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a b s t r a c t
The design of titanium dioxide nanoparticles (TiO2 NPs) is crucial. Therefore, the visible light-acti-
vated TiO2 NPs were proposed using a sol–gel green method with reduced optical bandgap energy 
from 3.20 eV of pure anatase TiO2 into 3.00 eV. The obtained electrochemical bandgap (2.81 eV) 
which was analyzed by cyclic voltammetry revealed an insignificant difference compared to the 
optical bandgap. X-ray diffraction analysis verified TiO2 NPs composed of an anatase-brookite 
phase with a crystallite size of 8 nm. The particle size of TiO2 NPs was confirmed by high-resolution 
transmission electron microscopy analysis (11.63 ± 1.47 nm). Due to the high photocatalytic perfor-
mance of the mixed-phase TiO2 NPs, the optimum concentration (6 ppm) of neutral red (NR) dye 
was completely degraded within 30 min under visible light. Photoluminescence analysis revealed 
the improved electron–hole separation of the synthesized TiO2 NPs. •O2

– acted as the predominant 
role of reactive oxygen species in the removal of NR dye. The degradation kinetics of NR obeyed the 
first-order kinetic and the adsorption data were fitted with the Langmuir isotherm model. TiO2 NPs 
maintained over 90% of its initial photocatalytic efficiency after five cycles. Thus, this study suggests 
that the TiO2 NPs have good potential as an effective photocatalyst in wastewater treatment.
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1. Introduction

Rapid industrial development and urbanization have 
resulted in a massive generation of industrial and domes-
tic wastewater which led to serious contamination in many 
countries worldwide. According to the World Bank, tex-
tile dyeing is estimated to be responsible for 17%–20% of 
industrial water pollution. Generally, most dyes are toxic 
and potentially carcinogenic and their removal from the 

industrial effluents is a major environmental problem [1]. 
Considering the problem, it is critical to develop well-or-
ganized strategies for effective wastewater decontamina-
tion. Different methods such as photocatalysis, absorp-
tion, ion exchange, and filtration have been suggested to 
eliminate pollutants from wastewater [2–5]. Among these 
methods, photocatalysis that utilizes semiconductors has 
emerged as a promising and advanced environmental 
nanotechnology [6].
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In 1929, there was a significant breakthrough in pho-
tocatalysis due to discovery titanium dioxide (TiO2) as a 
photocatalyst [7]. Titanium dioxide is an n-type semicon-
ductor metal oxide that possesses excellent chemical sta-
bility, easy operation with low cost and intriguing elec-
trochemical properties and; has excellent magnetic and 
catalytic properties [8,9]. Photocatalytic reactions of TiO2 
for degrading organic pollutants are based on light energy 
absorption and photo-generated electron transfer in the 
bandgap of TiO2 [10]. However, anatase TiO2 has a wide 
bandgap of ~ 3.2 eV with a wavelength that is under ultra-
violet radiation (~400 nm) [11]. Anatase TiO2 usually uti-
lizes ultraviolet light (UV), which accounts for only 5% of 
sunlight. It has restricted the practical application of this 
oxide as it could not operate another 45% of visible light in 
solar radiation [11]. Moreover, the quick recombination of 
electron–hole pairs is also a significant limitation in pho-
tocatalysis [12]. Electron–hole recombination occurring at 
faster rates is not favorable in a photocatalytic reaction as 
it gives insufficient time for critical chemical reactions to 
occur [13]. The electrons and holes that successfully travel 
to the semiconductor’s surface without recombining can be 
involved in the reduction and oxidation reactions, which 
are the foundations for organic pollutant photodegradation 
in wastewater decontamination [14]. Thus, to mitigate the 
drawbacks, creating visible light-active TiO2 photocata-
lysts that can employ both UV and visible radiation in the 
solar spectrum as well as a slower recombination rate, is 
of major interest.

Many attempts have been employed to synthesize use-
ful TiO2 photocatalysts. In our previous work, significant 
effort has been made by Muniandy et al. [15]; they have 
successfully synthesized TiO2 nanoparticles (NPs) using the 
green chemistry sol–gel method [15]. Whereas the latest of 
our work has employed a similar approach that developed 
a TiO2/PVA/cork floating photocatalyst to alleviate the dis-
advantages of the suspended TiO2 photocatalysis system 
[16]. The observations revealed that the recombination rate 
of synthesized TiO2 NPs has been slower due to the pres-
ence of Ti3+ ions in the TiO2 NPs. The Ti3+ ions act as electron 
traps which inhibit the recombination of electrons and holes 
[16]. Additionally, both mentioned studies show a smaller 
bandgap of TiO2 NPs (3.0 eV) and have good photodegra-
dation under visible light irradiation. This justification was 
also supported by Yang et al. [17]. They found that the sol–
gel technique that has transformed the Ti4+ to Ti3+ ions can 
facilitate the separation of photogenerated electrons and 
holes. It ensures that the h+ has more chance to participate 

in the oxidization or turn into a more powerful oxidant 
•OH in photocatalysis. Therefore, the sol–gel method has 
been recognized to contribute significantly to the produc-
tion of visible light active TiO2 photocatalysts with a slower 
electron–hole recombination rate. This high-potential TiO2 
photocatalyst is effective for the removal of contaminants in 
water. Thus, the current studies of based-TiO2 photocatalysts 
using this method have been summarized in Table 1.

Recently, many researchers have used neutral red (NR) 
as substitute for dyes pollutants to test photocatalysts’ per-
formance in wastewater treatment. NR is one of the basic 
dyes from the azine series, belonging to the quinone-imine 
dyes class [18]. Johnsen et al. [19] revealed the properties 
of NR such as resistance to nucleophilic degradation, low 
water solubility and high solid–water distribution ratio. 
Several studies have documented the NR’s photocatalytic 
degradation and toxicity reduction using various catalysts 
such as TiO2 nanocatalyst, ZnO photocatalyst, Fe3O4 nano-
spheres and BiOCl photocatalyst [18,20–22]. According 
to Sarwan et al. [22], neutral red molecules interact with 
•O2

–, •HO2 radicals or •OH species to produce intermedi-
ates and subsequently form the degradation product. The 
adsorbed dye molecule traps the hole on the catalyst sur-
face, creating a reactive radical state that may decay due 
to recombination with an electron [23]. Hence, the study of 
the degradation of neutral red is essential in determining 
the prepared photocatalyst’s degradation performances.

In this study, TiO2 nanoparticles were synthesized 
using the green sol–gel technique. The photocatalyst was 
produced using a solvent-free precipitation process with 
soluble starch as a template agent and titanium tetraiso-
propoxide (TTIP) as a precursor under lower temperatures 
(below 200°C). As such, this technique could decrease the 
use of hazardous substances towards humans and the envi-
ronment. Subsequently, this method has been recognized as 
a green technique to produce visible light active TiO2 pho-
tocatalysts with a slower electron–hole recombination rate 
to remove contaminants in water. Furthermore, this sol–gel 
approach has advantages such as operating at low tempera-
tures and regulating synthesized nanoparticles’ morphology 
and particle size is possible [24]. Additionally, the soluble 
starch applied as a templating agent has unique traits includ-
ing large specific surface area, large pore volume, enhanced 
active sites, good adsorption ability, and mechanical sta-
bility [25]. These excellent features contribute to the good 
photocatalytic performance of the synthesized TiO2 NPs. 
Both our previous studies have successfully investigated 
methylene blue as a model pollutant, whereby was known 

Table 1
Studies of based-TiO2 photocatalyst using the sol–gel method

No. Catalyst Bandgap energy of catalyst (eV) Photocatalytic activity References

1 TiO2 3.00 100.00% of methylene blue removal for 30 min [15]
2 TiO2 3.20 80.89% of methylene blue removal for 60 min [26]
3 TiO2/cork 3.00 98.43% of methylene blue removal for 120 min [16]
4 Ag-TiO2 2.67 97.00% of methylene blue removal for 35 min [27]
5 Fe-TiO2 2.86 97.31% of methylene blue removal for 150 min [28]
6 TiO2 3.00 85.00% of methylene blue removal for 240 min [29]
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as a cationic dye. The findings proved that the synthesized 
TiO2 NPs have excellent photocatalytic performance for 
methylene blue removal. To explore the robustness of dif-
ferent types of dyes, the neutral red dye, known as a neutral 
dye, was selected as a model pollutant in this study. Hence, 
the photocatalytic performance of synthesized TiO2 NPs 
was further investigated for a neutral dye in this research.

2. Experimental section

2.1. Materials

Titanium(IV) isopropoxide (TTIP, ≥ 97%) was obtained 
from Sigma-Aldrich, Co., USA. Soluble starch was purchased 
from System Laboratory Chemicals & Reagents, Malaysia. 
Ammonia solution (NH4OH) was purchased from Merck 
KGaA Analyticals, EMD Millipore, Co., Germany. Potassium 
chloride (KCl, >99%) was acquired from Fisher Scientific, 
Malaysia. Methanol (MeOH) and ethanol (C2H5OH); ace-
tonitrile (ACN), silver nitrate (AgNO3), sodium pyruvate 
(C3H3NaO3), ascorbic acid (C6H8O6) were obtained from 
Sigma-Aldrich, Co., USA and NR were purchased from 
QREC, Grade AR, (Asia) Sdn. Bhd., Malaysia. All reagents 
were used as purchased and without further purification.

2.2. Synthesis of TiO2 nanoparticles (TiO2 NPs) by sol–gel method

TiO2 NPs were synthesized based on a previous study by 
Muniandy et al. [15]. First, 5.0 g of soluble starch was dis-
solved in 150 mL boiling distilled water with 0.01 mol of TTIP 
added to the starch solution and mixed homogeneously at 
85°C for 5 min. The mixture was then stirred for 30 min after 
the pH of the solution was maintained at pH 9 by adding 
ammonia solution (NH4OH). Next, the white precipitate for-
mation was centrifuged at 8,500 rpm for 10 min, followed by 
5 washing cycles with distilled water. After that, it was dried 
in an oven at 50°C. Lastly, the white powder obtained was 
calcined at 500°C for 2 h in the furnace to obtain nanoparti-
cles of TiO2.

2.3. Evaluation of photocatalytic activities

The photocatalytic oxidation of NR under sunlight 
irradiation was performed to evaluate the photocatalytic 
activities of the synthesized TiO2 NPs. The study dispersed 
0.1 g of the synthesized TiO2 NPs in 200 mL of NR solution. 
The mixture was stirred in the dark for an hour to reach 
adsorption equilibrium and transferred to an open area 
under bright sunlight (luminosity between 80–100 kLux). 
The samples were collected at a regular time interval of 
10 min for 2 h with a nylon syringe filter (Ø = 25 mm, pore 
diameter 0.22 µm). The samples taken were immediately 
analyzed by LAMBDA 25 UV-Visible spectrophotometer. In 
this study, three initial dye concentrations of NR, namely 
6, 8, and 10 ppm were used to determine the optimized 
conditions for degradation of neutral red under sunlight 
irradiation. The removal efficiency of NR solution can be 
calculated using the following Eq. (1):

R
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�
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0

100%  (1)

where C0 is the initial concentration of NR and Ct is the 
concentration of the NR at respective time intervals.

2.4. Adsorption isotherm studies

Adsorption experiments were carried out under dark 
conditions for an hour by mixing 0.1 g of photocatalyst sam-
ple with 200 mL of NR solution. The initial concentration of 
NR solutes, C0, used in this study was 6, 8, and 10 ppm. The 
sample was taken every 10 min until the solution reached 
equilibrium. The equilibrium of the solution was deter-
mined using a LAMBDA 25 UV-Visible spectrophotometer 
(wavelength λ = 530 nm). Subsequently, the concentration 
at equilibrium, Ce was recorded. The amounts of neutral 
red adsorbed that should be adsorbed were calculated from 
the concentrations in solutions before and after adsorption.

2.5. Mineralization studies

The degree of mineralization for neutral red treated 
with a synthesized sample was determined using a total 
organic carbon (TOC) analyzer (Shimadzu, TOC-L, Japan). 
The aliquots of the sample taken from treating the neutral 
red (NR) under sunlight were filtered and injected into 
the system using a 0.45 µm nylon membrane filter. All car-
bon forms in the sample were transformed to CO2, which 
was then measured directly or indirectly and converted to 
total organic carbon or total carbon content based on the 
presence of inorganic carbonates.

2.6. Scavenging study

The scavenging test was carried out to investigate the 
reactive radical species that played a prominent role in the 
photocatalytic degradation of NR. The reaction was car-
ried out in a protocol similar to the photocatalytic exper-
iment (Section 2.3 – Evaluation of photocatalytic activi-
ties) but with the presence of different radical scavengers 
such as methanol (10% v/v of MeOH), silver nitrate (0.2 M 
of AgNO3), acetonitrile (100% v/v of ACN), sodium pyru-
vate (0.2 M of C3H3NaO3) and ascorbic acid (0.2 M of 
C6H8O6). Methanol, silver nitrate, acetonitrile, sodium 
pyruvate, and ascorbic acid were used as scavengers for 
the photogenerated holes (h+), superoxide radicals (•O2

–), 
hydroxyl radicals (•OH), hydrogen peroxide (H2O2) and 
singlet oxygen (1O2), respectively [16,29–32].

2.7. Reusability study of TiO2 NPs

The reusability of TiO2 nanoparticles was tested in 
a total of five cycles in duplicates. The sample taken from 
each photocatalytic reaction under sunlight was washed for 
15 min in boiling distilled water. The sample was then dried 
overnight in the oven at 100°C. The photocatalyst could be 
treated under the same conditions to be recycled for the next 
photocatalytic reaction.

2.8. Characterizations

Crystallite size and crystalline phase of the synthesized 
photocatalyst were analyzed by powder X-ray diffractometer 
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(XRDynamic 500; Anton Paar, Austria) equipped with a 
Primux 3000 sealed-tube X-ray source with copper anode 
and a goniometer radius of 400 mm using Cu Kα (1.541 Å) 
radiation in the range 2θ = 15°–105°. Data analysis was 
performed using the X-ray diffraction (XRD) analysis PRO 
(Anton Paar, Austria) software package. The XRD analysis 
was carried out in the XRD laboratory of Anton Paar GmbH, 
Austria. The morphology and the size of TiO2 NPs were 
characterized by the high-resolution transmission electron 
microscopy (HRTEM) technique using a high-resolution 
transmission electron microscope (FEI Tecnai G2 20 S-TWIN, 
Spain). The suspension was obtained when TiO2 NPs 
(10 mg) were dispersed in 10 mL of ethanol, followed by 
sonication. Then, a few drops of the suspension were dried 
on the 200-mesh carbon-coated copper grids for HRTEM 
analysis. The size and shape of the particles were analyzed 
at an acceleration voltage of 300 kV and imaged at low 
and high magnification. All the obtained HRTEM images 
were analyzed by using the open software ImageJ (ImageJ 
1.51j8, USA). Fourier-transform infrared (FTIR) spectra of 
the prepared powders were measured by the KBr pellet 
method in the range of 400–4,000 cm–1 using a PerkinElmer 
System 2000 spectrophotometer (USA). Ultraviolet-visible 
(UV-Vis) diffuse reflectance spectra (DRS) were employed 
to measure the bandgap changes and shifting of wave-
length in the synthesized material. The measured spectra 
were recorded on PerkinElmer Lambda 35 Spectrometer 
(USA) equipped with the diffuse reflectance standard and 
Labsphere RSAPE-20 integration sphere. The electrochemi-
cal (EC) bandgap of TiO2 NPs was analyzed using the mod-
ified glassy carbon (GC) electrode surfaces which were left 
for 30 min to make them dry to obtain TiO2 modified GC 
electrodes. The modified electrodes were then measured in 
a 0.1 M KCl solution to monitor the coated TiO2 as an elec-
trocatalyst for hydrogen evolution reaction (HER) and oxy-
gen evolution reaction (OER), respectively, using a cyclic 
voltammetric technique at a scan rate of 100 mV/s. During 
the measurement, nitrogen (N2) gas was kept purging in 
an electrochemical cell to remove the dissolved oxygen in 
the KCl solution entirely. Further analysis was conducted 
using PerkinElmer LS 55 Luminescence Spectrometer 
(USA) with a laser excitation wavelength of 325 nm and an 
acquisition time of 10 s to study the transfer and recombi-
nation process of charge carriers.

3. Results and discussion

3.1. XRD and HRTEM analyses

In order to identify the crystalline structure and phases 
of the TiO2 NPs, an XRD analysis was conducted in this 
study. On the other hand, HRTEM analysis determines the 
size, shape, and size distribution of TiO2 NPs. Fig. 1 depicts 
the XRD pattern of the synthesized TiO2 NPs sample. Broad 
Bragg peaks confirm the presence of nanocrystalline mate-
rial. The peaks could be ascribed to the tetragonal anatase 
phase (PDF 04-006-1918) and the orthorhombic brook-
ite phase (PDF 00-015-0875). The anatase-brookite ratio 
was measured by the Rietveld refinement method, result-
ing in a composition of 84% (anatase) and 16% (brookite). 

The obtained diffraction peaks were found at 2θ values 

25.33°, 37.92°, 48.03°, 54.58°, 62.74°, 69.22°, 70.09°, 75.28°, 
and 82.79°, respectively, corresponding to the diffraction 
planes (101), (004), (200), (105), (211), (204), (116), (215), 
and (303) of anatase TiO2 [15,33,34]. Moreover, it should 
be noted that the overlapping of the main anatase reflec-
tion (101) with the brookite reflections of (120) and (111) 
was hardly noticeable in the XRD pattern, due to the broad 
peaks [35]. As such, the presence of the brookite phase 
was determined at 2θ = 29.61°, which was assigned to the 
brookite (121) crystal plane. In previous studies on the syn-
thesized anatase-brookite phase photocatalysts via the sim-
ple hydrolysis of titanium isopropoxide, the formation of 
brookite when calcined at temperatures below 500°C has 
been reported [36]. This fact was consistent with this study, 
whereby the anatase-brookite phase was achieved by cal-
cining the TiO2 NPs at 500°C through the sol–gel method 
using titanium isopropoxide as a precursor. Additionally, it 
was reported that the anatase-brookite mixture of crystal-
line phase TiO2 NPs exhibited higher photocatalytic activity 
than the anatase phase of TiO2 [37]. Furthermore, the ana-
tase-brookite of TiO2 NPs was synthesized at low tempera-
tures which are in good agreement with Kandiel et al. [38]. 
Although the method was employed at low temperatures, 
the prepared anatase-brookite of TiO2 NPs showed an excel-
lent result in the removal of pollutants. Simultaneously, 
this allows a reduction in production costs.

A sharp and more intense peak obtained from the syn-
thesized TiO2 NPs was contributed by the calcination pro-
cess that increases the crystallinity of nanoparticles [15]. 
As a result, the amorphous phase of TiO2 was transformed 
into a higher crystalline phase, which was reported to boost 
photocatalytic activity [39]. Furthermore, the average crystal-
lite size has become larger as seen by the reduction in the 
full width at half maximum intensity (FWHM) of the dif-
fraction peak [15]. Scherrer’s formula Eq. (2) was used to 
calculate the crystallite sizes (D) based on the FWHM.

Fig. 1. XRD pattern of the synthesized TiO2 NPs. The Miller 
indices of the reflections are marked (anatase phase: PDF 
04-006-1918 and brookite phase: PDF 00-015-0875).
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where τ is the average crystallite size of the solid particle, 
Κ is the Scherrer constant (0.9), λ is the X-ray wavelength 
(0.154 nm), and β is the FWHM. The most intense reflec-
tion is at the main anatase reflection (101), 2θ = 25.33° as 
shown in Fig. 1. Therefore, the τ value of the synthesized 
TiO2 NPs is found to be 8 nm. However, the result demon-
strates that the crystallite size of the synthesized TiO2 NPs is 
less than pure anatase TiO2 (12.96 nm) [40]. In addition, the 
peak broadening in the XRD profile confirms that TiO2 NPs 
consist of small particles as reflected in the pattern.

The particle size of TiO2 NPs was analyzed from 
HRTEM images in Fig. 2a and b, displaying the particles 
were in irregular spherical structures and the shadow 
region demonstrated that the nanoparticles have agglom-
erated. The particle size distribution achieved was from 

9 to 16 nm, with a particle size average of 11.63 ± 1.47 nm 
as shown in Fig. 2d. Furthermore, the high magnification 
image in Fig. 2c revealed the interplanar distance of TiO2 
NPs from the lattice fringes corresponded to 0.35 nm of the 
anatase phase (101) [40]. The lattice parameter was mea-
sured from the fast Fourier transform image of the selected 
area, as depicted in the inset of Fig. 2c. However, it is sig-
nificant to highlight that even though several micrographs 
were obtained, it was difficult to distinguish the presence 
of brookite nanoparticles due to the low composition of 
brookite in TiO2 NPs. This observation was consistent with 
the small crystallite size of TiO2 NPs as calculated from the 
XRD result. Therefore, this finding verified that the small 
particles of the synthesized TiO2 NPs have a larger surface 
area than pure anatase TiO2 [27]. Thus, the small particle 
size of the catalysts is one of the vital factors affecting the 
photodegradation of pollutants. This strategy has been 
accomplished by increasing the surface area of the cata-
lyst, whereby it was expected to provide more active sites. 

Fig. 2. (a–c) High-resolution transmission electron microscopy images of TiO2 NPs with high and low magnifications. The inset in 
(c) shows fast Fourier transform image corresponding to the selected area and (d) particle size distribution of TiO2 NPs.
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Subsequently, this would improve the photocatalytic perfor-
mance of the prepared catalyst [41].

3.2. FTIR analysis

The FTIR analysis was carried out to get insight into 
the chemical composition of the synthesized TiO2. FTIR 
spectrum of the TiO2 NPs is illustrated in Fig. 3. From the 
figure, the broadband between 3,500 and 2,400 cm–1 was 
attributed to the stretching of OH bending of TiO2 NPs in 
the FTIR spectrum [16]. This spectrum can be referred to as 
the existence of a hydroxyl group on the oxide surfaces with 
stretching and bending modes of vibrations from physically 
adsorbed water. The bending of Ti–OH was observed at 
1,627 cm–1 peak, indicating adsorbed water, while the peak at 
1,452 cm–1 corresponds to the Ti–O modes’ stretching vibra-
tions and appeared as a weak peak. In addition, C–O bond-
ing was noticed around 1,048 cm–1 due to the utilization of 
titanium precursor (TTIP) during the synthesis of TiO2 NPs. 
The presence of Ti–O–Ti bonds was further confirmed with 
the occurrence of a peak at 688 cm–1. Moreover, the broad 
bands in the range of 400–800 cm–1 indicated the existence 
of crystalline TiO2 [36]. Thus, the presence of these func-
tional groups in the FTIR spectrum confirmed the successful 
synthesis of TiO2 NPs by the green approach.

3.3. Bandgap energy analysis

The bandgap energy of obtained TiO2 NPs was deter-
mined using two different measurements including 
UV-Vis DRS and cyclic voltammetry (CV). From the mea-
surement of UV-Vis DRS, Fig. 4 demonstrates the optical 
bandgap energy by extrapolating the linear region from 
the graph of (ahv)2 vs. photon energy throughout the 
wavelength range of 200–800 nm. The optical bandgap 
energy was evaluated using Kubelka–Munk’s theory [37]. 
The bandgap spectrum of TiO2 NPs is shown in the inset 
of Fig. 4. Maximum absorbance was observed at 407 nm 

which corresponds to a bandgap of 3.0 eV. It shows that 
the bandgap has reduced to 3.0 from 3.2 eV of pure ana-
tase in TiO2 NPs. The reduction of bandgap could be due 
to the employment of basic pH solution since TiO2 NPs 
were synthesized through the sol–gel technique with 
0.01 mol concentration of TTIP of basic pH solution (pH 
9). Moreover, our previous X-ray photoelectron spectros-
copy study observed that the surface defects of Ti3+ ions 
played a significant role as they are active sites for oxy-
gen adsorption and for trapping electrons to prevent the 
recombination of electrons and holes [15]. Additionally, 
the localized gap states induced by the self-doping of Ti3+ 
ions and oxygen vacancies might also contribute to the 
reduced bandgap of synthesized TiO2 [15]. The Ti3+ sur-
face defects are created by the reduction of Ti4+ ions which 
are caused by the loss of oxygen atoms in a reductive 
treatment or from the electron trapping under UV radia-
tion. Meanwhile, the occupancy of oxygen vacancies can 
increase the donor density, promoting the separation of 
electron–hole pairs [42]. Hence, these surface defects are 
crucial in enhancing the optical properties of the catalyst.

To validate the findings of optical bandgap, the elec-
trochemical bandgap of synthesized TiO2 NPs was ana-
lyzed from the CV measurement for comparison. CV pro-
vides direct information on the reduction and oxidation 
potentials of the photocatalyst. Fig. 5a and b show cyclic 
voltammograms of bare and TiO2 modified GC electrodes 
in a 0.1 M KCl solution, respectively. Two different poten-
tial scans were carried out on the bare GC and TiO2 mod-
ified GC electrodes. Fig. 5a shows CV measurements were 
made from 0 to –2.0 V to monitor HER. It can be seen that 
when measured bare GC electrode in a purged of KCl 
solution, a flat CV response was obtained. In contrast, for 
the TiO2-modified GC electrode, shows that a significant 
cathodic peak at ~ –1.7 V vs. SCE appeared and was des-
ignated as C1. This dictates that the coated TiO2 provides 
an excellent electrocatalyst platform for HER. Fig. 5b shows 
that the CV measurements were scanned from 0 to 1.2 V. 

Fig. 3. Fourier-transform infrared spectrum of synthesized 
TiO2 NPs.

Fig. 4. UV-Vis absorption of synthesized TiO2 NPs with inset 
shows the optical bandgap spectrum of TiO2 NPs.
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The CV response for the coated electrode demonstrates that 
an anodic peak was considerably seen at ~ 1.1 V vs. SCE, 
indicating that the OER occurred at the coated TiO2 NPs 
and, denoted as A1. By following an approach as reported 
by Haram et al. [43], the bandgap of the coated TiO2 NPs is 
calculated based on peak separation between A1 and C1, as 
shown in Eq. (3), whereby Epa and Epc represent the anodic 
peak potential and the cathodic peak potential, respectively:

Bandgap for forpa pc� �E A E C1 1  (3)

This is because the redox potential peak separation 
between A1 and C1 can be connected directly to the electron 
transfer between the highest occupied molecular orbital 
(HOMO) and lowest occupied molecular orbital (LOMO) 
of the electrode reactions from the coated TiO2 NPs at the 
GC electrode [43,44]. Therefore, the bandgap of the coated 
TiO2 NPs via CV measurements was found to be 2.81 eV. 
In essence, the difference between the optical and electro-
chemical bandgap is considered in the range of ~ 0.2–0.4 eV 
as a good outcome [43]. As such, this observation verified 

that the EC bandgap is a statistically not significant dif-
ference as compared to the optical bandgap based on the 
student’s t-test as displayed in Fig. 5c. This signifies that the 
coated TiO2 NPs on the GC electrode surfaces exhibit excel-
lent electrocatalytic activities due to the lower overpotential 
required for HER and OER [43,44]. Furthermore, the dif-
ference in the bandgap values between the two techniques 
can be attributed to the other effects such as solvation, 
reference electrode used, electrode materials employed, 
and electrode surface morphologies during the CV pro-
cedure. Hence, both above-mentioned bandgap measure-
ments demonstrated that the synthesized TiO2 NPs can 
utilize the visible light spectrum during the photocatalytic 
process with a reduced bandgap of the photocatalyst.

3.4. Photoluminescence analysis

The photoluminescence (PL) spectra of the pure ana-
tase TiO2 and the TiO2 NPs are presented in Fig. 6 to give 
information regarding the transfer behavior of the elec-
tron−hole pairs under a laser excitation wavelength of 

Fig. 5. Cyclic voltammograms for bare GC and TiO2 modified GC electrodes in a 0.1 M KCl solution at a scan rate of 100 mV/s. 
(The geometrical electrode surface area is 0.071 cm2): (a) cyclic voltammetry measurements were scanned from 0 to –2.0 V vs. SCE, 
(b) cyclic voltammetry measurements were scanned from 0 to 2.0 V vs. SCE, and (c) bar graph for comparing electrochemical 
bandgap with optical bandgap (n = 3).
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325 nm and an acquisition time of 10 s. It was discovered 
that there was broad emission in the spectral range from 
350 to 500 nm, as well as the presence of well-resolved 
peaks and shoulders. The synthesized TiO2 NPs and pure 
anatase TiO2 particles are emissive, with well-resolved PL 
spectra extending into visible spectral regions due to the 
existence of oxygen vacancies [35]. Based on Fig. 6, synthe-
sized TiO2 NPs have lower intensity compared to the pure 
anatase TiO2. This is attributed to the slower rate of recom-
bination of photo-induced electron–hole pairs of TiO2 NPs 
compared to pure anatase TiO2 [14]. Furthermore, it may 
be the presence of Ti3+ ions as electron traps in the TiO2 
NPs enhance the lifetime of the charges [15]. In the previ-
ous study, Plešngerová et al. [45] discovered that the oxy-
gen vacancies acted as the recombination centers, which 
the photogenerated carrier lifetime of the catalyst could 
be longer with increasing oxygen vacancy concentration. 
Subsequently, the photocatalytic performance of TiO2 NPs 
was elevated. Meanwhile, the electron–hole recombination 
occurring at a faster rate is unfavorable in a photocatalytic 
reaction because it provides insufficient time for specific 
chemical reactions [13]. Thus, photocatalysts with lower 
PL intensity exhibited higher photocatalytic efficiency [37].

3.5. Photocatalytic activity and kinetic studies of TiO2 NPs

3.5.1. Effect of initial dye concentration on the photocatalytic 
activity of TiO2 NPs

The ability of TiO2 NPs as a photocatalyst in photocata-
lytic degradation of neutral red (NR) was examined under 
sunlight irradiation. Neutral red (NR) was selected as a 
model dye in wastewater since it was one of the hazard-
ous organic neutral dyes which exist in the wastewater and 
cause serious environmental problems [38]. In this experi-
ment, the degradation efficiency of NR solution was studied 
with different initial dye concentrations (6, 8 and 10 ppm), 
as shown in Fig. 7a. The objective of this experiment was 

to ascertain the optimal dye concentration for degradation 
of neutral red under sunlight irradiation with other con-
ditions kept constant. The result shows the degradation 
of NR with 6 ppm dye concentration achieved the fastest 
complete degradation at 30 min with the solution’s color 
shifted from red to colorless. Meanwhile, for 8 and 10 ppm 
of dye concentration, the time to achieve complete degra-
dation efficiency was 80 and 100 min, respectively. Hence, 
the result shows that further increased dye concentration 
will decrease the photocatalytic activity of the TiO2 NPs.

The dye concentration at 10 ppm showed the lowest 
photocatalytic efficiency due to increased dye concentra-
tion. The increase in dye concentration with decreasing the 
rate of the reaction could cause by the quick action of the 
dye molecules to occupy the active sites at TiO2’s photocat-
alyst surface and photons’ penetration has been severely 
reduced through the dye [46]. Penetration of photons is 
substantial in photocatalytic activity as it can induce a reac-
tion and perform complete mineralization from the exis-
tence of active species on TiO2 NPs’ surface. Furthermore, 
increasing dye concentration beyond optimal conditions 
can cause the reaction to slow down due to the number of 
dye molecule collisions increasing while dye molecule col-
lisions with •OH radicals decrease [47]. This finding was 
consistent with Hanafi and Sapawe [48], whereby they 
investigated the lower degradation of Remazol Brilliant 
Blue dye reached at a higher concentration of the dye. This 
was due to the creation of several layers of adsorbed dye 
molecule on the surface of the catalyst, causing no direct 
contact of light to produce hydroxyl radicals. Consequently, 
this circumstance would inhibit the photoreaction to occur.

The graph of the first-order kinetic model was 
employed for the kinetic analysis of photocatalytic degra-
dation of NR as shown in Fig. 7b. The slopes of linear plots 
ln(C0/Ct) vs. time were used to calculate the rate constants 
(k). The result for rate constants, k obtained was consis-
tent with the results obtained from the photodegradation, 
which were 0.1643, 0.0458 and 0.0364 min–1 for initial dye 
concentration at 6, 8 and 10 ppm, respectively, as tabulated 
in Table 2. It demonstrates that the reaction rates increase 
as the dye concentration decreases. Next, the correlation 
coefficient (R2) can be determined from a first-order lin-
ear graph, as shown in Fig. 7b. The correlation coefficient 
obtained was the highest for 6 ppm concentration (0.9831) 
followed by 8 ppm concentration (0.9580) and 10 ppm 
concentration (0.9433). Hence, the result shows the photo-
catalytic activity worked best at 6 ppm dye concentration 
with both rates constant and the correlation coefficient 
is the highest compared to other dye concentrations.

3.6. Adsorption isotherm studies

Adsorption isotherm studies were conducted in the 
dark to determine the TiO2 NPs’ adsorption capability as 
well as their interactions with dye molecules. The disper-
sion of TiO2 nanoparticles is represented by the isothermal 
models of Langmuir and Freundlich. The adsorption iso-
therm curves based on Langmuir and Freundlich isotherms 
are plotted in Fig. 8a and b, respectively. For the Langmuir 
isotherm, a graph of Ce/qm against Ce was plotted, whereas, 
for the Freundlich model, a graph of lnqe against lnCe was 

Fig. 6. PL spectra of the synthesized TiO2 NPs and pure anatase 
TiO2.
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plotted. The result shows the correlative coefficient (R2) of 
the Langmuir isotherm was higher (0.9920) when compared 
to the Freundlich isotherm (0.9731). Thus, the adsorption 
of NR by TiO2 NPs tends to follow the Langmuir isotherm 
model. A higher value of R for the Langmuir model indi-
cates that the adsorption process mathematically fits well. 
Since this experiment fitted well with the Langmuir model, 
it is assumed that the reaction was homogenous. The 
homogenous reaction by Langmuir adsorption isotherms is 
based on the assumption that the active sites are homoge-
neously distributed over the particulate’s surface [16].

Favorable or unfavorable adsorption isotherm can 
be determined through the shape of the isotherm. The 
RL value can be used to indicate whether the isotherm is 
favorable (0 < RL < 1), unfavorable (RL > 1), linear (RL = 1) or 
irreversible (RL = 0). RL value can be calculated from Eq. (4):

R
bCL

e

�
�

1
1

 (4)

Using Eq. (4) the value of RL obtained was 0.432, indi-
cating that the adsorption is favorable since the RL value 
is within the range of 0 to 1.0. Hence, the synergistic effect 
of adsorption and photocatalysis is crucial that can effec-
tively help to improve the photocatalytic performance of the 
photocatalyst in treating dye from the wastewater [49].

3.7. Mineralization study

The degree of mineralization for neutral red treated 
with the synthesized sample was determined using a TOC 
analyzer. TOC was based on the formation of CO2 and 
other inorganic ions which were then converted to TOC or 
total carbon content. It was conducted to identify the total 
concentration of organics in the solution and the decrease 
of TOC reflects the degree of mineralization [50]. TOC 
removal of 89.21% was observed within 30 min. It can be 
deduced that the neutral red experienced nearly complete 
mineralization into CO2 and H2O with some intermedi-
ate products degraded during the process [22]. However, 
the result of TOC removal was relatively low compared 
to the degradation study determined by UV-Vis absorp-
tion spectroscopy since the percentage degradation of NR 
observed by this method within 30 min was 100% with the 
solution’s color shifted from red to colorless. This phenom-
enon implies that only intermediate products are gener-
ated with no complete degradation of CO2 occurring [22]. 
This result was in good agreement with Qian et al. [50] 
whereby they discovered that the TOC result (90%) was 
lower than the degradation efficiency of Acid red 3R dye 
(95%) by employing Aurum (Au) @ carbon (C)-TiO2–X as a 
photocatalyst in their study. In our work, the intermediate 
degradation products are expected to be photo-oxidized 
to smaller molecules if the irradiation time is longer than 
30 min, allowing for further conversion to CO2 [51]. Hence, 
it may be concluded that the photocatalytic degradation 
of NR proceeds more rapidly than the decrease in TOC.

3.8. Scavenging study

In order to examine the potential reaction pathways 
during the photocatalytic degradation of NR dye under 
sunlight irradiation, a scavenging test was carried out to 
investigate the reactive oxygen species involved in this 
reaction. Reactive oxygen species (ROS) are those species 

Fig. 7. (a) Degradation efficiency of neutral red under sunlight irradiation with an initial dye concentration of 6, 8 and 10 ppm 
and (b) first-order linear transform ln(C0/Ct) of neutral red degradation plots against time for different initial dye concentrations of 
neutral red with 6, 8 and 10 ppm.

Table 2
Rate constants and correlation coefficients of degradation of neu-
tral red under sunlight with concentrations

Initial concentration 
of neutral red (ppm)

Rate constant,  
k (min–1)

R2

6 0.1643 0.9831
8 0.0458 0.9580
10 0.0364 0.9433
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in which oxygen transforms with a high degree of reac-
tivity [52]. The superoxide radicals (•O2

–), hydroxyl rad-
ical (•OH), photogenerated holes (h+), hydrogen perox-
ide (H2O2) as well as singlet oxygen (1O2) are recognized 
as among the primary ROS in the photocatalysis process 
[52]. Fig. 9 illustrates the free radical scavenging in the 
photodegradation of NR. Therefore, methanol (MeOH), 
silver nitrate (AgNO3), acetonitrile (ACN), sodium pyru-
vate (C3H3NaO3) and ascorbic acid (C6H8O6) were used as 
scavengers for the photogenerated holes (h+), superoxide 
radicals (•O2

–), hydroxyl radicals (•OH), hydrogen peroxide 
(H2O2) and singlet oxygen (1O2), respectively. The result 
shows the rate of photodegradation of NR was found to 
be reduced when MeOH, AgNO3, ACN, C3H3NaO3, and 
C6H8O6 were added compared to the initial activity before 
the scavengers were introduced. However, the use of 
AgNO3 exhibited the strongest inhibition as it showed the 
greatest reduction which is 72.05% removal of NR followed 
by C6H8O6 (80.16%), C3H3NaO3 (80.21%), ACN (80.30%) 
and MeOH (81.40%). Thus, this observation implies that 
•O2

– is the most active species and plays a prominent role 
in photocatalytic activity. Furthermore, methylene blue 
which was employed as the model pollutant in this study 
was known as a photosensitizer. Once the dye was exposed 
to the sunlight, it would promote the •O2

– generation with 
longer lifetimes, enhancing the photocatalytic activity of 
methylene blue [53].

3.9. Proposed mechanism of neutral red degradation

In this study, the scavenging result observed that the 
•O2

– plays a prominent role in the photodegradation of NR 
followed by 1O2, H2O2, •OH and h+. Therefore, an essential 
mechanism in the degradation of NR can be proposed. First, 

photoexcited electrons are promoted from the valence band 
(VB) to the conduction band (CB), forming an electron/hole 
pair (e–/h+) in the photocatalytic reaction of TiO2 in Eq. (5). 
Next, the reduction of adsorbed O2 to •O2

– in the conduction 
band electron is important since •O2

– shows a dominant role 
in Eq. (6). Then, the production of •O2

– will degrade NR mol-
ecules into harmless products such as CO2 and water in Eq. 
(7) [16,22]. Moreover, these •O2

– ions can react with hydrogen 
ions in the solution forming H2O2 and producing hydroxyl 
radicals (•OH), which are responsible for the degradation of 
NR in Eqs. (8) and (9). Besides, the photogenerated holes (h+) 

Fig. 8. (a) Langmuir isotherm showing the variation of adsorption (Ce/qm) against the equilibrium concentration (Ce) for adsorption 
of TiO2 NPs and (b) Freundlich isotherm showing the variation of adsorption (lnqe) against the equilibrium concentration (lnCe) for 
adsorption of TiO2 NPs.

Fig. 9. Radical scavenging test of the TiO2 photocatalyst using 
methanol, acetonitrile, silver nitrate, sodium pyruvate and ascor-
bic acid (n = 3).
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were also reported to produce hydroxyl radicals (•OH) which 
are responsible for the degradation of NR compounds into 
harmless chemicals in Eqs. (10) and (11) [16]. Furthermore, 
singlet oxygen (1O2) species are created by the reaction of 
h+ with •O2

–, whereby subsequently degrade NR in Eq. (12) 
[49]. Hence, this observation demonstrated that the deg-
radation of NR into CO2 and H2O is attributed to the gen-
eration of singlet oxygen (1O2), hydrogen peroxide (H2O2), 
superoxide radicals (•O2

–), photogenerated holes (h+), and 
hydroxyl radical (•OH) with a dominant role is played by 
•O2

–. The possible pathway for NR degradation is illustrated 
with Eq. (5) until (12) and Fig. 10 is expressed:

TiO hv e hCB VB2 � � �� �  (5)

O e OCB2 2� �� � �  (6)

� � � � �O NR CO H O2 2 2  (7)

� � �� �O 2H H O22 2  (8)

H O hv 2OH NR CO H O2 22 2� � � � ��  (9)

h H O OH HVB
� � �� � �2  (10)

� � � �OH NR CO H O2 2  (11)

h O NR CO H OOVB 2
� � �� � � � �2

1
22  (12)

3.10. Reusability of the TiO2 NPs photocatalyst

To evaluate the feasibility of repeated use of TiO2 pho-
tocatalyst, five cycles of photocatalytic degradation of 
NR were carried out in duplicates. The result shows the 
degrading efficiency of NR reduced by just around 9.96% 
from 100% to 90.04% after five cycles as depicted in Fig. 11. 
The average removal of NR in the first cycle was 97.51%, 
implying that NR removal efficiency dropped by only 
about 2% over this cycle. Hence, the TiO2 photocatalysts 
showed good stability throughout the photocatalytic deg-
radation of NR under sunlight irradiation since there is 
no noticeable loss in photocatalytic activity after five recy-
cling tests. This very small decrease is probably due to the 
reused photocatalyst’s adsorption capacity and active sites 
have decreased [48]. Moreover, the decline in the degrading 
efficiency might be caused by material loss during the 
washing and filtration process [15]. However, the reusabil-
ity confirms the excellent stability of TiO2 NPs in powder 
form which can provide a good photocatalytic activity.

4. Conclusion

In this research, the green synthesis of a sol–gel method 
was successfully applied to synthesize TiO2 NPs by employ-
ing titanium isopropoxide (TTIP) as a titanium precursor. 
The obtained TiO2 NPs have the optical bandgap of 3.00 eV, 
which has been reduced from 3.20 eV of pure anatase TiO2. 

However, the resultant EC bandgap of 2.81 eV was an insig-
nificant difference compared to the optical bandgap based 
on the student’s t-test. The PL analysis indicated that syn-
thesized TiO2 has low intensity compared to the pure ana-
tase TiO2 conforming to the slower recombination rate of 
photo-induced electron–hole pairs. Besides, the XRD anal-
ysis demonstrated the presence of the anatase-brookite 
mixture phase of TiO2 NPs with a crystallite size of 8 nm. 
This finding is in good agreement with HRTEM analysis, 
showing irregular spherical particles with an average size 
of 11.63 ± 1.47 nm. Next, the TiO2 NPs were successfully 
used as a photocatalyst in the photocatalytic degradation 
of NR dye. The optimal initial dye concentration obtained 
for the degradation of NR solution under sunlight is 6 ppm. 
The degradation of NR at optimal dye concentration was 
found to follow first-order kinetics with k = 0.1643 min–1. 
Meanwhile, the adsorption isotherm analysis was best fit-
ted with the Langmuir isotherm model, indicating the 
reaction was homogenous. Mineralization study by TOC 
gives the removal of 89.21% within 30 min suggesting the 
mineralization rate is slower compared to the degradation 
rate since only intermediate products are generated with 
no complete degradation to CO2 occurring. The scavenging 

Fig. 10. Schematic diagram of the proposed degradation 
mechanism of neutral red dye under visible light irradiation.

Fig. 11. Reusability test of synthesized TiO2 nanoparticles (n = 3).
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test in photodegradation of NR revealed that the •O2
– is the 

main active ROS that played the dominant role in the pho-
tocatalytic activity. The reusability study revealed that TiO2 
NPs could be reused for up to five cycles under sunlight 
irradiation with the degradation efficiency of NR at 90.04%. 
In short, TiO2 NPs synthesized by a sol–gel method have 
shown to be an effective photocatalyst for the degradation 
of NR under sunlight irradiation and a promising candidate 
for photocatalysis application in wastewater treatment.

Symbols

C0 — Initial concentration of NR, ppm
Ct —  Concentration of the NR at respective time 

intervals (t), ppm
Ce — Equilibrium concentration of NR, ppm
τ —  Average crystallite size of the solid particle, 

nm
Κ — Scherrer constant, 0.9
λ — X-ray wavelength, 0.154 nm
β —  Full width at half maximum intensity, 

FWHM
Epa — Anodic peak potential, V
Epc — Cathodic peak potential, V
RL — Separation factor
R2 — Linear regression coefficient
qm — Maximum adsorption capacity, mg/g
qe — Adsorption capacity at equilibrium, mg/g
hv — Sunlight irradiation
TiO2 — Titanium dioxide
e–

CB — Electron at conduction band
h+

VB — Hole at valence band
•O2

– — Superoxide radical
h+ — Hydrogen ion
H2O2 — Hydrogen peroxide
•OH — Hydroxyl radical
1O2 — Singlet oxygen
O2 — Oxygen
CO2 — Carbon dioxide
H2O — Water
NR — Neutral red dye
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