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Abstract 18 

For the purpose of atmospheric NO removal, anatase TiO2/g-CN photocatalytic composites were 19 

prepared by using a facile template-free calcination route in atmospheric conditions. Considerably fiscal 20 

NP400 and laboratory-grade melamine were used as the precursor of the composites. Additionally, 21 

samples were prepared with different wt. ratios of TiO2 and melamine by using two distinct calcination 22 

temperatures (550°C/600°C). The morphological attributes of the composites were assessed with X-ray 23 

diffraction, scanning and transmission electron microscopy, infrared spectroscopy, and X-ray 24 

photoelectron spectroscopy. Additionally, the optical traits were evaluated and compared using UV-25 

visible diffuse reflectance spectroscopy and photoluminescence analysis. Finally, the photodegradation 26 
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potentials for atmospheric NO by using the as-prepared composites were assessed under both UV and 27 

visible light irradiation. All the composites showed superior NO oxidation compared to NP400 and bulk 28 

g-CN. For the composites prepared by using the calcination temperature of 550°C, the maximum NO 29 

removal was observed when the NP400 to melamine ratio was 1:2, irrespective of the utilized light 30 

irradiation type. Whereas for increased calcination temperature (600°C), the maximum NO removal 31 

was observed at the precursor mix ratio of 1:3 (NP400:melamine). Successfully narrowed energy 32 

bandgaps were perceived in the as-prepared composites. Moreover, a subsequent drop in NO2 33 

generation during NO oxidation was observed under both UV and visible light irradiation. Interestingly, 34 

higher calcination temperature during the synthesis of the catalysts has shown a significant drop in NO2 35 

generation during the photodegradation of NO. 36 

Keywords 37 

NOx removal, TiO2/g-CN, Photooxidation, Nitrate selectivity, UV-Vis activation, NO2 generation  38 

1 Introduction 39 

Atmospheric pollution caused by nitrogen oxides (NOx) has been identified as one of the most severe 40 

environmental problems (Song et al., 2019; Yang et al., 2019). Usually, NOx refers to NO and NO2, the 41 

two most common atmospheric nitrogen oxides. Anthropogenic activities such as combustion-based 42 

emission of natural gases and denitrification of nitrate salts from biogenic sources are the primary cause 43 

of atmospheric NOx (Schwartz-Narbonne et al., 2019). Over the past decades, NOx concentration has 44 

acutely increased, leading to dense haze events by generating secondary aerosols. Researchers have 45 

demonstrated effective removal of gaseous NOx using several physio-chemical processes such as direct 46 

decomposition (Damma et al., 2018), selective catalytic/non-catalytic reduction (Zong et al., 2018), 47 

solid-liquid adsorption (Mamaghani et al., 2017), plasma-assisted catalytic reduction (Oskooei et al., 48 

2019), and photocatalytic oxidation. However, most of these approaches are only useful at the source 49 

of emission where the NOx concentration is at ppm levels and requires specific tools, tuning, or high 50 

temperatures. Photocatalytic oxidation is very efficient in removing NOx at the ppb level in ambient 51 

atmospheric conditions (Tsang et al., 2019). Moreover, photocatalytic NOx oxidation facilitates 52 

sustainability by utilizing renewable solar energy, mild reaction conditions, low cost, and large-scale 53 
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implementation (Schwartz-Narbonne et al., 2019; Yang et al., 2019). This promising method can 54 

effectively oxidize NOx by generating reactive oxygen species such as superoxide (.O2
-) or hydroxyl 55 

(.OH) radicals under light irradiation (Martinez-Oviedo et al., 2019). 56 

Since the TiO2 electrode was implemented for H2 evolution using solar irradiation by Fujishima and 57 

Honda, it gained a growing interest in photocatalysis (Wei et al., 2016). The low cost, chemical stability, 58 

and non-toxic nature of TiO2 made it an ideal photocatalyst (Tsang et al., 2019). Moreover, theoretical 59 

and experimental studies indicated that the dominant anatase facets ((101), (001)) of TiO2 are more 60 

photoactive compared to the dominant rutile facets (Huang et al., 2018). However, the photocatalytic 61 

activities of anatase TiO2 are limited by its large energy bandgap (~3.6 eV) and prompt recombination 62 

of photogenerated e-/h+ pairs (Huang et al., 2020). Consequently, conventional TiO2 primarily works 63 

under UV illumination, having a wavelength below 387 nm, with a low quantum efficiency. Hence, 64 

during photocatalysis, TiO2 can only utilize a maximum of 4% – 5% of the solar spectrum (Huang et 65 

al., 2020), most of which is wasted by recombination in the bulk phase. For decades, many attempts 66 

have been made to enhance the photoactivity of TiO2 by employing a more substantial portion of the 67 

solar spectrum and well-defined structure with high crystallinity through bandgap and crystal 68 

engineering (Lu et al., 2010; Yan and Yang, 2011), respectively. Some of the successful techniques that 69 

have been found are sol-gel method combined with inorganic/organic templates (Pan et al., 2011; 70 

deKrafft et al., 2012), hydrothermal synthesis (Yu et al., 2013a), surface sensitization, metal/non-metal 71 

doping, noble metal deposition, self-doping, and semiconductor heterojunction (Zhang et al., 2019a; 72 

Zhang et al., 2019c). In particular, the heterojunction of TiO2 with restricted bandgap semiconductors 73 

is very efficient in utilizing the visible and solar light spectrum as well as mitigating charge 74 

recombination during photocatalysis. 75 

In recent years, polymeric derivative (g-CN) of ideal graphitic carbon nitride or polymeric melon have 76 

attracted considerable attention due to their promising optical properties, electronic structure, and 77 

photocatalytic behaviour (Thomas et al., 2008; Dong et al., 2011; Dong et al., 2013). g-CN has been 78 

significant in working towards photocatalytic H2 evolution. g-CN can easily be synthesized by thermal 79 

polycondensation of a nitrogen-rich molecular precursor such as urea, cyanamide, dicyandiamide, 80 
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melamine, and thiourea (Dong et al., 2011). Two basic tectonic units, tri-s-triazine (C6N7) and s-triazine 81 

(C3N3), each provide for the specific architecture of g-CN (Thomas et al., 2008). However, g-CN with 82 

standard C6N7 units has been predicted to be the most stable phase in low energy conditions (Thomas 83 

et al., 2008). Unlike TiO2, g-CN features a two-dimensional (2D) lamellar structure consisting primarily 84 

of the π-conjugated heterocyclic aromatic compounds with a modest energy gap (~2.7 eV), leading to 85 

high thermo-chemical stability, strong visible light absorption (~450 – 460 nm), and favourable 86 

optoelectronic properties (Zhou et al., 2019; Cui et al., 2020). g-CN has the conduction band (CB) and 87 

valence band (VB) potential of −1.3 or +1.4 eV vs. normal hydrogen electrode (NHE) respectively; 88 

thus, the photoexcited e-/h+ pairs can be efficiently utilized for H2O splitting (H2 evolution), organic 89 

pollutants degradation, and CO2 reduction (Zhang et al., 2019a). 90 

Thanks to its impressive π-conjugated structure and visible light absorption, g-CN has drawn 91 

tremendous attention to the removal of NOx, one of the prominent haze precursors (Ma et al., 2016; Li 92 

et al., 2018; Wang et al., 2018). Similar to TiO2, the photocatalytic activities of g-CN is still limited 93 

because of the low charge transfer efficiency and high recombination (i.e., the transfer of 94 

photogenerated e- from CB to VB, to combine with photogenerated h+) rate of the photogenerated e-/h+ 95 

pairs  (Yu et al., 2020). Therefore, the pristine g-CN cannot effectively eliminate NOx unless modified 96 

to inhibit the charge recombination rate and enhance charge transfer efficiency. Hence, to improve 97 

photoactivity, substantial attempts have been made for the morphology and energy bandgap amendment 98 

of the pristine g-CN. Heteroatom doping and composite preparation with compatible semiconductors 99 

through heterojunction are the prominent approaches that have been tested by many research groups. 100 

Considering the stability and the extent of the photoactivity of g-CN composites, g-CN heterojunction 101 

with other semiconductors appears to be an efficient strategy to optimize photoactivity (Cui et al., 2020; 102 

Huang et al., 2020; Yu et al., 2020). The disparity in the CB and VB levels of g-CN and TiO2, along 103 

with the graphene-like 2D structure of g-CN, favours efficient heterojunction, which facilitates dynamic 104 

photoactivity under both UV and visible irradiation (Xia et al., 2019; Cui et al., 2020; Huang et al., 105 

2020). Due to the position of CB and VB, TiO2/g-CN is a type II heterostructure. Therefore, 106 

photogenerated e- on the CB of g-CN can transfer to TiO2, and the photogenerated h+ from VB of TiO2 107 
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can transmit to g-CN (Cui et al., 2020). Consequently, the recombination rate of photogenerated e- and 108 

h+ can be reduced in the TiO2/g-CN composite. In contrast, several studies reported TiO2/g-CN to be a 109 

type Z heterostructure (Huang et al., 2020). 110 

Although TiO2/g-CN composites were considered efficient photocatalysts for NO removal, little 111 

progress has been made in eliminating the discharged NO2. While direct NO2 oxidation generates 112 

harmless nitrates, NO oxidation involves several intermediate steps before it is fully oxidized, most 113 

involving NO2 formation. Since NO2 is more toxic than NO, its release hampers the overall 114 

photocatalytic efficiency. Only a selective photocatalyst that suppresses the formation and release of 115 

undesired intermediates can ensure improvement in air quality. Additionally, many studies have been 116 

conducted on the preparation of TiO2/g-CN for enhanced photoactivity under visible light (Cui et al., 117 

2020; Huang et al., 2020). Still, the enhancement under UV irradiation was rarely reported (primarily 118 

for NO oxidation). Hence, for the outdoor application, it is also essential to assess the behaviour under 119 

UV irradiation that boosts the photoactivity of most of wide-and-medium-bandgap semiconductors, 120 

including TiO2 and g-CN. Therefore, in this work, a facile template-free route was utilized to 121 

successfully prepare TiO2/g-CN composites by using NP400 and melamine as the precursors. NP400 is 122 

an anatase form of TiO2, which is prepared by calcining Ti(OH)4 (hydrolyzed product of Ti-based salts) 123 

at a temperature of 600°C for 4 – 5 h (Rhee et al., 2018). Therefore, from commercial points of view, it 124 

is very low-priced but equally photoactive as commercially available P25. Detailed characterizations of 125 

the as-prepared composites were performed, and the NO oxidation potentials of the as-prepared 126 

composites were assessed by following ISO 22197-1 (2007) and ISO 17198-1 (2018) for UV and visible 127 

light photo-oxidation. Moreover, the nitrate selectivity and possible oxidation scheme were discussed 128 

concerning the varying synthesis temperature of the prepared composites. 129 

2 Materials and methods 130 

2.1 Materials 131 

As a precursor of anatase titania, NP400 was provided by Bentech Frontier Co. Ltd. (Gwangju, South 132 

Korea). Melamine (C3H6N6) in powder form (assay, 99%) was purchased from Sigma-Aldrich Korea 133 

(Seoul, South Korea). All the reagents were used directly without further processing. 134 
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2.2 Preparation of TiO2/g-C3N4 composite 135 

The heterojunction of TiO2 and g-CN was achieved by annealing the dry mixture of NP400 (anatase 136 

TiO2, Bentech Frontier) and melamine (Sigma-Aldrich, 99%) in a laboratory scale box furnace under 137 

air. Composites were prepared by varying the wt% of melamine (50–500%) compared to NP400, and 138 

two sets of calcination temperature (550℃ and 600℃) were utilized. The rate of rise of temperature in 139 

the box furnace and the duration of calcination were fixed as 10 ℃/min and 3 h, respectively. The 140 

nomenclature of the prepared samples indicating the varying mixing ratio of the precursors and 141 

calcination temperature are illustrated in Table S1. Initially, 6 samples were prepared by calcining the 142 

precursor mix of NP400 and melamine at 550℃. The amount of NP400 in the precursor mix was kept 143 

fixed at 4 g and the melamine content was increased consecutively. The as prepared composites were 144 

named as TC1 to TC6, while the mixing ratio of NP400 to melamine varied as 2:1, 1:1, 1:2, 1:3, 1:4, 145 

and 1:5 respectively. Similarly, another 4 samples were prepared by calcining the precursor mix at 146 

600℃. The samples were termed as TC7, TC8 and TC9, while the mixing ratio of NP400 to melamine 147 

varied as 1:2, 1:3, and 1:4 respectively.  148 

2.3 Characterization 149 

The crystalline structure of the prepared composites was characterized by XRD analysis by generating 150 

XRD patterns on an MDI Jade 5.0 X-ray diffractometer (D/MAX Ultima Ⅲ, Rigaku, Japan) with Cu 151 

Kα radiation source, operating at 40 kV and 40 mA. By using Bragg-Brentano experimental 152 

arrangement, the XRD pattern was recorded in the 2θ range of 2° to 90°, at a scanning rate of 0.02/sec. 153 

The limiting parameters of the X-ray beam were 2/3° divergence, 10 mm divergent height, 2/3◦ 154 

scattering, and 0.3 mm receiving slits. 155 

The morphology of the powdered TiO2/g-CN was studied by a SEM (S-4700, Hitachi, Japan), operating 156 

at 15 kV in vacuum at a working distance of 7 mm. The elemental compositions were estimated by 157 

using EDX detector (55VP SEM) operating at 15 kV. A field emission transmission electron 158 

microscope (FE-TEM, JEOL Ltd., JEM-2100F, Japan) operating at 200 kV was used to examine fine 159 

details of the samples’ morphology. The TEM samples were prepared by evaporation in air of a droplet 160 

of the powders dispersed in ethanol onto Cu grid coated with holey carbon support films. N2 adsorption-161 
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desorption curves of the samples were developed using an automated surface area analyzer (Belsorp 162 

mini Ⅱ, BEL, Japan), and the specific surface area was determined through Brunauer-Emmett-Teller 163 

(BET) method. The Barrett-Joyner-Halenda (BJH) model was also utilized for the calculation of mean 164 

pore diameter and the total pore volume by using the desorption isotherm at P/P0=0.99. To perform the 165 

thermogravimetric analysis (TGA) and differential scanning calorimetry analysis (DSC), 5.04 mg of 166 

dry sample of the precursor mix (NP400:melamine = 1:1) was sealed in an aluminum crucible with a 167 

lid and scanned at a rate of 10°C/min. For DSC 1 heating and 1 cooling cycle was considered to observe 168 

the stability of the composite. 169 

To identify g-CN and TiO2 in the composite, the Fourier transform infrared (FT-IR) spectra (IRPrestige-170 

21, Shimadzu, Japan) of the samples were taken in the wavenumber range of 400–4000 cm−1. The KBr 171 

pellet preparation technique was utilized for the sample preparation. Also, to reveal the change in 172 

chemical bonds, X-ray photoelectron spectroscopy (XPS) data were collected in a Kratos Axis Ultra X-173 

ray Photoelectron Spectroscopy system (MultiLab2000, VG, UK), using dry samples. To comment on 174 

the recombination rate of the photogenerated e−/h+ pairs in the as-prepared composites, 175 

photoluminescence (PL) spectra were generated in a microplate spectrofluorometer (Dual FL, Horiba, 176 

Piscataway, NJ, USA) by using the excitation wavelength of 300 nm. UV-Vis spectra were obtained 177 

using a UV-Vis-NIR spectrometer (Lambda 950, Perkin Elmer, KBSI Daegu center, South Korea) 178 

equipped with diffuse reflectance accessory. Spectra were recorded in the spectral range of 400–800 179 

nm at a scan rate of 600 nm/min. The Kubelka-Munk function (F(R)) was employed to determine the 180 

optical bandgap of the prepared samples (see equations (1) – (3)). The direct and indirect energy 181 

bandgap was verified by extrapolation by plotting (F(R)hν)2 vs hν and (F(R)hν)1/2 vs hν, respectively. 182 

𝐹𝐹(𝑅𝑅) = 𝐾𝐾
𝑆𝑆
           (1) 183 

𝐾𝐾 = (1 − 𝑅𝑅)2           (2) 184 

𝑆𝑆 = 2𝑅𝑅            (3) 185 

Here, K is the molar absorption coefficient, S is the scattering factor, and R is the reflectance data from 186 

DRS analysis. 187 
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2.4 Photocatalytic activity 188 

A laboratory scale photocatalytic reactor was utilized to determine the NOx (NO + NO2) removal 189 

efficiency of the prepared composites under both UV and visible light irradiation. ISO 22197-1 (2007) 190 

and ISO 17198-1 (2018) were followed to conduct the photocatalytic NOx removal analysis under UV 191 

and visible light respectively. All the composites were pre-treated under two 10 W UV-A (Sanyo-denki, 192 

Japan) lamps for 5 h with the light intensity of 10 W/m2 ± 0.5 W/m2. The details of the system are 193 

described elsewhere (Park et al., 2014; Rhee et al., 2018). A simple schematic of the experimental setup 194 

showing the utilized components and NOx flow direction is provided in Fig. S1. Moreover, Fig. S1 195 

illustrated the software interface of the NOx analyzer that has been used for the study. 196 

To place the powder samples in the photocatalytic reactor, a rectangular sample holder was used with 197 

a surface area of 50 cm2, with 1 g of the prepared samples being pressed in the holder. By following 198 

ISO protocols, the experimental parameters of the reactor included a constant airflow of 3 L/min with 199 

1 ppmv of NO at the inlet, moisture content of 50%, and internal temperature of 25 ℃. At the outlet of 200 

the reactor a NOx analyzer (CM2041, Casella) was fixed to determine the NO and NO2 concentration. 201 

For photoactivity under visible light, a cool white fluorescent lamp with UV cut-off filter was utilized, 202 

with an illuminance of 6000 lx ± 300 lx. All the experiments were conducted for 100 min, where the 203 

light source was switched on after 20 min of gas adsorption and the light irradiance was continued for 204 

1 h. The experiments were conducted in triplicates and the average values are reported in this study. 205 

The rate of NO removal, NOx removal, NO2 generation, and nitrate (NO3
-) selectivity were determined 206 

using the following equations:  207 

𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖−𝑁𝑁𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜
𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖

         (4) 208 

𝑁𝑁𝑁𝑁2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  𝑁𝑁𝑁𝑁2,𝑜𝑜𝑜𝑜𝑜𝑜−𝑁𝑁𝑁𝑁2,𝑖𝑖𝑖𝑖
𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖

         (5) 209 

𝑁𝑁𝑁𝑁𝑥𝑥,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑁𝑁𝑁𝑁𝑥𝑥,𝑖𝑖𝑖𝑖−𝑁𝑁𝑁𝑁𝑥𝑥,𝑜𝑜𝑜𝑜𝑜𝑜
𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖

         (6) 210 

𝑁𝑁𝑁𝑁3𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡
− =  𝑁𝑁𝑁𝑁𝑥𝑥 ,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
× 100        (7) 211 
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3 Result discussion 212 

3.1 Morphological attributes 213 

3.1.1 Phase structure and Transformation  214 

The phase structure of each prepared composite tabulated in Table S1 was thoroughly investigated using 215 

XRD. Fig. S1(a) and (b) illustrate the XRD patterns of the composites prepared by calcining at 550℃ 216 

and 600℃, respectively. For the composites prepared with varying temperature and precursor mix ratios, 217 

the dominant diffraction peaks (2θ) represents the TiO2 anatase crystal plans of (101), (103), (004), 218 

(112), (200), (105), (211), (204), (116), (220), (215), and (224) respectively (JCPDS No. 21-1272) 219 

(Giannakopoulou et al., 2017; Tan et al., 2018). The intensity of these peaks did not change significantly 220 

with the increase of g-CN content. Also, the temperature variation from 550℃ to 600℃ does not show 221 

any significant effect on the prevailing peaks of the anatase TiO2 crystal peaks in the prepared 222 

composites (Fig. S2). It should be noted that the diffraction peak positions of the used NP400 in the 223 

precursor mix remained intact in the as-prepared composites, indicating no significant impacts on the 224 

crystal phase from the incorporation of g-CN.  225 

g-CN was prepared by polycondensation of melamine at both 550℃ (g-CN1) and 600℃ (g-CN2), to 226 

compare the diffraction patterns with the prepared composites (Fig. S3). Three characteristic peaks 227 

appear at 2θ ~ 13.04° (d = 0.693 nm), 17.82° and 27.58° (d = 0.324 nm) in g-CN1, representing the in-228 

plane repeating of tri-s-triazine units through trigonal N-bridging (100), meso g-CN crystal plane (600), 229 

and the inter-planar staking of a conjugated aromatic system (002), respectively (Wang et al., 2015). 230 

Notably, compared to g-CN1, the dominant (002) peak of g-CN2 shifted from 27.58° to 27.88° at higher 231 

temperatures due to the decreased interlayer distance resulting from further polycondensation (Dong et 232 

al., 2015).     233 

(a) (b) 
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(c) 

 

(d) 

 
Fig. 1. (a) XRD patterns of NP400, TC4 and TC8; N2 adsorption-desorption isotherms of the as-234 

prepared composites (b) TC1 - TC6, and (c) TC7 - TC9 compared with NP400; (d)  TGA and DSC data 235 

of the precursor mix of NP400:melamine = 1:1. 236 

This evidence indicates that the g-CN stack is denser when melamine is heated to higher temperatures 237 

(Dong et al., 2011; Dong et al., 2015). Hence, the gallery distance between the graphene-like sheets of 238 

g-CN is reduced. Fig. S3 also indicates that the peak strength of diffraction is higher as the temperature 239 

of the pyrolysis increases. This rise in peak intensity means that, with higher polycondensation 240 

temperature, graphitic stacking of g-CN increases (Dong et al., 2015). Diffraction peaks for g-CN at 2θ 241 

~ 27.58° corresponding to (002) the crystal phase of g-CN was observed in the composites when the 242 

melamine content in the precursor mix was twice that of NP400 (Fig. S2). Presumably, the low amounts 243 

of g-CN in TC1 and TC2 is the primary reason for this, where the mass loss of melamine by thermal 244 

decomposition is severe under air. Consequently, the increased dosage of melamine in the precursor 245 

confirmed the apparent presence of g-CN in the prepared composites, via broader and steeper (002) 246 
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peaks on the XRD pattern. Moreover, owing to a low concentration of g-CN in the as-prepared 247 

composites, the diffraction peaks around 13.04° and 17.82° seem to disappear in the diffraction pattern, 248 

which is congruent with relevant studies (Giannakopoulou et al., 2017; Kočí et al., 2017; Wei et al., 249 

2017). The vanishing of the peak around 13.1° of prepared composites may have been caused primarily 250 

by the destruction of the in-plane periodic tri-s-triazine units (Dong et al., 2015). 251 

Also, as a representative from sets of composites, Fig. 1 compared the XRD patterns of the composites 252 

TC4 and TC8 with NP400. TC4 and TC8 were prepared with the same precursor ratio (NP400: 253 

melamine = 1:3) but with different pyrolysis temperatures of 550℃ and 600℃, respectively. From Fig. 254 

S2, it is clear that the composite catalysts prepared in this study were composed of the superposition of 255 

characteristic peaks of anatase TiO2 and g-CN. This phenomenon inferred that g-CN was formed around 256 

NP400 through polymerization of the precursor melamine (Li et al., 2016; Wei et al., 2016). To further 257 

investigate the effects on crystal size of conjugated anatase TiO2 due to the presence of g-CN, the crystal 258 

size of the as-prepared composites was calculated using Scherrer’s equation  (Zhou et al., 2019) and are 259 

tabulated in Table S2.  260 

D = Kλ
FWHM×cosθ

            (8) 261 

Here, D is the crystallite size, λ is the wavelength of X-ray, K (0.9) is the crystal shape factor (Scherrer’s 262 

constant) with a reference for a single crystal, θ is the Bragg angle, and FWHM is the full width at half 263 

maxima of the corresponding peak on the diffractogram. The crystal size was calculated for the 264 

dominant anatase TiO2 peak around 25.28°. As shown in Table S2, no significant changes in the crystal 265 

size were observed with the increased proportion of g-CN in the composites. Additionally, the N2 266 

physisorption data of the as-prepared composites are presented in Fig. 1 (b) and (c). Moreover, the 267 

estimated productive surface areas (SBET) and total pore volumes (VT) are tabulated in Table S2. 268 

Referring to IUPAC classifications, the composites prepared by calcining at 550°C showed type IV 269 

isotherm with hysteresis loop of type H3 (Troppová et al., 2018). Nevertheless, the composites TC7 – 270 

TC9 (prepared @600°C) showed type IV isotherm with type H3 hysteresis loop. Both type H3 and H4 271 

hysteresis loops confirm the presence of mesoporous structures in the as-prepared composites 272 
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(Thommes et al., 2015). Among the two sets of composites, prepared at varying temperatures, 273 

maximum SBET was reported as 59.55 m2/g and 43.64 m2/g for TC3 and TC8, respectively.  274 

TGA and DSC analysis was carried out to determine the phase transformation of the precursor mix of 275 

NP400 with melamine within the temperature range of 25°C to 600°C at a ramp of 10°C/min. During 276 

thermal analysis, an alumina crucible with a cover was used to replicate the real sample calcination 277 

thermal environment. Fig. 1(d) depicts the TGA and DSC data for the composite formation of TC2 as 278 

a representative, and clearly illustrates the phase transformations in the semi-closed system. The 279 

endothermic peak within the 323.01°C to 348.05°C range implies the thermal condensation of melamine 280 

into g-CN occurred within this range. The sharp initial decrease of 45.63% of the sample weight within 281 

the temperature range above can be attributed to melamine's condensation into melem (Thomas et al., 282 

2008; Dong et al., 2014). The additional gradual reduction of weight by 5.61% around the peak of 283 

337.52°C can be attributed to the condensation of melem to g-CN (Dong et al., 2014). To evaluate any 284 

phase transformation of the synthesized composite, one cooling cycle ran from 600°C to 25°C during 285 

DSC analysis, and no significant change was found. By integrating the area beneath the onset and end 286 

of the endothermic peak, the heat of formation for the prepared composite was assessed as 259.25 J/g. 287 

3.1.2 FT-IR 288 

FT-IR analysis was performed to verify the presence of TiO2 and g-CN in the prepared composites. The 289 

FT-IR spectra of all the samples are shown in Fig. S4, where Fig. S4(a–b) and (c–d) present the FT-IR 290 

spectra for the composites prepared through pyrolysis at 550℃ (TC1–TC6) and 600℃ (TC7–TC9), 291 

respectively. Moreover, to compare the effects of different calcination temperatures, the FT-IR spectra 292 

of TC4, TC8, g-CN1, g-CN2, and NP400 are illustrated in Fig. 2. All the prepared composites (TC1–293 

TC9), along with NP400, showed a broad peak around 400 – 700 cm-1, which can be assigned to Ti-O-294 

Ti bridge stretching and Ti-O stretching modes (Liu et al., 2019). 295 

For the prepared g-CN1 and g-CN2, the characteristics adsorption band at 809.07 cm-1 and peak within 296 

the 1200 – 1670 cm-1 region was found (Fig. 2). The absorption band at 809.07 cm-1 can be attributed 297 

to out of plane skeletal bending modes of the triazine cycles (Zhang et al., 2018). Peaks at 1237.87, 298 

1322.76, 1407.65, 1459.16, and 1568.72 cm-1 can be assigned to the aromatic C-N stretching, while the 299 
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peak at 1635.88 cm-1 can be ascribed to the C-N stretching mode (Troppová et al., 2018). The broad 300 

absorption band below 3000 – 3600 cm-1 was due to the N-H stretching vibration of the residual N-H 301 

(or NH2) group bound to the sp2 hybrid carbon or O-H stretching correlated with adsorbed H2O (Du et 302 

al., 2019). Concerning the prepared composites except for TC1, all the characteristic adsorption peaks 303 

of g-CN were observed in the spectra (Fig. S4). Moreover, Fig. S4(a) and (c) showed that the relative 304 

intensity of the characteristic adsorption peaks for g-CN increased with higher melamine content in the 305 

precursor mix of the prepared composites. Furthermore, from the focused spectra (Fig. S4(b) and (c)), 306 

it can be found that the Ti-O-Ti stretching shifted slightly towards higher wavenumber along with the 307 

increase of g-CN content in the composites. That may be interpreted as the chemical environment of 308 

the anatase TiO2 surface changing after combining with g-CN. It has been reported that when the 309 

connection between g-CN and TiO2 becomes confined, the molecular orbitals of them may interact 310 

(Song et al., 2016). Consequently, the change in the chemical environment of anatase TiO2 present in 311 

the composites may deduce strong heterojunction at the interface of TiO2 and g-CN. These 312 

characterization results indicate the successful modification of TiO2 by g-CN.  313 

 314 

Fig. 2. FT-IR spectra of NP400, TC4, TC8 and g-CN2. 315 

3.1.3 SEM and TEM 316 

SEM and TEM were employed to identify the micromorphology and composition of the prepared 317 

composites. The SEM photos of the prepared composites are incorporated in Fig. S5 and S6. Fig. S5 (c 318 

– i) observed the existence of 2D layers like g-CN. It is clearly shown that g-CN consists of a 2D layer 319 

4000 3500 3000 2500 2000 1500 1000 500

In
te

ns
ity

 (a
.u

.)

Wavelength (cm-1)

 g-CN2  g-CN1  TC8  TC4  NP400

80
9.

07
88

8.
88

12
37

.8
7

13
22

.7
6

14
07

.6
5

14
59

.1
6

15
68

.7
2



14 
 

organized morphology with a relatively smooth and flat surface. At the same time, for TiO2 (Fig. S5(c 320 

– i)), a significant number of incompletely spaced spherical nanoparticles (NPs) are observed. Also, 321 

SEM was carried out on NP400, the precursor of anatase TiO2 in the precursor mix, as illustrated in Fig. 322 

S6(a – c). By using the NP400 SEM, it can be observed that TiO2 NPs are present as irregular spheres, 323 

and due to the influence of the nanometre, most particles agglomerate together (Yu et al., 2020). 324 

Consequently, the dispersity of TiO2 nanoparticles formed on the surface of g-CN nanosheets increases 325 

compared with the pure NP400 nanoparticles (Fig. S6). The SEM and TEM of the prepared TC4 and 326 

TC8 are incorporated in Fig. 3. A TEM illustration of TC4 sample is shown in Fig. 3(c – d) to provide 327 

a better explanation of the nanostructure of the prepared composites. It can be seen in Fig 3 that TC4 328 

has a lamellar structure, and the loaded TiO2 NPs are distributed uniformly and densely without any 329 

apparent accumulation on the surface of g-CN nanosheets. That exhibits a strong hybrid effect between 330 

NP400 and g-CN. A significant number of TiO2 NPs are homogeneously deposited on the surface of g-331 

CN, which can be seen from Fig. 3(a) and (b). Also, the transparent lattice fringe of anatase TiO2 332 

nanoparticles with a d-spacing amidst 0.352 nm and 0.238 nm is found, which is due to the anatase TiO2 333 

lattice plane of (101) and (004) (Yu et al., 2020). The crystallization of TiO2 and the intense interaction 334 

suggest that the heterojunction between TiO2 and g-CN was successfully established. 335 

(a) 

 

(b) 

 
(c) (d) 
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Fig. 3. SEM images of the as-prepared (a) TC4 and (b); (c-d) TEM of TC4 at varying magnification.  336 

3.1.4 XPS 337 

XPS analysis was conducted on the prepared samples to verify the surface chemical composition's 338 

prevailing oxidation state. Fig. S7 presents the broad scan survey spectra of TC4, TC8, g-CN1, and g-339 

CN2. Based on the survey spectra, sharp photoelectron peaks are observed in TC4 and TC8 around the 340 

binding energies of 287, 398, 458, and 529 eV, which can be attributed to C 1s, N 1s, Ti 2p, and O 1s 341 

respectively (Zhou et al., 2014). Likewise, the g-CN1 and g-CN2 showed the corresponding C 1s and 342 

N 1s spectra in the broad survey scan. 343 

Fig. 4(a – d) illustrates the narrow scan spectra of the composites mentioned above. From the C 1s 344 

spectra shown in Fig. 4(a), both g-CN1 and g-CN2 showed three deconvoluted peaks around 284.7, 345 

286.4, and 288.08 eV. The deconvolution was conducted using Lorentz peak fitting. The peaks around 346 

286.4 and 288.08 eV can be ascribed to C=N-C and N-C=N2 coordination of g-CN (Zhou et al., 2014; 347 

Kočí et al., 2017). Likewise, the C 1s spectra (Fig. 4(a)) of TC4 and TC8 showed the characteristic 348 

peaks of g-CN around the binding energy of 284.7, 286.4 and 288.08 eV, and no significant peak shift 349 

was observed.  350 

From the high-resolution survey scan of N 1s (Fig. 4(b)), the as-prepared g-CN1 showed three 351 

deconvoluted peaks around 398.54, 399.94 and 401.05 eV were observed, which can be ascribed to sp2 352 

hybridized C=N-C in the triazine rings, tertiary N-(C)3, and N-H (i.e., hydrogen carrying amino function) 353 

group respectively (Caudillo-Flores et al., 2019; Zhang et al., 2019b; Zhou et al., 2019). The prepared 354 

g-CN2 showed similar peaks as g-CN1 along with the binding energies. However, due to a high degree 355 
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of polycondensation or close packing of π-electrons from the higher temperatures, the peak for the 356 

bridged nitrogen atom N-(C)3 showed a negative shift of 0.7. The prepared composites TC4 and TC8 357 

showed the presence of sp2 hybridized C=N-C in the triazine rings, which confirms the successful 358 

development of g-CN in the composites. Compared to g-CN1 and g-CN2, the prepared composites TC4 359 

and TC8 showed a positive peak shift of the narrowed N 1s scan towards higher binding energy, which 360 

could be attributed to the chemical environment change due to close interaction between NP400 and g-361 

CN (Song et al., 2016). The observed peaks of O 1s spectra of NP400 fitted around the binding energies 362 

of 529.92 and 531.37 eV, which confirms the existence of TiO2 and surface OH- respectively (Huang 363 

et al., 2019; Li et al., 2019). Both the composites TC4 and TC8 confirm the presence of O2 by generating 364 

the narrow scan O 1s peak around 529.6 eV; however, a negative shift of 0.3 eV was observed, which 365 

is congruent with previous studies and confirms the successful formation of heterojunction between 366 

TiO2 and g-CN (Song et al., 2016; Troppová et al., 2018). 367 

Fig. 4(d) shows the Ti 2p spectra of commercially available NP400 in comparison with as-prepared 368 

composites TC4 and TC8. The prevailing peaks in NP400 around the binding energies of 458.66 and 369 

464.41 eV ascribed to the Ti 2p3/2 and Ti 2p1/2, which confirms the original status of Ti is in the form of 370 

Ti4+ species (Giannakopoulou et al., 2017). Similar to O 1s spectra, a negative shift of 0.2 eV in Ti 2p 371 

peaks were observed for TC4. Due to the electronic interaction between NP400 and g-CN and varying 372 

electronegativity, an increased electron density on Ti could be the reason for this negative shift. The 373 

negative shift in binding energies was further increased in TC8 due to high calcination temperatures 374 

during synthesis in comparison to TC4. 375 

(a) (b) 



17 
 

  

(c) 

 

(d) 

 

Fig. 4. High resolution survey scan of (a) C 1s, (b) N 1s, (c) O 1s, and (d) Ti 2p for TC4, TC8, g-CN1, 376 

g-CN2 and NP400.  377 

3.2 Photocatalytic activities 378 

Fig. S8(a) and S9(a) present the light assisted (UV/visible) NOx removal patterns of TiO2/g-CN 379 

composites prepared by calcining at 550℃. While, the Fig. S8(b) and S9(b) show results of the 380 

composites prepared by calcining at 600℃ along with the NOx removal profile of NP400, g-CN1, and 381 

g-CN2. As shown in Figures S6 and S7, the NO and NOx concentrations started decreasing immediately 382 

after the initiation of irradiation (UV/visible). It is presumed that, from the beginning of the light 383 

radiation, NO is adsorbed and photocatalytically oxidized into NO2 and NO3
-. For the case of the 384 

conventional NP400, as shown in Fig. S8(b) (under UV irradiation) and Figure S9(b) (under visible 385 

light), the outflow of NOx concentration reached a minimum within five minutes after light irradiation 386 

and later showed a gradual increase in the NOx concentration. This result may be due to the majority of 387 

the surface area of the NP400 NPs starting to saturate with the photo-oxidation product (i.e., NO3
-), 388 
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which would then increase the competition between the species on the limited photoreaction sites, 389 

thereby reducing the overall NO oxidation efficiency (Park et al., 2014; Rhee et al., 2018). The NOx 390 

concentration instantly returned to the initial value when the light source was turned off after one-hour 391 

irradiation, indicating the transient physical adsorption of NOx on the NP400 NPs. The total NO removal 392 

efficiencies for the NP400 during the one-hour irradiation of light was found to be 22.90% (Fig. 5(a)), 393 

and 9.37% (Fig. 5(b)) under UV and visible light, respectively. 394 

Nonetheless, the as-prepared composites TC1 – TC9 showed a consistent NO removal profile under 395 

both UV and visible light irradiation, mainly due to varying nitrate selectivity compared to 396 

commercially available NP 400. Additionally, prepared g-CN1 and g-CN2 showed similar NO removal 397 

patterns as the composites, suggesting the dominance of g-CN in the composites concerning 398 

photoactivity. The graphs illustrated in Fig. 5(a – d) present the total percentage of NO removal, NOx 399 

removal, NO2 generation, and nitrate selectivity of the prepared composites under one-hour of UV and 400 

visible light irradiation, respectively.  401 

For the composites prepared by calcining at 550℃ (TC1 – TC6), TC3 showed maximum NO removal 402 

of 36.67% under UV irradiation, which was approximately 1.60 and 3.44 times higher compared to 403 

NP400 and g-CN1. By considering the subsequent NO2 production, the total NOx removal using TC3 404 

under UV irradiation was increased by 26.03% and 72.85% compared to NP400 and g-CN1, 405 

respectively. On the other hand, under visible light, although TC4 showed maximum NO removal of 406 

34.05%, it was found inferior due to lower nitrate selectivity (48.31%). With nitrate selectivity of 57.6%, 407 

TC3 was found to remove 16.18% of NOx under visible light. That is approximately 74.39% and 78.92% 408 

higher than NP400 and g-CN1, respectively. Among the composites prepared by calcining at 600℃ 409 

(Fig. 5(c – d), TC8 showed maximum average NO and NOx removal, both under UV and visible light. 410 

Under the UV light, TC8 showed a total NOx removal of 14.74%, which was about 5.60% and 74.75% 411 

higher compared to NP400 and g-CN2, respectively. Successively, under visible light, the TC8 showed 412 

a significant increase of 66.00% compared to NP400, for NOx removal.  413 

The stability of TC3 as a representative composite was investigated by performing recycle experiments 414 

under UV light irradiation (Fig (e)). After five cycles, the photocatalytic activity showed negligible 415 
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decay, demonstrating the high stability and reusability of the as-prepared composites. However, the 416 

nitrate selectivity in consecutive runs showed a mild decreasing pattern confirming the presence of NO 417 

oxidized by-products on the active photocatalytic sites. After five cyclic run the nitrate selectivity 418 

reduced from 50.90% to 44.25%. To further investigate the mechanisms involved in photocatalysis UV-419 

Vis DRS and PL analysis was conducted on TC3, TC4 and TC8.  420 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 
Fig. 5. Estimated NOremoval, NO2,generation, NOx,removal and NO3

-
selectivity profile of (a – b) composites TC1 – 421 

TC6, NP400 and g-CN1, (c – d) composites TC7 – TC9, NP400 and g-CN2, under UV and visible light 422 
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irradiation, respectively; (e) Recycling experiments for NO removal under UV irradiation by using TC3 423 

as a representative composite. 424 

3.3 Optical properties 425 

UV-Vis DRS was conducted to determine the energy bandgap of the prepared composites. Fig. 6(a) 426 

presents the absorbance spectra of NP400 and g-CN1, along with highly photoactive TC3, TC4, and 427 

TC8. The Kubelka-Munk function (F(R)) was employed to determine the energy bandgap (Eg) of the 428 

corresponding samples (see equation (1) – (3)) (Jiang et al., 2018). The energy bandgap was determined 429 

through extrapolation by plotting either (F(R)hν)2 vs. hν or (F(R)hν)1/2 vs. hν for direct and indirect 430 

bandgap respectively and has been illustrated in Fig. 6(b). Thus, the estimated bandgap values were 431 

3.01, 2.81, 2.80, 2.66, and 2.72 eV for NP400, TC3, TC4, TC8, and g-CN1, respectively. In addition, 432 

the position of CB and VB of the semiconductors can be determined by using the following equations 433 

(Giannakopoulou et al., 2017; Huang et al., 2019):  434 

𝐸𝐸𝐶𝐶𝐶𝐶 = 𝐸𝐸𝑉𝑉𝑉𝑉 − 𝐸𝐸𝑔𝑔          (8) 435 

𝐸𝐸𝑉𝑉𝑉𝑉 = 𝑋𝑋 − 𝐸𝐸0 + 0.5 𝐸𝐸𝑔𝑔          (9) 436 

Where ECB and EVB are CB and VB potential, X is the mean (geometric mean of the component atoms) 437 

electronegativity of the semiconductor, E0 is the energy of free electrons against normal hydrogen 438 

electrode (NHE), and Eg is the energy bandgap of the semiconductor. From literature, the value of X 439 

can be ascribed as 5.81 and 4.64 eV for TiO2 and g-CN, respectively, while E0 is 4.5 eV (Kočí et al., 440 

2017). For this study the CB and VB of NP400 was estimated as -0.20 and +2.81 eV (NHE, pH 7), 441 

respectively, while that of g-CN was about -1.22 and +1.50 eV, respectively. From Fig. 6(a), it is 442 

obvious that the heterojunction between NP400 and g-CN significantly enhanced the absorption edge 443 

of the composites in both UV and visible regions, similar traits were observed in the composites 444 

prepared heterojunction of P25 and melamine/urea (Wang et al., 2015; Ma et al., 2016; Sun et al., 2019). 445 

The maximum enhancement (both UV and visible region) has been observed in TC8; hence it showed 446 

increased photoactivity under light irradiation, irrespective of the wavelength region of the irradiated 447 
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light (see Fig. 5(c) and (d)). While TC3 and TC4 depicted equally narrowed energy bandgap, but, TC3 448 

showed superior nitrate selectivity compared to TC4.  449 

Consequently, for all the prepared composites along with NP400, g-CN1 and g-CN2, PL analysis was 450 

conducted at a fixed excitation wavelength (300 nm), and the results are illustrated in Fig. 6(c) and (d). 451 

As the PL spectra of a semiconductor give away the rate of recombination of the photogenerated e-/h+ 452 

pairs, it can assist in describing the level of photoactivity (Wang et al., 2013; Yu et al., 2013b). The 453 

composites synthesized by calcining at 550°C and 600°C showed a large semi-asymmetric band around 454 

the maximum wavelength of 438.74 nm and 443.20 nm, respectively. The redshift in the PL spectra 455 

supports the extended light absorption by TC8 in the visible range and narrower energy bandgap 456 

illustrated in Fig. 6(a) and (b) respectively. Moreover, the redshift suggested the high degree of 457 

condensation of the g-CN incorporated in the composites (Thomas et al., 2008). The reported PL spectra 458 

can be explained as the transition of e- in between the antibonding pi states and lone pair states of the 459 

prevailing atoms (Dai et al., 2013; Stroyuk et al., 2015; Zhang et al., 2015). By using Fig. 6(c) and (d), 460 

the order of PL intensities of the tested semiconductors can be shown as g-CN1>TC5>TC4>TC3 and 461 

g-CN3>TC7>TC8>TC9. Due to the successful formation of heterojunction between NP400 and g-CN, 462 

PL intensity reduced in the prepared composites compared to g-CN1 and g-CN2.  463 
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Fig. 6. (a) UV-Vis DRS spectra, (b) converted Kubelka-Munk function vs. energy of absorbed light; PL 464 

spectra of the as prepared composites (c) TC3 – TC5, and (d) TC7 – TC9 compared with NP400, g-465 

CN1 and g-CN2.  466 

3.4 NO removal mechanism  467 

Based on the structural and optical characterizations, it can be deduced that the superior photocatalytic 468 

activities of the as-prepared composites are attributed to available photocatalytic sites due to the 469 

preferable surface area, tailored energy bandgaps, and inhibited e-/h+ pair recombination rates. The 470 

specific surface area of the as-prepared composites showed a sinusoidal pattern initially increased with 471 

the incorporation of g-CN in the composites and started to decrease when the melamine content in the 472 

precursor mix was four times than that of NP400. For the composites prepared at 550°C (TC1 – TC6), 473 

the dominance of surface area was observed during photocatalytic NO removal. Maximum NO removal 474 

of 36.66% was reached when the SBET value was 59.55 m2/g, and later started to decrease with the 475 

decline in SBTE. Interestingly, despite having similar SBET values (see Table S2), the composites prepared 476 

by calcining at 600°C showed sinusoidal influence for photo-oxidation of NO under UV/visible light. 477 

This phenomenon portrays the dominance of optical attributes compared to structural ones for the 478 

composites TC7 to TC9.  479 

Compared to NP400, g-CN1, and g-CN2, all the prepared composites showed superior NO oxidation 480 

under both UV, and visible irradiation, which is evident as the light absorption attribute of the 481 

composites was enhanced throughout the UV-Vis region of the light spectrum (Fig. 6(a)). By 482 
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considering the varying synthesis temperature, the maximum NOx removal was observed in TC3 483 

(synthesized @ 550°C), and TC8 (synthesized @ 600°C), in which the corresponding NP400 to 484 

melamine ratio was 1:2 and 1:3 respectively. Intriguingly, TC4 showed maximum NO oxidation under 485 

visible light, but the lower nitrate selectivity made TC3 the best option among TC1–TC6.  486 

It is widely agreed that photocatalytic NO oxidation comprises mostly the active species such as 487 

superoxide (.O2
-) and hydroxyl (.OH) radicals, which are generated from the redox reactions involving 488 

the photogenerated e-/h+ pairs and adsorbed O2 and OH- groups in the NPs (Troppová et al., 2018). 489 

Based on the literature, the pathway of NO oxidation over a photocatalyst can be expressed as follows 490 

(Song et al., 2016; Papailias et al., 2017; Troppová et al., 2018):  491 

𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + ℎ𝜗𝜗 →  𝑒𝑒− + ℎ+        (10) 492 

𝑒𝑒− + 𝑂𝑂2  → ∙ 𝑂𝑂2−          (11) 493 

ℎ+ +  𝑂𝑂𝑂𝑂−  → ∙ 𝑂𝑂𝑂𝑂          (12) 494 

∙ 𝑂𝑂2− + 𝑁𝑁𝑁𝑁 →  𝑁𝑁𝑁𝑁3−          (13) 495 

∙ 𝑂𝑂𝑂𝑂 + 𝑁𝑁𝑁𝑁 →  𝑁𝑁𝑁𝑁2          (14)  496 

∙ 𝑂𝑂𝑂𝑂 + 𝑁𝑁𝑁𝑁2  →  𝑁𝑁𝑁𝑁3−          (15) 497 

For the photogenerated e- to produce .O2
- effectively, the CB edge of the photocatalyst must be more 498 

negative compared to the redox potential of O2/.O2
- (0.33 eV vs. NHE) (Du et al., 2019). Alternatively, 499 

the standard redox potential for OH-/.OH is 1.99 eV against NHE; hence, the position of VB needed to 500 

be more positive for the h+ to generate .OH radicals (Giannakopoulou et al., 2017; Kočí et al., 2017).  501 

For this study the CB and VB of NP400 was estimated as -0.20 and +2.81 eV (NHE, pH 7), respectively, 502 

while that of g-CN was about −1.22 and +1.50 eV, respectively. Based on the estimated CB and VB 503 

positions of NP400 and g-CN, a simple schematic of NO oxidation was proposed for the prepared 504 

composite and illustrated in Fig. 7. Under UV light irradiation, both NP400 and g-CN present in the 505 

composite could get excited and could generate photogenerated e-/h+ pairs, as shown in Fig. 7. Due to 506 

the bandgap disparity, the h+ generated on the VB of NP400 can transfer to the VB of g-CN, while the 507 
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e- generated on CB of g-CN and move to the CB of NP400 (Ma et al., 2016; Papailias et al., 2017). 508 

Hence the recombination rate of the UV generated e-/h+ pairs get inhibited. The photogenerated e- can 509 

readily produce .O2
- by reacting with adsorbed O2 and the h+ on the VB can directly oxidize H2O/OH- 510 

to .OH radicals. It has been inferred that the .O2
- and .OH radicals are the primary component to 511 

successfully oxidize NO to neutral component NO3
- (Song et al., 2016). On the other hand, when the 512 

prepared composite was exposed to visible light, only g-CN got excited, and the photogenerated e- on 513 

the CB could transfer to VB of NP400 due to the bandgap offset. However, the h+ generated on the VB 514 

of g-CN could remain on the VB and can migrate to the surface of the composite to directly oxidize 515 

NOx (Song et al., 2016). 516 

 517 

 518 

Fig. 7. Proposed schematic of NO removal mechanism for the prepared TiO2/g-CN composites 519 

4 Conclusion 520 

The objective of the study was to prepare an enhanced photoactive TiO2/g-CN composite within both a 521 

UV and visible light spectrum for the efficient degradation of atmospheric NOx. TiO2/g-CN composites 522 

were successfully prepared through a simple calcination route by using NP400 and melamine as the 523 

precursors. It has been noted that the incorporation of g-CN with NP400 greatly enhanced the optical 524 

traits of the composites. By using the UV-visible DRS technique, we have confirmed that the absorption 525 

bands of the prepared composites were significantly enhanced in both UV and visible light regions 526 

compared to NP400 and g-CN, respectively. The energy bandgap of the prepared composites narrowed 527 
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and was determined to be at a favourable position to generate .O2
- and .OH radicals readily for 528 

photodegradation of NOx. TC3 and TC8 were found as the optimal composites based on NOx oxidation 529 

potentials, and the corresponding energy bandgaps were found as 2.88 eV and 2.66 eV, respectively. 530 

One of the interesting findings was, higher calcination temperature for the synthesis of the composites 531 

affected the nitrate selectivity positively (less NO2 generation). A significant reduction in NO2 532 

production was observed irrespective of the light irradiation. For instance, for TC7, TC8, and TC9 (i.e., 533 

composites prepared by calcining at 600°C) the NO2 generation rates after one-hour of UV light 534 

irradiation were only 2.58%, 2.96%, and 5.75% respectively, which were 0.29%, 0.78%, and 0.75% 535 

under visible light irradiation. Hence, enhancement in calcination temperature during the preparation 536 

of TiO2/g-CN composites could play a decisive role in minimizing the NO2 release during photo-537 

oxidation of NOx, irrespective of the light source of photocatalysis. 538 
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