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Abstract: Photocatalysis is regarded as one of the most promising methods for removing low 

concentrations of nitrogen oxides (NOx) discharged from mobile sources, but its low activity 

and secondary contamination with harmful by-products restrict its practical implementation. 

Herein, we introduced single Zn atoms into the interlayer of g- C3N4 prepared through a simple 

pyrolysis method with an ultrahigh loading amount of 37.0 wt% (10.2 at%). Zn-N3 bridging 

structure is created by single atomic scattered Zn atoms connecting with three N atoms of two 

layers of g-C3N4, which enhance visible light absorption and electron-hole pairs’ separation. 

The introduced single Zn atom induced the adsorbed O2 and NO to fabricate the Zn-O2-NO 

structure, which facilitated the dissociation of O2 and the direct formation of nitrate from NO, 

tuning NO oxidation pathway and resulting in increased NO oxidization (49 %) but low toxic 

NO2 generation (2.6 %). This current work introduces a novel approach to fabricating single-

atom catalysts for highly effective environmental remediation and secondary pollution control. 

 

1. Introduction 

 

 Nitrogen oxides (NOx) have been endangering the natural environment and human health 

around the world [1,2]. In general, NOx emissions are mostly created by the combustion of 

fossil fuels and include emissions from both stationary (industrial exhaust) and mobile 

(automobile exhaust) sources [3,4]. As automobile ownership grows, the problem of mobile 



source NOx treatment becomes more pressing. Although most NOx in the automotive exhaust 

may be eliminated by the exhaust gas treatment system, the buildup of low-concentration NOx 

in the surrounding environment will result in a continual increase in NOx concentration, posing 

a major health risk to people. As a result, dealing with a low concentration of NOx has become 

a serious challenge. Photocatalysis, which converts solar energy to chemical energy to purify 

pollutants, is one of the best solutions for treating low concentration NOx [5,6]. Photocatalysts 

can be used as a coating on acoustic insulation boards to treat low-concentrations NOx from 

mobile sources under solar light illumination and reduce their impact on the environment [7,8]. 

However, the photocatalytic activity is limited because of the poor migration driving strength 

of low concentration NOx. Furthermore, the NO2 produced as a byproduct of NO oxidation is 

readily polluted [9,10]. As a result, one of the current research goals is the creation of efficient 

catalysts as well as the avoidance of subsequent contamination by hazardous by-products. For 

a decade, single-atom catalysts have sparked great interest for environmental remediation 

originated from the high atom efficiency and product regulation ability, which have been 

dubbed the bridge between homogeneous and heterogeneous catalysis [11–14]. Therefore, 

through structural design, single-atom catalysts may be anticipated to effectively suppress 

hazardous byproducts while simultaneously meeting the activity requirements of treating low 

concentration of NOx [15–18]. However, since the single atom is in a semi-stable state, it may 

aggregate into clusters or particles, reducing the catalytic activity [19,20]. Therefore, improving 

the interaction between the single atom and the substrate, as well as increasing the loading 

amount, remain major problems in the development of single-atom catalysts. Previous research 

has shown that the d orbital of transition metals can form strong bonds with the N 2p orbital 

[21,22]. Thus, as an N-rich catalyst, graphitic carbon nitride (g-C3N4) shows significant promise 

for the support of single transition metal atoms [23–25]. Due to the abundance of N atoms, g-

C3N4 has a lot of natural defects with exposed nitrogen edges to preserve minimum energy, 

which are good anchor locations for single transition metal atoms [26,27]. Additionally, 

previous studies showed that the powerful interaction between single Mo atoms and g- C3N4 

might cause a significant change in the g-C3N4 structure including amorphous transformation, 

significantly extending the visible light sensitivity [28]. Moreover, researchers have also 

demonstrated that formatting an efficient charge carrier channel between the interlayers of g-

C3N4 could speed up the separation of generated charge carriers [29]. As a result, it is possible 

that linking single transition atoms with the N atoms of two layers of g-C3N4 could extend 

visible-light response while simultaneously promoting charge carrier separation, leading to 

extremely photocatalytic performance. Based on the foregoing, Zn-doped g-C3N4 (Zn-CN) was 

fabricated using a pyrolysis process. Theoretical calculation and XAFS confirmed single Zn 

atom bridged the interlayer of g-C3N4 through the fabrication of the Zn-N3 coordination 

structure. The powerful interaction between single Zn atoms caused the g-C3N4 structure to be 

destroyed, reinforcing visible light response, while the intercalated single Zn atom between the 

layers of g-C3N4 sped up the transfer of charge carriers. More importantly, the creation of Zn-

O2-NO from adsorbed O2 and NO promoted NO direct oxidization to nitrate with a low energy 

barrier, preventing the production of the hazardous NO2 byproduct that often results from g- 

C3N4-based catalysts [30–32]. Our work provides fresh insight into the fabrication of single-

atom catalysts for enhancing photocatalytic activity and hindering toxic by-product pollution. 

 

2. Experiments 

2.1. Materials 



In this work, we employed analytical pure reagents for the experiments which were all 

purchased from Chengdu Kelong Chemical Co., ltd. Deionized water was employed as the 

solution. 

2.2. The fabrication of samples 

In a typical preparation process, 15 g urea was dissolved in 200 mL deionized water and then 

different amounts of zinc acetate were added to the above solution. After stirring for 30 min, 

the solution was frozen-drying for 24 h to remove the water and heated at 550 ◦C for 1 h in a 

crucible with a cover to achieve Zn-CN. Based on the atomic amount of zinc atoms, the obtained 

samples were named as g-C3N4 (0 %), Zn-CN- 0.05 (0.05 %), Zn-CN-0.25 (0.25 %), Zn-CN-

0.5 (0.5 %), Zn-CN-0.75 (0.75 %), Zn-CN-1 (1 %) and Zn-CN-2 (2 %). For comparison, 

different metals (Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) doped g-C3N4 were prepared through a 

similar method using different precursors (butyl titanate, ammonium metavanadate, chromic 

acetate, manganese acetate, ferric acetate, acetylacetone cobalt, nickel acetate, and cupric 

acetate). 

2.3. Characterization 

Powder X-ray diffraction (XRD, PANalytical X’pert diffractometer) of samples measured at 

40 kV and 40 mA using Cu Kα radiation was performed to study the crystal structure. The 

morphology and microstructure of samples were investigated through a scanning electron 

microscope (SEM, ZEISS EVO MA15 microscope) and transmission electron microscope 

(TEM, FEI Tecnai G220 microscope). The single Zn atom was confirmed through aberration-

corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) conducted on a JEOL ARM200CF with a dual-type EDS detector (JED- 2300 T). The 

surface functional groups and states of samples were researched by Fourier transform infrared 

(FTIR) and X-ray photoelectron spectroscopy (XPS) on a Thermo Nicolet 6700 spectrometer 

and Thermo Scientific Escalab 250Xi spectrometer, respectively. UV–vis diffuse reflectance 

spectroscopy (UV–vis DRS), photoluminescence (PL), and time-resolved PL spectra were 

performed on Shimadzu UV-2600 spectrophotometer, Hitachi F-7000 fluorescence 

spectrometer, and HORIBA FM4-2015 spectrometer. The surface area and pore structure were 

investigated through N2 adsorption and desorption isotherm on Micromeritics ASAP 2020 Plus 

automated gas sorption techniques. Electron spin resonance (ESR) spectroscopy was carried 

out on a JES-FA200 spectrometer at room temperature using 5, 5-dimethyl-1-pyrroline N-oxide 

(DMPO) as the trapping agent. Moreover, the superoxide radical (•O2 ) and hydroxyl radical 

(•OH) were recorded by applying methyl alcohol and water as the solvent under light 

illumination (300 W Xenon lamp). 

2.4. Catalytic test 

Photocatalytic NO oxidation of samples was tested under visible-light illumination. The 

reaction was performed in a homemade reactor and the samples were prepared as follows: 

Firstly, double 100 mg samples were put into 20 mL of deionized water and placed into two 

glass culture dishes (12 cm). Then, the above-prepared dishes were heated at 80 ◦C to remove 

water. Finally, the dried dishes were put into the reactor. A 150 W metal halide lamp (λ greater 

than 420 nm) was used as a light source and placed on the reactor. The initial concentration of 

NO is 600 ppb through the control of the flow rates of air (2 L/ min) and NO gas cylinders (100 

ppm using N2 as balance gas, 11 mL/ min). NO and NO2 concentrations were measured using 

NOx analyzer (Thermo Scientific, 42i-TL). 



2.5. Theoretical calculation method 

The Cambridge Sequential Total Energy Package (CASTEP) code with the Generalized 

Gradient Approximation (GGA) of the Perdew- Burke-Ernzerhof (PBE) method in Materials 

Studio Software was utilized in our calculations [33–35]. The Monkhorst-Pack k-point was 2 × 

2 × 1, while the cut-off energy and configuration of the maximum energy change were 380 eV 

and 2 × 10-5 eV/atom. For the investigation of introduced points and the transition states (TS), 

g-C3N4 with a 1 × 2 × 4 supercell was cleaved along with the (0 0 1) orientation. The formation 

energy after the introduction of the Zn atom was calculated through the following equation:  

EFormation energy = E(g-C3N4 + Zn atom) - E(g-C3N4) - E(Zn atom)                (1)  

where E(g-C3N4 + Zn atom) is the total energy of Zn doped g-C3N4 through intercalation, load, 

or replacement; E(g-C3N4) and E(Zn atom) are the energy of g-C3N4 and Zn atom, respectively. 

2.6. In situ DRIFTS 

In situ DRIFTS was measured on a Bruker TENSOR II FTIR spectrometer with an in situ 

diffuse reflectance cell (Harrick) and a point light source (Model MVL-210, Japan). A typical 

test process is as follows: Firstly, the sample was pretreated at 100 °C under He flow to clear 

the surface. Then, the sample was put into the Harrick cell and the background was recorded. 

Next, the sample was flowed by NO (50 ppm, 50 mL/min) and pure O2 (50 mL/min) to achieve 

adsorption–desorption equilibrium. Finally, the data was measured under dark and light 

illumination. 

 

3. Results and Discussions 

3.1. Structure and morphology 

The structure of Zn-CN was first investigated through the XRD patterns. XRD diffraction peaks 

at 13.0 and 27.5◦ of g-C3N4 were corresponding to the (1 0 0) and (0 0 2) planes (Fig. 1a) 

[36,37]. The strength of these two peaks reduced after Zn atoms were introduced, and they 

vanished when the quantity of Zn was more than 0.5 %, revealing the broken long-range order 

of g-C3N4 originated from the interaction between g-C3N4 and Zn atoms. A broad diffraction 

peak in the range of 15–25◦ was found, which might be due to the increased interlayer distance 

of g-C3N4 through the insertion of Zn atoms into its interlayer. FTIR spectra of various Zn-CN 

ratios are displayed in Fig. 1b. Three primary bands at 810, 3201, and 3419 cm-1 of g-C3N4 are 

assigned to triazine unit, –NH, and –OH bonds, respectively, whereas the bands at 1150–1650 

cm-1 are attributed to C–N heterocycles [38,39]. The band of the triazine unit changes to 806 

cm-1 when Zn atoms are introduced, showing the powerful interaction between Zn atoms and 

g-C3N4. Moreover, even though the strength of these bands reduces with the addition of Zn 

atoms, all of the bands persist, suggesting that g-C3N4 maintains its short-range order. These 

findings support the altered structure of g-C3N4 after the addition of Zn atoms, which will affect 

photocatalytic activity.  

The morphology and microstructure before and after the addition of Zn atoms were researched 

by TEM (Fig. 2a–d). The creation of gas during the pyrolysis process as the pore template 

results in an abundant porous structure in pure g-C3N4, however, this pore structure becomes 

irregular with the addition of zinc acetate precursor. Importantly, neither g-C3N4 nor Zn-CN 

showed any lattice fringes, indicating that the introduced Zn atoms have not agglomerated to 



form a zinc compound. As demonstrated in Fig. 2e, aberration-corrected high-angle annular 

dark-field scanning transmission electron microscopy (HAADF-STEM) of Zn-CN was used to 

further verify the status of Zn atoms. The brilliant spots can be attributed to single Zn atoms, 

which is corroborated by the EDS element mapping (Fig. 2f). These results validate the single 

atomic dispersed Zn atoms, revealing that single Zn atoms doped g-C3N4 were effectively 

generated.  

To verify the surface chemical groups and states of Zn-CN, XPS of different ratios of Zn-CN 

compared with pure g-C3N4 were carried out (Fig. 3). The binding energy of the C 1s peak was 

corrected at 284.8 eV. Except for the peak at 284.8 eV ascribed to the C–C bond, the high-

resolution C 1s of g-C3N4 have two main peaks with binding energies of 286.5 and 288.0 eV, 

which are ascribed to C–O and N-C=N bonds [40,41], while the binding energies of these two 

peaks show significant shift for Zn-CN-0.5 (287.4 and 288.1 eV) and Zn-CN (286.2 and 288.1 

eV). Furthermore, compared with g-C3N4 (398.5 and 399.5 eV), the binding energy of N 1s 

peaks assigned to C-N=C and N-(C)3 bonds is considerably different for Zn-CN-0.5 (398.6 and 

400.4 eV) and Zn-CN-2 (398.8 and 399.7 eV) [42,43]. The N 1s peak of g-C3N4 at 400.8 eV, 

which corresponds to the C–N–H bond [44], vanishes once Zn atoms are introduced, which 

might result from broken hydrogen bonds between the triazine units of g-C3N4, demonstrating 

the decrease of crystallinity. In the high-resolution O 1s spectrum, all of the samples have two 

peaks attributed to C–O–H and C–O–C bonds, with binding energies of 532.1 and 533.6 eV for 

pure g-C3N4 [45,46], 531.4 and 533.0 eV for Zn-CN-0.5, and 531.7 and 533.3 eV for Zn-CN-

2, which could be due to the changed oxidized states caused by the increased amount of zinc 

acetate precursor. In addition, Zn-CN-0.5 has a Zn 2p peak with the binding energy of 1021.8 

eV indicating the valence state of the Zn atom is +2 [47], which increases to 1022.1 eV for Zn-

CN-2, demonstrating the increased oxidation state of Zn atoms. The aforementioned findings 

show a significant impact of Zn injection on the structure of g-C3N4, which is compatible with 

the outcomes of the theoretical calculations as follows. 

3.2. Zn-CN structure 

To investigate the introduced point of single Zn atoms, DFT calculation was employed. We 

have tried all the possible points that the Zn atom may introduce, and their optimized structures 

and corresponding formation energy are summarized (Fig. S1-3 and Table S1). Intercalation 

between the interlayers of g-C3N4 (Fig. S1), load on the g-C3N4 surface (Fig. S2), and 

replacement of the atoms of g-C3N4 (Fig. S3) are the three types of inserted Zn atoms. The 

formation energy of replacement is positive when compared to intercalation or load, indicating 

that it takes a lot more energy to replace the atoms of g-C3N4 with the inserted Zn atom. Even 

though the intercalation and load formation energies are relatively close, the average distance 

between the Zn atom and g-C3N4 for the load is too great, resulting in a weak interaction that 

contradicts the preceding analysis. After analyzing the several introduced locations of 

intercalation, the structure in which the Zn atom joins two layers of g-C3N4 has the lowest 

formation energy, indicating that it is the most probable Zn-CN structure. Further investigation 

reveals that the Zn atom forms Zn-N3 active sites with three N atoms in this configuration, with 

a bond length of roughly 2.07 Å (Fig. 4a).  

X-ray absorption fine structure (XAFS) of Zn-CN was compared with several reference samples 

to further confirm the Zn-CN structure. The XANES spectrum of Zn-CN differs from that of 

ZnO and zinc phthalocyanine, yet its edge position is identical to that of ZnO, implying that the 

oxidation state of Zn is +2, as determined by XPS analysis (Fig. 4b). Importantly, when 



compared to ZnO, the edge position of Zn-CN is somewhat lower in energy, which is consistent 

with N atoms being the nearest neighbor atoms of Zn atoms due to N atom’s lower 

electronegativity compared to O atom. When Zn-CN-0.5 and Zn-CN-2 samples are compared, 

the electronic structure differs somewhat. The first peak above the edge of the Zn-CN-2 sample 

is greater than the Zn-CN-0.5 sample, indicating that the coordination structures are different. 

The extended X-ray absorption fine structure (EXAFS) spectra of Zn-CN are shown in Fig. 4c 

in comparison to several reference samples. The EXAFS spectra of Zn-CN indicate largely just 

the first shell, which is made of light atoms (such as C, N, and O), with the primary peak at 

above the edge of the Zn-CN-2 sample is greater than the Zn-CN-0.5 sample, indicating that 

the coordination structures are different. The extended X-ray absorption fine structure (EXAFS) 

spectra of Zn-CN are shown in Fig. 4c in comparison to several reference samples. The EXAFS 

spectra of Zn-CN indicate largely just the first shell, which is made of light atoms (such as C, 

N, and O), with the primary peak at fitted R-factor is low (2 %), proving that the experiment 

and theoretic calculation are in good agreement. It’s worth noting that the high-resolution XPS 

N 1s peak shows no Zn-N bond, which is due to the N- (C)3 bond of g-C3N4 having comparable 

binding energy, as previously observed [48–50]. Moreover, the wavelet transform (WT) 

contour plots of Zn-CN differ greatly from ZnO (Zn-O bond) and Zn foil (Zn-Zn bond), but are 

similar to Zn phthalocyanine (Zn-N4), confirming the Zn-N3 bond structure (Fig. 4e–h). These 

findings support the almost similar structure derived from tests and theoretical calculations, 

indicating that the injected Zn atoms intercalate the g-C3N4 interlayer to produce Zn-N3 active 

sites. It’s important to note that Zn-CN-2 attained the maximum loading amount of single Zn 

atoms, which is 37.0 wt% (10.2 at%), surpassing the majority of single-atom catalysts 

previously reported [51–53]. 

3.3. Photocatalytic activity 

The photooxidation of low-concentration NO under visible-light illumination was used to test 

the catalytic activity of Zn-CN. All samples were supplied with NO gas before illumination to 

achieve adsorption–desorption equilibrium. The photocatalytic NO elimination of several 3d 

transition metals doped g-C3N4 is demonstrated in Fig. S4. g-C3N4 shows NO removal ratio of 

21 % after 30 min of visible light illumination, but after the addition of Ti, V, Cr, Mn, Fe, Co, 

Ni, Cu, and Zn atoms, it changes to 28 %, 0.1 %, 13 %, 12 %, 13 %, 21 %, 28 %, 0 %, and 32 

%, respectively. The NO removal ratio of Zn doped g-C3N4 is the greatest which may be owing 

to its abundant active sites (Fig. S5), hence it was chosen for further study. The NO removal 

ratio of various quantities of Zn-CN is shown in Fig. 5a. The photocatalytic NO removal ratio 

increases initially, then drops, as the quantity of Zn increases. And Zn- CN-0.5 has the greatest 

NO elimination ratio of 49 %, and is greater than bulk Zn doped g-C3N4 (bulk Zn-CN) (Fig.S6), 

demonstrating the advantages of single-atom catalyst for photocatalytic NO oxidation. The NO 

removal ratio is lower than pure g-C3N4 when the Zn atoms amount is higher than 2 %, which 

might be due to the significantly disrupted g-C3N4 structure. The hazardous consequence of NO 

oxidation is NO2, which can cause secondary pollution. The NO2 production of several Zn- CN 

is shown in Fig. 5b. The NO2 production fraction of pure g-C3N4 is 10 %, which decreases with 

the addition of Zn atoms. Zn-CN-0.5 has the lowest NO2 production proportion (2.6 %), 

indicating that it is most oxidized. As a result, the Zn-CN-0.5 sample was chosen for the 

recycling experiment (Fig. 5c). After the first run, the NO removal ratio declines slightly before 

stabilizing at 42 % after four cycles, suggesting its good stability. Moreover, in situ DRIFTS of 

photocatalytic NO oxidation over the Zn-CN-0.5 sample were carried out as shown in Fig. 5d. 

As time went on, the bands at 1313, 1479, 1608 and 1631 cm-1 corresponding to monodentate 



nitrate, ionic nitrate, and bridging nitrate increase and no other byproduct can be detected (Fig. 

S7), indicating that the main byproduct of NO oxidation is nitrate [54–56]. Moreover, Zn-CN 

shows considerable promise for environmental remediation because it is at the top of the 

research in terms of activity and harmful by-product hindering rates (Table S3) [30–32, 57–62]. 

These findings show that photocatalytic NO removal over Zn-CN-0.5 is effective while 

producing minimal levels of harmful NO2. 

3.4. Photocatalytic mechanism 

The factors determining photocatalytic activity are frequently summarized as light absorption, 

carriers’ separation, and surface reaction. Due to the limited fraction of high-energy UV light, 

a visible light response is required for light absorption as an effective photocatalyst [63]. DFT 

was used to determine the band structure and density of state (DOS) of g-C3N4 and Zn-CN (Fig. 

6a). The bandgap of pure g-C3N4 is 2.7 eV, however, it drops to 2.15 eV when Zn atoms are 

added. The N 2p orbit dominates the top of the g-C3N4 valence band, whereas the C 2p orbit 

dominates the bottom of the conductive band. A new orbit assigned to the Zn 3d orbit can be 

seen in the deep valance band, which may be the explanation for the lowered bandgap. As a 

result, the diffuse reflection spectra of Zn-CN were measured. Pure g-C3N4 displays an 

absorption edge at around 412 nm (Fig. 6b), suggesting a bandgap of 3.01 eV, but the bandgap 

reduces with the addition of single Zn atoms to 2.98, 2.96, 2.94, 2.93, 2.96, 2.96, and 2.93 eV. 

Furthermore, in addition to the lowered bandgap, a new band tail arises in the 400–500 nm 

region, displaying increased light absorption. These findings show that Zn- CN can absorb a 

large range of visible light to generate more electron-hole pairs than pure g-C3N4. 

To participate in the surface reaction, photogenerated charge carriers should migrate to the 

surface of a photocatalyst. Consequently, charge carriers’ recombination reduces the ultimate 

photocatalytic activity. The photoluminescence (PL) spectra of several materials are shown in 

Fig. 6c. For the strong recombination of electron-holes pairs resulting from the quick transition 

on the plane of g-C3N4 and little migration between its interlayer, pure g-C3N4 has the maximum 

PL intensity. When single Zn atoms are introduced, the PL intensity diminishes dramatically as 

the number of Zn atoms increases. Three variables might be to blame for the decreasing PL 

intensity: (I) as a transition metal, the interaction between Zn atoms and g-C3N4 produces a 

Schottky barrier, which speeds up the passage of photogenerated electrons from g-C3N4 to Zn 

atoms; (II) as mentioned above, Zn atoms intercalate into the g-C3N4 interlayer and connect 

with two layers of g-C3N4 to form Zn-N3 active sites, which promote charge carriers’ transfer 

between the interlayer of g-C3N4; (III) single-atom dispersed Zn atoms have the highest atom 

efficiency to improve photogenerated electrons transfer. In addition, Fig. 6d depicts the time-

resolved PL spectra of g-C3N4 and Zn-CN at various ratios. The lifespan of electrons created 

by pure g-C3N4 is 3.18 ns, which drops to 3.05 (0.5 %) and 3.02 (2 %), respectively, with the 

introduction of single Zn atoms, demonstrating the rapid electron transfer. These findings show 

that bridging Zn atoms can greatly reduce photogenerated charge carrier recombination, 

facilitating the transport of electrons and holes to the catalyst’s surface. 

To engage the photocatalytic redox, electron and hole will migrate to photocatalyst’s surface. 

Pollutants adsorption is influenced by the surface area, which has an impact on the ultimate 

photocatalytic activity. As a result, in comparison to g-C3N4, the N2 adsorption and desorption 

isotherms, as well as the BJH pore diameter distribution of Zn-CN, are presented in Fig. S8. 

The samples all show a Type IV isotherm and a distinct H3 hysteresis loop, confirming their 

mesoporous nature. Importantly, pure g-C3N4 has a surface area of 52.1 m2/g, which rises 



somewhat to 53.5 m2/g for Zn-CN-0.5 and dramatically to 103.0 m2/g for Zn-CN-2, whereas g-

C3N4′ s pore volume (0.30 cc/g) reduces to 0.22 cc/g for Zn-CN-0.5 and subsequently increases 

to 0.43 cc/g for Zn-CN-2 (Table S4). These discrepancies in surface area and pore volume when 

compared to photocatalytic activity suggest that the number of active sites, rather than surface 

area, is one of the most important influencing variables. Single Zn atoms operate as active sites 

to boost photocatalytic activity, however, an excess number of added Zn atoms disrupts the 

structure of g-C3N4, reducing the active sites. Furthermore, the energy barriers of surface redox 

are influenced by the contact between the reactant and the catalyst, which has an impact on the 

ultimate catalytic activity. Thus, the transition states of NO oxidation over Zn-CN were 

estimated in comparison to pure g-C3N4, as shown in Fig. 7. In a typical NO oxidation process, 

NO combines with O2 to produce NO2, which is then further oxidized to produce nitrate. The 

energy battier for NO oxidation to NO2 over g-C3N4 is 2.59 eV, whereas the energy battier for 

NO2 further oxidation to nitrate is 2.89 eV. The weak interaction between the reactants (O2 and 

NO) and g-C3N4 causes these large energy barriers. Whiles O2 and NO combine to form the 

Zn-O2-NO species when they are adsorbed on the Zn-CN surface. The increased band at 806 

cm-1 as shown in DRIFTS is ascribed to the peroxide species, which confirms the formation of 

Zn-O2-NO species [64–66]. This fantastic species could promote the O–O bond breakage (from 

1.23 Å to 1.43 Å), improve reactive oxygen species generation as shown by the fact that Zn-

CN exhibits stronger •O2
- and •OH signals than pure g-C3N4 in ESR (Fig. S9), and convert NO 

to nitrate directly (1.36 eV), which avoids the generation of NO2 and hinders the secondary 

pollution, demonstrating its great potential for air purification. 

Therefore, the introduction of single Zn atoms enhanced visible light illumination, charge 

carriers transfer, and surface reaction while N atoms stabilized the Zn-N3 structure to maintain 

single Zn atom in its respective roles in the photocatalytic NO oxidation. The distinctive Zn- 

O2-NO structure produced a one-step route for NO oxidation, improving the fabrication of 

reactive oxygen species and converting NO directly to nitrate to avoid the secondary pollution 

of NO2. 

 

4. Conclusion 

In conclusion, single Zn atom doped g-C3N4 (Zn-CN) with a high Zn amount of 37.0 wt% (10.2 

at%) was fabricated through simple pyrolysis. Single Zn atoms were embedded between g-C3N4 

layers to form the Zn-N3 coordination structure. This fantastic Zn-N3 structure improved visible 

light absorption and carrier separation efficiency. Moreover, a unique Zn-O2-NO structure was 

formed after NO and O2 co-adsorbed on Zn-CN surface, which turned the NO oxidation 

pathway to directly form nitrate and inhibit the fabrication of NO2. This work demonstrates a 

promise single atom catalyst for purifying low-concentration contaminants in the environment.  
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Figure 1. XRD patterns (a) and FTIR spectra (b) of different samples. 

 

 

Figure 2. TEM and HRTEM images of g-C3N4 (a and b) and Zn-CN (c and d); HAADF-STEM 

image of Zn-CN (e) and corresponding EDS element mapping images (f). 

  



 

Figure 3. XPS of g-C3N4 and different ratio of Zn-CN: (a) C 1s; (b) N 1s; (c) O 1s; (d) Zn 2p. 

 
Figure 4. (a) DFT-calculated Zn-CN structure; XANES spectra (b) and EXAFS (c) of different 

samples; (d) EXAFS of Zn-CN-0.5 and its fitting data; the wavelet transform contour plots of 

Zn-CN (e), Zn phthalocyanine (f), ZnO (g) and Zn foil (h). 



 

Figure 5. NO oxidation (a) and NO2 fabrication (b) over different samples; (c) circle experiment 

of Zn-CN-0.5; (d) in situ DRIFTS of photocatalytic NO oxidation over Zn-CN-0.5. 



 

Figure 6. (a) Band structure and part density of state of Single Zn atom doped g-C3N4; UV–vis 

DRS (b), PL (c) and TRPL (d) of different samples. 



 

Figure 7. NO oxidation process over g-C3N4 and Zn-CN. 
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Figure S1 The points that single Zn atom intercalates into the layers of g-C3N4 and the DFT-optimized 

structures. 

  



 

Figure S2 The points that single Zn atom loads on the surface of g-C3N4 and the DFT-optimized 

structures. 

  



 

Figure S3 The points that single Zn atom replaces the N or C atom of g-C3N4 and the DFT-optimized 

structures. 

  



 

Figure S4 Photocatalytic NO oxidation over different transition metal-doped g-C3N4. 

  



 

Figure S5 XRD patterns (a), UV-vis (b) and PL (c) spectra of different metal-doped g-C3N4. 

 

Fig. S5a displays the XRD patterns of different metal-doped g-C3N4 materials. The two diffraction 

peaks in all of the samples are assigned to the g-C3N4 (100) and (002) planes, and there are no peaks 

for metal compounds, which may be because the metal compounds are amorphous or highly 

dispersed. In addition, the addition of the V and Ni atoms improves the crystallinity of g-C3N4 while 

others reduce that. It should be observed that with the addition of the metal atoms, the peak 

location of the (002) plane varies with various levels, revealing the altered structure of g-C3N4. The 

preceding data, however, cannot prove that Zn-Cn and other samples vary significantly from one 

another, nor can it be said with certainty that other metal-doped materials do not also produce 

single-atom catalysts, which need more elaborate characterizations.  

The light adsorption of different samples is displayed in Fig. S5b. It is evident that the addition of 

metal atoms significantly affects the light absorption of g-C3N4. After doping with Ti, V, Cr, Mn, Co, 

Cu, and Zn, the band gap is decreased to 2.81, 2.99, 2.97, 2.92, 2.70, 2.91, and 2.99 eV, whereas it 

rises to 3.02 eV after doping with Fe and remains unchanged after doping with Ni. Zn-CN does not, 

however, exhibit the highest ability for light absorption, which may not be the determining factor for 

enhanced photocatalytic activity. 

The PL spectra of different samples are shown in Fig. S5c. All samples exhibit decreased PL 

intensity with the addition of metal atoms because the Schottky barrier between the metal and g-

C3N4 is formed, facilitating the transfer of electrons and preventing the recombination of electron-

hole pairs. Additionally, when compared to other metal-doped g-C3N4 samples, Zn-CN exhibits the 
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greatest PL intensity, which may be due to its abundant defect structure. The defect locations are 

known to be active and frequently take part in the reaction as active centers. So, based on our best 

guess, more active sites rise with Zn doping, promoting photocatalytic NO oxidation.  

  



 

Figure S6 NO oxidation over single atom Zn-CN and bulk Zn-CN. 

  



 

Figure S7 in situ DRIFTS of photocatalytic NO oxidation over Zn-CN-0.5. 
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Figure S8 N2 adsorption and desorption isotherms and BJH pore diameter distribution of Zn-CN 

compared with g-C3N4.  

  



 

Figure S9 ESR spectra of g-C3N4 and Zn-CN-0.5. 
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Table S1. Formation energy and average bond length 

 Point Formation energy (eV) Average bond length (Å) 

Intercalation 

1 -0.92 2.14 

2 -0.60 2.14 

3 -1.03 2.12 

4 -1.14 2.07 

Load 

1 -1.04 3.91 

2 -0.83 3.49 

3 -1.06 3.80 

4 -0.77 3.30 

5 -0.07 2.37 

Replace 

1 0.62 1.97 

2 2.07 1.76 

3 2.28 1.93 

 

  



Table S2 Structural parameters obtained from the EXAFS fitting 

Samp

le 

Bon

d 

C

N 

R 

(Å) 

σ2 

× 

10

-3 

(Å

2) 

ΔE0 

(eV

) 

R-

fact

or 

(%) 

Zn-

CN-

0.5 

Zn-

N 

3

# 

2.00

7 ± 

0.00

5 

7.

6 

± 

1 

2.0

0# 

2 

CN: coordination number; R: Zn-N bond distance; σ2: Debye-Waller factor; ΔE0: Inner potential 

correction; R-factor: the goodness of the fit. 

#：fixed value 

  



Table S3 Comparison of the performance of different photocatalysts in NO oxidation 

Catalyst Conditions 

NO 

removal 

(%) 

NO2 

production (%) 
Ref. 

g-C3N4 

Catalyst: 0.2 g; 

LED lamp: λ > 400 nm; 

NO: 600 ppb 

35.8% 11.7% 30 

N defects g-

C3N4 

Catalyst: 0.1 g; 

halogen tungsten lamp: 

150 W, λ > 420 nm; 

NO: 600 ppb 

41.8% 30% 31 

Au/g-C3N4 

Catalyst: 0.2 g; 

halogen tungsten lamp: 

150 W, λ > 420 nm; 

NO: 500 ppb 

41.0% < 10% 32 

Sr/g-C3N4 

Catalyst: 0.05 g; 

Xe lamp: 300 W, λ > 420 

nm; 

NO: 600 ppb 

55.0% 12.7% 57 

g-C3N4-TiO2 

Catalyst: 0.05 g; 

Xe lamp: 500 W, λ > 420 

nm; 

NO: 400 ppb 

44.0% 36% 58 

Bi2O2CO3/g-

C3N4 

Catalyst: 0.1 g 

Xe lamp: 300 W, λ > 420 

nm; 

NO: 400 ppb 

34.8% 9.25% 59 

α-Fe2O3/g-

C3N4 

Catalyst: 0.1 g; 

Xe lamp: 300 W, λ > 400 

nm; 

NO: 600 ppb 

60.8% - 60 

MnOx/g-C3N4 

Catalyst: 0.1 g; 

halogen tungsten lamp: 

150 W, λ > 400 nm; 

NO: 500 ppb 

44% - 61 

PI-g-C3N4 

Catalyst: 0.05 g; 

Xe lamp: 300 W, λ > 420 

nm; 

NO: 600 ppb 

47% 1.7% 62 

Zn-CN 

Catalyst: 0.1 g; 

Xe lamp: 150 W, λ > 420 

nm; 

NO: 600 ppb 

49% 2.6% 
This 

work 

 

  



Table S4 Surface area and pore size 

Sample Surface area (m2/g) Pore volume (cc/g) Average pore diameter (nm) 

g-C3N4 46.3 0.14 12.7 

Zn-CN-0.5 26.9 0.10 14.9 

Zn-CN-2 24.3 0.09 14.9 

 

 


