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ABSTRACT
The photocatalytic yield of the g-C3N4 for CO2 reduction was modified by phosphorus doping. The possible reaction pathways for CO2 reduction on the P-doped g-C3N4 (PCN) surface were investigated by DFT calculations for the first time. The experimental results showed that P doping improves the production of CH4 through the increase in the driving force of the electrons. The partial density of states of the PCN showed that the VBM and CBM are composed of px, py and s orbitals of the N atoms and pz states of carbon, nitrogen, and phosphorus, respectively and therefore, the P-doping increase carriers lifetime. Mechanism studies confirm that formic acid, formaldehyde, methanol and methane are the most probable products. The methane having positive adsorption energy can be easily desorbed from the PCN surface and the Gibbs activation energy of the final step is 1.98 eV. The formation of H2COOH is the rate-determining step.




1. 
2. Introduction
The rising in the concentration of atmospheric carbon dioxide due to the continuous use of fossils fuels by humans has led to global warming (1). In recent years, the efforts for the decrease in the CO2 concentration have attracted great interest. However, CO2 is a stable molecule from the thermodynamic and kinetic aspects that makes it difficult to convert CO2 into valuable chemicals and fuels (2). Inspired by photosynthesis in plants, the photocatalytic reduction of CO2 into formic acid (HCOOH), formaldehyde (HCHO), methanol (CH3OH), methane (CH4) and other chemicals and fuels was investigated by using TiO2, CuO/Cu2O, fullerene, ZnS, porous organic frameworks (POF), heterogeneous catalysts and graphitic carbon nitrides (3-9).  
Graphitic carbon nitride (g-C3N4) is a metal-free polymeric semiconductor that has unique properties, such as non- toxicity, biocompatible, high thermal and chemical stability (10-12), visible-wavelength absorption and also the position of suitable conductive band (CB) (-1.23 V vs. NHE) for reduction of CO2 to HCOOH (-0.61 V), CO (-0.53 V), HCHO (-0.48 V), CH3OH (-0.38 V), CH4 (-0.24 V) (12-14). However, the photocatalytic efficiency of g-C3N4 is relatively low owing to the fast recombination of the electron-hole pair and weak visible light-harvesting ability (15). To overcome these drawbacks, several modification methods were applied, including doping with metal and 
nonmetal elements (16-18), modification of the morphology (19), construction of type-II and Z-scheme heterojunction, and co-catalyst loading (20-22). Among these methods, non-metal doping reduces the band gap, and subsequently increases the photocatalytic efficiency. Furthermore, the CB and VB edge positions are suitable for photocatalytic reactions and properties of metal-free of the g-C3N4 are still maintained. 
Theoretical and experimental investigations show that doped-g-C3N4 by O, P, and S atoms increase the photocatalytic efficiency for water splitting and degradation of the dyes (23-26). Researches on the doped-g-C3N4 by nonmetal elements is growing for photocatalytic activity enhancement of the CO2 reduction into fuels. Both theoretical and experimental results by Ke Wang et al. demonstrated that the doping of g-C3N4 by sulfur atom increases the photocatalytic efficiency of CO2 reduction to CH3OH (27). g-C3N4 doping by P atoms improves its photocatalytic activity in fuel production from CO2.  The experimental studies of Liu et al. showed that P-doped g-C3N4 has a great selectivity for the production of CH4 from the CO2 reduction (28). Humayun et al. were investigated Au/P-doped g-C3N4 efficiency in CO2 reduction to CH4 (29). The results confirmed an increase in CH4 production by the doped g-C3N4. The mentioned advantages of g-C3N4 make it favorable for CO2 conversion to fuels/ chemicals. 
Reaction mechanism and the possible reaction paths of CO2 conversion to fuels were investigated in the presence of Cu (100) (30), MoS2 (31), microporous metal-organic frameworks (32), and graphene (33). However, different aspects of the reaction mechanism of CO2 conversion on g-C3N4 are unknown. Azofra et al. investigated the mechanism of CO2 conversion to fuels on the g-C3N4 surface (34). Density function theory (DFT) calculations showed that CO and CH3OH are selectively produced on the g-C3N4. The reaction mechanism of CO2 conversion on the Pt/g-C3N4 and Pd/g-C3N4 by DFT calculations was reported by Gao et al (35). Their results demonstrated that CH4 and CH3OH are the final products on the Pt-g-C3N4 and Pd-g-C3N4, respectively. 
Yuelin Wang and co-workers reported that sulfur atom doping in the g-C3N4 increases the photocatalytic activity of CO2 conversion to CH3OH in comparison with g-C3N4 and Gibbs energy change of the rate-determining step ( is 1.15 eV (36). 
Considering the advantages of the P-doped g-C3N4 for the reduction of CO2, in this work, P-doped g-C3N4 was synthesized and characterized by different techniques. The structure and electronic properties were investigated by using the SIESTA code. To have an insight into the possible mechanisms of CO2 conversion to different products, from the thermodynamic and kinetic aspects, the DFT method was used.	

3. Experimental and computational methods
2.1. Synthesis and characterization 
Urea and NH4 (H2PO4) were purchased from Sigma-Aldrich Co. Bulk g-C3N4 (CN) was synthesized by heating urea (20 gr) into the crucible with a cover in a furnace at 550°C for 2h within a heating rate of 5°C. min-1 under air condition (37). In this procedure, g-C3N4 is obtained as a light yellow powder. The P-doped g-C3N4 (PCN) was synthesized in two steps, in which 0.2 gr NH4(H2PO4) was added to 2.14 gr urea dissolved in 15 mL deionized water and then heated to 80°C. After that, water was evaporated and the crystalline solid was obtained. The crystals were milled and calcinated at 550°C for 2 h (38). The obtained powder is P-doped g-C3N4. 
Fourier-transform Infrared spectroscopy (FT-IR) analyses of the obtained samples were recorded on Thermo Nicolet (AVATAR 370 FT-IR). X-ray diffraction patterns (XRD) of the samples were carried out with XRD D8-Advance, Bruker, Cu Kα 1(λ= 1.54 Å). The UV-Vis absorbance properties of the samples were carried out on a UV-Vis diffuse reflectance spectra (DRS, Sinco S4100, Korean).
2.2. Computational details
The experimental results showed that the phosphorus atom is replaced with the corner carbon. The energy of formation was calculated for P-doped g-C3N4 at the carbon corner and carbon edge sites according to equation (1) (39, 40). The structural and electronic properties of the bare and PCNcorner were evaluated by using the DFT in SIESTA code (41, 42).




where E (doped) and E (bare) are the total energy of the P-doped and pure g-C3N4; µC and µP are the chemical potentials of the C and P atoms, respectively. µp is obtained from the total energy of the P4 molecule () and µC is calculated according to equation (2).
The generalized gradient approximation (GGA) with Perdew- Burke- Ernzerhof (PBE) functional (43) within the double-ζ plus polarization (DZP) basis set was applied (44). The spin-polarized effects were considered and cutoff energy of 120 Ry was used. A vacuum space of 20Å was applied to avoid the interactions between the layers. The structures were optimized in the maximum displacement and force tolerance of 0.01 Å and 0.02 eV/Å, respectively.
The reaction pathway of the CO2 transformation into the possible fuels/chemicals on the carbon corner P-doped g-C3N4 was investigated using DFT calculations in the Gaussian 09 package (45). The optimized structure and Gibbs energy of the intermediates and products were obtained at B3LYP6-31G(d) level. Gibbs energy changes (∆G) for each hydrogenation step and the adsorption energy of products were calculated according to equations (3) and (4), respectively:




The Synchronous Transit-Guided Quasi-Newton (STQN) method (46) was used to find the structures of the transition states during the CO2 reduction to fuels. The transition state structures were confirmed by using the vibrational frequency analysis so that each TSs has only one imaginary frequency. 


3. Results and discussion
3.1. Characterization
Figure 1 shows the XRD patterns of the CN and PCN. The peaks at 2θ=27.26° (d= 3.27 Å) and 2θ=13.00° (d= 6.83 Å) are related to [002] and [100] planes, respectively (47). The XRD results of the PCN shows that P-doping in the g-C3N4 structure does not change the g-C3N4 crystal structure and a decrement in the intensity of peaks at 2θ~13.00° is related to the decrement of the crystallization degree.
The FT-IR spectra (Figure 2a) confirm the g-C3N4 molecular structure of the studied compounds. The peaks at 811 cm-1 and 1200-1646 cm-1 correspond to the breathing mode of the heptazine ring units and the heterocyclic CN stretching modes, respectively (48, 49). Furthermore, other peaks in the FT-IR spectra of the PCN confirm the doping of the g-C3N4 by P atom. The peak at 506 cm-1 is related to the bending mode of the P−O−P (50) and the band at 900 cm-1 -1000 cm-1 corresponds to the P−N stretching vibrational mode (29, 51). The FT-IR spectra show that C atom in the g-C3N4 structure is substituted by the phosphorus atom. Since there are two types of carbon atoms (corner and edge) in the g-C3N4 structure (see Figure 2b). The energies of formation for both possible substitution sites were calculated. The formation energy of PcornerCN and PedgeCN are 3.35 eV and 4.15 eV, respectively. Therefore, the P-doped g-C3N4 is obtained by the replacement of corner carbon with phosphorus.
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Figure 1. The XRD pattern of the CN and PCN.
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Figure 2. The FT-IR spectrum of the CN and PCN (a), and the g-C3N4 structure (b).


The band gaps of the CN and PCN were experimentally determined by the DRS analysis and Tauc plot (Figure 3a). In comparison with the CN (Eg= 2.75 eV), PCN has a larger band gap (Eg= 2.79 eV) with a greater absorption intensity. The CB and VB edges were calculated by using the equations (5) and (6), respectively (52, 53).




where χ is the electronegativity of the photocatalyst (ca. 4.55 eV for g-C3N4) and Ec is the electron Gibbs energy in the hydrogen scale (ca. 4.50 eV). The CB and VB edge positions of the P-doped g-C3N4 have greater negative (20 meV) and positive characters than that of g-C3N4, respectively (Table 1). As shown in Figure 3b, the CB edge of the PCN is suitable for CO2 conversion to fuels and the electrons in the CB have the larger over-potential (driving force) for the production of methane in comparison with the g-C3N4.
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Figure 3. The DRS spectrum and Tauc plot (insert) (a), The CB and VB edge positions of the CN and PCN (b).
	Table 1. Band gap, CB and VB edges of the CN and PCN

	Catalyst
	Band gap (eV)
	CB
	VB

	CN
	2.75
	-1.32
	1.42

	PCN
	2.79
	-1.34
	1.44




3.2. Geometrical and electronic structure
The optimized structures of the CN and PCN are shown in Figure 4. The bond distances of the X−N (X= C, P) edge are 1.34 Å and 1.58 Å for CN and PCN, respectively. A greater bond length of the P−N is related to the greater atomic radius of P in comparison with C atom.
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Figure 4. The structures of the CN (a) and PCN (b) unit cells.


The results of the band structure in Fig. 4 show that P-doping into g-C3N4 does not have a remarkable change in the theoretical band gap (Eg ~1.18 eV). According to this figure, P-doping leads to the Fermi level shifting, which makes the P-doped g-C3N4 an n-type semiconductor. This behavior can be explained based on the lower electronegativity of the dopant atom (P) in comparison with the C atom, which makes the p atom an electron donor in the g-C3N4 system, which imposes extra electron to the g-C3N4 structure (54).
The PDOS results of the CN (Figure. 6a) show that the CB edge is contributed by the 2pz orbitals of the N and C atoms, however, the contribution of the C atoms in the CB edge is more than that of N atoms. Also, the VB edge is composed of the 2px, 2py and 2s orbitals of the N atoms. In the case of PCN, the VB edge consists of the px, py and s orbitals of the N atoms, while the CB edge is formed by the contribution of the pz orbitals of carbon, nitrogen and phosphorus atoms (see Figure. 6b). Thus, the width of the CB increases due to the interaction of the pz orbitals of P with N and C atoms. Therefore, the rate of electron-hole recombination decreases that increases the charge carrier (electron-hole) lifetime (55).
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Figure 5. The band structure of the CN (a) and PCN (b). Red dashed line shows the Fermi energy that set to zero.
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Figure 6. Partial Density of States (PDOS) of the CN (a) and PCN (b). The black line shows the DOS of the CN and PCN.

3. 3. Mechanism of CO2 conversion
3. 3. 1. Thermodynamics 
In the mechanism of CO2 conversion into fuel/chemicals, the first step is CO2 adsorption on the P-doped g-C3N4. After CO2 adsorption on the surface, O−C−O bond angle and C−O bond lengths change. It is well worth mentioning that the adsorption energy is -0.19 eV (Table 2), which indicates strong physisorption of CO2 on the PCN surface. On the other hand, H atom is adsorbed on the P site of the PCN (Figure 7). 
The reduction steps of CO2 within transformation to fuels/chemicals on the P-doped g-C3N4 and the energy profile are depicted in Figure 8b. In the first step of the CO2 hydrogenation, H atom is bonded to the C atom of the absorbed CO2. The change in the Gibbs energy is 0.21 eV and in OCHO ∙∙∙ P distance is 1.63 Å. In the following, HCOOH is produced due to H-O bond formation. The adsorption energy and ∆G values are -0.50 eV and -1.21 eV, respectively. The distance between formic acid and Psurface is 4.54 Å, which is on the top of the cavity as shown in Figure 7d. On the basis of the Eads of the adsorbate-surface, HCOOH cannot be desorbed from the photocatalyst surface, which confirms that this compound is not the final product of the CO2 conversion on the P-doped g-C3N4.
In the third and fifth steps of the reduction route, H2COOH and H3CO intermediates are formed, respectively. These intermediates are adsorbed on the surface, in which the Ointermediate−Psurface distance is 1.59 Å. The CO2 reduction to fuels is followed by releasing water molecule and formaldehyde (H2CO) forming. The distance between H2CO and PCN is 2.91 Å. The corresponding ∆G and the adsorption energies are -0.61 eV and -1.06 eV, respectively. H3CO is hydrogenated to CH3OH through bonding of H and O atom of the H3CO intermediate. In this step, the Gibbs energy change is -0.80 eV, in which methanol is located at a distance of 2.84 Å from the photocatalyst surface. The negative character of the adsorption energy of methanol (-0.53 eV) shows that the proceeding of the hydrogenation reaction. 
The reduction of CO2 is followed by water molecule release and CH3 radical formation (∆G= 0.02 eV). Methyl radical is adsorbed on the N position of the PCN as shown in Figure 7.i, in which The Cmethyl−Nsurface distance is 1.47 Å. Finally, methane is produced within a change in the Gibbs energy of -1.58 eV and adsorption energy of 0.52 eV. The positive character of the adsorption energy confirms that CH4 as the main product can be easily desorbed from the photocatalyst surface, the distance between CH4 and PCN is 3.95 Å. 
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	Figure 7. The structures of the different intermediates and products during the reduction of CO2 on the P-doped g-C3N4, CO2 and H adsorption on the surface (a, b), OCHO (c), HCOOH (d), H2COOH (e), H2CO (f), H3CO (g), CH3OH (h), CH3 (i), and CH4 (j). The color of atoms are blue, green, orange, red and white for C, N, P, O, and H atoms, respectively.
	


	Table 2. The adsorption energies of the studied compounds.

	
	CO2
	COOH
	H2CO
	CH3OH

	Eads (eV)
	-0.19
	-0.50
	-1.06
	-0.53




3.3.2. Kinetics 
Figure S1 shows the transition state structures of all steps. Kinetic studies of the first step show that the C−H bond distances in the reactant, TS1 (transition state of the first step) and product are 3.63 Å, 1.25 Å, and 1.09 Å, respectively, and the C−O−C angle decreases to 139o at the TS1. Gibbs activation energy of this step is 3.02 eV. Formic acid is formed by hydrogen transfer to OCHO as the intermediate (∆G≠= 1.30 eV). The transition state for hydrogenation of HCOOH (TS3) is a four-fold ring, whose Gibbs activation energy is 3.26 eV. In the fourth step, H atom transfer to the hydroxyl group of H2COOH occurs (∆G≠= 1.34 eV) yielding water and H2CO. The geometric structures of R and TS4 indicate that the distance of H∙∙∙OH decreases from 4.45 Å in R to 1.30 Å at the TS4 and HO−C bond length increases at the TS4 in comparison with R, confirming H−OH bond formation and O−C bond cleavage. The activation Gibbs energy of the formaldehyde hydrogenation to H3CO is 2.73 eV. Methanol is produced in the sixth step of the proposed mechanism, whose barrier energy is 1.29 eV. The OH3CO−Psurface distance of the TS6 (1.81 Å) is longer than that of reactant (1.60 Å) and O−H distance is shortened at the TS6 (1.27 Å), confirming CH3OH formation, which is on the surface with a distance of 2.84 Å. 
Gibbs activation energy of the CH3 formation is 2.47 eV. In the final step, the barrier energy of the methane formation is 1.96 eV. In this step, the distance of C−H in the reactant, TS8, and CH4 are 4.82 Å, 1.34 Å and 1.09 Å. On the basis of the activation energy analysis, the formation of H2COOH intermediate is the rate-determining step (RDS) of the reaction. The intrinsic reaction coordinate (IRC) calculations of this step confirm that the saddle point connects the reactant and product along the reaction coordinate (Figure S2). The highest occupied molecular orbital (HOMO) of the TS3 shows a bonding molecular orbital between the hydrogen (on the surface) and carbon (HCOOH) atoms (Figure 9a) and also between the H atom and C−H in the case of TS8 (Figure 9b)
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Figure 8. The reaction pathway (a) and the potential energy diagram (b) of the CO2 reduction into CH4 on the P-doped g-C3N4. The total Gibbs energy of the PCN, CO2 and 4H2 set to zero as the reference energy.
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Figure 9. The HOMOs of the TS3 (a) and TS8 (b).


Conclusions
In summary, phosphorus-modified g-C3N4 was synthesized in two steps and characterization results confirmed P-doping into the g-C3N4 structure. The theoretical formation energy shows that P atom is replaced at the carbon corner site. The UV-Vis analysis demonstrated that the CB position of the PCN in the CH4 path is more suitable than the CN conduction band edge. The band structure, DOS, and PDOS of the CN and PCN were investigated by using the DFT calculations. The Fermi level is shifted toward the CB, which confirms that the P-doped system acts as an n-type semiconductor. The PDOS of the P-doped g-C3N4 showed that the conductive band minimum is composed of the pz orbitals of carbon, nitrogen, and phosphorus. The CB is extended, which increases the lifetime of the electron-hole, therefore, the photocatalytic efficiency of the g-C3N4 is improved by P-doping. The analysis of the CO2 reduction path on the P-doped g-C3N4 demonstrates that the CO2 hydrogenation path to CH4 is as follows: . 
On the basis of the kinetic studies, the rate-determining step of the CO2 reduction to CH4 on the p-doped g-C3N4 is H2COOH formation with the Gibbs activation energy of 3.26 eV. In virtue of various analyses, CH4 can be considered as the most probable product of the CO2 reduction on the P-doped g-C3N4.
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