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a b s t r a c t
Titanium dioxide/reduced graphene oxide composite nanofibers were fabricated by electrospin-
ning technique. The nanofibers have been prepared by optimizing the ratio of reduced graphene 
oxide (rGO) to titanium dioxide (TiO2). The morphological, structural and optical properties have 
been studied by scanning electron microscopy, X-ray diffraction, Raman spectroscopy, and UV−Vis 
spectrophotometry. The surface area has been measured using Brunauer–Emmett–Teller method. 
The photocatalytic efficiency has been detected by the degradation of tartrazine dye under visible 
light. The results present that the degradation efficiency reaches 92% for the nanocomposite under 
visible light. However, the degradation efficiency was 10% for TiO2 only. Moreover, the prepared 
nanofibers have acceptable stability for several times use. The high efficiency of prepared nano-
fibers is due to the presence of rGO which improves the photocatalytic activity of nanofibers to 
degradation of harmful pollutant in water.
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1. Introduction

Water is the main constituent of life on the earth. It 
is vital for all forms of life. At the same time, hazards 
resulting from water are considered to be very high for all 
living organisms due to the pollution that we cause [1,2]. 
Because of their toxic nature, organic dyes are part of the 
major contaminants of industrial wastewater [3–5]. One of  
these dyes is tartrazine, which is a synthetic lemon- 
yellow azo dye used to colour foods, pharmaceutical prod-
ucts, and cosmetics. It seems to cause many diseases and 
is responsible for some allergic and intolerance reactions 

[6,7]. Because of its high solubility in water, it is not easy 
to remove tartrazine from water. Several methods have 
been proposed for the removal of synthetic dyes like tar-
trazine from water, including biological treatment, phys-
ical adsorption, chemical and electrochemical oxidation, 
chemical coagulation and precipitation [8–15]. Nowadays, 
photocatalytic oxidation is considered to be one of the 
most attractive methods because of its efficiency, simple 
process equipment, easy to control operating conditions, 
availability of catalytic materials, and no secondary pollu-
tion [16–20]. Titanium dioxide is mainly used as a photo-
catalyst in the degradation of organic pollutants because 
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of its high photocatalytic performance, long-term stabil-
ity, availability, nontoxicity, and low cost, but at the same 
time, titanium dioxide has its disadvantages. First of these 
is the high recombination rate of photogenerated elec-
trons and holes. The second disadvantage is its relatively 
wide-band gap (~3.2 eV) [21–23]. To overcome these chal-
lenges, a lot of research is focused on improving the pho-
tocatalytic properties of titanium dioxide (TiO2). Scientists 
used different ways to emphasize this improvement, such 
as surface modification, dye sensitization and doping of 
TiO2. The doping method includes metal doping such as 
Fe, Zn, Ag and Gd and non-metal doping such as nitrogen 
and carbon [24–31]. Carbon materials such as graphene 
oxide (GO) and reduced graphene oxide (rGO) are used 
for producing TiO2-based photocatalysts, because they 
have large surface area, chemical stability, compatibil-
ity with various substrates, and easy processability [32]. 
At present, there are many research studies on coupling 
TiO2 with one or more composites in order to improve the 
photocatalytic process [33–35]. For example, Vaiano et al. 
[36] prepared TiO2-graphite composites (TiO2-G) using 
different amounts of graphite powder (G). The UV–vis 
DRs showed an absorption in the visible light region for 
TiO2-G composites, whereas the band-gap energy value 
did not change. The photocatalytic performance of TiO2 
and TiO2-G photocatalysts has been evaluated in the degra-
dation of paracetamol under UV light. The results showed 
a complete degradation of paracetamol after 120 min and 
about 88% removal of TOC after 180 min using TiO2-G 
photocatalysts, evidencing an improvement in photocat-
alytic performance due to the presence of graphite in the 
composites if compared with bare TiO2. Mugunthan et al. 
[37] synthesized a TiO2–SnO2 mixed-oxide catalyst with a 
different ratio of Ti to Sn and evaluated its photocatalytic 
performance in the degradation of diclofenac from waste-
water under UV irradiation. The results showed that the 
catalytic activity of TiO2 was enhanced by the addition of 
a small quantity of Sn. Also, it was noticed that the energy 
band gap of the prepared photocatalysts was increased by 
increasing Sn content. The most effective photocatalyst 
was the one with a molar ratio of 20:1. The result showed 
a complete mineralization of diclofenac with a maximum 
total organic carbon removal of 90% with repeatability and 
stability over the repeated reaction cycles. In this work we 
used electrospinning to synthesize one-dimensional (1-D) 
TiO2 nanofibers decorated by two-dimensional (2-D) rGO 
to take advantage of both. The advantages of (1-D) TiO2 
nanofibers are the following: (1) they offer eased transport 
and collection of electrons because of the reduced num-
ber of trapping positions; (2) they assist enhanced light 
scattering toward the red part of the spectrum. But at the 
same time, they suffer from reduced internal surface area, 
which affects their performance, especially when used for 
degradation of organic pollutants [38]. We enhanced the 
surface area of (1-D) TiO2 by interacting with the (2-D) 
structure of rGO. Also, this method will help us to reduce 
the band gap of TiO2 to be active under visible light and 
increasing of stability between electron−hole pairs leads 
to improving the photocatalytic activities. The aim of 
this work is to prepare TiO2/rGO nanocomposite in dif-
ferent ratios and study the structural, morphological, 

optical properties and their effects on degradation of 
tartrazine pollutant in water under visible light.

2. Experimental

2.1. Chemicals and materials

Graphite powder 99.5 wt.%, titanium(IV) isopropoxide 
97%, polyvinylpyrrolidone (PVP; Mw = 1,300,000 g moL–1), 
acetic acid (98%), absolute ethanol (99%), sodium nitrate 
99 wt.%, potassium permanganate 98 wt.%, sulfuric acid 98% 
w/v, hydrogen peroxide 30% w/v, and tartrazine were pur-
chased from Sigma-Aldrich. All purchased compounds are 
used as received, with no further purification.

2.2. Synthesis of graphene oxide

Graphene oxide was synthesized using Hummer method 
with graphite powder as starting material. The 1 g of graph-
ite, 0.5 g of sodium nitrate and 23 mL of H2SO4 were mixed 
in a beaker for 10 min. Then, 3 g of KMnO4 was gradually 
added to the mixture with stirring for 24 h. Then, 50 mL of 
distilled water was added, and the mixture was heated to 
98°C for 30 min with stirring. Then 150 mL of distilled water 
and 60 mL of H2O2 were added to the mixture. Finally, the 
precipitate was washed several times by distilled water and 
dried at 60°C for 12 h [18,39–41].

2.3. Preparation of TiO2/rGO nanofibers

rGO incorporated TiO2 nanofibers with different ratio 
between rGO and TiO2 were fabricated using the electrospin-
ning technique. The spun solution has 3 mL of ethanol, 2 mL 
of acetic acid, 0.3 g of PVP and 1.5 mL of TTIP. The mixture 
was stirred for 1 h with different weight ratios of GO to TiO2 
to get TG0, TG1, TG2, TG3 and TG4 nanofibers, respectively. 
The spun solution was added in syringe with 10-gauge noz-
zle. The rate flow of solution was 5 mL h–1 under high volt-
age power (1.3 kV cm–1) between the rotating collector and 
nozzle. The prepared nanofibers were calcined at 400°C for 
3 h [42,43].

2.4. Characterization

The structure of prepared photocatalysts was con-
firmed using X-ray diffraction (XRD) (Shimadzu XD-1) uti-
lizing Cu-Ka radiation (λ = 0.15406 nm). Raman test was 
carried out on the dispersive Raman microscope (Senterra, 
Bruker) instrument at a laser wavelength of 532 nm [dou-
bled Nd:YAG laser (neodymium-doped yttrium aluminum 
garnet)] and power of 10 mW. The functional groups of pre-
pared composite nanofibers were recognized using Fourier-
transform infrared (FTIR) spectrometer (Perkin Elmer) with 
standard KBr pellets. The morphology of prepared compos-
ite nanofibers was recorded by a scanning electron micros-
copy (SEM, Quanta-250 FEG, FEI, The Netherlands). The 
UV–Vis–DR spectra were implemented through Jasco V-570 
joined with a diffuse reflectance (DR) (Shimadzu IRS-2200). 
Specific surface area was measured from the N2 adsorp-
tion–desorption isotherms at liquid nitrogen temperature 
(−196°C) using (Quantachrome Nova 3200 S) automates gas 
sorption apparatus. Prior to such measurements all samples 
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were perfectly degassed at 300°C for 6 h and under vacuum 
pressure 1.3 × 10−3 Pa.

2.5. Photocatalytic activity measurement

To evaluate the photocatalytic activity of the TiO2/rGO 
composite NFs, we used tartrazine as a model of organic 
pollutant. The performance of photocatalyst was evaluated 
by analysing the decrease in concentration of the tartrazine 
during exposure to visible light radiation. The reaction tem-
perature was preserved constant at 25°C ± 0.2°C during the 
entire experiment by circulating water around the photore-
actor. The decomposition process was proceeded in sundry 
beakers containing a suspension of 40 mg of photocatalyst 
in 100 mL of tartrazine solution (50 mg L–1). At a distance 
of 10 cm, the mixture was irradiated by a 500 W linear 
halogen lamp (the wavelength distribution was in visible 
region) under continuous stirring. The emission spectrum 
of the halogen lamp is in the range 420−600 nm [44]. At the 
beginning, the solution mixture was stirred magnetically for 
30 min in the absence of light to achieve the adsorption−
desorption equilibrium of tartrazine [5]. Then, the solution 
was exposed to visible light for 3 h. After 30, 60, 120 and 
180 min, 4 mL of the solution mixture was taken out and 
centrifuged to expel the catalyst. Then, the supernatant 
was analysed by a UV/vis spectrometer. The absorbance 
spectra of tartrazine were recorded to measure the change 
in the concentration. The absorption band of tartrazine is 
around 430 nm [45]. The photocatalytic degradation effi-
ciency has been calculated by Eq. (1):

Degradation efficiency% �
�� �

�
C C

C
0

0

100  (1)

where C0 and C are the initial concentration and the final 
concentration of tartrazine before and after photoirradiation, 
respectively [46].

3. Results and discussion

3.1. Structural and chemical characterization

The TiO2/rGO NFs with different amounts of graphene 
oxide (TGX) where is X = 0, 1, 2, 3 and 4, were prepared by 
electrospinning of polymeric solution containing titanium 
precursor and graphene oxide sheets. The X-ray diffrac-
tion patterns of all prepared samples TG0, TG1, TG2, TG3 
and TG4 nanofibers are presented in Fig. 1. The samples 
show diffraction peaks at 2θ (degree) equal to 25.5°, 38.1°, 
48.1°, 54.1°, 55.3° and 62.9°, which correspond to the (101), 
(004), (200), (105), (211) and (204) miller index, respectively. 
All the peaks were matched with the database in JCPDS, 
No 01-084-1285 for anatase-TiO2 [47]. It can be noticed that 
all the diffraction peaks for all composites (TG0, TG1, TG2, 
TG3 and TG4) perfectly matched together and with the stan-
dard TiO2. This means that no traces of impurity phases 
were detected and no structural alteration after the reduc-
tion of graphene oxide [48]. We calculated the average crys-
tallites size of powders using Debye Scherrer’s equation [49]. 
The results are 10.1, 11.5, 14.2, 14.5 and13.9 nm for TG0, TG1, 
TG2, TG3 and TG4, respectively. The results revealed that 

the average size of TiO2/rGO nanofibers crystallite increases 
slightly by increasing the rGO ratio compared to the pure 
TiO2 nanofibers except for sample TG4. The decrease in crys-
tallite size for sample TG4 may be attributed to the agglom-
eration of rGO sheets [50].

To confirm the quality of crystallite and the formation 
of TiO2/rGO nanofibers, the Raman analysis was done, and 
the spectra were recorded in the range of 50−2000 cm−1. 
Fig. 2 shows the Raman spectra of TG0, TG1, TG2, TG3 
and TG4. We observed the characteristic peaks for all 
samples corresponding to the active mode of the anatase 
TiO2 at 147.41 cm−1 (Eg), 198.17 cm−1 (Eg), 389.58 cm–1 (B1g), 
502.31 cm–1 (A1g + B1g) and 626.37 cm–1 (Eg) [38,51]. Also, the 
spectra of the composite TiO2/rGO with different ratios 
showed the characteristic D and G band for GO at 1,337 
and 1,578 cm−1 respectively. The D and G bands emphasize 
that the GO was introduced successfully into the nanofibers 
during electrospinning. The G band (1,578 cm−1) is associ-
ated with in-plane stretching of the C−C bond, while the 
D band (1,337 cm−1) is associated with basal plane defects 
in the structure [52]. The Id/Ig ratio has been used to eval-
uate the reduction of GO. The Id/Ig ratio for all samples, 
was 1.29, 1.29, 1.31 and 1.30 for TG1, TG2, TG3 and TG4, 
respectively. Since the Raman Id/Ig ratio is inversely pro-
portional to the average size of the sp2 domains, the rela-
tively high intensity of the Id/Ig ratio indicates the presence 
of sp3 defects within sp2 during the reduction of GO and 
the high exfoliation of rGO layers. This emphasize that, a 
chemical bonding between TiO2 and rGO was created by 
replacing of oxygen in GO by TiO2 during reduction [18].

Formation of TiO2/rGO nanofibers was confirmed by 
FTIR. In Fig. 3, the absorption band located at 450–900 cm−1 
can be assigned to Ti–O bonding in TiO2 nanofibers. It 
matched with previous results [42]. The band at 1,659 cm−1 is 
related to water –OH bending. The broad band at 3,455 cm−1 
is due to the adsorbed water content in the surface of rGO and 
TiO2. The bands at 1,728 cm−1 for C=O and at 1,386 cm−1 for 
C−OH indicate that TiO2 binds to rGO at these sites [53–57].

 
Fig. 1. XRD spectra of the samples TG0, TG1, TG2, TG3 and TG4 
nanofibers.
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The morphology of TiO2/rGO nanofibers has been 
studied using SEM. Fig. 4 presents the SEM images of the 
obtained TiO2/rGO nanofibers after calcination. The for-
mation of quite interconnected grid of nanofibers can be 
seen. In addition, wrinkles appear on the surface of the 
nanofibers indicating the presence of rGO sheets which 
increase by increasing rGO contents. The incorporation of 
rGO did not affect the nanofibrous morphology of TiO2. 
By using the ImageJ, Java-based image processing software 
we measured average diameter of each sample. The results 
were (1.31 ± 0.21 µm), (1.82 ± 0.28 µm), (1.95 ± 0.31 µm), 
(2.23 ± 0.29 µm) and (2.25 ± 0.32 µm) for samples TG1, 
TG2, TG3 and TG4, respectively. It is obvious that the aver-
age diameter of the nanofibers increases with increasing 
rGO content. It may be attributed to the augmentation of 

the solution viscosity containing rGO in the electrospin-
ning solution [5]. This increment manifests the successful 
incorporation of the reduced graphene oxide in the TiO2 
nanofibers.

As we discussed before, one of the challenges we are 
facing with TiO2 is the reduced internal surface area. From 
Table 1 we can clearly notice increasing in surface area 
with increasing rGO content. The specific surface area var-
ies between 15 and 72 m2g–1. It is well known that TiO2 with 
large surface area has excellent photocatalytic activity as a 
result of providing more active adsorption sites and speed 
transport channels for large organic molecules [54].

The evaluation of the optical properties of titanium diox-
ide decorated by rGO was done by UV-Diffuse Reflectance 
Spectroscopy (UV–DRs). As presented in Fig. 5 the inten-
sity of reflectance is decreasing gradually with increasing 
rGO from TG0 up to TG4. TG3 is the lowest intensity of 
reflectance that means it has the highest absorption of light 
in visible range. Upon increasing rGO content, consider-
able shifting of the reflectance edge toward a longer wave-
length was observed. This red shift is due to the formation 
of Ti–O–C bond. The band gap of samples (Eg) was calcu-
lated and presented in Table 1. The decreasing in band gap 
from 3.1 to 2.9 eV with increasing rGO content confirms 
the improvement of optical properties of TiO2 by rGO [58].

3.2. Photocatalytic performance

We used tartrazine as a paradigm for organic pollutants 
and evaluate photocatalytic activities of TiO2/rGO nano-
fibers. The degradation of tartrazine by using TiO2/rGO 
nanofibers with different amount of rGO under visible light 
(wavelength >400 nm) is shown in Fig. S1. It presents the 
UV−Vis absorbance spectra of tartrazine solution (major 
absorption band around 430 nm) at different time points 
0, 30, 60, 120, and 180 min after storage in dark for 60 min 
and excluding the interference of adsorption. From Fig. 6a, 
it is clear that tartrazine under visible light in the absence of 
the photocatalyst is stable and hard to be photodegraded. 
After exposure to visible light for 180 min, tartrazine was 
degraded up to 92% in the presence of TiO2/rGO nanofi-
bers. Moreover, by increasing rGO contents, remarkably 
enhanced photocatalytic activities are shown, and tartrazine 
degradation increased from 10% for TG0 up to 92% for TG3. 
By further increasing rGO content in TG4, the photocatalytic 
activity decreased, and the tartrazine degradation was 78%. 
Whereas the photocatalytic activity is mainly controlled 
by light absorption capacity, crystalline phase, and separa-
tion efficiency of electron–hole pairs, the variation between 
the sample’s efficiencies may be interpreted as follow: for 
the composites TG1, TG2 and TG3, with the rGO incor-
poration, the band gap energy decreases and the absorp-
tion edges are red shifted. In addition, the photoelectrons 
transferred quickly to the rGO layers, the probability of elec-
tron-hole recombination in TiO2 is reduced. Moreover, more 
electrons will be available to participate in the photodegra-
dation process, compared to the pure TiO2 NFs. However, 
the use of an extra amount of rGO in TG4 reduces the light 
absorption on the TiO2 surface, decreases the photoexcited 
electrons and increases the opportunity for the recom-
bination of the photogenerated electron−hole pairs [5].

 
Fig. 2. Raman spectra of TG0, TG1, TG2, TG3 and TG4 nanofibers

 
Fig. 3. FTIR for TG0, TG1, TG2, TG3 and TG4.
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Fig. 6b represents the degradation kinetic linear curves 
of tartrazine photodegradation by TiO2/rGO nanofibers 
which were evaluated using a Langmuir–Hinshelwood 
first-order kinetics model [44,59]. The equation of the model 
can be expressed as

R dC
dT

kKC
KC

� �
�� �1

 (2)

where R is the tartrazine degradation rate (mg L–1 min–1), C is 
the concentration of tartrazine (mg L–1), T is the irradiation 
time, k is the reaction rate constant (mg L–1 min–1), and K is 
the adsorption coefficient (mg L–1). The photodegradation 
reaction of tartrazine follows a pseudo-first-order kinetic [60]:

ln
C
C

kKT k ta
0�

�
�

�

�
� � �  (3)

 
Fig. 4. SEM images for (a) TG0, (b) TG1, (c) TG2, (d) TG3 and (e) TG4.
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where ka is the apparent first-order rate constant (min−1) and 
C is the concentration at time t. ka was calculated from the 
degradation kinetic linear curves (Fig. 6b) and recorded in 
Table 1. The results reveal that the rate constants are increas-
ing in the following order: TG3 > TG2 > TG4 > TG1 > TG0. 
The rate constant shows a maximum of 0.0115 min−1 for 
TG3. It is obvious that the TiO2/rGO nanofibers which pro-
duced by electrospinning have a higher photocatalytic 
activity under visible light, as proved by comparing with 
previous studies for degradation of tartrazine (Table 2).

For durability test, the nanofibers were recovered sim-
ply by filtering with filter paper, washed with deionized 
water and dried at 60°C. The reusability of the TG3 photo-
catalyst shown in Fig. 6c reveals that TG3 nanofibers have 
high stability after 5 cycles, and it recorded 88% degradation 
efficiency for tartrazine.

3.3. Photocatalytic mechanism

As we discussed before, TiO2 nanofibers have a high 
band gap (3.2 eV) and a high recombination rate between 
electrons and holes. We enhanced it with rGO to decrease the 
band gap and increase the surface area, which will improve 
the photocatalytic activity. As shown in Fig. 7, when TG3 
is exposed to visible light, it generates excited electrons 
and holes. The negatively charged electron migrates from 

the valance band to the conduction band, leaving behind 
positive charged holes. The photogenerated electrons react 
with the adsorbed water and oxygen to form hydroxyl 
(OH–) and super oxide radicals (•O2

–). By positive holes, the 
adsorbed hydroxyl ions and water molecules are oxidized 
to give hydroxyl radicals (•OH), which, in turn, degrade 
tartrazine to CO2, H2O and other harmless products [70,71].

4. Conclusion

In conclusion, the study aimed to enhance the pho-
tocatalytic activity of (1-D) TiO2 by interacting with the 
(2-D) structure of rGO. TiO2/rGO nanofibers which were 
successfully prepared with different ratios between rGO 
and TiO2 using the electrospinning technique. All sam-
ples were calcined at 400°C for 3 h. SEM images demon-
strated that the average diameter of the nanofibers 
increased with increasing rGO content and confirmed 

Table 1
Brunauer–Emmett–Teller surface area, band gap, and kinetic 
parameters for TZ, TG0, TG1, TG2, TG3 and TG4

Sample Surface area 
(±2 m2g–1)

Band gap 
(eV)

ka (min−1) R2

TZ – – 0.0001 0.91
TG0 15 3.18 0.0005 0.99
TG1 24 2.98 0.0021 0.99
TG2 40 2.91 0.0062 0.99
TG3 69 2.82 0.0115 0.99
TG4 72 2.95 0.0049 0.98

Table 2
Photocatalytic degradation of tartrazine dye in the presence of different photocatalyst materials

Photocatalyst Radiation  
source

Catalyst loading  
(g L–1)

Degradation  
(%)

Time  
(min)

References

mpg-C3N4/Cu UV 0.5 81.9 240 [61]
N-TiO2/phosphors Visible 3.0 85.0 90 [62]
Ni-CeO2 NP UV 1.0 65.4 360 [63]
Ni-CeO2 NP Visible 1.0 63.7 360 [63]
Straw sheaf – CuO Visible 0.2 90.0 240 [64]
LaFeO3/ZnO UV 3.0 84.0 180 [65]
TiO2 UV 0.5 78.0 360 [66]
CdS NP/PVP Visible 0.2 85.0 540 [67]
Ag/TiO2 UV 0.8 89.0 120 [68]
TiO2op UV 0.5 83.0 240 [69]
TiO2/rGO NF Visible 0.4 92.0 180 This work

 
Fig. 5. UV–Vis diffuse reflectance spectra of the samples TG0, 
TG1, TG2, TG3 and TG4.
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successful incorporation of the reduced graphene oxide 
into the TiO2 nanofibers. FTIR and Raman confirmed the 
reduction of GO after calcination. XRD showed that the 

successful introduction of rGO did not alter the structure 
of TiO2. The specific surface area measurement showed 
a remarkable increase with increasing rGO content. UV–
DRs clarified that the band gap energy of TiO2/rGO NFs 
decreased from 3.19 to 2.95 eV because of the presence of 
rGO sheets. The combination of TiO2 and rGO obviously 
increases the visible light photoresponse of TiO2. TG3 
shows the best photocatalytic activity for tartrazine degra-
dation with 92% efficiency. By increasing the rGO content 
more in TG4, the efficiency of photocatalytic degradation 
decreased up to 78%, which is attributed to increasing 
the amount of rGO which reduces the light absorption 
on the TiO2 surface and the photocatalytic efficiency of 
TiO2/rGO nanofibers as well. Finally, we achieved our 
goal of preparing TiO2/rGO nanofibers that could be used 
as photocatalysts in the degradation of several organic 
molecules under visible light, and we tested them on 
tartrazine dye with a 92% degradation efficiency. This 
study brings some insights into the potential of TiO2/rGO 
Materials as promising and long-lasting catalysts for toxic 
organic dye reduction in wastewater and environment  
recovery.
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Supplementary information

Fig. S1. (a) Tartrazine without catalyst, (b) TG0, (c) TG1, (d) TG2, (e) TG3 and (f) TG4.
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