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ABSTRACT 
 

TiO2 - Graphene oxide (GO) (GO = 0-1.0wt %) powders were synthesised using sol-gel method 
and annealed at 500°C. The samples were then characterised using X-ray diffraction (XRD).  
The additional of GO gave significant influence on the crystal structure of TiO2. The lattice 
parameter of TiO2 were increased with decreasing GO concentration. The unit cell volume of 
TiO2-GO annealed in N2 decreased with the oxygen occupancy. In contrary, the TiO2-GO 
annealed in O2 has an increase in O2 occupancies in the lattice that was nearly proportional to 
its unit cell volume. A continuous weight loss was recorded by TGA at a temperature range of 
T= 30 - 1000°C that were associated with H2O, C-H and C-O species. It is concluded that the Ti-
O-C and Ti-C bonds were formed for samples annealed in O2 and N2 respectively. The weight 
loss of TiO2-GO annealed in O2 is lesser than that annealed in N2 for same concentration 
additional GO into TiO2. 
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1.  INTRODUCTION 
 
Photocatalytic reaction needs a well-engineered material to facilitate a range of solar energy 
conversion processes. This is including splitting of water, self-cleaning surface and power 
generation. Metal oxide is a promising candidate as the best photocatalytic oxide due to its 
chemical stability. However, the band gap of metal oxide is relatively bigger that it is unable to be 
activated by visible light. Thus, additional extrinsic species were mixed together with the metal 
oxide to lower its band gap. Such species additional process is important to include the 
understanding of electronic and ionic balance between extrinsic and intrinsic species. This is 
because the species could shift the stoichiometric to nonstoichiometric state of the metal oxide 
that possibly improve its photocatalytic properties [1–3]. 
 
TiO2 is one of the nonstoichiometric compounds that had been intensively studied by many 
researchers as it is promising in many scientific applications including photocatalytic activity [1–
5]. The nonstoichiometry in TiO2 is controlled by the atomic defects including oxygen vacancies, 
substitutional and interstitial defects at the host lattice. It had been reported that the properties 
of TiO2 is strongly influenced by its defect disorder [2,6]. The intensive study on aliovallent 
species of dopant effects on defect disorder had been reported by Janusz et al. [6–10], whereas 
they have successfully derived the equilibrium constant of TiO2.  
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The formation of defects in TiO2 may be represented using Kröger-Vink notation by the following 
defect equilibria [6]: 
 

OO ← 𝑉O
∙∙ + 2e′ +

1

2
O2         (1) 

2OO + TiTi ← Ti𝑖
∙∙∙ + 3e′ + O2        (2) 

2OO + TiTi ← Ti𝑖
∙∙∙∙ + 4e′ + O2        (3) 

nil ← e′ + ℎ∙          (4) 
 
This could be understood that the defect disorder in TiO2 is controlled by atomic defects including 
oxygen vacancies, substitutional and interstitial defects at the host lattice. However, in 
application such as photocatalytic, it is demanded that the spontaneous recombination of electron 
and electron hole that is shown in eq. (4) could be avoided at atomic lattice [11–14]. It is reported 
that the recombination could be achieved by introducing C species [11,12,15–17]. However, the 
explanation of the reaction of C and TiO2 are scarcely found even though there is a few theoretical 
study have been reported, showing the possible reaction between these species [16,18–20]. 
Accordingly, the doping of C species including graphene [11–14] needs a further and detailed 
study especially on its defects and other reaction within TiO2 and C species.  
 
It is reported that the C content will enhance the photocatalytic activity [21–26]. However, the 
enhancement will become diminution after having a maximum photocatalytic activity at a certain 
carbon content. Carbon poisoning affected the most of electrochemical devices [27]. It is reported 
that the main issues occurred when the carbon that existed in the lattice lead to performance 
reduction due to the formation of metal carbonate on the metal oxide. The formation of the metal 
carbonate may vary based on the metal oxide matrix and is supposed to be in the range of 500 – 
600 ℃. Teruhisa et al. reported that the carbonate is formed until 1.5 nm depth on the surface of 
TiO2 that was annealed at 400 and 500 ℃ [28]. Thus, the study of C mixed in metal oxide matrix 
still needs to face a long list of obstacles that mainly focused on Ti–O–C reaction. 
 
The aim of the present work is to assess the incorporation of C anions into the TiO2 lattice. 
Graphene oxide was intentionally added at the concentration of 0 – 1.0 wt% as a C dopant and 
annealed at 500°C in different oxygen partial pressure. Different concentration of GO was added 
to investigate the effect of carbon from the GO on the crystal structure. The structural properties 
of the samples in the form of powder were characterised using X-ray diffraction (XRD). Next, the 
crystal structure will be correlated to its thermal kinetic by thermogravimetric and differential 
thermal analysis (TGA-DTA). 
 
 
2. MATERIAL AND METHODS  
 
2.1 Sample Preparation 
 
TiO2 was synthesised using sol−gel method by the hydrolysis of titanium isopropoxide 
(Ti(OC4H9)4, Sigma Aldrich 99.99%). 6.4mL Titanium isopropoxide was added and stirred into 
the mixture solution of 18.6 mL of isoprophyl alcohol, followed by an addition of 10.6mL acetic 
acid (HmBG 98.00%). Then, GO powder was mixed into the solution according to the weight 
fraction range of 0.2%− 1.0%. Finally, a 3-5 drops of deionized water were added into the solution 
while stirring. After stirring for 24 h, the solution became gel and was dried in an oven at 80 °C 
for 24 h to form powder annealed at 500°C for 6 h. Further annealing was done for all samples in 
N2 and O2 atmosphere at 500°C. 
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2.2 Characterisations  
XRD patterns were obtained with Shidmadzu XRD 6000 2500V using Cu Ka radiation. 
Thermogravimetry and differential thermal analysis (TG-DTA) were recorded in N2 and O2 
atmosphere by using TG-DTA system (METTLER TOLEDO, Model TGADSC1). 
 
 
3. RESULTS AND DISCUSSION 
 
Phase and structure of the samples were investigated by XRD where it is shown in Figure 1 for 
different weight percentage of GO. All peaks observed indicated anatase structure of titanium 
dioxide according to ICSD pattern 98-001-7818 (anatase). Obviously, all of the peak width 
increased with the increment of the GO content in TiO2 bulk. It is also can be seen that the XRD 
peak of (105) and (211) crystal plane is overlapping with each other at GO content of 0.6 and 
1.0wt%. This shows that the partial crystal changes occurred with the increment of GO content 
that needed an allocation of carbon species into TiO2 lattice. Li et al. [29] reported that the shifted 
XRD peak diffraction at 23°–27° indicates the carbon incorporation into the anatase crystals. 
However, there is no shifting shown in Figure 1. Hence, the results by Li et al. may be influenced 
by other factor including instrumental causes and internal effects of sample. The latter could be 
argued, if it is dedicated to the incorporation of C based on the results by Li et al. that shows the 
increased of C with no further peak shift. Therefore, XRD alone could not be the ultimate tool to 
be used in confirming the C incorporation in the TiO2 matrix. Other reports [30–32] are in 
agreement with our results in Figure 1. 
 
Further refinement of the XRD pattern was performed by Rietveld method where high reliability 
index less than 12 was attained (R<12). The O-2 occupancy factor is estimated through the 
Reitveld refinement and shown in Figure 2 together with the unit cell volume. It is shown that the 
unit cell volume for the sample annealed in N2 decreased with the oxygen occupancy. In contrary, 
the TiO2 sample that was annealed in O2 has an increase in O2 occupancies in the lattice that was 
nearly proportional to its unit cell volume. Thus, it can be concluded that the changes in the 
pattern of the unit cell volume and oxygen occupancy is closely related to each other. The highest 
unit cell volume was attained at the additional of 0.2wt% GO annealed in N2 which is 136.35 Å. 
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Figure 1. XRD pattern of sample TiO2, TiO2 with 0.2wt% GO, TiO2 with 0.4wt% GO, TiO2 with 0.6wt% GO 
and TiO2 with 1.0wt% GO. 
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Figure 2. Unit cell volume and oxygen occupancy in TiO2 lattice within the additional of 0.2 – 

1.0wt% of GO. 

 
Figure 3 to Figure 5 show the results of TG-DTA for the samples measured in O2 and N2 
atmosphere at a temperature range of T= 25 – 1000°C and heating rate of 4.0℃/min. According 
to the DTA curves in Figure 3 to Figure 5, there are several increments and decrements of heat 
flow which are associated to the exothermic and endothermic reactions, respectively. The 
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exothermic and endothermic reactions are in agreement with the one that were reported by other 
works [33,34]. Both reactions occurred at the same temperature for the concentration of 0.2 – 
1.0wt% GO. However, it could be seen that the endothermic reaction at 300°C for the sample 
annealed in O2 was shifted to the higher temperature as well as for the samples annealed in N2 in 
all concentration of additional GO.  
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Figure 3. TG-DTA result of TiO2 with addition of 0.6wt% GO annealed in O2 and N2 atmosphere. 
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Figure 4. TG-DTA result of TiO2 with addition of 0.4 wt% GO annealed in O2 and N2 atmosphere. 



S. K. Kamarudin, et al. / Correlation between crystal structure and thermal reaction… 
 
 

142 
 

H
eat Flo

w
 / m

W

M
as

s 
/ 

%

Temperature / °C

95

96

97

98

99

100

-1.4 x 10
-4

-1.2 x 10
-4

-1.0 x 10
-4

-8.0 x 10
-5

-6.0 x 10
-5

-4.0 x 10
-5

-2.0 x 10
-5

0.0

0 200 400 600 800 1000

0.2 wt% GO in N
2

0.2 wt% GO in O
2

0.2 wt% GO in N
2

0.2 wt% GO in O
2

TGA

DTA

  
Figure 5. TG-DTA result of TiO2 with addition of 0.2 wt% GO annealed in O2 and N2 atmosphere. 

 
The TGA curves started with a sudden weight loss at room temperature up to about 150℃ and 
continuously decline afterwards until the end of the temperature measurement. This is seen for 
all curves in Figure 3 to Figure 5. The final mass which was attained at 1000°C indicated that the 
mass reduction in N2 is larger than that in O2 atmosphere. This indicates that the bulk reduction 
involved more species in the bulk rather than the surface. Dependent on the quality of the C 
sources, the weight loss could be continued beyond 900°C [32,35,36]. As the weight loss trend is 
identical with other C sources, this could be concluded that, the weight loss shown by the TGA 
results are an effect of the reaction of the C matrix (GO). This conclusion is applied for both 
annealed samples in N2 and O2 atmospheric condition. 
 
It is reported that the reaction of TiO2 and GO in O2 at the temperature range of between 400 – 
500°C contributes to Ti-O-C bond [14,34,37–39] in the core region. While the reaction in N2 
condition will produce Ti-C bond as a core.  Both of  these core regions are surrounded by C-H, 
C=O (hydroxyl carbon) O=C-O (carboxyl carbon) [14,37–40] that associated to carbonate-like 
species. The metal-oxygen and carbon-oxygen bond is the active region which is could be found 
in other carbon enhanced photocatalytic materials [41]. It is also reported that other species that 
existed are C-C (graphitic phase) and Ti-O-Ti bonds. Thus, the continued weight loss in our TGA 
results (Figure 3 - Figure 5) can be concluded as an effect of carbon bond at the outer region of 
TiO2. The trend of the weight loss agreed with most of the literatures [14,37–40]. This carbon 
bond is reported to be able to form a carbonate [20,30,38,42,43] solution especially at the 
temperature of about 500 - 600°C. 
 
The correlation of thermal reaction and the crystal is shown in Figure 6. The curves were taking 
the isothermal measurement at 500°C of TGA data as the weight loss during heating and lattice 
volume calculated from XRD. The weight loss of TiO2-GO annealed in O2 is lesser than that 
annealed in N2 for same concentration additional GO into TiO2. Thus, the lattice volume of samples 
in O2 becomes smaller than that annealed in N2. The correlation of both conditions of these 
isothermal properties to the GO content seems hard to conclude. The difficulty had been 
highlighted by Valentin et al. [19] in their simulation works that of TiO2 with the different reaction 
of C at the low (0.47%) and high (1.41%) doping. The high doping C is more complicated where 
the C from GO exhibits unexpected stabilization caused by multidoping effects, interpreted as 
inter-species redox processes [19]. This could introduce an unpredictable change in the crystal 
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lattice. However, the crystal size measurement by Zerjav et al. [17] shows insignificant changes 
with the increment in GO content. This inconsistency may have resulted from difference oxygen 
partial pressure, p(O2) which is the crucial effect in TiO2 lattice [44,45]. 
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Figure 6. Correlation between unit cell volume and weight loss during thermal reaction of TiO2 – GO at 
temperature T = 500°C. 

 
 
4. CONCLUSION 
 
GO with concentration of 0 – 1.0wt% were successfully added to TiO2 samples prepared by sol-
gel method and annealed at 500°C. All of the annealed samples were confirmed in TiO2 anatase 
phase. The largest crystallite was recorded by sample 0.2wt% GO with the size of 136.35 Å. The 
TGA curves show a sudden weight loss at room temperature up to about 150℃ and continuously 
decline until the end of the temperature measurement that associated with H2O, C-H and C-O 
species. Based on the TGA results and other reported literatures, it is predicted that Ti-O-C and 
Ti-C bonds were formed for sample annealed at O2 and N2 respectively. The weight loss of TiO2-
GO annealed in O2 is lesser than that annealed in N2 for same concentration additional GO into 
TiO2. The unit cell volume of TiO2-GO annealed in N2 decreased with the oxygen occupancy. In 
contrary, the TiO2-GO annealed in O2 has an increase in O2 occupancies in the lattice that was 
nearly proportional to its unit cell volume. 
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