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A B S T R A C T   

Hierarchical TiO2 nanoleafed nanorod thin film was successfully synthesized on the fluorine doped tin oxide 
glass substrate. For this purpose, the nanorods were coated on the TiO2 seeded substrate via the hydrothermal 
method. Then, nanoleafs were grown on the nanorods by aqueous chemistry. Field emission scanning electron 
microscopy, energy dispersive spectroscopy, and Raman spectroscopy were utilized for thin film characteriza
tion. The results clarified that anatase-phase nanoleafs were uniformly grown on the rutile-phase nanorods in the 
TiO2 coating. The photocatalytic performance of the thin film was determined by photodegradation of anionic 
and cationic organic pollutants, and the photocatalytic decomposition mechanisms of the dyes were discussed. 
The improved photocatalytic activity of TiO2 was ascribed to the photogenerated charges separation at the 
interface of rutile-nanorod/anatase-nanoleafs junctions and favorable light harvesting.   

1. Introduction 

Advanced oxidation processes (AOPs) have found great attention in 
the environmental remediation [1]. Among AOPs, heterogeneous pho
tocatalysis is destructive technology resulting in the total degradation of 
most of the organic pollutants [2–8]. The solid semiconductor in powder 
or film form, oxygen as the electron scavenger and light as the energy 
source are involved in this process. As a result of light irradiation with an 
energy higher than that of semiconductor band-gap, the filled valence 
band electrons of semiconductor are excited to the unoccupied con
duction band, and the positively charged holes remain in it. The 
electron-hole pairs would result in the incidence of the 
oxidation-reduction reactions on the photocatalyst surface [9–11]. 

The high oxidative potential of photogenerated holes on the TiO2 
surface caused it to be the most useable photocatalyst in the photooxi
dation of pollutant degradation [2,12]. Moreover, TiO2 has some 
important superiorities including being environmentally friendly, pho
tocorrosion resistance, thermal/chemical stability, availability and low 
cost [13–19]. 

Dyestuffs are a principal category of organic pollutants that lead to 
incrementing environmental danger. A significant percentage (about 
15%) of the global production of dyes is lost within the dyeing process 
and is introduced to the textile effluents [20]. The release of dye 
included wastewaters in the ecosystem is the main source of perturba
tions in aquatic life, eutrophication, and non-aesthetic pollution [21]. 

So, the removal of dyes is an important challenge in the world. The 
photocatalytic degradation of dyes is an effective method for the puri
fication of dye effluents [22–24]. 

In this work, a thin film of TiO2 nanoleafed nanorods (NLNRs) on 
fluorine doped tin oxide glass (FTO) was synthesized, and the photo
catalytic performance of this novel nanostructure for photodegradation 
of methyl orange and Rhodamine B was evaluated. Appropriate mech
anisms were proposed for the photocatalytic degradation of the anionic 
and the cationic dyes used in this research. 

2. Materials and method 

2.1. Materials 

Fluorine doped tin oxide glass was bought from Dyesol Company. 
Titanium tetrachloride, titanium butoxide, sodium chloride, 2-propanol, 
acetone, and hydrochloric acid were purchased from Merck. Boric acid, 
ammonium hexafluo-rotitanate, Rhodamine B, and methyl orange were 
bought from Sigma-Aldrich. The grade of water used in all stages was 
deionized water. All reagents were of analytical-grade and used as 
received, without further purification. 

2.2. Synthesis 

Hierarchical TiO2 nanoleafed nanorod thin film was synthesized on 
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Scheme 1. Synthesis steps of hierarchical TiO2 nanoleafed nanorod thin film.  

Fig. 1. Molecular structures of (a) Rhodamine B and (b) methyl orange.  

Fig. 2. FESEM images of (a) and (b) the thin film surface consisted of TiO2 nanoleafed nanorods in two magnifications and (c) cross-sectional view of the thin film.  

S. Daneshvar e Asl and S.K. Sadrnezhaad                                                                                                                                                                                                



Solid State Sciences 105 (2020) 106263

3

FTO according to our previous work [25], as shown in Scheme 1. At first, 
a TiO2 seed layer was coated on FTO by TiCl4 treatment. Then, rutile 
TiO2 nanorod arrays was synthesized via the hydrothermal method, and 
finally anatase TiO2 nanoleafs were grown by aqueous chemistry. 

2.3. Photocatalytic performance test 

The photocatalytic performance of TiO2 nanoleafed nanorod thin 
film in the dye decomposition was determined via following method. 
The thin film (25 � 25 mm � mm in size) was put in 5 μM dye solution 
(Rhodamine B or methyl orange) in a water jacketed reactor under 
irradiation and dye concentration was measured at 15-min intervals up 
to 90 min. Prior to illumination to achieve the equilibrium absorption 
level, the reactor was left in darkness for 4 h. The dye solution was in 
contact with air during the test and agitated by a magnetic stirrer. The 
photocatalytic test was carried out three times, and the mean values 
were utilized for plotting the curves. Also, the thin film of TiO2 nanorod 
arrays was used as the benchmark. Molecular structure of Rhodamine B 
and methyl orange are shown in Fig. 1. 

Dye photodegradation curve via photocatalytic thin film can be fitted 
with pseudo-first-order kinetic according to Langmuir–Hinshelwood 
model [26]:  

Ln (c0/c) ¼ kt (1)                                                                                   

In Eq. (1), c0 is the initial dye concentration at t ¼ 0 (after absorption 
in darkness), c is its concentration after illumination for a duration of t 
> 0, and k is the reaction rate constant. 

2.4. Instrumentations and characterizations 

Field emission scanning electron microscope (FESEM; 
MIRA3TESCAN-XMU) was used for observation of TiO2 thin film 
morphology. Besides, an energy dispersive spectroscope (EDS; JEOL 
JED-2300) installed to the FESEM was utilized to examination of the 
chemical stoichiometry of thin film. A Horiba Jobin Yvon modular 
Raman spectrometer equipped with a Stellar Pro Argon-ion laser oper
ating at 514 nm with an incident power of 50 mW was applied to 
evaluating thin film crystalline phase. A Hitachi UH5300 double beam 
spectrophotometer was employed for monitoring the concentration 
changes of Rhodamine B and methyl orange solutions with the illumi
nation time, by determining the absorbance at the wavelength of 554 nm 
and 464 nm, respectively. PLS-SXE300UV300 was used as the light 
source in photocatalytic experiments. 

3. Results and discussion 

FESEM images of TiO2 nanoleafed nanorod thin film are shown in 
Fig. 2. The image of the thin film surface indicates that the coating has 
covered the entire surface of the FTO substrate monotonously and it is 

crack-free. As it is obvious, nanoleafs have grown uniformly on the 
surface of nanorods. The cross-sectional view presents that the coating 
has a thickness of about 2 μm. This nanostructure, due to the large 
specific surface area, possesses improved capability of light harvesting 
and the generation of charge carriers, which is an important advantage 
in promoting photocatalytic activity [27]. 

Energy diffraction spectrum and elemental composition of TiO2 
nanoleafed nanorod thin film are demonstrated in Fig. 3. The atomic 
ratio of Ti to O in the coating is approximately one-half. Oxygen 
adsorption on the thin film surface probably results in observation of 
excess oxygen in the thin film. Fluorine doping in the structure by 
replacement with O2� ions during the step of nanoleafs growth, is 
feasible reason for the presence of this element in the spectrum. Tita
nium precursor, i.e., ammonium hexafluo-rotitanate, is responsible for 
providing fluorine. The platinum element has covered the thin film 
during the sample preparation for FESEM imaging. 

Raman spectrum of TiO2 nanoleafed nanorod thin film is illustrated 
in Fig. 4. As it is obvious, four peaks in 161 cm� 1, 245 cm� 1, 442 cm� 1, 
and 609 cm� 1 appear in the spectrum which the first one is anatase 
characteristic peak and three other are rutile characteristic peaks. In 
fact, according to our previous work [8], the thin film is a biphasic hi
erarchical nanostructure, and anatase-phase nanoleafs are grown on the 
rutile-phase nanorods. 

Photodegradation curves of Rhodamine B and methyl orange in the 
absence and presence of TiO2 thin films and fitting results assuming a 
pseudo-first order reaction are indicated in Fig. 5. In the absence of TiO2, 
8% of Rhodamine B and 6% of methyl orange are decomposed after 90 
min. As it is clear, synthesized TiO2 thin films have better performance 
in decomposition of cationic dye than anionic one. On the other hand, 
TiO2 nanoleafed nanorods display enhanced photocatalytic activity 
compared with TiO2 nanorods. 

Under light irradiation, the degradation of dye in aqueous solution 
occurs in two pathways in the presence of TiO2 photocatalyst: 

(a) Photocatalytic pathway: Titania absorbs photons with higher 
energy than that of its band-gap, and electron-hole pairs are generated 
by electrons exciting from TiO2 valence band to its conduction band. 
Some of e� /hþ pairs undergo recombination while others migrate to the 
surface of the TiO2 to lead to photocatalytic reactions. The produced 
holes may be trapped by the hydroxyl groups adsorbed on TiO2 surface 
and result in the hydroxyl radicals formation. Electrons can also be 
trapped by oxygen and lead to the production of superoxide radicals. 
The holes, along with hydroxyl and superoxide radicals, oxidize dye in 
aqueous solution to carbon dioxide, water, and some simple mineral 
acids. These events are summarized in the reaction (1) to (4): 

TiO2þ hυ→TiO2ðe� þ hþÞ (1)  

hþ þOH� →:OH (2)  

Fig. 3. Energy diffraction spectrum and elemental combination of TiO2 nano
leafed nanorod thin film. 

Fig. 4. Raman spectrum of TiO2 nanoleafed nanorod thin film.  
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e� þO2→:O�2 (3)  

dye��������������������!
hþ ;:OH;:O�2 CO2þH2Oþmineral ​ acids (4) 

(b) Photosensitization: The absorbed dye on the surface of the titania 
is excited by light, and inject electron to TiO2 conduction band. As a 
result, the cationic dye radical forms. Electrons injected to the TiO2 
conduction band produce superoxide radicals according to reaction (3). 
Then, dye is broken down into final products. This process is mainly a 
surface reaction and occurs on the surface of titania [28]. These events 
are summarized in the reaction (5) to (7): 

dyeþ hυ→dye� (5)  

dye� þTiO2 → dyeþ þ TiO2ðe� Þ (6)  

dyeþ��������������������!
hþ ;:OH;:O�2 CO2þH2Oþmineral ​ acids (7) 

The point of zero charge (PZC) of the synthesized nanostructures is 
5.9. Therefore, the surface charge of the coating in the aqueous solution 
of dyes is as follows: 

TiOHþHþ ↔ TiOHþ2 ; ​ pH ​ < ​ pzc (8)  

TiOHþOH� ↔ TiO� þ H2O; ​ pH ​ > ​ pzc (9) 

According to reaction (9), the synthesized thin films has the negative 
surface charge at the neutral acidity of photocatalytic tests (pH~7). 
Thus, given that methyl orange has an anionic configuration, it adsorbs 
to a little extent on the surface of titania, and pathway (a) is merely 
effective degradation route. Accordingly, synthesized thin films repre
sent better performance in decomposition of cationic dye than anionic 
one. 

There are three reasons for photocatalytic activity improvement in 
TiO2 nanoleafed nanorods in comparison with TiO2 nanorod thin film: 
(1) Biphasic structure of the former one causes in electron transfer from 
rutile to anatase [29], and as a result, charge separation enhancement, 
(2) nanoleafed nanorods have a higher light harvesting ability due to 
larger surface area [8], and (3) tendency between oxygen and surface of 
anatase is higher than that of rutile, and therefore, anatase is more 
effective in oxygen reduction via the photogenerated electrons [30]. 

The rate constants of the photodegradation reactions of Rhodamine B 
and methyl orange by TiO2 thin films under light irradiation are sum
marized in Table 1. 

4. Conclusion 

Hierarchical rutile/anatase TiO2 nanorod/nanoleafs thin film was 
successfully synthesized. Photocatalytic performance of this novel 
nanostructure in photodegradation of cationic and anionic dyes was 
measured and discussed. The enhanced photocatalytic activity of TiO2 
was ascribed to great specific surface area, favorable light harvesting, 
and the photogenerated charges separation at the interface of rutile- 
nanorod/anatase-nanoleafs junctions. Because of the thin film had the 
negative surface charge at the neutral acidity of tests, it shown better 
photocatalytic performance in case of cationic dye photodegradation. 

Declaration of competing interest 

The authors declare that they have no known competing financial 

Fig. 5. Photodegradation curves of (a) Rhodamine B and (c) methyl orange by 
TiO2 thin films. (b) and (d) fitting results assuming a pseudo-first order reaction 
for (a) and (c), respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
The rate constants of the photodegradation reactions of Rhodamine B and 
methyl orange by TiO2 thin films (k, min � 1).  

TiO2 thin films Nanoleafed nanorods Nanorods 

Rhodamine B 1.31 � 10� 2 0.83 � 10� 2 

Methyl orange 0.92 � 10� 2 0.54 � 10� 2  
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