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Abstract

Nitric Oxide (NO) is one of air pollutant that is responsible for its impacts in various
environmental matrices, human health and other biota. Apart from various technology

to treat NO pollution, photocatalytic oxidation process (PCO) under visible light is


mailto:sjyou@cycu.edu.tw

considered as an effective process to achieve the feat. This study uses PCO to
degrade NO under visible light with the help of photocatalyst. Herein, the MgO@g-
CsNs heterojunctions are synthesized by one-step pyrolysis of MgO and Urea
commercial at 550 °C for 2 h. By this way, the photocatalytic NO degradation
performance is significantly increased under visible light irradiation. In detail, the
photocatalytic efficiency of the MgO@g-CsN4 composites reaches 75.4% with 1.2-fold
that of pure g-CsNs and 4.5-fold that of commercial MgO. Furthermore, the
characterizations of the materials are determined by X-ray diffraction (XRD), Fourier
transforms infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy
(XPS). The morphology of the materials is determined by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). DRS determines the
optical properties and bandgap of the materials. The bandgap of the materials
decreases with the increasing amount of the MgO. Besides, the NO conversion,
DeNOx index, apparent quantum efficiency (AQE), the trapping test, and electron spin
resonance (ESR) are invested to understand the photocatalytic mechanism of the
materials. The high reusability of the MgO@g-CsN4 composites is determined by 5

times recycling test.
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Introduction

Recently, the rapid development of industrialization has been continuously increasing
the demand for fossil fuel combustion which leads to a large number of nitrogen oxides

emissions. This particular type of air pollutant is responsible for various impacts



ranging from environment disruption (smog, acid rain, etc.) to health problems (COPD,
cardiovascular disease, and other) [1-3]. Thus, many researchers have been trying to
overcome the problem by applying different kind of treatment technologies. Presently,
various approaches have been done to mitigate NO pollution, including catalytic/ non-
catalytic [4], oxidation [5], bioprocesses [6], adsorption [7], , absorption [8] and non-
thermal plasma technology [9]. Among these, photocatalytic oxidation (PCO) is
regarded to be a promising approach for air purification due to its ability in degrading

various air pollutants with the presence of light under ambient conditions [10].

Due to its unique properties complied with high chemical stability and low synthesis
cost, graphitic carbon nitride has attracted considerable attention in the realm of
environmental remediation [11-13]. It is a kind of organic semiconductor, and it
effectively absorbs visible light due to its narrow frequency band (<2.7 eV). Based on
that reason, it has been consistently regarded as a catalysts with excellent optical
property [14, 15]. Unfortunately, its narrow bandgap leads to rapid recombination of
electron and hole pairs, and the valence band potential of g-CsNa4 (+1.75 eV) is more
negative than that of H2O/*OH (+2.40 eV), reducing the photocatalytic efficiency [16,
17]. As a well-known approach for overcoming this problem and increasing the lifespan
of photo-generated electron (e7) — hole (h*) pairs in order to achieve increased
photocatalytic performance, coupling two semiconductors with optimal band alignment

is used to achieve this goal.

MgO is considered as an alkaline metal oxide which possesses a wide bandgap (5 -
3.5 eV), availability, non-toxic and low cost [18, 19]. High band gap energy hinders
MgO abillity to harvest more visible light, thus lowering photocatalytic performance
[20]. Thus, a various of approaches have been taken to enhance the visible light

absorption region, particular in coupling with another semiconductor such as g-CsNa4
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[21-23], ZnO [24, 25] , TiO2[26, 27], etc. Among these, the incorporation of MgO and
g-CsNa with the lower bandgap is attributed to be an efficient process for improving
photocatalytic process. Li and co-workers reported that the improvement in the
photocatalytic efficiency of MgO@g-CsNa4 for CO2 photoreduction under visible light
[22]. Similarly, MgO modified g-CsN4 nanostructure enhanced NO2 removal efficiency
[12]. However, the commercial application of MgO as a co-catalyst together with g-

CsNa4 has not been researched for the photocatalytic NO degradation.

In this study, the combination of MgO and g-CsNs4 was performed to form a
heterostructure that potentially enhances the visible light absorption efficiency, and
thus improves the photocatalysis efficiency. To the best of our knowledge, the one-
step synthesis of MgO@g-CsN4 heterojunction composite by one-step pyrolysis
method is first studied and applied to NO gas treatment under visible light irradiation.
The obtained results in this study may offer the potential for the production of

photocatalysts with high efficiency, low cost and ease of large-scale application.

Experimental

Synthesis of MgO/g-C3sNa4

For the synthesis of g-CsNa4, 30 g of Urea is ground by manual for 30 min and then
placed in a 100 mL crucible. Then, the sample is annealed at 550 °C for 2 h. Next,

the obtained sample is naturally cooled down at room temperature, named as g-CsNa.

For MgO@g-CsN4 composites preparation, both MgO and g-CsNas are mixed, ground
and placed in a 100 mL crucible then annealed at 550 °C for 2 h (Figure 1). Then the

sample is cooled down at room temperature naturally. Different mass ratios of MgO



and g-CsNas are implemented, i.e. 1%, 3% and 5%, named as x-MgO@g-C3Na4 (x = 1,

3 and 5%).
Characterization

To evaluate the morphology, physical, chemical, and optical properties of the
materials, a variety of analytical techniques have been employed. Scanning electron
microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM)
are used to assess the morphology of the material. The crystal phase of material is
determined by X-ray diffraction (XRD) with the measurement range of 10° — 80°.
Fourier transform infrared spectroscopy (FTIR) is used to determine the chemical bond
composition of the materials. Differential reflectance spectroscopy (DRS) determines
the change in the bandgap of the material. The elements of this composite are
identified by high-resolution X-ray photoelectron spectroscopy (HR-XPS). Finally, the
photocatalytic mechanism is determined through trapping tests and electron spin

resonance (ESR).
Photocatalytic performance

The photocatalytic activity of as-prepared MgO@g-CsNa4 is evaluated by monitoring
NO degradation through photocatalytic system. The photocatalytic degradation
experiments are performed using a 1.5 L reaction chamber and a Xenon lamp (300
W) as visible light source. The initial NO concentration used is 500 ppb and the amount
of catalyst 0.2 g for all experiments. Before each catalytic experiment, 0.2 g of the
sample is dispersed in 10 mL of DI water and evaporated at 80°C and then placed in
the dark to achieve adsorption-desorption equilibrium. Finally, the sample is

illuminated by Xenon lamp (300 W) for 30 min.



To evaluate the photocatalytic process mechanism for NO degradation, active species
trapping experiments are performed. Here, three trapping agents are used
representing different active species, namely isopropyl alcohol (IPA) for the hydroxyl
radical (OH), potassium dichromate (K2Cr207) for the electron (e”) and potassium
iodide ( KI) for hole (h*). The photocatalytic NO degradation experiments are

performed under the same conditions as described previously.

The photocatalytic NO degradation efficiency (n), the yield of NO2 conversion (y), the
apparent quantum efficiency (AQE) (¢), and DeNOXx (ap.nox) are calculated by the

following Egs.(1-4) [28-30]:

C,.—C 1
n: NO,I NO,f Xloo% ( )
NO, i
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(4)

where Cno is the concentration of NO (ppb), Cnoz is the concentration of NO2 (ppb), i
is the initial concentration, and f is the final concentration. Na is the Avogadro constant
(mol?), Viis the flow rate of NO (L mint), and M is the NO molecule weight (g mol?).
The photon flux in the photocatalytic experiment is 2.72.10%*° cm min%, the irradiation

area for the 12 cm diamter petri dish is 113.1 cm?.

In addition, the bandgap energy of materials are calculated by the Tauc and

Kubelka Munk equation as describe in Egs. (5-7) [30]:



g (5)
(ozhv)r = B(hv - Eg)
(6)
(F(R)w) =B(v-E,)
(7)

where E is the photon energy (eV), h is the Planck constant (4.132 x 1071° eV.s),
u is the photon frequency (s™1), c is the photon velocity (nm), A is the wavelength
(nm), a is the absorption coefficients, B is a constant, and Eg is the band gap

energy (eV), R is reflectance value.

Results and discussion

Photocatalytic performance

The photocatalytic NO degradation efficiencies of the materials are depicted in Figure
2a. The photocatalytic NO degradation efficiencies of the materials are gradually
increased during the first 5 min of the photocatalytic reaction. And then it stays stable
until the end of the photocatalytic reaction. The photocatalytic NO degradation
efficiencies are 0.6, 62.8, 16.8, 68.4, 75.4, and 72.1% for the blank sample, g-C3Na,
MgO, 1% MgO@g-CsNs, 3% MgO@g-CsNs4, 5% MgO@g-CsN4, respectively. The
photocatalytic NO degradation efficiency is increased by combining MgO with g-C3Na.
The results indicate that the MgO@g-CsNa4 heterojunction structure has been
successfully synthesized with high photocatalytic NO degradation efficiency under
visible light by one-step pyrolysis with the ratio of MgO: g-CsNa4 is 3:100. On the other
hand, the AQE is calculated by Egs. 3. The AQE (10%%) of the g-C3Na4, MgO, 1%

MgO@g-CsNa4, 3% MgO@g-C3N4, 5% MgO@g-CsN4 are 5.5, 1.4, 5.4, 6.7, and 6.2,



respectively. The AQE results (Figure 2b) show that the photon has more effect on the
3% MgO@g-CsN4 than the others. The heterojunction structure has enhanced the
photocatalytic activities of the materials [31]. In addition, the photocatalytic reusability
of the 3% MgO@g-CsNa is invested by 5 times recycling test in the same experimental
conditions (Figure. 2c). The photocatalytic NO degradation efficiency in the recycling
testare 75.4,73.8, 71.1, 69.4, and 68.3% after 5 times respectively. The photocatalytic
NO degradation efficiency is decreased 7% after 5 times recycling. The recycling test
and the FTIR spectra before and after recycling test (Figure S1) indicate that the 3%

MgO@g-CsN4 has high reusability.

On the other hand, the NO conversion to NO2 and by-products are calculated and
shown in Figure 3a. The NO conversion to NO2 of the g-CsNs4, MgO, 1% MgO@g-
CsNa, 3% MgO@g-CsN4, 5% MgO@g-CsNa are 28.2, 7.3, 34.4, 53.5, and 46.3%,
respectively. Besides, the NO converts to by-products performance of the g-CsNa,
MgO, 1% MgO@g-CsNas, 3% MgO@g-CsNas, 5% MgO@g-CsN4 are 28.2, 7.3, 34.4,
53.5, and 46.3%, respectively. In this study, the by-products are defined as any
nitrogen species (N20s, N2O,NOs37, etc.) that excludes NO2, which is very unstable and
can be absorbed by the plants [32]. The MgO has the lowest NO2 and by-products
generation due to the lowest photocatalytic NO degradation efficiency (16.8%).
Compared with the g-CsN4 and others MgO@g-CsN4, the 3% MgO@g-CsN4 has the
lowest NO2 (21.9%) and highest by-products (53.5%) generation. In addition, the NO2
generation of the g-CsN4 and 1% MgO@g-CsN4 are almost equal. This point can be
explained due to the amount of MgO being too low (1% only). The 3% MgO@g-CsNa4
show the highest photocatalytic NO degradation efficiency with the lowest NO:2
generation, which confirms that the 3% MgO@g-CsN4 can be applied in the future.

Besides, the DeNOx efficiencies are calculated by Eqgs. 4 [33]. The DeNOx efficiency



of the g-CsN4, MgO, 1% MgO@g-CsN4, 3% MgO@g-C3N4, 5% MgO@g-CsNa4 are -

201.6, -58.2, -160.8, 47.4, and -25.8%, respectively.
The XRD patterns and FTIR spectrum analysis

XRD patterns determine the crystalline phase structure of the synthesized materials
in Figure 4a. There are two distinct diffraction peaks at 26 = 13° and 27.4°, which are
assigned to the (100) and (002) planes of g-CsNa, respectively [34]. The characteristic
diffraction peaks of MgO are detected to be 36.9, 42.9, 62.5, 74.8, and 78.7°, which
are attributed to the (111), (200), (220), (311), and (222) planes, respectively [35, 36].
With different MgO mass ratios, the MgO@g-CsN4 composites still retain the peak
characteristics of g-C3Na4. No impurities are detected in the XRD samples of MgO@g-
CsNg4, indicating that the prepared synthetic material possessed high purity. The
characteristic peaks of MgO that are not detected in all synthesized MgO@g-CsNa4
samples are attributed to the low amount of MgO in the composite. . This point agrees
with previous studies, which indicated that the characteristic peak of MgO is detected

as MgO is added with an amount higher than 5% [22, 37].

Figure 4b illustrates the FTIR spectrum of g-CsN4, MgO, and MgO@g-CsNa,
respectively. For pure g-CsNs, the broad peak in the range 3000 — 3600 cm™ is
attributed to the stretching vibrations of N-H and O—H bonds, indicating the existence
of amino groups and adsorbed water molecules in the material [21, 38]. The
characteristic peaks at 1240, 1320, 1407, and 1465 cm™ are associated with the
stretching vibration of the aromatic C—N bond, and typical peaks at 1562 and 1642
cm™ characterize the presence of C=0 bond [39, 40]. In addition, the characteristic
peak at 810 cm™ matches up with the typical breathing mode of the triazine unit. After

adding MgO, the distinct peaks of all MgO@g-CsN4 composites showed similarity to



that of pure g-CsNzg, indicating that the crystal structure of g-C3N4 remains unchanged.
This result is in good agreement with the XRD patterns. In addition, the small peak at

419 cm™ proves the presence of MgO in the MgO@g-CsNa4 composites [41].

The morphology of g-C3N4, MgO, and 3%MgO@g-CsNa4 are determined through SEM
and TEM analysis. The typical bulk structure of the g-CsNa4 is observed in Fig. 5(e, f).
Besides, the difference between the morphology of MgO and g-CsNs is difficult to
observe by SEM (Figure 5c, d). Figure 5a, and Figure 5b show that the morphology
3%MgO@ g-CsNa4 is similar to pure g-CsNa4. The obtained results indicate that the
morphology of 3% MgO@g-CsNa4 is identical to that of g-CsN4 because the adding
amount of MgO is too low, as determined by EDS mapping. The EDS mapping images
of the 3% MgO@g-CsN4 are shown in Figure 6 and Figure S2. The wt% of C, N, Mg,
and O is 37%, 52%, 9%, and 2%, respectively. As shown in Figure 6, the wt% of Mg
and O are lowest, indicating that the amount of MgO into the composites is too low.
The shape of the g-CsNa4 is easy to observe in Figure 7c, d. However, the shape of
MgO are complicated to determine by TEM and HR-TEM (Figure 7a, b). These results
emphasized the presence of MgO in the compound, which is identified and

documented by XRD and SEM-EDS mapping.
The element states analysis

The XPS and HR-XPS are invested in determining the element states of the materials.
The XPS surveys of the g-CsN4 MgO and 3% MgO@ g-CsN4 are shown in Figure 8a.
The peaks at 87 and 530 eV are assigned to the Mg 2s and O 1s of the MgO,
respectively. The peaks at 287 and 397 eV assigned to the C 1s and N 1s of the g-
CsNg, respectively [12, 42, 43]. In the MgO, the peaks of Mg 2p, Mg KLL, O loss, and

O KLL are observed at 46, 304, 555, and 978 eV, respectively [44, 45]. The HR-XPS
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of the C 1s are shown in Figure 8b, the peaks at 283 eV assigned to the C-C
coordination in the MgO, and the peaks at 287 eV assigned to the N-C=N bonds of
the g-CsN4, and these bonds only appear on the samples g-CsN4, and 3% MgO@g-
CsNa4. However, the C1s peak of MgO and g-CsNa4 occurs together in the 3% MgO@g-
CsNa. These results confirm that the C 1s of the material doesn’t change during the
pyrolysis method. The HR-XPS of N 1s of the materials is shown in Figure 8c, the
peaks at 397 and 399 eV correspond to the C-N=C bonds and N-(C)s structure of the
0-C3Na4 [46]. Figure 8d shows the peaks of Mg—O bonds of the MgO at 398 eV [47].
The Mg 2s peaks of the MgO are demonstrated in Figure 8e, f. The peak at 87 eV
(Figure 8e), and 87 eV (Figure 8f) confirmed the metallic state of Mg [48] . The peaks

of O 1s and Mg 2s of the 3% MgO@g-CsN4 are too weak.
The optical properties of the materials

The DRS spectra are invested in understanding the optical absorption characteristics
of the materials (Figure 9). The g-CsNa has a significant light absorption capacity at
the peak around 440 nm corresponding to the direct and indirect bandgap of 2.83 and
2.7 eV, respectively (Figure 9b, d). Meanwhile, MgO materials with wide bandgap
properties show absorption below 400 nm in both Kubelka-Munk and Tauc plots
(Figure 9a, c). After adding MgO into g-CsNa4, the MgO@ g-CsN4 materials slightly shift
to the visible light region. The optical direct and indirect bandgap energy is slightly
reduced, corresponding to the increase in MgO proportion. The bandgap reduction
can be attributed to Mg—N bonds in the MgO@ g-CsN4 materials that promote charge
transport, thus increasing the photocatalytic efficiency [22, 37]. Generally, this result
indicates the existence of MgO in the MgO@g-CsN4 material, which is difficult to

demonstrate by the previous analysis.
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Photocatalytic mechanism

Trapping experiments are carried out to evaluate the involvement of electrons, holes,
and reactive oxygen species (ROSs), including Kl (h*), K2Cr207 (e7), and IPA
(*OH). Figure 10a shows the reduction in process efficiency under scavengers. In
detail, the photocatalytic NO degradation efficiency decreases significantly from
75.4% to 36.4% in the existence of KI. In addition, the existence of K2Cr207 as a
representative for e~ also contributes to NO decomposition, reducing 1.3 times
compared to the original efficiency. Finally, the weak participation of «OH radicals in
the NO degradation is clearly described, with a reduction in efficiency of only about
1%. Hence, Kl and K2Cr207 are the main factors that significantly influence the NO

photocatalytic degradation performance.

Besides, ESR is invested in determining the reaction mechanism of the material
accurately. Figure 10b shows that under Visible light and DMPO-H20 and
DMPO-0H, this material both generates *OH and +O: radicals. In contrast, only «OH
radicals are generated under dark conditions, but the intensity is fragile. Hence, the
generation of <O: radicals contributes significantly to the photocatalytic NO

degradation efficiency.

The photocatalysis mechanism of MgO@g-CsN4 is proposed through the analyses
mentioned above, as illustrated in Figure 11. Under visible light, only g-C3Na4 is excited
to produce an e™—h" pairs. Due to the negative valance band (VB) potential of g-CsNa
(+1.75 eV) compared to H20/OH potential (+2.40 eV) and «OH/OH™ potential (+1.99
eV), the h* cannot react with H20 to produce an *OH radicals for the reduction reaction
[49]. Simultaneously, at the CB of g-CsNa, the e™ is excited and reacts with H20 to

produce *Oz~ radicals. In addition, this e™ also migrates across the CB of MgO, creating
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an excess e~ in MgO and avoiding recombination at g-C3sNa. This e~ reacts with H20 to
produce *O2" radicals. This <Oz~ radicals decompose NO to produce NO2z and by-
products. In addition, the h* at the VB of MgO are thought to react with H20 to give
*OH. Also, this *OH decomposes NO, creating NO2 and by-products. This reason is

supported and explained by ESR and trapping tests.

Conclusion

In conclusion, the MgO@g-CsNa4 heterojunctions were effectively synthesized by one-
step pyrolysis of the commercial MgO and Urea. The photocatalytic efficiencies of the
synthesized materials were increased dramatically by mixing MgO and g-CsNa. The
results indicated that 3%MgO@g-CsN4 possessed the highest NO photodegradation
efficiency, reaching 75.4%. In addition, the photocatalytic NO degradation efficiency
of the composite was decreased when the amount of MgO exceeded 3%. The
enhanced appearance quantum efficiency (6.7 x 104%), as well as long time-life
recombination of e~ based on the heterojunction structure, was formed by combing
MgO and g-CsNs attributed to being the reason leading to the highest NO
photodegradation efficiency of 3%MgO@g-CsN4 sample. Moreover, the NO
conversion to NO2z and by-products of the 3% MgO@g-CsN4 were lowest (21.9%) and
highest (53.5%), respectively. On the other hand, the 3% MgO@ g-CsN4 showed high
reusability after five times recycling test, the photocatalytic NO degradation efficiency
of the 3% MgO@g-CsN4 was decreased 7.1%. The photocatalytic activity results
indicated that the 3% MgO@g-CsN4 could be applied in the future as an excellent
photocatalyst with high degradation efficiency and low toxic generation. The
characterization of the materials was studied by FTIR, XRD, XPS, SEM, TEM, EDS,

DRS, and ESR. The apparent of MgO into the composites were difficult to observe by
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XRD, SEM, and TEM. So, the FTIR, XPS, and EDS mapping were carried out to
confirm the appearance of MgO in the composites. Although the MgO was difficult to
determine into the composites, the addition of MgO affected the optical properties of
the composites, which increased the photocatalytic performance of the composites.
The DRS result displayed that the bandgap of the composites decreased by adding
more MgO. Based on the high photocatalytic NO degradation efficiency under visible
light and high reusability, the MgO@g-CsN4 was promised to scalable fabrication.
Finally, this study provided a new understanding of the photocatalytic performance of

MgO@g-CsNa with the suitable amount of MgO added.
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Figure 1: Schematic diagram of pyrolysis synthesis process for MgO@g-CzN4 composite.
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