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Abstract

Rod-like N-doped TiO,/Ag composites were successfully synthesized by a modified sol-gel method, without adding any surfactants. The
entire preparation differs from the traditional sol-gel synthesis of TiO, that the reaction can get controlled by adjusting the flow speed of water
vapor and NH;. Characterization results show that as-prepared samples were uniform nanorods with an average length of ca. 3 um and a cross
section diameter of ca. 150 nm. The rod-like structure was formed during the annealing process. A possible mechanism was proposed to illustrate
the formation of rod-like Ag—N-TiO,. The degradation of methylene blue performed under visible light with the prepared nanorods as the
photocatalyst demonstrated the photocatalytic activities of TiO, can be improved by the synergistic effect of N doping and Ag modification. In
addition, as-prepared TiO,-based photocatalyst exhibits a significantly enhanced photo-chemical stability after 5 catalytic cycles mainly due to the

rod-like morphology. This indicated that they have some potential value in practical application.
Crown Copyright © 2013 Published by Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: A. Grain growth; B. Nanocomposites; C. Chemical properties; D. TiO,

1. Introduction

TiO, has been widely used in various fields including
photocatalysis [1], lithium batteries [2], sensors [3] as well
as solar cells [4], due to its unique and favorable physico-
chemical properties. Recently, a considerable number of
studies have proved that compared with TiO, particles, rod-
like TiO, takes many advantages, such as easy separation and
high recycle rate, which make it more suitable for practical
applications [5-7]. So far, several methods have been used to
fabricate rod-like TiO, including the assisted-template method
[8], electrochemical anodic oxidation [9] and hydrothermal
treatment [5].

Besides, nano-TiO, also has some limitations in the use of
solar energy, such as a wide energy band gap and fast
recombination rate of charge carriers [1,4]. Since Asahi et al.
reported the synthesis of TiO,_,N, film with an enhanced
visible light absorption [10], N doping has been considered as
an effective way to improve the photocatalytic activity of
nano-TiO,. Previous reports also proved that Ag modification
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could eliminate the recombination of electron—hole pairs
effectively [11]. However, there are few reports related to
the synthesis of TiO, modified with Ag and doped with N
simultaneously. It is reasonable to expect the N-doped TiO,/
Ag composites will show a superior photocatalytic activity
under visible light irradiation.

Herein, rod-like N-doped TiO,/Ag composites were fabri-
cated by a modified and facile sol-gel approach. Ammonia
was used as the source of N and H,O, and the rod-like
structure was formed during the annealing process, which
differs from the reported fabrication of C-N co-doped TiO,
nanorods [12]. The reaction is controllable by adjusting the
flow speed of water vapor and NH;. As-prepared samples have
a uniform particle size, and exhibit an excellent photocatalytic
activity and stability under visible light.

2. Experimental procedure
2.1. Preparation of rod-like N-doped TiO,/Ag

In all experiments, deionized water was used. All of the
chemical were analytical grade.
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In a typical synthesis, 8 mL of tetrabutyl titanate (TBOT)
and 40 mL of ethanol were mixed together in a flask. An air
blower connected with a round bottom flask containing
300 mL ammonia (5 wt%) was turned on to transport air at a
rate of 40 L min~'. A small quantity of NH; along with water
vapor was carried into the reaction flask with the air to react
with the mixture. The TBOT solution hydrolyzed slowly to
form a cream color emulsion under ceaseless stirring for
30 min. Then 0.034 g of AgNO;5 was dissolved in 10 mL of
ethanol and was added dropwise to the emulsion. Reaction
stopped after 15 min, and then the emulsion was dried in a
drying oven and irradiated under UV light for 15 min. The
precursor was annealed at 400 °C for 2 h to prepare the rod-
like N-doped TiO,/Ag composite, designated as Ag—N-TiO,.
As a comparison, pure TiO, (TiO,), N-doped TiO, (N-TiO,)
and Ag-loaded TiO, (Ag-TiO,) were also synthesized by a
similar way.

2.2. Characterization of the samples

The crystalline phase identification and structural analysis
were done by X-ray diffraction (XRD) instrument with Cu-Ka
radiation. A USA Thermo ESCALAB 250 X-ray photoelectron
spectrometer (XPS) was applied to analysis the elemental
composition and state of samples. The microstructures were
analyzed by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The UV-vis diffuse
reflectance spectra of the samples were characterized using a
Japan Shimadzu UV240 UV-vis spectrophotometer.

2.3. Photocatalytic activity

The photocatalytic activity was evaluated by degradation of
methylene blue (MB) under visible light using as-prepared
samples as the photocatalyst. Detailed procedures can be found
in our previous report [12]. The actual effect of photocatalytic
activity by chemical reaction was studied by maintaining the
solutions in dark for 1h before irradiation to reach the
adsorption—desorption balance. The degradation rate of MB
can be calculated via the formula n=(1—A;/Ay) x 100%,
where Aq is the absorbance of original MB solution before
irradiation, and A; is the absorbance of MB solution measured
every 5 min. The photodegradation of MB follows pseudo-first-
order kinetics. Its kinetics can be expressed as In(Cy/C)=ki,
where k (h™") is the degradation rate constant.

The stability of photocatalyst was evaluated by the degrada-
tion of MB with reused photocatalyst, and the same amount of
new MB solution was used each time.

3. Results and discussion

Fig. 1 shows the typical XRD patterns of as-prepared
samples. Several diffraction peaks that can be assigned to the
anatase phase are unambiguously identified (JCPDS no. 21-
1272). Neither silver nor nitrogen-derived peaks could be
detected in all of the samples, mainly due to the low dosage
of the dopant well dispersed in TiO, particles [13,14]. The
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Fig. 1. XRD patterns of different samples.
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Fig. 2. XPS spectra of the sample Ag—N-TiO,.

average sizes of the samples (TiO,, N-TiO,, Ag-TiO, and
Ag-N-TiO,) were respectively 6.7 nm, 7.1 nm, 14.2 nm and
16.4 nm, calculated with the Scherrer formula.

The XPS results of the sample Ag-N-TiO, is shown in
Fig. 2, and the binding energies obtained in the XPS analysis
are corrected for specimen charging by referencing C Is to
285 eV. The peaks observed in this spectrum are assigned to
C, O, Ti, N, and Ag. The insets display the high-resolution
peaks of N 1s and Ag 3d. The N 1s spectrum reveals two peaks
located at 400.3 eV and 395.9 eV, which can be attributed to
nitrogen species bound to various surface oxygen sites (NO-
like species) [15] and the Ti-N bond resulting from the
substitution of nitrogen atoms for oxygen sites in the TiO,
lattice [16], respectively. The binding energies of 367.9 eV and
373.9 eV in the Ag 3d spectrum were attributed to Ag 3ds/,
and Ag 3ds;,, respectively. The splitting of the Ag 3d doublet
is 6.0eV, indicating that Ag is of metallic nature in our
samples [17]. A detailed quantitative analysis indicates that the
atomic concentration of C, O, Ti, N and Ag in the samples is
18.65%, 58.3%, 22.47%, 0.34%, and 0.24%, respectively. The
excess oxygen and carbon atoms were ascribed to the absorp-
tion of O, and CO, on the surface of the samples.

The SEM and TEM images of as-prepared samples are shown
in Fig. 3. It can be observed that the sample Ag—N-TiO, after
annealing became uniform nanorods with an average length
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Fig. 3. (a) and (b) SEM and TEM images of Ag—N-TiO, after annealing; (c) TEM image of Ag-N-TiO, before annealing; (d)—(f) TEM images of Ag-TiO,,

N-TiO, and TiO,, respectively, after annealing.

of ca. 3 um and a cross section diameter of ca. 150 nm, while
it was nanoparticle with a diameter of about 5 nm before
annealing, indicating annealing has an important influence on
the morphology of the samples. In addition, the samples TiO,,
N-TiO, and Ag-TiO, obtained after annealing were all
nanoparticles with diameters of about 20 nm, which implied
that the formation of rod-like N-doped TiO,/Ag composite is
mainly due to the synergistic effect of N and Ag during the
annealing process. Another obvious phenomenon was that a few
less bright spots existed on the surface of Ag-TiO,, Ag—-N-TiO,
before annealing and Ag—N-TiO, after annealing as displayed
in Fig. 3b—d, correspond to the homogenously dispersed Ag
nanoclusters [18], which is consistent with the XPS results
mentioned above.

On the basis of the SEM observations of the samples at
different annealing periods (as shown in Fig. 4), a possible
mechanism was proposed to illustrate the formation of rod-like
Ag-N-TiO,.

(i) Formation of random rice-like nanoparticles. During the
initial stage of annealing, many rice-like nanoparticles
were formed through the dehydration reaction (Fig. 4(b)).
These rice-like nanoparticles trend to arrange randomly to
lower their surface energy.

(ii) Oriented self-assembly. From the point of view of crystal
growth, the formation of many small crystals is kinetically
favored, (i.e. they nucleate more easily) but large crystals
are thermodynamically favored [19]. As the annealing time
extends, as-formed particles aggregate to form wicker-like

nanoparticles to attain a lower energy state (Fig. 4(c)). With
the annealing going on, wicker-like nanoparticles connected
one another on their high energy plane. As a result, the rod
is loosely packed with some wicker-like nanoparticles on
the surface (Fig. 4(d)).

(iii) Further growth. As known to all, small crystals have a
larger surface area to volume ratio than large crystals.
Molecules on the surface are energetical, and thus they are
less stable than the ones already well ordered and packed
in the interior. Thus, many small crystals on the surface
will attain a lower energy state if transformed into large
crystals (Ostwald ripening). The transformation can result
in the formation of rod-like Ag—N-TiO, with smooth
surfaces (Fig. 4(e and f)).

UV-vis diffuse reflectance spectra, as shown in Fig. 5,
revealed that the samples N-TiO, and Ag-TiO, exhibited a
wider and stronger absorption of visible light than that of TiO,.
In addition, rod-like N-doped TiO,/Ag exhibited a significant
absorption of both ultraviolet and visible light, suggesting that
doping TiO, with N and modifying it with Ag simultaneously
made its band gap narrowed, which is beneficial to the
improvement of the photocatalytic efficiency.

Fig. 6(a) displays the photo-catalytic degradation of MB
solution under visible irradiation using as-prepared samples as
the photo-catalysts. It can be observed that after irradiation for
3 h, about 97% of the MB solution has been degraded using
the rod-like N-doped TiO,/Ag as a photocatalyst, while under
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Fig. 4. The growth mechanism of rod-like Ag—N-TiO,.
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Fig. 5. UV-vis reflectance spectra of as-prepared samples.

the same conditions, only about 80%, 79% and 57% of the
solution can be degraded using respectively Ag-TiO,, N-TiO,
and TiO, as the photo-catalyst, leading to a conclusion that
as-prepared rod-like N-doped TiO,/Ag composite has a remarkably
enhanced photocatalytic activity mainly due to the synergistic
effect of N doping and Ag modification.

Fig. 6(b) shows a linear relationship between In(Cy/C) and
reaction time, indicating that the photodegradation of MB
follows first-order kinetics. The apparent rate constants were
determined as 0.29, 0.51, 0.54 and 1.02 h~! for TiO,, N-TiO,,
Ag-TiO, and rod-like N-doped TiO,/Ag, respectively. The
order of rate constants is summarized as follows: TiO, <
N-TiO, < Ag-TiO, < N-doped TiO,/Ag, which is consistent
with the conclusions of photocatalytic degradation curves
presented in Fig. 6(a).

To evaluate the stability of these photo-catalysts, the repeated
experiments for the degradation of MB were performed using

TiO,, N-TiO,, Ag-TiO, and Ag—N-TiO, as the catalysts, and
the results are shown in Fig. 7. The activity of TiO,, N-TiO,
and Ag-TiO, decreased dramatically after 5 catalytic cycles. In
contrast, the reused Ag—N-TiO, maintained high catalytic
activities. In detail, 97% of MB could be degraded within 3 h
when Ag—-N-TiO, is used for the first time, and the proportion
decreased to 91% after 5 recycles. Therefore, the synergistic
effect of N doping and Ag modification plays an important role
in improving the stability of TiO,-based photocatalyst. Besides,
the photocatalyst with the rod-like morphology can be separated
and recycled more easily than that with the nanoparticle
morphology, which is another important factor in the high
stability of Ag—N-TiO,.

4. Conclusions

In summary, the N-doped TiO,/Ag composites have been
successfully fabricated by a modified sol-gel approach, with-
out any surfactants. Characterization results show that
as-prepared samples were uniform nanorods with an average
length of ca. 3 pm and a cross section diameter of ca. 150 nm.
The rod-like structure was formed during the annealing
process. Compared with TiO,, N-TiO, and Ag-TiO,, the
rod-like N-doped TiO,/Ag composites exhibit a significantly
improved photocatalytic activity under visible light and main-
tain high photo-chemical stability after 5 catalytic cycles,
mainly due to the synergistic effect of N doping and Ag
modification. In addition, the rod-like morphology also plays
an important role in improving the stability of the TiO,-based
photocatalyst.
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Fig. 7. Photochemical stability of as-prepared samples.
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