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1. INTRODUCTION 
 

Graphene oxide (GO) thin films are typically synthesized 
from graphite using the Hummers method [1]. These thin 
films are generally applied to surfaces using techniques such 
as spin coating, dip coating, or spray coating. In the literature, 
there are applications for increasing some properties by 
creating various metal oxide-GO and hydrocarbon-GO 
composites [2,3]. Titanium dioxide (TiO₂) thin films, on the 
other hand, can be prepared using methods like sol-gel, 
Chemical Vapor Deposition (CVD), or Atomic Layer 
Deposition (ALD) [4]. Composite thin films formed by 
combining these two materials bring together the advantages 
of both GO and TiO₂ [5]. 

In addition to thermodynamic-based solutions in energy 
storage and transmission, niche studies on metals and phase 
change materials continue to increase [6, 7]. Graphene and 
graphene oxide-based solutions are also widely used in 
electrical-based studies for similar purposes. GO and TiO₂ 
hold significant positions in the fields of nanotechnology and 
materials science. GO is notable for its large surface area, 
excellent conductivity, and surface functionalization 

capabilities, while TiO₂ is known for its superior 
photocatalytic activity and chemical stability [8, 9]. When 
GO's high surface area, excellent electrical conductivity, and 
mechanical durability are combined with TiO₂'s high 
photocatalytic activity and chemical stability, multifunctional 
thin films can be produced. Coating these materials as thin 
films has great potential, particularly in fields such as energy 
storage, environmental cleaning, and biomedical applications 
[10]. GO-TiO₂ thin films are especially important for 
applications in dye-sensitized solar cells, supercapacitors, and 
wearable electronic devices [11]. The high photocatalytic 
activity of TiO₂ under UV light can be broadened to a wider 
spectrum when supported by GO, thereby increasing 
photocatalytic efficiency [5]. Moreover, the antibacterial 
properties of these materials allow them to be used as surface 
coatings in biomedical devices [12]. 

The preparation of stable GO-TiO₂ dispersions is crucial 
for ensuring the homogeneous distribution and long-term 
stability of these materials. Various methods are found in the 
literature. One such method is the addition of various 
surfactants to enhance dispersion stability. These surfactants 
reduce interactions between particles, preventing 
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agglomeration and thereby making the dispersion more stable 
[13]. Ultrasonication is a commonly used method for 
achieving homogeneous mixing of GO and TiO₂ and 
obtaining a stable dispersion. Ultrasonication methods 
provide significant control over the structure, size, and 
distribution of nanoparticle components [14]. The use of high-
speed mixing following sonication is an effective method for 
achieving homogeneous distribution of GO and TiO₂ particles 
[15]. The obtained GO-TiO₂ dispersions have demonstrated 
long-term stability and homogeneous distribution. As reported 
in the literature, the use of ultrasonic methods minimizes the 
risk of aggregation by ensuring the homogeneous distribution 
of particles, while the presence of oxygen-related functional 
groups, such as -OH and -COOH, in GO serves as ideal 
support for carrying TiO₂ nanocrystals [16]. This method 
facilitates more efficient results in photocatalytic applications. 

For coating a stable dispersion onto a suitable substrate, 
methods such as spin coating [17], dip coating, and spray 
coating [18] are commonly used. 

This study aims to successfully deposit GO-TiO₂ 

composite films on glass substrates and to compare the effects 

of different coating methods on the surface properties of GO-

TiO₂ composite films. 

 

2. Materials and Methods 
 

In this study, a dispersion was prepared using the 

ultrasonication method. The obtained dispersion was used to 

create coatings/surfaces on 25x75mm glass substrates via dip 

coating, spin coating, and spray coating methods. X-ray 

Diffraction (XRD) (Panalytical/Empyrean) and Fourier-

Transform Infrared spectroscopy (FTIR) (Perkin 

Elmer/Spectrum100) analyses of GO and GO-TiO2 

composites were conducted, and their conductivity was 

compared using a four-probe conductivity device (Signatone). 

To assess the homogeneity of the surface and hydrophobic 

properties, the equilibrium contact angle (θe, °) of water 

(deionized water-Merck) was evaluated using an optical 

contact angle measurement device (Biolin Scientific/Theta 

Lite). The test liquid droplet volume was set at 4µL. Other 

characterization methods used in this study include optical 

microscopy (Nikon Eclipse/LV150), Scanning electron 

microscope (SEM) (Zeiss/SupraV40), and Scanning Electron 

Microscopy with Energy Dispersive X-ray spectroscopy 

(SEM-EDX) (Bruker). 

 

3. EXPERIMENTS 
 

3.1. Preparation of Stable GO-TiO2 Dispersion  
 

The preparation of stable dispersions generally involves 

steps of ultrasonication, mixing, and centrifugation [19]. A 

mixture of graphene oxide with an initial concentration of 2 

mg/mL was obtained by adding 1g of graphite oxide (GrO) 

into 500 mL of deionized water (Merck). This mixture was 

subjected to ultrasound at 35 kHz for 16 hours and then 

centrifuged at 3000 rpm for 30 minutes. The supernatant 

obtained after centrifugation is the stable GO dispersion, and 

its concentration was found to be 0.83 mg/mL according to the 

solid content analysis. The stable GO-TiO2 dispersions were 

prepared using a new formulation with TiO2, similar to the 

GO/SnO2 stable dispersions prepared by Liang et al. [20] 

using SnO2, as described below. The stable GO dispersion was 

diluted with deionized water (Merck) water to a concentration 

of 0.8 mg/mL and subjected to ultrasonication for 5 minutes. 

Then, 0.1 g of TiO2 was added to 250 mL of the stable GO 

dispersion and ultrasonicated for 1.5 hours. The prepared 

dispersion was centrifuged at 3000 rpm for 5 minutes, and the 

supernatant was collected. The concentration of the GO/TiO2 

dispersion after centrifugation was found to be 0.6 mg/mL 

based on solid content analysis. The obtained GO-TiO2 

dispersion remained stable for two weeks and was used in the 

production of GO-TiO2 surfaces. It has been reported that the 

strong interactions of TiO2 nanocrystals with GO layers 

prevent their detachment during the ultrasonication process 

[21]. 

 

3.2. GO-TiO2 Coating Studies  
 

The first step of the coating process involves imparting 
properties to the glass substrate that allow it to retain the 
coating. For this purpose, the glass substrates were cleaned 
with deionized water after a 30-minute chromic acid bath and 
dried in a vacuum oven, followed by 5s of vacuum plasma 
treatment. 

In this study, surfaces were obtained by coating glass 

substrates using dip coating, spin coating and spray coating 

methods. Since the spin coating method involves too many 

parameters and the variation in experimental parameters and 

results is very complex, it was carried out under optimum 

experimental conditions determined by discussing in detail in 

another study. The spin coating (Figure 1.a) parameters were 

set as a spinning speed of 500 rpm (SC500), a spinning time 

of 10s, and a coating fluid volume of 0.3 mL. Dip coating was 

performed (Figure 1.b) at four different speeds: 240 (DC240), 

320 (DC320), 400 (DC400), and 480 (DC480) mm/min for 

both immersion and withdrawal. Spray coating (Figure 1.c) 

was applied to the glass substrate material, heated to 

approximately 300°C, differing from the other two 

experiments.  

The images of the surfaces produced by spin coating and 

dip coating methods are shown in Figures 2.a and 2.b, 

respectively. 

 

4. RESULTS and DISCUSSION 
 

According to the obtained FTIR results (Figure 3), the 

peak at 1627 cm-1 originates from non-oxidized C=C bonds, 

while the peaks in the "2800-3000 cm-1" region are due to -

OH stretching vibrations. The peaks between "2000-2250 cm-

1" indicate the presence of reduced graphene oxide (rGO) [22]. 

The region between "1750-1040 cm-1" corresponds to 

carboxyl groups, with the peak at 1708 cm-1 attributed to C=O, 

the peak at 1430 cm-1 to C-O, and the peak at 1375 cm-1 to C-

O-C (epoxy) or C-O-H (phenolic) structures. The peak at 1154 

cm-1 identifies alkoxy C-O carboxyl. In the GO-TiO2 

composite, it was observed that the peaks corresponding to 

oxygen functional groups seen in GO disappeared, and peaks 

related to Ti-O-Ti and Ti-O-C stresses emerged in the "500-

900 cm-1" range [23]. The XRD analysis of the GO-TiO2 

composite (Figure 4) shows a characteristic peak of GO at 

approximately 2θ≈11° and a peak specific to titanium at 

approximately 2θ≈26° [24, 25]. 

Conductivity measurements using a four-point probe are 

consistent with partial graphene formation. The surface 

exposed to the oven atmosphere in GO solid and GO-TiO2 

solid generally exhibits low conductivity. When comparing 

the two materials, it was concluded that the conductivity in 
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GO-TiO2 solid/precipitate is much higher than in GO 

solid/precipitate (Tables I and II).  

 

This result indicates that a reduced graphene oxide-

titanium oxide (rGO-TiO2) composite begins to form through 

simple ultrasonication, as the peak at 2θ≈26° in the XRD 

results aligns with rGO-TiO2 formation [26]. 

 

 

Figure 1. a. Schematic representation of dip coating, b. spin coating, c. spray coating on heated substrate. 
 

a.  
b.  

Figure 2. Images of surfaces produced on glass slide substrates by a. spin coating method and b. dip coating method. 

 
Figure 3.  FTIR spectrum of GO and GO-TiO2. 

 

 
Figure 4. XRD analysis of the GO-TiO2 composite 

 

TABLE I  

CONDUCTIVITY MEASUREMENTS OF THE SOLID CONTENT/PRECIPITATE OF 

GO-DEIONIZED WATER SUPERNATANT. 

Current 

(mA) 
0,005 

Thickness 

(µm) 
1    

Point Rs 

(ohm/sq) 

Res 

(ohm-cm) 

V/I Specific 

Cond. 

 σ 

S/m S 

1 15996,3350 1,5996 4034,8403 0,62514 0,006251 0,000248 

2 22661,5527 2,2662 4965,2769 0,44128 0,004413 0,000201 

 
TABLE II  

CONDUCTIVITY MEASUREMENTS OF THE SOLID CONTENT/PRECIPITATE OF 

GO-TIO2-DEIONIZED WATER SUPERNATANT. 

Current 

(mA) 
0,005 

Thickness 

(µm) 
1    

Point Rs 
(ohm/sq) 

Res 
(ohm-cm) 

V/I Specific 
Cond. 

 σ 

S/m S 

1 4831,685547 0,483169 1302,066284 2,06967 0,020697 0,000768 

2 4300,179199 0,430018 859,313416 2,32548 0,023255 0,001164 

 
Table III presents the results of dip coating experiments 

conducted at four different speeds of 240, 320, 400, and 480 
mm/min, respectively, for both immersion and withdrawal. 
According to the water equilibrium contact angle 
measurements, the contact angle values decreased as the 
dipping speed increased in dip coating process. Additionally, 
the time-dependent stability of the droplet profile, which is an 
indication of the homogeneity of the coating, was investigated. 
The most consistent time-dependent angular change curve was 
obtained in the dip coating experiment conducted at 320 
mm/min, and the contact angle became asymptotic to the time 
axis within 2s. Although the coating produced at 240 mm/min 
exhibited a consistent change curve compared to the contact 
angle-time curves of 400 mm/min and 480 mm/min, it did not 
become asymptotic to the time axis even after 3s of 
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measurement. Despite extending the test duration to 6s due to 
the continuous decrease in the contact angle-time curves of 
DC400 and DC480, the angle value kept decreasing and never 
became asymptotic. 

In the DC320 GO-TiO2 thin film coating (Figure 5), the 

"surface" formation is seen in optical microscope images as Ti-

rich (light-colored) regions with TiO2 particles (dark-colored 

spots) within them. The surface appearance obtained by the 

spin coating method is essentially the same, but it has a thinner, 

more homogeneous, and densely distributed structure (Figure 

7). SEM images of the obtained DC320 GO-TiO2 thin film 

coatings could only be taken after double platinum coating due 

to their low conductivity (Figures 6 and 8a). TiO2 particles 

appear as light-colored in the surfaces obtained by both 

methods. The presence of light-colored TiO2 particles in the 

SEM images is consistent with the literature [27]. 

In the spin coating study, the optimal values determined 

were a spinning speed of 500 rpm for 10s and the use of 0.3 mL 

of stable dispersion, yielding a contact angle of approximately 

58.5°. It was observed that the change in the contact angle 

rapidly became parallel to the time axis (Table IV).  

When the spin coating and dip coating methods were 

compared in terms of TiO2 particle adhesion and distribution 

on the surface, it was observed that the spin coating method 

resulted in a significantly higher adhesion amount and a more 

regular distribution (Figures 5 and 7). Elemental EDX results 

reveal the presence of Si and other elements originating from 

the sodium glass substrate in addition to Ti. 

The spray coating experiment was conducted on a glass 

substrate heated to 300°C. Due to the nature of the process, the 

presence of droplets that rapidly dry on this surface results in a 

structure composed of peaks and pits, which is clearly observed 

in the SEM images (Figure 9.a and b). Another expected 

outcome of the spray coating process is that GO-TiO2 

undergoes some degree of thermal reduction, leading to the 

formation of a rGO-TiO2. Due to the non-uniformity of the 

surface roughness and the extreme roughness compared to the 

other two surfaces, it was not possible to perform water contact 

angle measurements. 

 

 
TABLE III  

CONTACT ANGLES AND THEIR TIME-DEPENDENT CHANGES FOR DIFFERENT DIPPING SPEEDS IN DIP COATING. 

Sample Contact Angle 

(θe, °) 

Contact Angle 

Image 

Time-dependent Contact Angle 

(θe°/s) 

DC240 60,4 

  

DC320 65,5 

  

DC400 50,7 

    

DC480 47,7 
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Figure 5. Optical microscope images of (DC320) GO-TiO2 thin film coating obtained by the dipping method at a. X500 and b. X1000 magnification. 

 

 
Figure 6. SEM images of (DC320) GO-TiO2 thin film coating obtained by the dipping method at a. X5000 and b. X20000 magnification. 

 
TABLE IV 

CONTACT ANGLE AND ITS TIME-DEPENDENT CHANGE UNDER OPTIMAL CONDITIONS IN SPIN COATING. 

Sample Contact Angle 

(θe, °) 

Contact Angle 

Image 

Time-dependent Contact Angle 

(θe°/s) 

SC500 58,5 

 
 

 
 

  

 
Figure 7. Optical microscope images of (SC500) GO-TiO2 thin film coating obtained by the spin coating method at a. 500X and b. 1000X magnification. 

 

a b 

a b 

a b 
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Figure 8. a. SEM image at X2000 magnification and b. EDX results obtained at X2000 magnification of (SC500) GO-TiO2 thin film coating produced by spin 

coating. 

 

 
Figure 9. Scanning electron microscope (SEM) images of the GO-TiO2 thin film coating obtained by the spray coating method at a. X2000 and b. X5000 

magnification. 

 

5. CONCLUSION 
 

The aim of this study is to evaluate the effects of different 
coating techniques and parameters on the surface properties, 
particularly focusing on water contact angles and uniformity of 
GO-TiO2 film coatings, and to highlight the importance of 
carefully selecting coating methods and parameters in order to 
tailor the surface properties and functionality of GO-TiO2 films 
for specific industrial applications. 

The most stable surface with the highest water contact angle 
(65°) using the dip coating was achieved at a speed of 320 
mm/min. However, similar to the surface obtained in spin 
coating in this study, the contact angle values on non-substrate 
GO films generally range around 45° [28]. It is noted that GO 
exhibits hydrophilic properties due to the functionality of its 
oxygen-containing groups, such as –O–, –OH, and –COOH 
[29]. Bera et al. measured the contact angle of the GO coating 
on glass as 56°, and the contact angles obtained in the coating 
experiments are consistent with the literature [30]. The surfaces 
obtained by spray coating are irregular and chaotic due to the 
lack of control during the coating process. In spin coating, a 
thinner coating is observed, as seen in Figure 2. It is stated that 
an increase in the number of GO layers, that is, an increase in 
film thickness, leads to an increase in contact angle values [31]. 
When comparing spin coating to dip coating, it is observed that 
the water contact angle measurement droplet behaves more 
stably on the spin-coated surface. However, in the spin coating 
method, disruption of the integrity of the liquid film due to 
centrifugal force is evident from SEM and optical microscope 
images. According to Scidà et al. [32], variations in coating 
thickness significantly impact the conductivity of graphene-
based film samples obtained by the reduction of graphene oxide 

to graphene. Therefore, determining coating conditions, 
controlling coating thickness, and ensuring the homogeneous 
distribution of incorporated particles are of utmost importance. 

In conclusion, the findings suggest that dip coating at 

controlled speeds could be optimized for applications requiring 

hydrophobic surfaces, while spin coating may be preferable for 

applications needing uniform conductivity and homogeneous 

surface properties of GO-TiO2 coatings. Among the methods 

used, the dip coating method at a speed of 320 mm/min resulted 

in the most stable surface with the highest water contact angle. 

However, the spin coating method provided a more 

homogeneous coating, despite the occurrence of film tearing in 

micro scale due to centrifugal forces. The thickness of the 

coating, surface homogeneity, and particle distribution directly 

influenced the conductivity properties of the obtained films. It 

was emphasized that the coating method and conditions are 

crucial in determining these parameters.  
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