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A B S T R A C T   

NOx photocatalytic oxidation is a promising approach for practical NOx abatement at sub-ppb levels and under 
ambient conditions. However, conventional photocatalysts are characterized by their low NOx adsorption ca
pacity and activity under visible light. This results in poor NO (g) conversion and may form more toxic NO2 (g), 
hampering the utilization of photocatalysis in NOx removal. Herein, we employed a hierarchical macro- 
mesoporous structure composed of Z-scheme TiO2-g-C3N4 hybrid embedded in parallel TiO2 channels as a 
high adsorption capacity and low band gap photocatalyst for NOx oxidation. This unique structure provides 
aligned macroporous channels and mesoporous walls for efficient NOx adsorption and storage of NOx oxidation 
product (i.e., NO−

3 (s)) while enabling visible light absorption. NOx oxidation was conducted in a laminar-flow 
reactor under 50% relative humidity and simultaneous exposure to blue and green lights (cyan light). TiO2-g- 
C3N4 showed NO conversion (37%) which is four times higher than that of TiO2 (7%) and two times higher than 
that of g-C3N4 (17%). In addition, TiO2-g-C3N4 hybrids showed high NOx adsorption capacity and converted NO 
to nontoxic NO−

3 with minimal formation of NO2, evident by its positive DeNOx index (+74 ppm) in contrast to g- 
C3N4 with a negative DeNOx (-4 ppm) and TiO2 with a slightly positive DeNOx index (+15 ppm). The study 
demonstrates the delicate relationship between H2O adsorption on the hybrid structure and NOx photooxidation 
reaction and provides detailed mechanistic insights on the photocatalytic response. It is expected that the results 
of this study will benefit ongoing efforts to design visible-light active photocatalysts.   

1. Introduction 

Air pollution is a considerable environmental threat that is not only 
associated with climate change but also linked to the deaths of 
100000–200000 individuals per year in the United States [1–4]. Nitro
gen oxides (NOx) are among the most serious air pollutants that impact 
human respiratory systems and serve as precursors for ozone and haze 
formation [5,6]. A significant portion of NOx is generated anthropo
genically by high-temperature processes involving the presence of ni
trogen and oxygen, such as industrial furnaces, combustion engines, and 
oil- or gas-fired heating [7–9]. Various approaches for NOx removal have 
been suggested, such as plasma-assisted catalysis, solid–liquid adsorp
tion, and catalytic/non-catalytic reduction [10–12]. However, these 
processes treat NOx only at the emission source where the 

concentrations of NOx are in hundreds of ppb and necessitate the use of 
high temperatures or complex tools for abatement. Photocatalytic 
oxidation is an effective alternative for NOx removal at sub-ppb levels 
under ambient atmospheric conditions. Coating a photocatalyst on 
concretes and buildings is expected to effectively remove NOx from the 
air at a low cost through the utilization of renewable solar energy. In 
addition, combining photocatalysis with one of the conventional ap
proaches mentioned above is expected to provide a new pathway for the 
effective removal of large amounts of NOx from industrial flue gas. 
However, the limited visible light absorption and low NOx adsorption 
capacity of currently available photocatalysts hamper their utilization in 
practical NOx oxidation. 

The unique characteristics of graphitic carbon nitride (g-C3N4) 
include non-toxicity, high chemical and thermal stability, facile 
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synthesis, remarkable light absorption (band gap of 2.7 eV), and low 
cost [13–16], rendering it a potential visible light active photocatalyst. 
However, the photo-reactivity of g-C3N4 is hampered by the high 
recombination rate of photo-induced electron-hole pairs [17,18]. TiO2 is 
the most widely used photocatalyst due to its low-cost, facile synthesis, 
activity under UV light, and stability [19–25]. Utilizing TiO2 as a co- 
photocatalyst with g-C3N4 is an effective route to mitigate charge car
rier recombination and boost the overall photocatalytic activity. Charge 
transfer between g-C3N4 and TiO2 depends on the type of heterojunction 
between them. In Z-scheme heterojunction, photoexcited electrons in 
the conduction band (CB) of TiO2 migrate to recombine with the 
photoexcited holes in the valance band (VB) of g-C3N4 at the interface of 
TiO2-g-C3N4. TiO2-g-C3N4 photocatalyst with a Z-scheme heterojunction 
has attracted attention because of the good visible light absorption, 
promoted reaction kinetics, strong reduction and oxidation ability, and 
improved charge carrier dynamics [26–29]. Z-scheme TiO2-g-C3N4 hy
brids have therefore been utilized in a variety of visible light-assisted 
photocatalytic processes such as CO2 conversion, bacterial inactiva
tion, water treatment, and air purification [30–33]. 

NOx photocatalytic oxidation is a multistep reaction involving the 
conversion of NO (g) to NO2 (g) followed by the conversion of NO2 to 
NO−

3 (s). NO−
3 is the solid-state form of NOx, which accumulate (store) on 

the photocatalyst surface during the reaction, reducing the number of 
available adsorption sites for NO or NO2 oxidation and compromising 
the overall activity of NOx oxidation. The photocatalyst should have a 
high NOx adsorption capacity for effective NOx oxidation. Unfortu
nately, TiO2 and g-C3N4 have low NOx adsorption capacity [34,35], 
indicating the limitation of TiO2-g-C3N4 hybrid with conventional 
morphology as a photocatalyst for NOx oxidation. In fact, the Z-scheme 
hybrid photocatalyst formed by coupling TiO2 and g-C3N4 showed 
limited activity in NOx oxidation under visible light. To overcome this 
challenge, Papailias et al.[36] proposed the coupling of TiO2-g-C3N4 
with a NOx storage domain such as CaCO3. Although this domain im
proves NOx storage capacity, its presence reduces the amount of the 
photo-active components (TiO2 and g-C3N4) in the photocatalyst and 
may subsequently reduce the number of charge carriers. In addition, the 
NOx storage domain can intervene between TiO2 and g-C3N4, reducing 
the quality of the formed Z-scheme junctions and undermining charge 
carrier transfer. Recently, Hu et al.[37] suggested the utilization of ultra- 
low work function 2D MXene (titanium carbide MXene) as a hole 
reservoir and NOx storage domain with TiO2-g-C3N4. In this ternary 
structure, the MXene is adapted to facilitate charge carrier separation by 
accepting the holes from TiO2-g-C3N4, and at the same time, serve as a 
storage domain for the formed NO−

3 . However, the MXene is charac
terized by its low stability and tends to speedily oxidize under ambient 
condition to form TiO2 and carbonaceous compounds, creating obstacles 
in front of its utilization in practical NOx oxidation [38]. Further, the 
transfer of holes from TiO2 to MXene reduces their oxidation power and, 
thereby, their ability to oxidize NOx species. Therefore, an alternative 
approach is required to design TiO2-g-C3N4 with high NOx adsorption 
capacity while maintaining its intrinsic properties. 

NOx oxidation is not only controlled by NOx adsorption capacity but 
also by H2O adsorption on the photocatalyst surface⋅H2O plays a key 
role in NOx oxidation as it traps the photoexcited holes to form active 
radicals (•OH), which is essential for NOx oxidation. Therefore, a high 
concentration of H2O is expected to boost NOx oxidation. However, H2O 
possesses higher polarity than NO or NO2, which can consequently 
displace them from the photocatalyst surface during the reaction 
impeding their oxidation. As a result, there is a huge inconsistency in the 
literature regarding the role of H2O in NOx oxidation [39–42]. Although 
recent studies examined NOx oxidation by Z-scheme TiO2-g-C3N4, the 
correlation between H2O concentration and photocatalytic NOx oxida
tion remains unclear and yet to be explored. 

Recently, hierarchical porous materials have appeared as an 
appealing family of functional structures in sensing, separation, catal
ysis/photocatalysis, biomedicine, adsorption, and energy storage 

[28,43–45]. Due to their accessible structure, high mass capacity, mul
tiscale porosity, and large surface area, these hierarchical materials are 
efficient in adsorbing and hosting reaction species. Hence, we hypoth
esize that coupling hierarchical porous TiO2 with g-C3N4 will lead to the 
formation of a hybrid photocatalyst with high NOx adsorption capacity 
while reducing charge carrier recombination in g-C3N4, and hence, 
exhibit effective NOx oxidation under visible light. Herein, a hierarchical 
macro-mesoporous structure composed of Z-scheme TiO2-g-C3N4 hybrid 
embedded in parallel TiO2 channels was synthesized and used for the 
first time in NOx photocatalytic oxidation in a continuous flow reactor. 
The unique structure of the photocatalyst provides efficient channels for 
NOx adsorption and storage of NOx oxidation product (i.e., NO−

3 (s)). The 
photocatalytic reaction was carried out under concurrent exposure to 
blue and green lights (cyan light) and 50% relative humidity (RH), 
which is representative of outdoor humidity levels in most urban cities, 
as shown in our previous study [41]. DeNOx index is used to evaluate the 
overall NOx oxidation activity by considering both NO conversion and 
NO2 formation. To develop a mechanistic understanding of photo
catalytic NOx oxidation that will benefit the practical application of the 
technology, we also investigated the impact of RH on photocatalytic NOx 
reaction. The novelty of this work lies in (1) enabling visible light- 
induced photoconversion of NO to nitrate rather than NO2 via adapt
ing the photocatalyst structure for effective NOx adsorption and (2) 
unraveling the impact of humidity on NOx oxidation by TiO2-g-C3N4. 
This study is expected to advance the implementation of photocatalysis 
as an alternative or a complement to the conventional NOx abatement 
techniques. 

2. Experimental section 

2.1. Photocatalyst synthesis 

The TiO2-g-C3N4 heterojunction photocatalyst was synthesized 
following a procedure reported elsewhere [28]. In brief, the first step 
involved using a sol–gel process to form the porous TiO2 framework. 
About 20 mL of tetrabutyl titanate (Sinopharm Chemical Reagent Co., 
Ltd., China) was stepwise poured into distilled water (200 mL) and 
incubated for 36 h at 25 ◦C. TiO2 precipitate was filtered, rinsed, and 
dried in an oven at 60 ◦C for 12 h. This resulted in a dry TiO2 powder 
with a hierarchical internal structure consisting of aligned macro- 
channels and mesoporous TiO2 walls. In the second step, 3.0 g of mel
amine precursor was dispersed in hot distilled water (100 mL) and 
mixed with 0.50 g of the hierarchical TiO2 powder. The solution was 
dried in an oven at 100 ◦C for 12 h, and the resultant powder was 
calcined at 550 ◦C for 2 h under air to yield a yellow-colored TiO2-g- 
C3N4 photocatalyst. g-C3N4 and TiO2 porous powders were prepared by 
calcining the melamine precursor and the dried white TiO2 precipitate 
after step 1, respectively, at 550 ◦C for 2 h. The physical properties of the 
photocatalysts and their optical microscopic images are included in 
Table S1 and Figure S1, respectively. 

2.2. Characterization 

The morphology of the samples was characterized using Topcon/ISI/ 
ABT DS 130F field emission scanning electron microscope (FESEM) 
(Akashi Beam Technology Corporation, Tokyo, Japan) and Tecnai Osiris 
(Scanning) Transmission Electron Microscope operating at 200 kV (FEI, 
Hillsboro, OR, USA). The crystal structure of the photocatalysts was 
examined using Bruker AXS D8 Advance Discover Diffractometer 
(Bruker Corporation, Karlsruhe, Germany) with a Cu Kα radiation of 
wavelength 0.15418 nm and a detector slit width of 1 mm. XRD refer
ence spectra from Joint Committee on Powder Diffraction Standard 
(JCPDS) were used for analysis. The composition of the samples was 
determined using a Thermogravimetric Analyzer (TGA) Q50 system (TA 
Instruments - Waters LLC, New Castle, DC) at room temperature to 
900 ◦C in an air atmosphere. The optical properties of the photocatalysts 

A.A. Mayyahi et al.                                                                                                                                                                                                                            



Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114965

3

were characterized using Cary 500 UV–VIS-NIR spectrophotometer with 
a diffuse reflectance accessory (Agilent Technologies, CA, USA). The 
surface chemical composition was characterized using a PHI 5000 Versa 
XPS system (Chanhassen, MN) with a monochromatized Al Kα source 
(1486.7 eV). All the XPS spectra were obtained using a 400 μm spot size. 
200 eV pass energy with 1 eV step was used to collect the survey scans. 
50 eV pass energy with 0.1 eV step was utilized to collect the high- 
resolution spectra. A convolution of Gaussian and Lorentzian peaks 
was used to represent the fitted peak, while the background was sub
tracted by the Shirley function. The standard sp2 C 1 s peak at 284.80 eV 
was used to charge correct the XPS spectra. Raman spectra were ac
quired with a DXR™ Raman microscope (Thermo Fisher Scientific, 
Madison, WI) with a 780 nm laser at a power of 1 mW, using a 10 ×
objective lens with a slit width of 25 μm. Multimode microplate reader 
SpectraMax i3x was used to acquire photoluminescence spectra over the 
range of 400––700 nm using different excitation wavelengths. 

2.3. Photocatalyst performance evaluation 

2.3.1. Preparation of film photocatalysts 
Samples were ground and dispersed in ethanol (30 mg/ml) by 

ultrasonication. Each solution was dropped onto a glass slide (37.5 cm2) 
and cast to 250 µm thin film by the doctor blade method. The physical 
characteristics of the films are summarized in Table S2. The slides coated 
with the photocatalysts were dried under ambient conditions before 
subsequent usage. 

2.3.2. Reactor configuration 
A continuous-flow reactor built following ISO standards made of 

steel and equipped with a quartz glass window to allow light- 
photocatalyst interaction was used to perform the NOx photocatalytic 
oxidation reaction. Two gas cylinders were connected to the reactor, 
100 ppm NO in N2 and air. The flow rate of gases to the reactor was 
monitored by mass flow controllers. The humidity on the inlet gas 
mixture was measured by a sensor-push HT1 humidity sensor. A 
chemiluminescent 42C Low Source analyzer (Thermo Fisher Scientific) 
was employed to measure the concentrations of NO and NO2 during 
reaction time. 

2.3.3. Activity measurement 
A photocatalyst coated on a glass slide was placed in a sample holder 

and loaded into the reactor. 1.0 ppm NO was introduced into the reactor 
at a total airflow of 1000 sccm and 50% relative humidity and allowed to 
equilibrate. The reaction was then commenced by light exposure and 
continued for 30 min. The concentrations of NO and NO2 were calcu
lated by taking the average of all the data obtained during the oxidation 
reaction. 

3. Results and discussion 

The morphology of TiO2 and TiO2-g-C3N4 was studied using FESEM. 
The TiO2 possesses a unique architecture of aligned channel-like pores of 
about 2.5 µm in diameter and up to 20 µm in length with walls that are 
porous (Fig. 1 a and b). BET analysis revealed that TiO2 comprises 
mesopores of 2–8 nm. The aligned open channels and combined macro- 
mesopores are expected to facilitate faster diffusion of gaseous phase 
NOx. As observed in Fig. 1b, a smaller portion of TiO2 exists as spherical 
nanoparticles inside the aligned macropores. In the TiO2-g-C3N4 hybrid, 
the aligned macropores of TiO2 were partially filled, and the TiO2 walls 
were coated uniformly with g-C3N4 (Fig. 1 c and d). The aligned pores of 
TiO2 facilitated the homogeneous coverage of g-C3N4 throughout the 
pore surfaces by allowing the precursors of g-C3N4 to infiltrate into the 
pores easily. The presence of g-C3N4 inside the macropores reduces their 
diameter to about 1.8 µm. The TEM image in Fig. 1e shows that the 
spherical TiO2 nanoparticles are intimately coupled with g-C3N4. The 
intimate interaction between TiO2 and g-C3N4 is further demonstrated 
by the HRTEM image (Fig. 1f), in which TiO2 nanoparticles are anchored 
on g-C3N4. This type of interaction between TiO2 and g-C3N4 is essential 
for forming a highly effective Z-scheme heterojunction. Both the porous 
structure and effective heterojunction of the TiO2-g-C3N4 hybrid make it 
suitable as an efficient photocatalyst for NOx oxidation. 

The isotherms of N2 adsorption–desorption and distributions of pore 
size of TiO2, g-C3N4, and TiO2-g-C3N4 are shown in Fig. 2a and b. Based 
on the determination of IUPAC [46], all samples showed Type IV- 
isotherms, proposing the presence of mesopores. The g-C3N4 showed 
an H3-type hysteresis loop isotherm, signalizing the presence of “slit- 
like” pores [28]. Conversely, TiO2 showed an isotherm with an H2-type 

Fig. 1. Morphological characterization of photocatalysts: (a) an SEM image of TiO2 surface, (b) a cross-sectional SEM image of TiO2 shown in (a), (c) an SEM image 
of TiO2-g-C3N4 surface, (d) a cross-sectional SEM image of TiO2-g-C3N4 shown in (c), (e) a TEM image of the interface between TiO2 and g-C3N4 in TiO2-g-C3N4, and 
(f) the HR-TEM of the interface in (e). 
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hysteresis loop, attributed to the “ink-bottle-like” pores likely formed 
between the TiO2 sphere in the aligned channels of the hierarchical 
structure [28]. Interestingly, TiO2-g-C3N4 demonstrated a unique 
structure represented by a hysteresis loop with a combination of H2– 
and H3-type isotherms. The H2-type loop in the pressure range of 
0.4–0.8 is attributed to the “ink-bottle-like” structure from the TiO2 
channel occupied with TiO2/g-C3N4 aggregates. The H3-type loop in the 
pressure range of 0.9–1.0 is ascribed to “slit-shaped” pores between the 
connected structures. TiO2-g-C3N4 exhibited a slightly higher surface 
area (50.4 m2/g) than the pristine g-C3N4 (48.5 m2/g). In addition, as 
depicted in Table S1, TiO2-g-C3N4 has a larger mesopore volume 
(0.0011 cm3/g) than g-C3N4 (0.0008 cm3/g). The increase in the pore 
volume of g-C3N4 upon coupling with TiO2 is crucial for storing NOx 
species and minimizing NO2 formation. 

Fig. 2c shows the isothermal adsorption behavior of g-C3N4, TiO2, 
and TiO2-g-C3N4. NO is used as a representative of NOx. All samples 
showed breakthrough time, indicating the favorable NO adsorption on 
them. The breakthrough time is defined as the time needed to detect NO 
within the effluent. Generally, the longer the breakthrough time, the 
better the storage capacity of a catalyst. The breakthrough time of TiO2 
and TiO2-g-C3N4 was longer than that of g-C3N4, indicating their high 
NO adsorption capacity. Interestingly, TiO2-g-C3N4 exhibited almost 
identical breakthrough time to TiO2, suggesting coupling g-C3N4 and 
TiO2 as an efficient pathway to form a photocatalyst with high NO 
adsorption capacity. It is also observed that the NO saturation times of 
TiO2 (12 min) and TiO2-g-C3N4 (10 min) are longer than that of g-C3N4 
(7 min), further validating the ability of TiO2 and TiO2-g-C3N4 to adsorb 
NO effectively. The NO adsorption capacity of the photocatalyst samples 
was estimated using Equations (1) and (2) [47], and the results are 

shown in Fig. 2d. 

qe =
Co × MNO × P × F × S × 10−3

R × T × W
(1)  

S =

∫ t

0
(1 −

CNO

C0
)dt (2)  

where qe is the NO adsorption capacity (mg/g), C0 is the inlet NO con
centration (ppm), P is the reaction pressure (Pa), MNO is the NO molar 
mass (30 g/mol), F is the module flow gas rate (m3 /s), T is the reaction 
temperature (25 ◦C), R is the ideal gas constant (8.314 J/mol⋅K), S is the 
integrated area of the adsorption curve, and Wcat is the catalyst load 
mass (g), CNO is the outlet NO concentration (ppm), and t is the 
adsorption time (s). The results reveal that the adsorption capacity of 
TiO2 (0.0070 mg/g) and TiO2-g-C3N4 (0.0060 mg/g) is higher than that 
of g-C3N4 (0.0038 mg/g). This observation further confirms the 
improvement in the NOx adsorption capacity of g-C3N4 upon coupling 
with TiO2. Therefore, TiO2-g-C3N4 is expected to effectively store NO 
oxidation products during the photocatalytic reaction. 

XRD is used to probe the crystal structure of the samples, as depicted 
in Fig. 3 a. The TiO2 sample showed the characteristic diffraction peaks 
at 25.3◦, 36.9◦, 37.8◦, 38.6◦, 48.0◦, 53.9◦, 55.1◦, 62.1◦, 62.7◦, and 68.7◦

that correspond to (101), (103), (004), (112), (200), (105), (211), 
(213), (204), and (116) planes of anatase TiO2 (JCPDS# 21–1272). 
The g-C3N4 sample showed two characteristic diffraction peaks at 13.1◦

and 27.6◦ corresponding to the (100) and (002) planes of g-C3N4, 
respectively. The TiO2-g-C3N4 hybrid sample has diffraction peaks at 
25.3◦, 13.1◦, and 27.6◦ that are characteristic of both g-C3N4 and TiO2, 
confirming the formation of the hybrid structure. The presence of weak 

Fig. 2. (a) N2 adsorption–desorption isotherms of TiO2, g-C3N4, and TiO2-g-C3N4. (b) Pore size distributions of TiO2, g-C3N4, and TiO2-g-C3N4. (c) Isothermal NO 
adsorption profiles of TiO2, g-C3N4, and TiO2-g-C3N4 and (d) a histogram of their NO adsorption capacity. 
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TiO2 peaks and strong g-C3N4 peaks suggest that a higher composition of 
g-C3N4 is present in the TiO2-g-C3N4. This is well supported by the TGA 
curves shown in Figure S2, where the composition of TiO2-g-C3N4 was 
determined to be 79.5% of g-C3N4 and 20.5% of TiO2. The derivation of 
elemental composition from TGA curves can be found in Table S3. 

UV–Vis diffuse reflectance spectroscopy is employed to study the 
optical properties of the samples, and the results are presented in Fig. 3b. 
Compared with TiO2, whose absorption is restricted to the UV region, 
the absorptions of g-C3N4 and TiO2-g-C3N4 are red-shifted with a 
noticeable shoulder in the region between 460 and 560 nm. The optical 
band gaps of the samples, shown in Fig. 3c, were estimated using Tauc 
and Davis − Mott method according to Equation (3): 

(αhν)
1
2 = A

(
hν − Eg

)
(3)  

where α is the coefficient of absorption, Eg is the band gap, ν is the 
frequency of radiation, h is Planck’s constant, and A is the proportion
ality constant. TiO2 has an absorption edge at 393.6 nm with a band gap 

of 3.15 eV. The band gap of g-C3N4 was 2.77 eV, corresponding to an 
absorption edge at 447.6 nm. The absorption edge of the hybrid TiO2-g- 
C3N4 extends into the visible region with a band gap of 2.71 eV, corre
sponding to an absorption edge of 457.6 nm, which is lower than that of 
TiO2 by 0.44 eV. The narrower band gap and stronger absorption at 
longer wavelengths of the hybrid sample are essential for photoexcita
tion by visible light irradiation. 

PL spectroscopy was used to investigate the samples’ fluorescence, 
and the results are shown in Fig. 4. The samples were excited by 
different wavelengths (460, 480, 500, 520, 540, and 560 nm). We chose 
these wavelengths to verify the UV–Vis data (Fig. 3b and c) that indicate 
the ability of g-C3N4 and TiO2-g-C3N4 to absorb light in the region be
tween 460 and 560 nm. As shown in Fig. 4b, the g-C3N4 showed high 
fluorescence in this region, unlike TiO2 with limited absorption 
(Fig. 4a). This observation confirms the generation of charge carriers on 
g-C3N4 under visible light exposure. TiO2-g-C3N4 exhibited a slightly 
lower fluorescence intensity than g-C3N4 (Fig. 4c). Because the fluo
rescence is generated from electron-hole recombination, the reduction 

Fig. 3. (a) X-ray diffraction patterns of TiO2, g-C3N4, and TiO2- g-C3N4; (b) UV–Vis diffuse reflectance spectra of TiO2, g-C3N4,and TiO2- g-C3N4; (c) Tauc plots from 
UV–Vis spectra shown in (b) of TiO2 (band gap: 3.15 eV), g-C3N4 (band gap: 2.77 eV), and TiO2-g-C3N4 ((band gap: 2.71 eV). 

Fig. 4. Photoluminescence spectra of TiO2 (a), g-C3N4 (b), and TiO2-g-C3N4 (c) hybrids using lights of various wavelengths.  
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in its intensity indicates the separation of the charge carriers through the 
Z-scheme junction formed between TiO2 and g-C3N4. 

XPS analysis was carried out to investigate the surface chemistry of 
the samples. Figure S3 shows the survey spectra of the photocatalysts. 
Table S4 summarizes the atomic concentration (at%) calculated from 
the survey spectra. The high-resolution spectra of C 1 s, N 1 s, and Ti 2p 
are shown in Figure S4. The carbon signal in TiO2 is attributed to the 
adventitious carbon (Fig. S4a). The peak at 284.8 eV in the deconvoluted 
C 1 s spectrum of g-C3N4 correspond to the C-C bond from graphitic 
carbon residues, whereas the peaks at 286.5 eV and 288.3 eV are 
attributed to C-NH2 and C = N-C from g-C3N4 backbone, respectively 
[28,48]. Similarly, the TiO2-g-C3N4 was fitted into three peaks at 284.8 
eV, 286.4 eV, and 288.2 eV, confirming the presence of g-C3N4 in the 
hybrid catalyst. Fig. S4b shows the high-resolution N 1 s spectrum of the 
samples. The TiO2 has ~ 0.9 at% of N in the sample, which may be 
attributed to the surface-adsorbed nitrogen species from the atmo
sphere. The N 1 s spectra of the g-C3N4 and TiO2-g-C3N4 samples were 
deconvoluted into two peaks at 398.7 eV and 400.2 eV, corresponding to 
the sp2 hybridized pyridinic nitrogen (C = N-C) and tertiary nitrogen (N- 
C3) confirming the structure of g-C3N4 [48]. There was a third peak 
located at 404.5 eV, which could be due to the features of amino func
tional groups with hydrogen on the g-C3N4 [49]. Fig. S4c shows the Ti 2p 
high-resolution peaks of TiO2, g-C3N4, and the hybrid TiO2-g-C3N4 
samples. The Ti 2p spectra of both TiO2 and TiO2-g-C3N4 samples were 
deconvoluted into a pair of peaks at binding energies of 458.7 and 464.4 
eV, ascribed to the Ti 2p3/2 and Ti 2p1/2 doublet of Ti4+ states ascribed to 
TiO2 [50]. 

High-resolution XPS O1s spectra of TiO2, g-C3N4, and TiO2-g-C3N4 
before and after photocatalytic reactions are shown in Fig. 5. TiO2 
spectrum before the reaction (Fig. 5a; top) was deconvoluted into two 
peaks at the binding energy (BE) of 529.2 and 531.1 eV corresponding to 
Ti-O and Ti-OH, respectively [51]. g-C3N4 spectrum before the reaction 
(Fig. 5b; top) showed the presence of a dominant peak at 532.2 eV 
attributed to surface-adsorbed H2O. The detection of molecularly 
adsorbed H2O on g-C3N4 by XPS is supported by the findings of previous 
studies [52–55]. However, few other studies attributed this peak to 
chemisorbed oxygen on the g-C3N4 surface [56,57]. TiO2-g-C3N4 spec
trum before the reaction (Fig. 5c; top) was deconvoluted into two peaks 
at 529.9 eV and 532 eV attributed to Ti-O and Ti-OH, respectively [58]. 
The presence of –OH groups on the catalyst surface is essential for 
trapping the photoexcited charge carriers (particularly the holes) and 
subsequently forming active radicals for NOx oxidation (discussed in 
detail later). 

Further characterization of the composite was done by Raman 
spectroscopy using a 780 nm laser (Figure S5). Notably, g-C3N4 has a 
strong fluorescence background mixed in the Raman spectra even using 
a 780 nm laser; however, characteristic peaks corresponding to g-C3N4 
and TiO2 can still be observed on top of the high background. TiO2 has 
bands at 141 cm−1 (Eg), 194 cm−1 (Eg), 394 cm−1 (B1g), 513 cm−1 (A1g, 
B1g), and 637 cm−1 (Eg) characteristic of the anatase phase [59,60]. The 
phase composition is consistent with XRD data showing only the anatase 
phase. The g-C3N4 showed bands at 748 cm−1, 1115 cm−1, 1152 cm−1, 
1232 cm−1, and 1308 cm−1 corresponding to stretching vibration modes 
of C-N characteristic of melamine [61]. The bands at 707 cm−1 and 
1558 cm−1 can be attributed to the breathing modes of the s-triazine ring 
and the stretching modes of the C = N bond, respectively [62,63]. It is to 
be noted that the strong fluorescence background was from the g-C3N4, 
consistent with a previous study [64]. In the Raman spectra of TiO2-g- 
C3N4 composite material, Raman bands corresponding to both TiO2 and 
g-C3N4 could be observed, indicating the presence of both TiO2 and g- 
C3N4. The Eg vibrational mode of anatase phase TiO2 was shifted to 
higher wavenumbers by 6 cm−1 in the composite, which could be due to 
strain induced by the coating of g-C3N4, indicating a stronger interaction 
between g-C3N4 and TiO2 and/or by the C, N doping in TiO2 [65]. 

4. NOx photocatalytic oxidation 

Fig. 6a shows the NO conversion of TiO2, g-C3N4, and TiO2-g-C3N4 
under simultaneous exposure to blue and green light and at 50% RH. NO 
conversion of TiO2-g-C3N4 is 34 %, four times higher than TiO2 (7 %) 
and two times higher than g-C3N4 (17 %). This indicates that coupling 
TiO2 with g-C3N4 fosters NO conversion of g-C3N4. Photocatalytic NOx 
oxidation typically involves the formation of NO2, a more toxic com
pound than NO; therefore, an effective photocatalyst should minimize 
the release of NO2 into the atmosphere while maintaining reasonable 
conversion of NO. In other words, NOx oxidation photocatalysts should 
oxidize NO to NO2 and then store a significant portion of the formed NO2 
on the surface of the catalyst as nontoxic NO−

3 . Hence, the activity of a 
photocatalyst in NOx oxidation should be evaluated by considering both 
NO conversion and NOx storage selectivity. 

DeNOx index, a parameter that measures the overall activity of a 
photocatalyst in NOx removal by considering both NO conversion and 
NOx storage selectivity, is used to quantify the performance of TiO2, g- 
C3N4, and TiO2-g-C3N4. This index was first suggested by Bloch et al.[7], 
and is based on the assumption that the total toxicity of air is affected 
three times more by NO2 than NO. A photocatalyst demonstrates a NOx 

Fig. 5. High-resolution O1s XPS spectra of TiO2 (a), g-C3N4 (b), and TiO2-g-C3N4 (c) before (top) and after (bottom) the photocatalytic reaction.  
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“purification effect” when it possesses a positive DeNOx index and hence 
is preferred. On the other hand, a photocatalyst shows a NOx “tox
ification effect” when it has a negative DeNOx index and therefore is 
undesired. 

The DeNOx index and NOx storage selectivity of the photocatalysts 
were calculated by using Equations (4), (5), and (6) [7]. 

ξ =
(cd − ci)V̇p

φART
(4)  

Selectivity =
ξNOx

ξNO
(5)  

DeNOx index = ξNOx

(

3 −
2
S

)

(6) 

where ξ is the photonic efficiency of NOx species; cd is the species 
concentrations in the dark (ppm); ci is the species concentrations under 
illumination (ppm); V̇ is the volumetric flow rate; p is the pressure in the 
system (1 atm); φ is the photon flux at the photocatalyst surface 
(photon/m2 s; dependent on light wavelength and intensity); A is the 
catalyst irradiated area; R is the gas constant; and T is the temperature. 

TiO2-g-C3N4 has a purification effect as it exhibits high NOx storage 
selectivity, reasonable NO conversion (34 %,), and a positive DeNOx 
index (Fig. 6 b and c); it is therefore suitable for NOx oxidation. In 
contrast, g-C3N4 exhibited a lower selectivity towards NOx storage and a 
negative DeNOx index (Fig. 6b and c) with low NO conversion (17 %) as 
shown in Fig. 6a, indicating its toxification effect and its unfeasibility for 
NOx oxidation. It is noted that although TiO2 showed a slightly positive 
DeNOx index and high NOx storage selectivity (Fig. 6b and c), it suffered 
from very low NO conversion (7 %), confirming its ineffectiveness as a 
NOx oxidation photocatalyst. 

To evaluate the reusability and long-term activity of the photo
catalysts, we conducted three consecutive photocatalytic NOx oxidation 
experiments using g-C3N4 and TiO2-g-C3N4, and the results are shown in 
Fig. 6. The DeNOx index and selectivity of recycled TiO2 are not shown 
because the NO conversion of recycled TiO2 is approximately zero. The 
selectivity and DeNOx index of TiO2-g-C3N4 slightly decreased after each 
cycle (Fig. 6d), likely because of the accumulation of NOx 

photooxidation product on the catalyst surface and consequent con
sumption of NOx adsorption sites. Nevertheless, the recycled TiO2-g- 
C3N4 exhibited high selectivity and positive DeNOx index (Fig. 6e and f), 
maintaining its purification effect. g-C3N4 experienced a decrease in 
selectivity after recycling with an increase in the negativity of its DeNOx 
index (Fig. 6 e and f), indicating the increase in its toxification effect and 
further affirming its unsuitability for NOx oxidation. Comparing the 
performance of TiO2-g-C3N4 with other TiO2-based photocatalysts in the 
literature is challenging because of the variation in reactor design and 
reaction conditions. Nevertheless, to give the reader an idea about the 
performance of TiO2-based photocatalysts in NOx oxidation, we sum
marized NO conversion, selectivity, and DeNOx index along with reac
tion conditions in Table 1. TiO2-g-C3N4 showed a high DeNOx index and 
selectivity at low photocatalyst concentration, while demonstrating 
comparable conversion of NO. 

The difference in the photocatalytic activity of TiO2, g-C3N4, and 
TiO2-g-C3N4 is explained by examining the mechanism of NOx oxidation, 
which is split into three steps [42,66,67]: (1) the interaction of light and 
photocatalyst and the consequent formation of charge carriers (Equation 
(7)); (2) the reaction between the formed charge carriers and oxygen- 
containing molecules (O2 and H2O)/hydroxyl groups (–OH) on photo
catalyst surface and the resulting generation of reactive oxygen species 
(ROS) (Equations (8)–(10)); and (3) the oxidation of NO and NO2 
adsorbed on photocatalyst surface via formed ROS to NO−

3ads (Equations 
(11)–(16)). 

TiO2 + hv→TiO2(h+ + e−) (7)  

TiO2(h+) + H2O→TiO2+•OH + H+ (8)  

Ti − OH + h+→Ti++•OH (9)  

TiO2(e−) + O2→TiO2+•O−
2 (10)  

NO+•O−
2 →NO−

3 (11)  

NO+•OH→ HNO2 (12)  

HNO2+•OH→NO2 + H2O (13) 

Fig. 6. Photocatalytic oxidation of NOx using TiO2, g-C3N4, and TiO2-g-C3N4 under cyan light and 50% RH: (a) NO conversion, (b) NOx storage selectivity, and (c) 
DeNOx index. NOx oxidation using the recycled g-C3N4 and TiO2-g-C3N4 photocatalysts (three consecutive cycles): (d) NO conversion, (e) NOx storage selectivity, and 
(f) DeNOx index. 
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NO+•O−
2 + H+→NO2+•OH (14)  

NO+•O−
2 + H+ →HNO3 (15)  

NO2+•OH→HNO3 → H+ + NO−
3 (16) 

The concentration of ROS formed on the surface of TiO2 is low due to 
its large band gap and the subsequent poor formation of charge carriers 
under visible light as depicted in Fig. 7a. We did not observe any sig
nificant variation in O1s XPS spectra of TiO2 obtained before and after 
the reaction as depicted in Fig. 5a. This observation implies the weak 
interaction between TiO2 and surface oxygen-containing species (–OH 
groups or adsorbed oxygen), likely due to the absence of charge carriers. 
Therefore, TiO2 showed low NO oxidation activity. Although g-C3N4 has 
a low band gap and is capable of producing charge carriers under visible 
light, a significant portion of the carriers undergoes recombination. 
Therefore, only a few amounts of charge carriers remain alive on g-C3N4 
to participate in the redox reaction, undermining NOx oxidation. In 
addition, the VB edge potential of g-C3N4 (+1.63 eV versus NHE) is less 

positive than the potential required to oxidize H2O to •OH (+2.68 versus 
NHE) or –OH to •OH (+1.99 eV versus NHE). Consequently, the direct 
formation of •OH on g-C3N4 is improbable. In fact, the presence of a 
dominant peak attributed to the adsorbed H2O in the O1s XPS spectrum 
of g-C3N4 collected after the reaction (Fig. 5b) indicates the weak 
interaction between the holes and H2O. In other words, the H2O 
adsorbed on g-C3N4 did not consume by the holes during the reaction. 
On the other hand, O1s XPS spectrum of g-C3N4 obtained after the re
action (Fig. 5b) detects the presence of a peak at 530 eV associated with 
the adsorbed oxygen [68], likely formed as a result of electron transfer 
to O2. Hence, the NOx oxidation will be mainly dominated by •O−

2 , or the 
so-called electron-meditated mechanism (Equations (10), (11), (14), and 
(15)). Although a recent study suggests that the •O−

2 is crucial to NOx 
oxidation through direct conversion of NO to NO−

3 /HNO3 [41], this 
mechanism does not seem proper for g-C3N4, evident by its negative 
DeNOx index. It is important to mention that the formation of •OH 
cannot be entirely eliminated as there is another pathway for the indi
rect formation of •OH. This pathway includes the disproportionation of 

Table 1 
Performance of state-of-the-art photocatalysts at room temperature under relative humidity of 40 to 50%.  

Catalyst Light wavelength 
(nm) 

Catalyst amount 
(mg) 

Inlet NO 
(ppm) 

NO conversion 
(%) 

Selectivity 
(%) 

DeNOx 

(ppm)1 
DeNOx

2 Ref. 

P25 – 300 8 – 27.8 −3689  – [7] 
FeTi4 315–1050 0.55 0.1 23 63 –  – [71] 
25Ca/Ti 315–400 900 1 46 77 –  0.14 [42] 
70Al/Ti 315–400 900 1 42 64 –  −0.03 [42] 
mpg-CN500 400–700 200 1 40 83 –  0.20 [72] 
Ti0.909W0.091O2Nx – 300 8 – 90 150  – [73] 
Conventional TiO2-g- 

C3N4 

˃ 400 – 1 20 – –  0.025 [36] 

TiO2-g-C3N4 425–515 19 1 35 86 74  0.25 This 
study  

1 DeNOx index calculated based on the procedure reported herein. 
2 Modified DeNOx index calculated based on the procedure reported by M. Çağlayan et al. [42]. 

Fig. 7. Schematic diagrams of photo-induced charge carrier formation and subsequent active radicals formed in (a) TiO2, (b) g-C3N4, and (c) TiO2-g-C3N4 under cyan 
lights. Schematic diagrams of (d) an electron-hole-mediated mechanism and (e) a hole-mediated mechanism of NOx photocatalytic oxidation. 
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•O−
2 as shown in Equations (17)–(20), in agreement with previous 

studies [69,70]. The photocatalytic mechanism and electron-mediated 
mechanism of NOx oxidation by g-C3N4 are shown in Fig. 7b and d, 
respectively. However, the low concentration of •O−

2 formed on g-C3N4 
due to electron-hole recombination undermines its ability to generate a 
decent amount of •OH required for effective NOx abatement. Further
more, previous studies suggested that NOx species are only weakly 
adsorbed on g-C3N4 [35,36], hindering the first step in the photo
catalytic reaction (adsorption). Therefore, we conclude that the poor 
NOx oxidation activity of g-C3N4 is due to its low photonic efficiency and 
poor adsorption capacity. 
•O−

2 +•O−
2 + 2H+→ H2O2 + O2 (17)  

O2 + 2e− + 2H+→ H2O2 (18)  

H2O2 + e−→•OH + OH− (19)  

H2O2 + hv →•OH+•OH (20) 

In the case of TiO2-g-C3N4, the Z-scheme synergy between g-C3N4 
and TiO2 allows the migration of photogenerated electrons from TiO2 CB 
to recombine with the photogenerated holes in g-C3N4 VB. This gives 
rise to the accumulation of electrons in CB of g-C3N4 and holes in VB (or 
inter-band states) of carbon- or nitrogen-doped TiO2; thereby, electron- 
hole separation as depicted in Fig. 7c. It is noted that TiO2 in TiO2-g- 
C3N4 is visible light active due to the presence of inter-band states 
formed due to carbon and nitrogen doping, as demonstrated previously 
[28]. CB edge of g-C3N4 (-1.17 eV versus NHE) is located above the 
standard redox potential of O2/•O−

2 (-0.046 eV versus NHE) and CB edge 
of TiO2 (-0.31 eV versus NHE) [28]. Therefore, the electrons accumu
lated in CB of g-C3N4 possess higher reducing capability than those in CB 
of TiO2 to reduce the adsorbed O2, favoring the formation of ⋅O−

2 . The 
energy levels of carbon or nitrogen impurities in TiO2 is located at 
approximately 2.50 eV, which is more positive than g-C3N4 VB (+1.63 
eV versus NHE) and the potential required to oxidize OH to •OH (+1.99) 
[28]. Therefore, the energetic holes in TiO2 can oxidize NOx through a 
hole-mediated mechanism (Equations (9), (12), (13) and (16)), in 
contrast to g-C3N4 in which NOx oxidation is dominated by electron- 
mediated mechanism (particularly, Equations (10) and (14)). O1s XPS 
spectrum of TiO2-g-C3N4 (Fig. 5c) confirmed the consumption of –OH 
groups by the energetic holes during the reaction, evident by the 
reduction in the intensity of peak associated with this species at BE =
532 eV; whereas the increase in the intensity of peak at BE = ~530 eV 
can be attributed to O2 adsorption similar to that of pure g-C3N4 in 
Fig. 5b. Therefore, TiO2-g-C3N4 is expected to perform NOx oxidation by 

both the electron- and hole-mediated mechanisms, leading to the for
mation of a high concentration of ROS (Fig. 7c and e). In addition, the 
unique structure of TiO2-g-C3N4 represented by the presence of macro/ 
mesopores provides a suitable structure (as confirmed by N2 adsorp
tion–desorption isotherms) for the storage of NOx oxidation products on 
the catalyst surface, in contrast to g-C3N4. Hence, effective NOx oxida
tion is achieved. 

To investigate the impact of water adsorption on NOx photocatalytic 
oxidation, we conducted further experiments at low humidity (10% RH). 
Fig. 8a, b, and c show concentration profiles of NOx during the photo
catalytic reaction by TiO2, g-C3N4, and TiO2-g-C3N4 under low and high 
humidity levels. For proper comparison, the experiments were con
ducted under blue light to eliminate the impact of catalyst photonic 
efficiency (ability to form charge carriers), as all catalysts are active 
under blue light. Under low humidity, we did not observe any significant 
formation of NO2 by all photocatalysts; NO2 concentration is almost 0 
ppm. TiO2 and TiO2-g-C3N4 showed approximately identical NO con
version under low humidity, which is remarkably higher than that of g- 
C3N4. However, under high humidity, the NO conversion activity of TiO2 
significantly declined. It may be ascribed to the formation of bridging 
hydroxyl groups as a result of the dissociation of water molecules on 
oxygen vacancies of TiO2 [34,42]. These groups can capture the pho
togenerated electrons, boosting their recombination with holes; hence 
the number of ROS on TiO2 is expected to be low, and this could be the 
reason for the poor NO conversion observed. g-C3N4 showed higher NO 
conversion under high humidity than under low humidity, with a slight 
formation of NO2. The formation of NO2 can be attributed to the 
reduction in the adsorption sites available for NO2 storage due to H2O 
adsorption on g-C3N4. Interestingly, TiO2-g-C3N4 showed reasonable NO 
conversion under high humidity, which is slightly lower than that ach
ieved under low humidity, with a noticeable formation of NO2. Although 
water dissociation on TiO2 is still possible with TiO2-g-C3N4 under high 
humidity, the photo-generated electrons are not trapped by the gener
ated bridging hydroxyl groups but transferred to g-C3N4 as explained 
earlier, leaving holes on TiO2 for photocatalytic NOx oxidation. This 
indicates that the Z-scheme is vital in enabling both electrons and holes 
to participate in the photocatalytic reaction, and hinders charge carrier 
consumption by water-induced charge carrier recombination centers. 
The increase in the formation of NO2 by TiO2-g-C3N4 under high hu
midity is ascribed to the adsorption of H2O on the catalyst surface and 
the consequent reduction in the number of sites available for NOx stor
age. In other words, the H2O occupies the sites available for the 
adsorption of the generated NO2, hindering its oxidation and leading to 
its release into the atmosphere. Nevertheless, the formation of NO2 by 

Fig. 8. Representative NOx oxidation profiles of TiO2 (a), g-C3N4 (b), and TiO2-g-C3N4 (c) under low and high humidity levels and exposure to blue light.  
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TiO2-g-C3N4 under a humid environment should not prevent its utili
zation in NOx oxidation since it has a net purification effect, evidenced 
by its positive DeNOx index under blue light (Figure S6) and cyan light 
(Fig. 6c). 

5. Conclusions 

A hierarchical macro-mesoporous structure composed of Z-scheme 
TiO2-g-C3N4 hybrid embedded in parallel TiO2 channels was synthesized 
and used in photocatalytic NOx oxidation. The Z-scheme heterojunction 
formed between TiO2 and g-C3N4 enabled the separation of a large 
portion of photogenerated charge carriers while maintaining the high 
reducing power of electrons in g-C3N4 CB and high oxidizing power of 
holes in TiO2 VB, making it possible for TiO2-g-C3N4 to perform NOx 
oxidation under cyan light. TiO2-g-C3N4 showed NO conversion (37 %) 
that is four times higher than that of TiO2 (7 %) and two times higher 
than that of g-C3N4 (17%). TiO2-g-C3N4 also showed superior NOx 
storage capacity and, in turn, has a purification effect, evident by its 
positive DeNOx index (+74 ppm) in contrast to g-C3N4 with a negative 
DeNOx (-4 ppm) and TiO2 with a slightly positive DeNOx index (+15 
ppm). This study also revealed the impact of humidity on the NOx 
oxidation activity of catalysts and proposed possible pathways for the 
consumption of charge carriers and reduction of NOx storage sites. 
Furthermore, detailed photocatalytic mechanisms for NOx oxidation by 
g-C3N4 and TiO2-g-C3N4 were suggested. The finding of this study is 
expected to stimulate researchers to utilize hierarchical TiO2-based 
hybrid photocatalysts in NOx oxidation and explore their application in 
practical NOx abatement under ambient conditions. 
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