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ABSTRACT 
 
TiO2/ZnO nanocomposites, have garnered significant attention for their potential 
applications in environmental remediation and sustainable energy production. Doping these 
materials with non-metals like nitrogen and sulphur and using optimum calcination 
temperature holds promise for enhancing their photocatalytic efficiency. However, a 
comprehensive investigation into the impact of calcination temperature on nitrogen and 
sulphur co-doped TiO2/ZnO nanocomposites remains relatively unexplored and limits their 
extensive use in photocatalysis and makes it difficult to customise the materials for 
particular purposes. Thus, in this study, nitrogen and sulphur co-doped TiO2/ZnO 
nanocomposites were developed using a sol-gel method and the effect of calcination 
temperature (400oC - 800oC) on the chemical properties of TiO2/ZnO-N, S nanocomposites 
was determined using X-ray diffraction (XRD), Field Emission Scanning Electron Microscopy 
(FESEM), and UV-visible spectroscopy. Based on the results, calcination temperature at 
600oC gave the optimum characteristic of the catalyst and gave the highest photocatalytic 
efficiency. At 600oC, the mesoporous structure of TiO2/ZnO-N,S was obtained with crystallite 
size of 15.6nm, 35.6% crystallinity, 22.81m2/g surface area and dense layer with less 
agglomeration on the surface. For optical properties, doping of nitrogen and sulphur into 
TiO2/ ZnO able to narrow the band gap to 2.89eV. The kinetic studies of the reaction were 
studied with Langmuir, Freundlich and Langmuir-Hinshelwood (L-H) models. All the models 
were compared based on their R2 value and Langmuir adsorption equilibrium constant 
(Kads) to elucidate the optimum model for the photocatalytic reaction. The result show that 
the L-H model fitted better to the adsorption, and considered to follow pseudo first-order 
decay kinetics. The research seeks to provide insights into the design and development of 
efficient photocatalysts for environmental remediation applications. 
 
Keywords: Calcination, kinetic, nanocomposite, sol – gel, temperature, TiO2, ZnO 

 
  
 1. INTRODUCTION 
 
Photocatalysis is a promising, ecologically benign method for converting solar energy to chemical 
energy or chemical conversion over a metal oxide nanostructure, such as the breakdown of 
pollutants and the production of hydrogen [1]. Due to their tremendous potential for the 
photocatalytic oxidation of organic contaminants, metal oxide nanostructures like TiO2, ZnO, 
CeO2, and SnO2 have garnered a significant deal of study attention.  
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Due to its great stability, photocatalytic activity, non-toxicity, and biocompatibility in comparison 
to other metal oxide nanostructures, ZnO and TiO2 has received attention [2]. Stefańska et al., [3] 
also reported that ZnO and TiO2 possess high chemical stability, non-toxic, resistance to chemical 
breakdown and compatible with each other. However, due to its broad band gap, titanium dioxide 
(TiO2) and ZnO (Eg≈ 3.2 eV for crystalline TiO2 anatase phase and for pure ZnO), high 
photoactivity can only occur under ultraviolet light (λ<387 nm)[4]. Therefore, several approaches 
have been proposed to shift the absorption edge of the photocatalysts towards visible light by 
using hybrid semiconductors (TiO2/ ZnO, TiO2/ SiO2 etc.) and introducing metal and non-metal 
dopants into their lattices [5] [6]. Some of the dopants that had been studied in the past year are 
nitrogen (N), iron (Fe), sulphur (S), silver (Ag), phosphorus (P), carbon (C) and others which are 
able to increase the photocatalytic activity of TiO2 and ZnO [6][3][7]. To date, TiO2 and ZnO-based 
photocatalysts have been co-doped with more than one type of elements, in which able to further 
increase their photocatalytic activity. Co-doping with non-metallic elements like sulphur (S) and 
nitrogen (N) is one promising strategy and possible to replace conventionally doped or metal 
based TiO2 photocatalysts with these materials. According to Muhamad [8], addition of metal 
dopants may result in thermal instability of photocatalysts. Furthermore, the process requires an 
expensive ion-implantation facility and not feasible at a large scale. Thus, non-metal co-dopants 
of nitrogen and sulphur was chosen in this study. Nitrogen was chosen as a dopant because it has 
high visible light sensitivity while sulphur able to increase photoactivity of TiO2 based on previous 
studies [9]. In the band gap, n-doping introduces new energy levels that enable visible light 
absorption and lower the band gap energy. According to Cheng et al. [10], who investigated how 
the photoelectric characteristics of Nb, N doped TiO2 altered over time, the lattice parameters 
varied in their degree of change as a result of the addition of impurities. The band gap of N-doped 
TiO2 was lowered after doping, and the absorption edge of TiO2's absorption spectrum moved 
towards visible light. By serving as an electron acceptor, electron-acceptor S-doping promotes 
charge separation and avoids electron-hole recombination. Due to its ion's ability to show an 
oxidation state ranging from S2+ to S6+, the S atom has been explored as the best non-metal 
alternative for the decrease of band gap energy (Eg) from TiO2. Sulphur as an impurity can be 
incorporated into the TiO2 structure in either an interstitial or a substitutional position. 
Therefore, when substitutional doping is taken into account, sulphur might replace titanium or 
oxygen. According to studies, S2+ is found at oxygen sites for anionic doping whereas S4+ or S6+ can 
occupy Ti sites for cationic doping [11]. By considering the role of N and S in co-doping to TiO2, 
the photocatalytic performance of TiO2/ZnO are predicted to be improved by combined N and S 
co-doping.   
 
TiO2-based and ZnO-based photocatalyst, can be prepared by precipitation, sol-gel or thermal 
(hydrothermal and solvothermal) method [12][13][11][14]. However, sol-gel method is 
favourable as compared to other methods because of the ability to produce of homogeneous 
mixing of dopant, controlled nanoparticle formation, precise control over the stoichiometry of the 
nanoparticle, high thermal stability, versatile and adaptable to the synthesis of a wide range of 
materials, high purity product at low temperature and low contaminant, scalability and precise 
tuning of photocatalytic activities [15]. One of the factors that give significant affect impact to the 
structural, optical characteristics and function as photocatalysts of these nanocomposites is 
calcination temperature. Pitkowska et al. [14] investigated the effect of different calcination 
temperatures and nitrogen content levels on the structural characteristics and photocatalytic 
activity of nanorice-like N-doped TiO2. The results showed that the photocatalytic activity of the 
nanorice-like N-doped TiO2 increased with increasing calcination temperature and nitrogen 
content. In the study on the effect of calcination temperature on the structure and visible-light 
photocatalytic activities of (N, S, and C) co-doped TiO2 nanomaterials, Xuefei et a.l [16] found that 
the photocatalytic activity of the co-doped TiO2 nanomaterials increased with increasing 
calcination temperature up to 500 °C, and then decreased at higher temperatures. Similar report 
has been revealed by Modanlu and Shafiekhani, [17] on their study on the synthesis of pure and 
C/S/N co-doped titania on Al mesh in photocatalytic of benzene degradation. However, the effect 
of calcination temperature on the characteristics and photocatalytic performance of TiO2/ZnO co-
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doped with nitrogen and sulphur has not been specifically studied. Thus, thorough understanding 
of the interactions between co-doping and calcination temperature on the characteristic of TiO2/ 
ZnO co-doped with nitrogen and sulphur and its kinetic activities were investigated in this 
present study. The study aims to elucidate the significant of nitrogen and sulphur co-doping on 
the chemical and optical characteristics of TiO2/ZnO and its catalytic properties in photocatalysis 
reaction that can be beneficial in the catalyst development for environmental and remediation 
purposes.   
 
 
2. MATERIAL AND METHODS  
 
2.1 Material 
 
The chemical used in the synthesis of the photocatalyst were Titanium (IV) isopropoxide (97%,) 
purchased from Sigma Aldrich Corporation, zinc acetate di-hydrate (A.R) from R&M Chemicals, 
ammonium nitrate (ACS reagent, ≥98%) from Merck Chemical, thiourea (ACS reagent, ≥99%) 
from Sigma Aldrich Corporation, Ethanol (A.R) from R&M Chemicals and acetic acid (glacial, 
≥99.85%) from R&M Chemicals. All chemicals used were analytical grade. 
 
2.2 Synthesis of TiO2/ ZnO Co-Doped with Nitrogen and Sulphur 
 
Photocatalysts were prepared by using titanium (IV) isopropoxide (TTIP), zinc acetate, 
ammonium nitrate and thiourea as precursors using sol-gel method. The precursors were 
weighed based on mass concentration of 1:1:0.5:0.5 of TiO2: ZnO: N:S respectively. The measured 
amount of zinc acetate (16 g), thiourea (5.65 g) and ammonium nitrate (2.4 g) were placed inside 
90 mL of deionized water and 10 mL of acetic acid. The solution was labelled as Solution A and 
stirred until all solids were dissolved. Meanwhile, 30 mL of TTIP and 100 mL of ethanol were 
mixed and marked as Solution B. With steady stirring, Solution A was introduced dropwise into 
Solution B. The mixture was agitated for an additional 120 minutes at 200 rpm until a visible gel 
developed. The gel mixture was left for 24 hours to allow the ageing process to take place. After 
that, the gel was dried at 110 °C until fully dried. The dry gel was crushed and calcined for 3 hours 
at temperatures ranging from 400 to 800 °C with heating rate of 5 °C/minute. The process is 
summarized in Figure 1. 
 

 
 

Figure 1. Sol-gel method for synthesis of photocatalyst. 
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2.3 Characterization of the Developed Photocatalyst 
 
2.3.1 Crystallinity Analysis 
 
The photocatalysts were characterized by using X-Ray Diffractometer (XRD model:  Rigaku, 
D/Max 2200 PC, Japan) with lamp current of 40 mA and power of 40 kW. The analysis was 
performed at room temperature using copper-Kα radiation (λ=0.15406 nm) with Bragg angles 
2θ ranging from 20° to 80° and a scanning rate of 5°/min. The percentage of anatase-rutile of 
TiO2 were estimated using Equation 1 where IA and IR correspond to areas of anatase (101) and 
rutile (110) respectively. 
 
[A](%) = IA

IA+1.265IR
× 100          (1) 

 
The Debye-Scherrer equation (Equation 2) was used to calculate the crystallite size (D) of 
photocatalysts, where K is the constant (=0.9), θ is Bragg's diffraction angle, λ is X-ray wavelength 
(0.1541 nm), and β is full width at half maximum (FWHM) of the diffraction. 
 
D = Kλ

𝛽𝛽cosθ
            (2) 

 
3.2.3 Surface Area and Pore Size Analysis 
 
Brunauer-Emmet-Teller (BET model: Micromeritic ASAP model 2000, USA) was used to study the 
physical properties of photocatalysts. Before analysis, samples were degassed using nitrogen 
adsorption-desorption isotherms at -196.15 °C (77 K) for 6 hours. Sample BET specific surface 
areas were computed using a BET plot in the relative pressure range of p/p°=0-1.0. The Barret-
Joyner-Halenda (BJH) model was used to calculate pore size and volume. 
 
2.3.3 Surface Morphology Analysis 
 
The morphological study of photocatalysts were carried out by using Field Emission Scanning 
Electron Microscope (FESEM model: Carl Zeiss, Supra 40VP, Germany) at 5 kV and magnification 
of 5000 to 30000. Photocatalysts powders were coated with gold in low vacuum.  
 
2.3.4 Optical Properties Analysis 
 
UV-vis Near Infrared Spectroscopy (UV-vis NIR model: Cary 5000 UV-Vis NIR Spectrophotometer, 
United Kingdom) was used to investigate the optical characteristics of photocatalysts from 200 
to 800 nm. Polytetrafluoroethylene (PTFE) was utilised as a reference sample to establish a 
baseline. The band gap (Eg) of photocatalysts was calculated using the Kubelka-Munk function, 
which is shown in Equation 3. 
 
F(R) = (1-R)2

2R
= K

S
             (2) 

 
where R is the diffuse reflectance spectra while K and S are absorption coefficient and scattering 
coefficient respectively. The band gap energy (Eg) was estimated by using the Equation 4. 
 
Eg = hc

λ
             (3)  

 
where h is the Plank’s constant (4.135667×10-15 eV s), c is the velocity of light (3×108 m/s) and λ 
is the wavelength (nm) of absorption onset. 
 



International Journal of Nanoelectronics and Materials 
Volume 16 (Special Issue) December 2023 [221-239] 

225 

2.4 Kinetic Study 
 
The photocatalytic activity of photocatalyst was studied by using reactive black 5 (RB5) as model 
pollutant. The photocatalyst powder was added into 5 mg/L of RB5 and stirred for 30 minutes in 
dark. The total volume of RB5 solution was set at 100 mL. A 24 W (wavelength ~555nm) compact 
fluorescent lamp was placed 6 cm from the beakers in a set up photoreactor. The solution was 
stirred for 5 hours and 5 mL of aliquots was extracted at 30 minutes interval. The aliquots were 
centrifuged at 10,000 rpm to separate the photocatalyst and the supernatant. The absorbance of 
RB5 was measured by using UV-Vis Spectrophotometer at 595 nm. The obtained data was plotted 
using Langmuir, Freundlich and Langmuir-Hinshelwood (L-H) models to determine the kinetic 
properties of photocatalytic oxidation of RB5. The equations and their linearization forms are 
described in Equation (2.4) to 7 (Table 1). 
 

Table 1 Adsorption Kinetic Models 
 

Adsorption 
Model Equation Linearize Form 

Langmuir qe =
qmax. Kads. Ce

1 + Kads. Ce
 (2.1) 

1
qe

=
1

Kads. qmax
�

1
Ce
� +

1
qmax

 (5) 

Freudlich qe = KF. Ce 
1
n (2.2) ln qe = ln KF +

1
n

ln Ce (6) 

Langmuir-
Hinshelwood r =

dC
dt

=
kKC

1 + KC
 (2.3) ln �

Co

C
� = Kappt (7) 

Kads, KF and K 
Ce and C  
qe  
qmax 
n 
k 

: 
: 
: 
: 
: 
:  

adsorption equilibrium constant  
concentration of azo dyes at equilibrium (mg/L) 
amount of azo dyes adsorbed on photocatalyst (mg/g) 
maximum amount of azo dyes at equilibrium (mg/L) 
intensity constants of adsorbents 
reaction rate constants (mg/L min) 

 
 
3. RESULTS AND DISCUSSION 
 
3.1 Crystallinity Analysis of TiO2/ ZnO Co-Doped with Nitrogen and Sulphur 
 
The crystallinity of the photocatalysts (TiO2/ ZnO and TiO2/ ZnO-N, S) was determined by X-Ray 
Diffraction (XRD). Figure 2 (a) and (b) illustrate the XRD characteristic peaks for both 
photocatalysts. The diffraction peaks show the presence of anatase and rutile TiO2 forms (JCPDS 
card numbers 21-1272 and 21-1276 for anatase and rutile, respectively).Since there are no trace 
of brookite phase, the compositions of anatase-rutile form were characterized by using Equation 
1 in which IA and IR correspond to areas of anatase (101) at 2θ= 25.5° and rutile (110) at 2θ= 
27.7° peaks respectively [18]. The results indicate that the percent of anatase of TiO2/ ZnO and 
TiO2/ ZnO-N, S were 34.8% and 75.3% respectively as tabulated in Table 22. It is known that 
anatase phase has the highest photocatalytic activity compared to rutile and brookite phase, 
therefore the co-doping of TiO2/ ZnO-N, S shows a promising sign in terms of crystallinity [19]. 
Since the anatase content in TiO2/ ZnO-N, S was higher than TiO2/ ZnO it can be said that addition 
of N and S dopants able to increase the amount of anatase phase in photocatalyst.  
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Figure 2. XRD diffraction peaks of (a) TiO2/ ZnO and (b) TiO2/ ZnO-N, S at calcination 
Temperature of 600 °C. 

 
 

Table 2 XRD Properties of Photocatalysts 
 

Photocatalyst 
Phase of Photocatalyst (%) 

References 
Anatase Rutile 

TiO2 P-25 81.0 19.0 [20] 
TiO2/ ZnO 100 0 [21] 
TiO2/ ZnO 34.8 65.2 This study 
TiO2/ ZnO-N, S 75.3 24.7 This study 

 
The anatase phase of TiO2/ ZnO and TiO2/ ZnO-N, S synthesized in this study are lower compared 
to previous study by  Raj & Viswanathan [20] and Cheng et al. [21].  Raj & Viswanathan [20] used 
TiO2 Degussa (P-25) (commercial form of TiO2) in the study to determine the transformation of 
anatase to rutile. It was found out that P-25 has 81% of anatase and the rest is in rutile form. 
Meanwhile Cheng et al. [21] used hydrothermal method and able to produce TiO2/ ZnO with 
100% anatase phase. The result was expected because pure anatase was used as the precursor.   
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Both photocatalysts have the major characteristic peaks at 2θ = 23.9°, 32.8°, 35.3°, 48.9°, 53.4°, 
61.8° and 63.4° which depict cubic zinc titanium oxide (ZnO.TiO2) compound in the form of 
ecandrewsite (JCPDS card no. 26-1500). Apart from that, there are traces of cubic Zn2TiO4 
compound in both photocatalysts at peaks 29.8° and 56.5° (JCPDS card no. 25-1164). The 
presence of Zn2TiO4 compound proved that Ti atoms had partially replaced the Zn atoms in Zn 
crystal lattice [22]. From past literature, addition of N-dopant into semiconductor results in 
formation of TiO2−xNx or Ti1−yO2−xNx+y (x = 0.36; y = 0.27) [23]. Similar result was revealed in the 
present study where titanium nitride (TiN, osbornite-type) was detected at diffraction peaks of 
42.63°, 61.89° and 74.13° based on JCPDS card no. 031-1403. This indicates the traces of N in the 
TiO2/ ZnO-N, S photocatalyst. According to Zukalova et al. [24], TiOxNy can be mismatched to TiN 
because the cubic form seem to be questionable and there are no sufficient research able to justify 
the formation of TiN at temperature ≥ 600 °C. The argument was further supported by Samiee & 
Luo [25] in which TiN exhibits similar character with TiOxNy and can be mistakenly characterized 
during nitridation process. The formation of TiN usually happens after calcination at high 
temperature (more than 1000 °C) in the presence of ammonium gas.  
 
The XRD diffraction peak of TiO2/ ZnO-N, S shows the presence of titanium disulfide or TiS2 
identical with JCPDS card no. 74-1141 at diffraction peaks of 15.44°, 53.64° and 72.12°. The 
formation of TiS2 indicates sulphur was successfully oxidized into TiO2 lattice [26]. The presence 
of TiS2 in the diffraction peak suggested that S6+ cation replaces Ti4+ ions in the TiO2 lattice. The 
peak of TiS2 in Figure (a) is not as distinctive as compared to TiN peak. According to Rehman et 
al. [27], sulphur has larger ionic radius (1.8 Å for S2‒) compared to nitrogen making the insertion  
of sulphur into TiO2 lattice more difficult. The result of this issue is the diffraction peaks attributed 
to TiS2 is smaller compared to other peaks in Figure 2 (b). The XRD analysis was performed to 
analyse the crystallinity properties of TiO2/ZnO-N, S photocatalyst calcined at temperature from 
400 to 800 °C and their diffraction peaks are shown in Figure 3 From the intensity and narrowing 
of the diffraction peaks, it can be seen clearly that the crystallinity of photocatalysts increased 
along with the calcination temperature. The percentage of crystallinity were tabulated in Table 3 
by considering the area under the graph of both crystals and amorphous phase of diffraction 
peaks. Temperature 400 °C has the lowest crystallinity compared to other temperatures. Some 
organic molecules might remain in the lattices of 400 °C which causing incomplete crystallization 
[28]. 
 
The diffraction peaks also indicate anatase phase was fully formed at temperature of 400 °C and 
500 °C. However, at temperature 600 °C onwards rutile phase started to form in the 
photocatalysts lattices. The result is similar to TiO2-N synthesized by Yu et al. [29] where rutile 
phase started to form at temperature 600 °C. Meanwhile, at temperature 800 °C showed 100 % 
of rutile phase due lacking anatase characteristic peaks. This phase behaviour obtained in the 
current study follow the composite phase diagram of the TiO2 as reported by Nie et al. [30]. 
Similar results were obtained from Dodoo-Arhin et al. [31] in which the amount of rutile phase 
increased as the calcination temperature increased around temperature between 450 °C to 600 
°C. The temperature varies with the methods of synthesis and type of precursors used. Based on 
the diffraction peaks, formation of TiS2 and TiN can be observed at temperature above 600 °C 
based on diffraction peaks of 15.44°, 53.64° and 72.12° (JCPDS card no. 74-1141) and 42.63°, 
61.89° and 74.13° (JCPDS card no. 031-1403) respectively. Similar temperature for formation of 
TiS2 was obtained by Let et al. [32], in which formation of TiS2 started at calcination temperature 
of 600 °C.  
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Figure 3. XRD patterns for TiO2/ ZnO-N, S photocatalyst at different calcination temperature, * depict the 

main peak for TiS2 at 15.44°, 53.64° and 72.12°. 
 

Table 3 XRD Properties of Photocatalysts at Different Calcination Temperature 
 

Calcination 
Temperature (°C) Crystallinity (%) 

Phase of Photocatalyst (%) 

Anatase Rutile 

400 25.9 100 ‒ 

500 35.4 100 ‒ 

600 35.6 75.3 24.6 
700 35.8 28.1 71.9 

800 38.2 ‒ 100 
 
3.2 Crystallite Size Analysis 
 
The average crystallite size in Table 4 was obtained from the XRD patterns of photocatalysts by 
using Debye-Scherrer’s equation (Equation 2) of the main diffraction peaks at 2θ= 35.3°. The size 
of crystallite was compared with the size of TiO2 Degussa (P-25) from literature which is 26.0 nm 
[20]. From the equation, the crystallite sizes (D) of both photocatalysts are 48.2 and 15.6 nm for 
TiO2/ ZnO and TiO2/ ZnO-N, S respectively. TiO2/ ZnO has larger crystallite size could be 
associated with the more amount of rutile phase compared to TiO2/ ZnO-N, S. Rutile phase has 
larger grain size compared to anatase phase [19]. Furthermore, co-doping of photocatalyst with 
anionic dopants such as N and S able to influence the size of crystallite. This theory is proven 
because TiO2/ ZnO-N, S has smaller crystallite size compared to P-25 and TiO2/ZnO. According to 
Sathish et al., [33], N3‒ and S2‒ have higher atomic radius than O2‒ and able to increase the inter 
planar distance subsequently decrease the “d” space values. This can be seen clearly in Figure(b) 
which shows clear broadening at the highest intensity characteristic peak at 2θ= 35.3°. Similar 
result was obtained from synthesis of TiO2-N, S in which the size of crystallite was 20 nm 
compared to pure TiO2 which had the size of 24 nm. 
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Table 4 Crystallite Size of Photocatalysts calcined at 600oC 
 

Photocatalysts Crystallite Size (nm) References 
P-25 21.0 [20] 
TiO2/ ZnO 48.2 This study 
TiO2/ ZnO-N, S 15.6 This study 

 
The effect of calcination temperature towards TiO2/ ZnO-N, S were investigated from 
temperature of 400 to 800 °C. Table 5 summarized the crystallite size of TiO2/ ZnO-N, S 
photocatalyst at different calcination temperature. It was found out that the crystallite size 
increased proportionally with increasing of calcination temperature. The result was supported 
with previous literature in which calcination temperature will affect the size of crystallite [33]. 
According to Baharudin et al. [34], the increased of size is because of crystallization of 
photocatalysts and agglomeration of particles due to collapse of mesoporous structure. The 
increased of crystallite size will further distrupt the surface area of photocatalysts and reduce 
their effciency. 
 

Table 5 Crystallite Size of TiO2/ ZnO-N, S at Different Calcination Temperature 
 

Calcination Temperature (°C) Crystallite Size (nm) 
400 4.0 
500 5.8 
600 15.6 
700 48.3 
800 50.3 

 
3.3 Surface Area Analysis and Pore Size Distribution Analysis 
 
The surface area of photocatalysts was determined using the Brunauer-Emmett-Teller (BET) 
method, which involved N2 adsorption and desorption at 77.3 K. Table 6 summarises the features 
of photocatalysts. From the BET analysis, the surface area of photocatalysts were reduced 
significantly after doping. The reduction of specific surface area could be associated with 
increasing of crystallinity of semiconducting oxides [35]. The rutile phase has lower BET surface 
area and TiO2/ ZnO has the most amount of rutile in the photocatalyst according to Table 2 The 
significant reduction also can be resulted by particle-particle interaction of samples or 
agglomeration. The outcome nature of photocatalyst was influenced by its preparation method. 
The crucial part of preparation is the hydrolysis stage in which precursors were added with water 
and acidifying reagent to facilitate the process. Glacial acetic acid (GAA) served as a good 
acidifying reagent and provide the highest surface area based on previous study. Incomplete 
hydrolysis may cause the aggregation of particles due to the rapid nature of the process. Since 
GAA was used in this study, the ratio of solvent and water were probably the source of problem. 
According to Bashiri et. al [28], higher amount of water promotes nucleophilic attack on titania 
precursor and results in agglomeration of particles. 
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Table 6 Surface Area and Pore Characteristics of Photocatalysts calcined at 600oC 
 

Photocatalysts Surface area 
(m2/g) 

Total pore 
volume (cm3/g) 

Mean pore 
diameter (nm) References 

P-25 56.0 0.25 17.5 [20] 
TiO2-N, S 39.5 0.15 8.98 [36] 
TiO2/ ZnO 16.76 0.11 25.0 This study 
TiO2/ ZnO-N, S 22.81 0.15 27.6 This study 

 
Figure 3 shows the adsorption-desorption isotherms for TiO2/ ZnO and TiO2/ ZnO-N, S 
photocatalysts. The isotherms can be classified as type IV according to IUPAC classification for 
adsorption isotherm which belong to mesoporous materials (pores diameter is between 2‒50 
nm). The loops of the adsorption-desorption isotherms attributed to type H1 which is well 
defined cylindrical pore channels. Similar result was obtained by Syafiuddin et al. [36] who 
synthesized TiO2-N, S as his study. He suggested that the mesoporous region indicates uniform 
pores and considered as a good photocatalyst. Further doping lessens the pore volume shown by 
TiO2/ ZnO-N, S in Table 6 compared to the pore volume of P-25. Similar results can be compared 
with Yu et al. [35] in which doping with other anionic dopants will result in slight reducing of pore 
volume. The differences of pore volume of photocatalysts were not significantly different and 
comparable to the closest synthesized photocatalyst by Syafiuddin et al. [36]. In his study, the 
total pore volume of TiO2-N, S was 0.15 cm3/g. The pore diameters were obtained from Barret‒
Joyner‒Halenda (BJH) method. From the pore distribution data, it was found out that the average 
size of pore diameter of TiO2/ ZnO-N, S increased significantly from 17.5 nm (P-25) to 27.6 nm. 
The pore diameters of photocatalysts were larger compared to previous literature where mostly 
have diameter less than 10 nm [36]. However, since the pore diameters still belong as 
mesoporous materials (between 2 and 50 nm), the photocatalysts were acceptable. 
  

  
 

Figure 3. Adsorption-desorption isotherms of (a) TiO2/ ZnO and (b) TiO2/ ZnO-N, S at calcination 
temperature of 600 °C. 

 
The effect of calcination temperature on the surface area of TiO2/ ZnO-N, S were investigated and 
tabulated in Table 7 From the result, it was found out that increasing of calcination temperature 
had serious effect on reduction of the surface area. The surface area of photocatalyst at 
temperature 800 °C is the lowest compared to others. At high calcination temperature, 
photocatalysts are prone to agglomerate and reduce their surface area [34].  
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Table 7 Surface Area and Pore Characteristics of TiO2/ ZnO-N, S at Different Calcination Temperature 
 

Calcination 
Temperature (°C) 

Surface area 
(m2/g) 

Total pore volume 
(cm3/g) 

Mean pore diameter 
(nm) 

400 108.67 0.16 5.8 
500 53.57 0.16 12.0 
600 22.81 0.15 27.6 
700 14.13 0.14 35.5 
800 4.326 0.01 12.9 

 
The surface area effect can be seen clearly in the adsorption-desorption isotherms for TiO2/ ZnO-
N, S in Figure 5(a) to (d). From the figure, it can be said that the amount of nitrogen adsorbed 
reduced gradually after calcination temperature increased. However, at temperature of 800 °C, 
the photocatalyst showed the least amount of nitrogen adsorbed which explains the low surface 
area (4.82 m2/g). The photocatalyst belong to type IV IUPAC classification (mesoporous 
materials) and approaching type II at temperature of 800 °C. Type II isotherm indicates the 
material is non-porous. This statement is supported with the low total pore volume shown by 
photocatalyst at temperature 800 °C. The pattern is similar with a study by Raj & Viswanathan 
[20] in which P-25 had low surface area after being calcinated at temperature above 700 °C have 
type II isotherms.  
  

  

  
Figure 5. Adsorption-desorption isotherms of TiO2/ ZnO-N, S at calcination temperature of (a) 400 °C, (b) 

500 °C, (c) 700 °C and (d) 800 °C. 
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The increased of calcination temperature have a serious effect on the pore volume at high 
temperature. From temperature 400 to 700 °C, only slight reduction of the pore volume occurred. 
At temperature of 800 °C, the pore volume began to shrink drastically to 0.01 cm3/g. The 
reduction of pore volume is because of agglomeration of particles [34]. In contrast, the pore 
diameter of photocatalyst increased with calcination temperature. However, at temperature of 
800 °C, the pore size reduced to 12.9 cm3/g. It was believed that the mesoporous walls collapse 
at high temperature due to the agglomeration. 
 
3.4 Surface Morphology Analysis 
 
The surface morphologies of all photocatalysts can be referred by FESEM images in Figure 6. 
From the image, TiO2/ ZnO-N, S has dense layer but have lesser agglomeration compared to TiO2/ 
ZnO. TiO2/ ZnO have combination of small spheres and large irregular shapes. There is significant 
agglomeration in the TiO2/ZnO particles. Agglomeration is unwanted in any types of 
photocatalysts because it will subsequently lead to reduction of the surface area and reduce the 
photoactivity of photocatalyst [37]. The images were supported by the XRD and BET surface area 
results mentioned in previous sections. TiO2/ ZnO clearly has larger particle size and lower 
surface area compared to TiO2/ ZnO-N, S. The agglomeration seen from the image of TiO2/ ZnO 
are proven to be the factor of the low pore volume exhibited by the photocatalyst. The images of 
photocatalysts are in agreement of a study by Syafiuddin et al.[ 36]  in which further doping of 
TiO2 able to improve their surface morphologies. 
  

  
 

Figure 6. FESEM images for (a) TiO2/ ZnO and 
(b) TiO2/ ZnO-N, S at calcination temperature of 600 °C (30,000 magnification). 

 
The effect of calcination temperature towards the morphology of TiO2/ ZnO-N, S photocatalyst is 
shown in Figure(a) to (e). From the FESEM images, the shapes of particles become less irregular 
as the temperature increases. At low calcination temperature, the shapes of particles are 
irregular, and agglomeration occurs at many places. The shapes and agglomeration able to justify 
the low size of pore diameter shown by Figure 7(a). At low calcination temperature, the thermal 
energy supplied was unable to cleave the agglomeration into finer entities creating highly 
clustered particles [37]. According to Bashiri et al. [28], low calcination temperature will lead to 
incomplete crystallization which explains the lack of uniformity of the particles. At temperature 
of 600 °C, more regular and uniform particles can be seen in the image with the least 
agglomeration. However, at temperature beyond that the particles tend to agglomerate further, 
and the shapes and sizes of particles become irregular again which explains the decrease of pore 
size in previous section. The surface morphology at high calcination temperature able to support 
the large crystallite size and low surface area that were discussed in previous sections. The 
agglomeration and large size of crystallite was due to collapse of mesoporous structure of the 
photocatalyst [34].  
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Figure 7. FESEM images of TiO2/ ZnO-N, S at calcination temperature of (a) 400, 
(b) 500, (c) 600, (d) 700 and (e) 800 °C (30,000 magnification). 

 
3.5 Energy Band Gap Analysis 
 
The photocatalysts undergo UV-Vis DRS analysis to determine their optical properties. Their 
diffuse reflectance spectra were translated into a graph of in Figure 8. The wavelength was 
extrapolated from the plot, and it was found out that the wavelength of TiO2/ ZnO shifted from 
429.3 nm to 426.0 nm after co-doped with nitrogen and sulphur. From Table 8, both photocatalyst 
have higher wavelength than TiO2 P-25 and commercial ZnO. Titania and ZnO have a threshold 
wavelength of 388 nm. The increment of wavelength signifies that the photocatalysts can work 
under visible light. The direct energy band gap (Eg) of samples was estimated by using Equation 
4. From the equation, the energy band gap of each photocatalyst were estimated to be 2.89 eV 
and 2.91 eV for TiO2/ ZnO and TiO2/ ZnO-N, S respectively. Both photocatalysts exhibit lower 
band gap energies than TiO2 P-25 and ZnO which is 3.2 eV. From previous studies, the doping of 
TiO2 and ZnO able to lower their band gap and approaching visible light region. For instances, 
Caratto et al. [38] and Yu et al. [29] able to shift the band gap of TiO2 to 3.0 eV after doping with 
nitrogen. On the other hand, Yu et al. [35] manage to obtain lower band gap at 2.87 and 2.83 eV 

(a) (b) 

(c) (d) 

(e) 

100 nm 

100 nm 100 nm 

100 nm 

100 nm 



Nur Najwa Yunus, et al. / Characterization and Kinetic Study of TiO2/ ZnO Co-Doped with Nitrogen and… 

234 
 

respectively after doping TiO2 with sulphur via sol-gel method. Co-doping of TiO2 and ZnO able to 
shift the band gap ranging between 2.82 to 2.89 eV [39]. As a comparison, this study able to shift 
8.4 % and 10 % of TiO2/ ZnO and TiO2/ ZnO-N, S respectively from 3.2 eV. From the experiment, 
it can be said that doping of nitrogen and sulphur into TiO2/ ZnO able to narrow their band gap 
and perform better under visible light. 
  

 
 

Figure 8. UV-vis reflectance and absorption spectra of TiO2/ ZnO and TiO2/ ZnO-N, S at calcination 
temperature of 600 °C. 

 
Table 8 UV-vis DRS Analysis for Photocatalysts calcined at 600oC 

 

Photocatalyst 
UV-vis DRS Analysis 

References 
Wavelength (nm) Band gap (eV) 

TiO2 400 3.2 [40] 
ZnO 387 3.2 [41] 
TiO2/ ZnO 429.3 2.93 This study 
TiO2/ ZnO-N, S 426.0 2.89 This study 

 
The effect of calcination temperature on the wavelength and energy band gap of TiO2/ ZnO-N, S 
was investigated. The UV-vis reflectance spectra and Tauc plot of TiO2/ ZnO-N, S is illustrated in 
Figure 9.9. The energy band gap of TiO2/ ZnO-N, S at different calcination temperature was 
estimated using linearization of Kubelka-Munk function and summarized in Table 9. The energy 
band gap of the photocatalyst varies from 2.76 to 3.07 eV. From the absorption spectra, the 
wavelength of photocatalyst decreased with increasing of calcination temperature except for 
temperature 500 °C. However, the wavelength of temperature 500 °C is not too far off the next 
temperature. The result is in agreement with Singh et al. [42] in which the calcination 
temperature affect the wavelength of photocatalyst.  
 
Based on a research by Kayani et al. [43], the energy band gap is closely related to the size of 
crystallite as larger crystallite will yield higher band gap. The energy band gap started to rise 
between temperature of 400 °C and 500 °C from 2.76 to 3.07 eV. The reason is enlargement of 
crystallite size as discussed earlier. At temperature 600 °C, the band gap decreases significantly 
to 2.89 eV. Based on the XRD analysis, at this temperature is the starting point of rutile formation. 
Rutile generally has lower energy band gap compared to anatase phase [20]. The formation of 
rutile phase able to decrease the energy band gap at this temperature. At temperature 700 and 
800 °C, the band gap increased and maintained at around 2.95 eV.  
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Despite having more rutile phase compared to temperature 600 °C, their crystallite sizes 
increased from 15.6 nm to 48.3 and 50.3 nm for temperature 700 °C and 800 °C respectively. 
Therefore, it is understandable for the increased at their energy band gap. 
  

 
 

Figure 9. UV-vis reflectance spectra of TiO2/ ZnO-N, S at different calcination temperature. 
 

Table 9 UV-vis DRS Analysis for TiO2/ ZnO-N, S at Different Calcination Temperature 
 

Calcination Temperature (°C) 
UV-vis DRS Analysis 

Wavelength (nm) Band gap (eV) 
400 448.6 2.76 
500 404.2 3.07 
600 429.0 2.89 
700 420.5 2.95 
800 419.5 2.96 

 
3.6 Kinetic Study 
 
The kinetic studies of the reaction were studied with Langmuir, Freundlich and Langmuir-
Hinshelwood (L-H) models. All the models were compared based on their R2 value. The models 
are illustrated in Figure 10(a)-(c). The isotherms constants of each model were tabulated in Table 
10. From the table, the Langmuir model shows the highest R2 compared to Freundlich and L-H 
model. However, the y-intercept which corresponds to the Langmuir adsorption equilibrium 
constant (Kads) fell into the negative region. Hence, the L-H model fitted better to the adsorption 
based on similar case reported by Islam et al. [44]. The L-H model is used to describe the 
photocatalytic process and considered to follow pseudo first-order decay kinetics. Figure 10(c) 
shows the plot of ln(Co/C) against time at different initial concentrations. From the plot, the first 
order rate constant can be determined (Kapp) by using the slope of the graph and summarized in 
Table 10. From the table, Kapp values were reduced compared to initial concentration of 10 mg/L. 
The results were in agreement by previous literature in which the Kapp dropped from 0.02 min-1 
to 0.007 min-1 as the concentration increases from 2 mg/L to 20 mg/L [45].  
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The reduction of adsorption at higher concentrations may cause by reduction of available sites 
on the photocatalyst compared to the amount of RB5 [46]. Furthermore, the concentrations will 
lower the chance of light passing through and inhibits the formation of hydroxyl radicals needed 
for the oxidation to occur.  
 

Table 10 Isotherm Model Parameters Based on Effect of Initial Concentration of RB5 
 

Isotherms Initial Concentration (mg/L) 
5 10 15 20 25 

Langmuir      
Qm 1.434E-04 4.526E-04 7.366E-04 9.550E-04 1.338E-04 
Kads -0.933 -2.167 -2.865 -1.999 -35.231 
R2 0.987 0.996 0.996 0.990 0.997 
Freundlich      
n -2.106 -8.905 -5.967 -5.855 -9.634 
KF 3.836E-04 6.454E-04 1.069E-03 1.493E-03 1.738E-03 
R2 0.969 0.987 0.949 0.939 0.930 
Langmuir-Hinshelwood      
Kapp (×10-3 min-1) 3.917 2.283 2.150 1.833 2.567 
r 0.039 0.046 0.065 0.073 0.128 
R2 0.952 0.913 0.905 0.915 0.936 
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Figure 10. Kinetic studies based on initial concentrations of RB5 using (a) Langmuir, (b) Freundlich and 
(c) L-H models (Tc=600 °C, Loading=3 g/L, pH 6) 

 
From the kinetic studies, the photocatalytic performance at concentration 5 mg/L exhibit the 
highest Kapp (3.917×10-3 min-1) than the other concentrations. On the other hand, the reaction rate 
of reactant (r) increased proportionally with the initial concentration of RB5. The Kapp of this 
study is lower compared to  another literature by Zhu et al. [45] in which  the highest Kapp achieved 
was  7.03×10-3 min-1 at 10 mg/L of methyl orange dye solution.  However, the conditions of 
experiments were not similar, therefore higher Kapp was expected from this study. 
 
 
4. CONCLUSION 
 
The sol-gel method was used to create the photocatalyst TiO2/ZnO-N, S, which has a good balance 
of anatase and rutile phases as well as traces of zinc titanium oxide, titanium nitride, and titanium 
disulfide in its lattice. The findings indicate that the dopants were successfully incorporated into 
the lattices because TiS2 and TiN were present as indicated by diffraction peaks at 15.44°, 53.64°, 
and 72.12° (JCPDS card no. 74-1141) and 42.63°, 61.89°, and 74.13° (JCPDS card no. 031-1403), 
respectively. As the calcination temperature rises, the size of the crystallites grows, the catalyst's 
surface area decreases, particles clump together on the developed catalyst's surface, and a band 
gap (Eg) lower than 3.2 eV is achieved. The calcination temperature of 600oC was the optimum 
temperature for the production of TiO2/ZnO-N, S photocatalyst, taking into account surface 
morphology (less agglomeration), crystallite size (15.6 nm), surface area (22.81 m2/g), and band 
gap (2.89 eV). Based on kinetic studies, RB5 at various concentrations (5 mg/L to 25 mg/L) was 
removed using a TiO2/ZnO-N, S photocatalyst that was calcined at 600oC showed that the L-H 
model was best fit by the RB5 removal which was also thought to follow pseudo first-order decay 
kinetics. With the reactant (r) oxidising at a rate of 0.039 mg/L.min, the apparent deterioration 
rate of the constant (Kapp) was 3.917 10-3 min-1. The present study revealed that a calcination 
temperature of 600oC produced TiO2/ZnO-N, S with the optimum characteristics and the 
maximum photocatalytic efficiency. 
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