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1. INTRODUCTION

Titanium dioxide (TiO
2
) is very stable due to 

its physical and chemical properties [1-3]. It can 
be found in most of the cosmetic products [4]. 
It has many applications because of its unique 
properties, including electronic devices [5], gas 
sensors [6], solar cells [7-9], optical �lters [10-
11], and antibacterial and catalyst materials [12-
17]. Recently, many researchers have focused on 
the development of photocatalyst thin �lm using 
TiO

2
, because it is inexpensive and non-toxic. Be-

sides, it has high oxidative capacity, high stability, 
and therefore, many applications in environmen-
tal pollutions [18-19]. TiO

2
 typically has three dif-

ferent crystalline structures called rutile, anatase, 
and brookite. Titanium atom is in contact with six 
oxygen atoms in all of these structures. The ana-
tase and brookite structures are converted to rutile 
structure at temperature above 750°C; therefore, 
rutile structure is the most stable crystalline struc-
ture of TiO

2
 [20-21].
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Among the compounds that act as pho-
to-catalyst, TiO

2
 is the only suitable industrial 

material, because this material has an effec-
tive optical activity. It is also the most stable 
and low-cost photo-catalyst [22]. Due to the 
radiation of light by reducing the activation 
energy of the reaction, the photo-catalyst is 
used to accelerate the chemical reactions, 
while they remain unchanged. The photocat-
alytic activity is that their electrons are excit-
ed after absorption of the light and separat-
ed from their position. Thus, a hole remains 
that has a very high oxidizing property. At 
the same time, electrons have strong reduc-
tion properties. The electron-hole pair reacts 
with the molecules on the surface. A number 
of optical electrons and holes can reach the 
photo-catalyst surface and reduce or oxidize 
the adsorbed organic and non-organic species 
onto the catalyst surface. 

TiO
2
 is one of the materials that are widely 

used as self-cleaning surfaces. TiO
2
 eliminates 
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surface contamination through two separate 
mechanisms: photo-catalysis and hydrophobic. 
During the photo-catalysis process, the chemical 
structure of organic pollutants and other impuri-
ties on the surface is broken down by absorbing 
sunlight. The hydrophilic property of the surface 
leads to create the water plates on the surface 
by reducing the contact angle that eliminates 
the contamination [23]. TiO

2
 usually exhibits 

super-hydrophilic properties under ultraviolet 
light. Adding metals such as chromium, manga-
nese, cobalt, and iron to TiO

2
 nanoparticles, the 

photo-catalytic degradation process of pigments 
in the visible light conditions can be done by us-
ing these nanoparticles. 

A possible way to improve the properties of 
TiO

2
, in order to use in practical applications, 

is the covering of the surface of TiO
2
 thin �lm 

with graphene oxide sheets. Graphene oxide is a 
2D nano-material that is produced by oxidation 
of graphite. Graphene oxide is an oxide form of 
graphene sheets with oxygen functional groups 
such as hydroxyl, epoxy, carbonyl, carboxyl, 
and proxy. This material has been synthesized 
by the modi�ed Hummers method. This method 
involves chemical or thermal peeling of graphite 
and ultrasonic in the presence of strong acids and 
oxidizing agents. The results of the researchers 
show that graphene oxide has very interesting and 
special properties. Their results also show that the 
addition of graphene oxide improves the antibac-
terial and self-cleaning properties of some struc-
tures [24].

Researchers have investigated the properties 
of titanium dioxide-graphene oxide thin �lms, in 
which the graphene oxide layer is �rst placed and 
then titanium dioxide is deposited on top of that 
layer. For example, in a study conducted by Baig 
et al., graphene oxide was �rst deposited. The ti-
tanium dioxide nanoparticles were then placed on 
it [27]. Based on our information, no similar re-
search has been carried out in which the titanium 
dioxide thin-�lm is �rst deposited. The graphene 
oxide layer is then synthesized on titanium diox-
ide at different concentrations. Therefore, in the 
present work, we have investigated the effect of 
graphene oxide layer addition on the structural, 
morphological, photocatalytic, self-cleaning, and 
antibacterial properties of TiO

2
 thin �lms. 

2. EXPERIMENTAL PROCEDURE 

2.1 Preparation of TiO
2
 Thin Film

At �rst, 75 mL of ethanol and 7.5 mL of acetic 
acid were mixed and stirred for 15 min by a mag-
netic stirrer. Then, 7.5 mL of titanium isopropox-
ide was added drop by drop to the above solution 
and stirred for another 15 min. In order to com-
plete the chemical reactions, the resulting solu-
tion was kept and covered with foil for 24 hours at 
ambient temperature. On the other hand, the glass 
substrates were washed with 20% ethanol solu-
tion using ultrasonic for 30 min at 60 °C and then 
with acetone for 5 min. The prepared solution was 
coated by the spin coating method at 5000 rpm 
spinning speed for 1 min. This coating process 
was repeated 30 times. Finally, the obtained layers 
were calcined at 550°C for 1 hour. 

2.2 Preparation of TiO
2
/GO Thin Films 

  
At �rst, graphene oxide sheets were prepared 

from graphite using the modi�ed Hummers method 
[28]. Then, the amount of 0.15 g, 0.30 g, 0.45 g, and 
45 g of graphene oxide were dispersed in 10 mL of 
ethanol in ultrasonic bath for 10 min. After that, the 
graphene oxide solutions were coated on TiO

2
 layers 

by spin coating method at 5000 rpm for 1 min. The 
prepared �lms were dried at a temperature of about 
40 °C-50 °C for 30 min. Finally, characterization 
was performed on the obtained samples. 

2.3 Characterization

The crystal structures of the prepared thin 
�lms were characterized using XRD method by a 
D8 Advance Bruker YT diffractometer via CuK� 
radiation in the range of 10° - 80°. The morpholp-
ogy of the layers was investigated using FESEM 
performed on MIRA3TESCAN-XMU micro-
scope. X-ray microanalysis system was support-
ed by a NanoTrace LN-Cooled Si (Li) detector 
for energy-dispersive X-ray spectroscopy (EDS) 
analysis. The surface morphology of the thin �lms 
was studied using AFM by Full Plus model from 
Ara-research company. Raman spectra were mea-
sured via Takram P50C0R10 using the 532 nm 
line of Nd:YAG laser as the excitation source.

A. Jalaukan, et. al
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3. RESULTS AND DISCUSSION

3.1 Structural and Morphological Analysis

The X-ray diffraction patterns of the TiO
2
/GO 

thin �lms at different concentrations of GO (0, 
0.015, 0.030, 0.045 and 4.5 g/mL) are shown in 
Figures 1 (a-e), respectively. The diffraction peaks 
detected at 2� = 24.68�, 37.44�, 47.56�, 54.56�, 55.6�, 
62.5�, 68.6�, 69.8�, 74.75� are related to (101), (004), 
(200), (105), (211), (204), (116), (220) and (215) 
planes, indicating the formation of TiO

2 
structure 

with anatase phase. By adding graphene oxide 
layer at concentrations of 0.015, 0.030, 0.045 g/
mL (Figures 1b-d), no change was observed at 
the diffraction spectrum due to the very low con-
centration of graphene oxide. Therefore, the con-
centration of graphene oxide was chosen to be 
equal to 4.5 g/mL. Figure 1e shows the diffraction 
spectrum of TiO

2
/GO-4.5g/ml. As can be seen, the 

graphene oxide peak at the angle of 10.5� related 

to the (001) diffraction has been revealed, which 
con�rms the presence of graphene oxide sheets 
on the TiO

2
 �lms. The X-ray diffraction pattern 

of graphene oxide nanosheets is also presented in 
�gure 1f for comparison. All the diffraction peaks 
are sharp and well-de�ned, proposing that the pre-
pared samples are well-crystallized. 

Crystal sizes of the (001) diffraction peak were 
calculated by the Scherrer equation:

D
hkl

= k�/�cos� 

where D
hkl 

is the crystallite size, k is Scher-
rer’s constant corresponding to the quality 
factor of the device measured with a reference 
for single crystal (0.9 for spherical particles), 
� is the wavelength of X-ray, � is full-width at 
half-maximum (FWHM), and � is the Bragg 
angle [29]. The evaluated data are reported in 
Table 1.

Surface observations of the synthesized sam-
ples were done using FESEM, EDS, and AFM. 
In Figure 2, FESEM of TiO

2
/GO thin �lms at 

different concentrations of 0, 0.015, 0.030, 
0.04.5 and 4.5 g/mL are shown in �gures 2 (a-e). 
The cross-section of the TiO

2
 thin �lm is shown 

in Figure 2f.
As shown in �gures 2 (a-f), it is clear that the 

surfaces of the samples are very uniform, and 
the grains are homogeneously distributed with 
the similar sizes on the surface. After that, the 
graphene oxide layers are clearly observed in �g-
ures 2 (b-e). As expected, by increasing the con-
centrations of graphene oxide, the thickness of 
graphene oxide layers increases, and it covers the 
grains of titanium oxide.

Table 1: Structural parameters of TiO
2
/GO with different concentration

Samples 2�(°) FWHM (hkl) D(nm)

TiO
2 24.68 0.374 (101) 23

TiO
2
/GO-0.015 24.56 0.414 (101) 21

TiO
2
/GO-0.030 24.48 0.426 (101) 20

TiO
2
/GO-0.045 24.36 0.455 (101) 19

TiO
2
/GO-4.5 24.3 0.453 (101)       20

Fig. 1. X-ray diffraction patterns of  TiO
2
, TiO

2
/GO-0.015, 

TiO
2
/GO-0.030, TiO

2
/GO-0.045, TiO

2
/GO-4.5 thin films 

and graphene oxide (GO) nanopowders.
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In order to identify the chemical elements of 
thin �lms, EDS analysis of TiO

2
 and TiO

2
/GO-4.5 

thin �lms were performed and shown in �gure 3. 
EDX images are used to show the appropriate dis-
tribution of particles. Studying the chemical com-
position of TiO

2
/GO thin �lms was carried out by 

energy dispersive X-ray (EDX) analysis. As can 
be seen in the images, the peaks con�rm the exis-
tence of C, O, and Ti, indicating the formation of 
a high-purity structure. Peak related to C mainly 
originates from the GO sheets, while peaks relat-
ed to Ti belong to TiO

2
 particles. Peak related to O 

can be formed by TiO
2
 particles and a small num-

ber of oxygen groups on RGO sheets. No other 
peaks were founded in EDX images. Al, Si, and 
Au are related to the device and materials used 
for the coating. As it is clear in the FESEM im-
age of TiO

2
/GO-4.5, graphene oxide layer almost 

completely covers TiO
2
 layer; Ti peak intensity in 

TiO
2
/GO-4.5 sample decreased and C peak inten-

sity increased, whereas, in pure TiO
2
 sample, the 

peak intensity increased.
An elevation of the sample surface is record-

ed by an atomic force microscope (AFM). A 3D 
image of the desired property is obtained depend-
ing on the local interactions. Figure 4 illustrates 
AFM images of 2D and 3D TiO

2
/GO thin �lms 

at different concentrations. In TiO
2
 thin layer, the 

surface of the sample is quite rough due to the 
grain boundary of TiO

2
 grains (�gure 4a). As can 

be seen , TiO
2
 grains have the same size and mor-

phology. Adding GO layer makes the surface of 
the samples smoother, and in TiO

2
/GO-4.5 sam-

ples, roughness reached their lowest value (�gure 
4d). It is evident, that graphene oxide sheets are 
randomly overlapped. The long wrinkles that also 
cover the surface of GO-0.045 and GO-4.5 are re-
lated to graphene oxide sheets.

Fig. 2. FESEM images of a) TiO
2
, b)TiO

2
/GO-0.015, c) TiO

2
/GO-0.030, d) TiO

2
/GO-0.045, 

e) TiO
2
/GO-4.5 thin films and f) cross-section of TiO

2
 thin film.

A. Jalaukan, et. al
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Fig 5 shows the raman spectra of TiO
2
/GO-

0.015 and TiO
2
/GO-4.5 thin �lms. Raman peaks 

at 135 cm-1, 392 cm-1, 514 cm-1, and 634 cm-1 are 
referred to E

g
, B

1g
, B

1g
+A

1g,
 and E

g
 modes, re-

spectively. These peaks are sharp and have good 
intensity, indicating that TiO

2
 microstructure 

in the deposition process is well crystallized. 
These peaks have good agreement with the ref-
erence values of anatase phase of TiO

2
. The for-

mation of graphene oxide platelets is con�rmed 
by the presence of G and D peaks at 1592 cm-1 
and 1350 cm-1, respectively. The G-band is a 

characteristic of graphite sheets that con�rm the 
presence of the sp2 carbon structure. The D-band 
is related to the existence of defects in the hex-
agonal structure of graphite. As shown in Figure 
5, the intensity of D-band is comparable to the 
intensity of G-band. Therefore, the graphene 
oxide layers have signi�cant defects. The disor-
der degree of carbon structure was speci�ed by 
calculating the intensity ratio of D/G. As can be 
seen in AFM and FESEM, in the structure, the 
ratio of D/G is high, indicating the high degree 
of irregularity in the structure. 

Fig 3. EDS analysis of a) TiO
2
 and b) TiO

2
-G4.5 thin films.

Fig 4. AFM images of a) TiO
2
, b)TiO

2
/GO-0.015, c) TiO

2
/GO-0.045, d) TiO

2
/GO-4.5 thin films
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Fig 5. Raman spectra of (a) TiO
2
/GO-0.015 and  

(b) TiO
2
/GO-4.5 thin films.

3.2 Photo-Catalyst Properties 

The effect of adding the graphene oxide layer on 
the photocatalytic activity of TiO

2
 has been investigat-

ed. The photocatalytic activity of TiO
2
/GO at different 

concentrations was investigated using methyl orange 
degradation (0.01 mmol/L) in aqueous solution. The 
�lms were placed in a methyl orange solution under 
the stirring and radiation of UV light, which UV light 
was re�ected by two light bulbs with a power of 18 
W for 2 hours. The rate of methyl orange degrada-
tion was measured using the absorbance spectrum of 
the solution after 3 hours, which is characterized by 
UV-Vis spectrometry. The obtained results are shown 
in �gure 6. Adding the graphene oxide layer to the 

TiO
2
 thin �lms and increasing its concentration, the 

amount of light absorption increases in the visible and 
ultraviolet region. Thus, the amount of methyl orange 
degradation decreases. As clearly shown in AFM 
images, by increasing the concentration of graphene 
oxide, it completely covers TiO

2
 layer, and prevents 

the penetration of light into TiO
2
 layer and reduces its 

photocatalytic activity.

4.3 Self-Cleaning Effect

The self-cleaning properties of TiO
2
 and TiO

2
/

GO were investigated and shown in �gure 7. Im-
aging of 10-microliter of water droplet with a mag-
ni�cation of 50 is performed using MZT AM-7013 
model of digital camera from Dino-Lite company.

  The contact angle of the droplet with the sur-
face in the pure TiO

2
 sample is 27.24°, 36.38° 

for left and right angle, respectively, and in TiO
2
/

GO-4.5 sample is equal to 18.45° for left angle 
and 19.13° for right angle. Researchers have long 
thought that graphene repels water. However, a 
new study reported by Belyaeva et al. has revealed 
that graphene is hydrophilic, not hydrophobic [30]. 
Accordingly, graphene oxide is hydrophilic; adding 
graphene oxide layer can reduces the contact angle 
and increases the hydrophilic properties of the thin 
�lm surface. This result is in agreement with the 
other reports. Safarpour et al. synthesized (rGO)/
TiO

2
 nanocomposite thin �lms to use in nano�ltra-

tion by hydrothermal method. Their results show 
that by increasing the GO weight percentage, the 
contact angel decreases and their �lms show the 
improved hydrophilic properties [31]. 

Fig 7. The contact angle of the water droplet with 

a) TiO
2
 and b) TiO

2
/GO-4.5 surface

Fig 6. The UV-Vis spectra of the methyl orange solution 

in the presence of TiO
2
/GO with different concentration of 

graphene oxide

A. Jalaukan, et. al
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3.4 Antibacterial Properties 

For the antibacterial test, the gram-negative 
bacteria of the standard Escherichia coli (ATCC 
25922) (1399 PTCC) was purchased from the 
Iranian research organization for science and 
technology. Mueller Hinton broth was prepared 
from Merck Company.

Escherichia coli bacterium was cultured in 
Muller Hinton broth and incubated at 37 °C 
for 24 hours. The absorbance value of the bac-
teria cell density was measured at 630 nm in 
a spectrophotometer. The cell density value 
was standardized based on the McFarland half 
(equivalent to 108 CFU/mL). Antibacterial ef-
fect of TiO

2
, TiO

2
/GO-0.030 and TiO

2
/GO-4.5 

thin �lms on the E.Coli gram-negative bacteria 
were investigated using microdilution meth-
od according to international standard CLSL 
with three repetitions (�gure 8). The absorb-
ance values of the samples at 0, 2, 4, and 20 
hr incubation time was measured at 37 °C in 
the Eliza Reader.  The absorption rate of the 
thin �lms was compared with positive (bacteria 
and culture media Mueller Hinton Broth medi-
um) and negative control (Muller Hinton Broth 
medium). The results indicate that thin �lms 
inhibit bacterial growth within 20 hours. TiO

2
 

thin �lm inhibits bacterial growth, but TiO
2
/GO 

thin �lms show more inhibitory effect. Bacte-
rial growth was inhibited for 2 h incubation at 
37 °C. TiO

2
/GO-0.030 sample has the highest 

effect on the inhibition of bacterial growth. By 
increasing the incubation time, the inhibition of 
bacterial growth increased simultaneously in 
comparison with the positive control. Increas-
ing the oxygen pressures for all types of life is 
harmful and deadly. So, TiO

2
/GO thin �lms, by 

producing the oxygen free radicals, can create 
oxidation toxicity for microorganisms using a 
photo-catalytic material. 

Researchers’ �ndings show that graphene 
materials such as graphene oxide are highly 
toxic toward bacteria. Graphene oxide has 
the highest antibacterial activity compared 
to other graphene structures such as reduced 
graphene oxide, graphite, and graphite oxide. 
Antibacterial activity depends on various fac-
tors such as time, concentration and size. The 

results obtained by Liu et al. show that mate-
rials with smaller sizes are more toxic com-
pared to larger materials [32]. For example, 
the toxicity of graphene oxide is greater than 
that of graphite oxide. Graphene oxide has 
a monolayer structure but in graphite oxide 
the number of layers is very high. Therefore, 
if the number of layers is lower, it has bet-
ter antibacterial properties. The examination 
of the results obtained in this study also con-
�rms these results. The use of graphene oxide 
increased the antibacterial properties of the 
layers compared to the titanium dioxide thin 
�lm. On the other hand, increasing the con-
centration of graphene oxide, as seen in the 
FESEM images, results in a greater number 
of layers on the surface, thus reducing the an-
tibacterial properties of sample GO-4.5 com-
pared to sample GO-0.03.

Similar results have been reported for other 
carbon structures. For example, multi-walled 
carbon nanotubes with a smaller diameter have 
higher antibacterial activity than larger diam-
eter nanotubes [33-35]. Also, small nC60 ag-
gregates have the greater antibacterial activi-
ty than the larger aggregates [36]. Generally, 
graphene materials that have a higher density 
of functional groups and are smaller in size 
have a greater chance of interacting with bac-
terial cells and thus exhibit better antibacterial 
activity.

The obtained results are consistent with 
those of other researchers. Rahimi  et al. syn-
thesized TiO

2
-graphene (TG) nanocomposite 

with a different percent of graphene using sol-
vothermal method. In the research, photoca-
talysis activity was studied for disinfection of 
E. coli bacteria. The photo-antibacterial anal-
ysis shows that the optical activity is relative-
ly low in this nanocomposite. But, sensitizing 
the nanocomposite by porphyrin dye materi-
al, photo-antibacterial activity increases [37]. 
TiO

2
 nanoparticles and graphene sheets (GSs) 

composites were also prepared via a direct re-
dox reaction by Cao et al. The obtained results 
for TiO

2
/GSs 4.2 wt% show the most photocat-

alyst antibacterial activity under UV-Visible 
light radiation. So, it can be used for air and 
water disinfection [38].
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Fig. 8. Antibacterial effect of titanium dioxide, TiO
2
/

GO-0.030 and TiO
2
/GO-4.5 thin films on the E.Coli gram 

negative bacteria using microdilution method according to 

international standard CLSL with three repetitions.

4. CONCLUSION

In the study, the effect of graphene oxide 
layer addition on TiO

2
 thin �lms has been inves-

tigated. TiO
2
/GO thin �lms at different concen-

trations are prepared by spin-coating method. 
The X-ray diffraction pattern shows that titani-
um oxide with anatase phase is formed. At low 
concentrations, graphene oxide cannot be seen in 
the diffraction spectrum, but the graphene oxide 
peak is shown at 10.5° at 4.5 g/mL concentration. 
FESEM and AFM images show that by increas-
ing the graphene oxide concentration, it com-
pletely covers the titanium oxide layer, so the 
graphene oxide layer prevents light penetration 
into the titanium oxide layer, and its photocata-
lytic activity decreases by adding the graphene 
oxide. Investigating the contact angle of the lay-
ers with water droplets shows that the presence 
of graphene oxide layer reduces the contact an-
gle and increases the hydrophilic properties of 
the surface. Studying the effect of adding the 
graphene oxide on the growth of E.Coli bacteria 
also shows that the presence of graphene oxide 
increased the inhibition of bacterial growth.
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