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Abstract: Green photocatalysis focuses on developing processes to address various environmen-

tal challenges, such as the treatment of contaminated water and air, the generation of renewable 

energy, biomass management, carbon monoxide oxidation, and organic synthesis. TiO2 nanopar-

ticles are relatively inexpensive, non-toxic, and chemically stable. They are available in diverse 

structural forms and exhibit unique semiconductive properties, making them the most widely 

utilized photocatalysts in this domain. TiO2 has a wide array of applications in green photocataly-

sis, including i) photocatalytic remediation and ii) the development of alternative, sustainable 

energy sources. A significant challenge in modern green photocatalysis is the reduction of the 

band gap energy (Eg), which is essential for determining the suitability of materials for photocata-

lytic activity. Decreasing Eg enables TiO2 to effectively harness visible light rather than being 

limited to ultraviolet light. This study investigates the structural changes and subsequent reduc-

tion in Eg resulting from two types of TiO2 modification: i) ionizing irradiation and ii) the incorpo-

ration of carbon nanotubes. We synthesized TiO2 nanoparticles using our proprietary sol-gel 

method, followed by thermal treatment at 400 °C. Structural changes were analyzed using X-ray 

powder diffraction (XRPD) and Raman spectroscopy, while the band gap energy of the samples 

was assessed through UV-Vis spectroscopy.  

Keywords: Green photocatalysis, TiO2 nanoparticles, band-gap energy, ionizing irradiation, 
TiO2/CNTs nanocomposites. 

INTRODUCTION 

Chemical processes driven by light and enhanced by suitable semiconductive 
materials, known as photocatalysts, are referred to as photocatalytic processes. 
These processes include three sequential steps as is shown in Fig.1 [1,2]. In the 
first step, when the photocatalytic material is exposed to light with energy that 
exceeds its band gap energy, electron-hole pairs are created. In the subsequent 
step, these electrons and holes move across the photocatalyst’s surface and in-
teract with surface water and oxygen, leading to the formation of radical species 
such as OH and O2

–. Finally, these generated radical species react with pollutant 
molecules, decomposing them into harmless substances like CO2, H2O, NO, NO2, 
etc.  
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Figure 1 Schematic view of the mechanism of the photocatalytic degradation of heavily 

degraded pollutant 

TiO2 is renowned for its excellent semiconductive properties, making it an ideal 
photocatalyst and the most widely used material in photocatalysis. It is 
characterized by being low-cost, non-toxic, and chemically stable, and it is 
available in various polymorphic forms. In its nanoparticle form, TiO2 
demonstrates significantly enhanced photocatalytic activity compared to its bulk 
counterpart. The reduced particle size facilitates the easier movement of 
photoelectrons and holes to the surface, thereby lowering the recombination 
rate [3]. Additionally, nanostructured materials possess a greater surface-to-bulk 
atom ratio, which results in an increased real surface area and, subsequently, a 
significantly higher number of active photocatalytic centers.  

 

Figure 2 The main application of TiO2 in green photocatalysis 

In 1972, Fujishima and Honda [4] conducted groundbreaking research on 
photocatalytic water splitting utilizing a TiO2 cathode, marking the dawn of a 
new era in photocatalysis. This landmark study spurred a notable increase in 
research focused on photocatalytic processes aimed at energy production and 
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environmental protection. As a photocatalyst, TiO2 offers a wide variety of 
applications in green photocatalysis, including i) photocatalytic remediation and 
ii) alternative green energy sources, as illustrated in Fig. 2.  

The band gap energy (Eg) is a key property that dictates the suitability of materi-
als for photocatalytic applications. Additionally, the band gap is crucial for facili-
tating charge separation, which reduces recombination rates and enhances pho-
tocatalytic activity under specific wavelengths [3]. Titanium dioxide (TiO2), classi-
fied as an n-type semiconductor, possesses a relatively wide energy band gap of 
3.2 eV in its anatase form and 3.0 eV in its rutile form. Despite its larger energy 
band gap, anatase is regarded as a more effective photocatalyst [5], owing to its 
indirect band gap, as opposed to rutile's direct band gap. In the case of an indi-
rect band gap, an excited electron can be stabilized at a lower level in the con-
duction band, leading to a prolonged lifespan and increased mobility. Moreover, 
due to its higher Fermi level compared to rutile, anatase demonstrates a stronger 
affinity for hydroxyl group (OH) adsorption while exhibiting a lower affinity for 
oxygen adsorption.  

A major limitation is that TiO2 is most effective under ultraviolet (UV) light due to 

its wide band gap. It's worth noting that only approximately 4% of the solar 

spectrum is composed of UV light, resulting in a substantial amount of unused 

solar energy. As a result, a primary goal and challenge in photocatalysis is to 

develop photocatalysts that are active in visible light.  

There are several techniques to reduce the band gap energy of TiO2: 1) doping 

with various ions [6,7], 2) employing non-stoichiometric titanium oxides (Magneli 

phases) [8], 3) hydrogen plasma treatment [9], 4) exposure to ionizing radiation 

[10-12], and 5) compositing with CNTs [13,14].  

This paper examines the structural changes in sol-gel prepared TiO2 resulting 
from electron-beam and x-ray irradiation, as well as the effects of CNT compo-
siting, and how these alterations influence the band gap energy. 

EXPERIMENTAL 

The TiO2 nanoparticles the subject of study in this paper were prepared using the 
sol-gel method under normal atmospheric pressure. Titanium tetraisopropoxide 
(TTIP) at 97% purity from Aldrich was used as the precursor. The synthesis pro-
cedure is described elsewhere [15].  

The as-prepared TiO2 was subjected to two types of irradiation: electron-beam 
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irradiation (low energy and a corpuscular nature) and x-ray irradiation (high 
energy and a wave nature). Due to their significant differences in energy levels, 
the e-beam irradiation dose was set at 50 kGy, while the x-ray irradiation dose 
was only 7 mGy. 

The TiO2/CNTs nanocomposites were synthesized using a sol-gel method similar 
to that used for pure TiO2. Before adding the TiO2 precursor (TTIP), carbon nano-
tubes (CNTs) were adequately dispersed in absolute ethanol. Both single-walled 
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) 
were employed. The compositions of the nanocomposites examined were 80% 
TiO2 + 20% MWCNTs and 80% TiO2 + 20% SWCNTs. 

The structural analysis, which involved the identification of current structural 
phases and parameters, was conducted using X-ray powder diffraction (XRD) and 
Raman spectroscopy. A Rigaku Ultima IV diffractometer operating with CuKα 
radiation (λ = 1.54178 Å) was employed for XRD measurements. The X-ray tube 
voltage was set to 40 kV, with a current of 40 mA, and a Kβ filter was utilized. 
Diffraction patterns were recorded in the 20º to 80º range (2θ) at a rate of 
5º/min using a D/teX Ultra high-speed (1D) detector. For micro-Raman spectrum 
collection, the Horiba Jobin Yvon LabRam 300 Infinity was utilized, using 
ANd:YAG frequency-doubled laser operating at 532 nm without an attenuation 
filter. The Raman peak of the silica wafer at 520.7 cm–1 facilitated the calibration 
of the Raman shift. A grating with 1800 grooves/mm was selected to disperse 
the signal onto the CCD detector, ensuring high dispersion and excellent spectral 
resolution. 

The optical properties were studied using UV-Vis spectroscopy. The UV-Vis ab-
sorption spectra of the TiO2-water suspension were collected with a Varian Cary 
Scan 50 spectrophotometer (Switzerland) in 1 cm quartz cells at a temperature 
of 25 oC, covering the range from 200 to 900 nm with a scan speed of 200 nm. 
These spectra were used to determine the energy of the band gap of the studied 
materials.  

RESULTS AND DISCUSSIONS 

According to the literature [16,17], exposure to ionizing radiation can cause 
structural changes in TiO2, such as an increase in the Ti3+/Ti4+ ratio and the crea-
tion of oxygen vacancies. These modifications may result in a decrease in band 
gap energy, thereby enhancing the photocatalytic activity under visible light. The 
interaction between CNTs and TiO2 significantly extends the lifespan of electron-
hole pairs. This improvement is due to the differing work functions of TiO2 (4.2–
4.3 eV [18]) and CNTs (4.7–5.1 eV [19]). Electrons migrate from the conduction 



 

2nd Conference for Green Engineering, Sustainable Materials and Technolo-

gies for Circular Economy, GREEN CIRC 2025 

PROCEEDINGS 
 

9 
 

band of TiO2, which has a lower work function, to the CNTs, which have a higher 
work function. This transfer continues until the Fermi levels of both materials 
align, resulting in the formation of a Schottky barrier at their interface [20]. 
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Figure 3 XRD spectra of the studied TiO2 samples 

Table 1 Calculated values of interplanar distance, cell parameters, and particle size from 

XRD spectra and wave number values of the Eg Raman peaks 

Sample d{101}, Å a, Å  c, Å D, nm Eg, cm–1 

as-prepared 3.5175 3.7832 9.5546 16.9 140.42 

e-beam irradiated 3.5229 3.7860 9.6182 16.0 141.89 

x-ray irradiated 3.5245 3.7874 9.6278 14.5 144.45 

TiO2/MWCNTs 3.5216 3.7872 9.5724 12.8 137.10 

TiO2/SWCNTs 3.5233 3.7888 9.5807 10.0 133.13 

To identify the crystalline form of TiO2 and assess the changes at the crystalline 
level, including crystal parameters and nanoparticle size, the samples were 
analyzed using X-ray diffraction (XRD). The XRD spectra presented in Figure 3 
clearly display the characteristic features of the anatase crystalline form across all 
analyzed samples. A comparison of the shapes and intensities of the 
characteristic anatase peaks in the various XRD spectra reveals that the 
irradiation treatments of TiO2 and its compositing with CNTs resulted in 
alterations to the structure and size of the nanoparticles. Notably, the as-
prepared sample exhibited the most intense and distinct peaks, whereas the 
irradiated and composite samples displayed broader and less defined peaks. 
These findings imply that the as-prepared sample likely contained the largest 
nanoparticles and that the irradiation treatments and compositing led to a 
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reduction in nanoparticle size. Table 1 summarizes the crystal parameters 
determined through XRD and Raman measurements. Following exposure to 
ionizing radiation or the incorporation of CNTs, both the distance between 
atomic planes and the cell parameters increase, while the size of the particles 
diminishes due to electronic excitation or collective electron excitation. This 
effect is particularly pronounced when using SWCNTs, with TiO2 nanoparticles 
decreasing in size from 16 nm to as low as 10 nm. The increase of the interplanar 
distance and cell parameters indicate an expansion of the crystal lattice which is 
the result of interaction of the TiO2 crystalline lattice with both ionizing irradia-
tion and CNTs.   
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Figure 4 Raman spectra of the studied samples 

The structural analysis conducted using Raman spectroscopy is illustrated in Fig. 
4. The Raman modes observed in the spectra correspond to those of the anatase 
single crystal identified by Osaka [21]. The Raman spectra of the analyzed sam-
ples exhibit similar trends to those recorded by X-ray diffraction (XRD) analysis. 
For the irradiated samples or those composited with CNTs, the spectral features 
are less intense and broader compared to those of the as-prepared TiO2. 

The most intense Raman mode, Eg, displays a blue shift, meaning it shifts to 
higher wave number values as a result of irradiation (see Table 1). The shift and 
broadening of the Raman bands can be attributed to phonon confinement [22]. 
When irradiated, phonons become confined within the particles, leading to a 
decrease in particle size and an increase in the distribution of phonon momen-
tum. Consequently, this results in the broadening of the Raman bands. Addition-
ally, the presence of defects, such as oxygen vacancies, within the material can 
also influence the shift and broadening of the Raman bands [23]. Therefore, ion-
izing irradiation has a similar effect on oxygen vacancies as introducing certain 
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elements through doping [24]. Considering the phonon confinement model and 
the observed reduction in nanoparticle size due to the integration of CNTs, as 
indicated by the XRD analysis, it was initially anticipated that the prominent Eg 
vibrational modes would shift to higher wavenumbers (a blue shift) [25]. Howev-
er, this expectation mainly applies to the pure TiO2 system. In the case of the 
TiO2/CNTs nanocomposites, a red shift was observed instead (shifts to higher 
wave number values). This red shift can be attributed to the strong interaction 
between TiO2 and CNTs, which results in the formation of Ti-O-C bonds. Such 
bonding distorts the TiO2 structure [26,27]. Furthermore, if the frequency of the 
phonons interacting with the incident photons decreases, the material experi-
ences tensile strain, leading to an expansion of the crystalline lattice. Conse-
quently, this results in a red shift of the Raman vibrational modes, which aligns 
well with the observations from the XRD analysis.  

For the TiO2 nanocomposites containing CNTs, several significant bands were 
detected in the Raman spectra region corresponding to CNTs, as shown in the 
intersect of Fig. 4. These include the D band, indicating the presence of disor-
dered carbon; the G band, representing highly ordered carbon; and the D' bands 
associated with multi-walled carbon nanotubes (MWCNTs). Notably, these bands 
were shifted to higher wavenumbers than pure MWCNTs and single-walled car-
bon nanotubes (SWCNTs). This upshift indicates a strong interaction between 
TiO2 and CNTs, which enhances charge transfer from TiO2 to the CNTs.  

200 300 400 500 600 700 800
0.00

0.05

0.10

0.15

0.20

0.25

A
b

s
ro

b
ti
o

n
 /
 %

 

Wavelength / nm

TiO2/SWCNTs

TiO
2
/MWCNTs

TiO2 (x-ray irr.)

TiO2 (e-beam irr.)

TiO2 as prepared

0

82.1240


gE

0

 
Figure 5 UV-Vis spectra of the studied samples 

In Fig. 5, UV-Vis spectra of the sol-gel prepared TiO2 before and after ionizing 
irradiations and compositing are shown. The cut-off wavelength (0) is deter-
mined at the point where the tangent extended from the right side of the ab-
sorption peak intersects with the x-axis. The energy of the band gap (Eg) can be 
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calculated using the equation shown in the intersection of Fig. 5. The determined 
values of 0 and Eg are summarized in Table 2.  

Table 2 Calculated values of cut-off wavelength and energy of the band gap of the studied 

samples   

Sample 0, nm Eg, eV 

as-prepared 427.58 2.90 

e-beam irradiated 512.22 2.42 

x-ray irradiated 523.07 2.37 

TiO2/MWCNTs 495.05 2.51 

TiO2/SWCNTs 521.02 2.38 

In Figure 5, the UV-Vis spectra of sol-gel synthesized TiO2, both prior to and 
after ionizing irradiation and compositing, are presented. The cut-off wavelength 
(λ) is identified at the intersection point where the tangent, drawn from the right 
side of the absorption peak, meets the x-axis. The energy of the band gap (Eg) is 
calculated using the equation indicated in the intersection of Figure 5. A sum-
mary of the values for λ0 and Eg is provided in Table 2. 

It is notable that the as-prepared TiO2 nanoparticles display a significantly re-
duced band gap energy of 2.9 eV, in contrast to the 3.2 eV band gap energy of 
bulk anatase. This reduction suggests that structural modifications in TiO2 result-
ing from ionizing irradiation contribute to a decrease in band gap energy. Spe-
cifically, the band gap energy diminishes from 2.9 eV to 2.42 eV with e-beam 
irradiation and to 2.37 eV with x-ray irradiation. Among the TiO2/CNTs nano-
composites, the most pronounced reduction in band gap energy was observed 
in the composite containing single-walled carbon nanotubes (SWCNTs), where Eg 
decreased from 2.9 eV to 2.38 eV. 

The results of this study, particularly concerning the effects of ionizing irradiation 
and the development of TiO2 nanocomposite materials using carbon nanotubes 
(CNTs), represent a noteworthy advancement in the field. They highlight a signif-
icant achievement in reducing the band gap energy of TiO2 in comparison to 
existing literature [6-14]. 

CONCLUSIONS 

The research findings indicate that both ionizing radiations, such as X-rays and 
electron beams, as well as the incorporation of carbon nanotubes (CNTs), result 
in similar structural changes in titanium dioxide (TiO2). These changes encom-
pass a decrease in nanoparticle size, an increase in interplanar distance, and al-
terations to lattice parameters. Consequently, these structural modifications lead 
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to a reduction in band gap energy, which shifts light absorption into the visible 
spectrum and enhances photocatalytic activity.  
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