T, b) ON-C-T, c) 0.25N-C-T, d) 0.5N-C-T, e) IN-C-T, and f) 2N-C-T
coatings under dark and light irradiation (20 and 40 min) conditions.
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Fig. 6. The water contact angle of pure and N, Ce co-doped titania coatings under dark and light irradiation (20
and 40 min) conditions.

Table 5. Values of the hydrophilicizing rate of the pure and N, Ce co-doped titania coatings.

Sample T ON-C-T

0.25N-C-T

0.5N-C-T IN-C-T 2N-C-T

hydrophilicizing rate (A8)
(deg.mint)

=1.01 =1.19

=1.60 =1.30 =1.13 =12

According to the following equations, titania
irradiation causes the excitation of the electron-
hole pair and leads to TiO- reduction from Ti**
to Ti®*, and oxygen vacancies are created on
surface. Thus, HrO molecules are adsorbed on
defect positions to create a hydrophilic surface
[15, 32, 33].

TiO2+hv > e +h*

Ti*+e > Ti*

Ti**+ 0, — Ti** + Oy

Oy +h*—> 02+ Vo

In addition, the presence of N and Ce in titania
structure can improve the photo-induced

hydrophilic property, because N and Ce co-
doping has reduced crystallite size of co-doped

titania nanoparticles, results in, has increased the
specific surface area (Table 3). Since the rate of
hydrophilicity of rutile under irradiation is
slower than that of anatase [32], and according
to XRD results, it was observed that N, Ce co-
doping in the titania structure results in
increasing the percentage of anatase phase.
Therefore, the photo-induced hydrophilicity of
the co-doped titania samples has been increased.
Moreover, N and Ce co-doping has improved
the photoelectric properties of the samples, such
as decreasing band gap values and increasing
visible light absorption [according to Figure 4
and Table £]. And cerium acts as an electron trap
and increases the lifetime of photo-generated
electrons and holes in titania structure and
creates more hydroxyl content on the surface
(according to the following equations), which
would also decrease the water contact angle [15,
34].
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Ce** +e — Ce®

Ce¥* + 0, — Ce** + Oy
H0 + h*— OH® + H*
Oy + H"— OH°

4- Conclusions

The pure and N, Ce co-doped titania
nanoparticles were synthesized by sol-gel
method. Then, the surface GCE was coated by
the nanoparticles. The nanoparticles and
coatings were characterized to investigate the
effect of nitrogen doping amounts on the
hydrophilic and photoelectric properties. The
results of the XRD and AFM analyzes showed
that N and Ce doping into titania lattice has
delayed the transformation of anatase to rutile
phase and has prevented the excessive growth of
crystallites. In addition, the co-doping has
reduced the surface roughness and the growth of
surface particles. The study of the photoelectric
behaviors of the nanoparticles showed that the N
and Ce co-doped titania samples compared to
the pure titania had the wider absorption edges
and the higher light absorption values in visible
range. And the band gap of the co-doped titania
have also been reduced due to the creation of
new energy levels by nitrogen and cerium in the
band gap of titania. The results of the photo-
induced hydrophilicity test also showed that all
the samples are hydrophilic and N, Ce co-doping
has improved the hydrophilicity, because the co-
doping has modified the surface properties
(increasing of the specific surface area and
decreasing of the surface roughness), and has
enhanced the photoelectric properties under
visible irradiation (greater light absorption,
Smaller band gap and longer electron-hole pair
lifetime). Finally, it can be concluded that the
optimum doping values of nitrogen and cerium
are (N/Ti: 0.25%) and (Ce/Ti: 1%), respectively.
And the sample containing these amounts of
dopants has the highest percentage of anatase
phase (1 93.1%) and the average crystallite size
of about 14.6 nm and the surface roughness as
about 1.91 nm. as well as it has the smallest band
gap (1 278 eV) and highest super-
hydrophilicizing rate (' 1.6 deg.min). It seems
can be a good composition for the modification
of GCE surface in photoelectrochemical
applications.
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