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Polymeric carbon nitride (p-C3N4) is thermodynamically feasible for photocatalytic overall water 

splitting. Element doping has been proved effective in enhancing the photocatalytic performance of 

p-C3N4. The effect of doping is usually interpreted from the angle of electronic structures by 

first-principles density functional theory (DFT) calculations. However, the information on 

electronic structures is insufficient for understanding and predicting the ultimate criterion of 

solar-to-hydrogen (STH) efficiency. Herein, we provided a DFT calculation method to investigate 

and predict the STH of VIA group elements doped p-C3N4 by calculating the efficiencies of both 

light absorption and carrier utilization. Particularly, significant efforts were made to calculating the 

energy barriers for surface hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER) to determine the carrier utilization efficiency. Moreover, the chemisorption energies of the 

reactant intermediates were calculated to quantify the intermediates affinity for HER and OER on 
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the surface. Among the VIA elements, oxygen was discovered as the most effective dopant in 

promoting the STH because that oxygen-doped p-C3N4 has the lowest energy barriers for OER and 

the largest chemisorption energy for intermediates absorption. The calculation results highlight the 

importance of the surface reaction properties for efficient photocatalytic overall water splitting. 

 

1. Introduction 

The production of clean and renewable hydrogen energy from water splitting is a promising 

solution to address the energy and environmental challenges. For water splitting to be economically 

viable, the photocatalytic reaction system should reach a solar-to-hydrogen (STH) efficiency of 

10% in a pilot-scale with a long operational lifetime.[1] In theory, the STH efficiency of an overall 

water splitting system can reach ~ 47%, assuming that both the light absorption and internal 

quantum efficiency are 100%.[2] However, this theoretical condition cannot be realized due to the 

energy loss during photocatalysis, which generally consists of three steps, including light absorption, 

charge separation and transfer, and surface reaction.[3] Researchers have made significant efforts 

both in terms of experiment and calculation to improving the efficiencies and understanding the 

mechanisms of these steps.[4] Although some strategies (e.g., doping,[5] heterojunction fabrication,[6] 

surface modifications,[7] morphology refining,[8] etc.) have been demonstrated to be effective in 

improving the STH efficiency, the reported STH efficiency for photocatalytic overall water splitting 

is still hard to reach 10%.[9] 

Among the developed strategies, element doping has been widely used to improve the apparent 

quantum yield and STH efficiency of various semiconductor photocatalysts.[10] Doping has been 

revealed to be effective in tuning the electronic structures and surface properties of the 
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semiconductors for broadened light absorption,[11] efficient and directional charge transport,[12] and 

enriched surface reaction sites.[13] For example, non-metal doping has greatly broadened the light 

absorption of TiO2 by inducing the formation of new states.[14] Nb- and Ta-doping significantly 

enhanced the conductivity of α-Fe2O3 nanorods, leading to promoted charge transport and inhibited 

electron-hole recombination.[15] S-, N- and C- doping significantly increased the number of active 

sites on the surface of BaTiO3 to promote the surface reactions, leading to enhanced photocatalytic 

activities.[16] 

Polymeric carbon nitride (p-C3N4) has been demonstrated as an ideal candidate for 

photocatalytic water splitting because of its cost-effectiveness, good chemical stability, and 

thermodynamic feasibility for overall water splitting.[17] Doping strategy (in particular, non-metal 

doping) has effectively enhanced the photocatalytic activity of p-C3N4 mostly in terms of 

optimizing the electronic structures.[18] For example, experimentally, She et al. found that oxygen 

doping reduced the electron-hole recombination and improved the redox ability of O-doped p-C3N4, 

leading to an increased H2 production rate as compared to the pristine p-C3N4.
[19] Liu et al. 

synthesized S-doped p-C3N4 and revealed that the homogeneous substitution of S atoms at the 

nitrogen sites created a unique electronic structure, where the valence band top is increased.[20] Ou 

et al. found that the Se-p-C3N4 has a narrower band gap and accelerated charge carriers separation 

than those of the pristine p-C3N4.
[21] By first-principles density functional theory (DFT) calculations, 

non-metal doping has also been revealed to effectively tune the electronic structures of p-C3N4.
[22] 

For instance, Cui et al. proposed that O-doping promotes the visible light absorption of monolayer 

p-C3N4 and causes the delocalization of highest occupied molecular orbital (HOMO) and lowest 
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unoccupied molecular orbital (LUMO).[23] Lu et al. suggested that all of the H, B, O, S, F, and As 

dopants can enhance the separation of HOMO and LUMO of p-C3N4, leading to an improved 

photocatalytic activity.[24]  

The above examples demonstrated that the effects of doping in p-C3N4 were usually 

interpreted from the angle of electronic structures. However, only the message from electronic 

structures is not substantial for the comprehension, evaluation and prediction of the photocatalytic 

performance. In terms of calculating the ultimate criterion of STH efficiency, the reaction activities 

of the surface hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are 

dominant factors, [25] yet, the relevant calculation is rare. In specific, the HER and OER 

thermodynamics and kinetics on the surface of a photocatalyst determine the utilization efficiency 

of the migrated charge carriers for overall water splitting.[26] Particularly, the sluggish four electron 

OER process is more rate-limiting than the two-electron HER process.[27] Although cocatalysts such 

as Pt,[28] IrO2,
[29] Rh,[30] ferrites[31], and transition metal dichalcogenide[32] have been loaded onto the 

photocatalyst to promote the surface reaction activity, there still lacks understanding on the intrinsic 

surface activity of the photocatalytic material of its own. Understanding the intrinsic activity of a 

semiconducting photocatalyst (e.g., p-C3N4) will help us develop efficient photocatalysts without 

loading of the expensive, scarce and non-recyclable cocatalysts. Therefore, it is demanded to 

calculate the surface reaction activity and further the STH efficiency of the photocatalyst for overall 

water splitting to provide insights for guiding the development of efficient photocatalysts.   

Herein, we chose monolayer heptazine-based p-C3N4 as the model for DFT calculations. The 

monolayer p-C3N4 is attainable in lab[33] and will allow each reactive site at surface to be calculated 
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without the interference of interlayer van der Waals force, which will lead to more accurate surface 

reaction calculation conclusions than using multilayer models.[34] We optimized the doping 

structure models and thoroughly studied the electronic properties and reaction thermodynamic 

properties of doped p-C3N4 by taking the VIA non-metallic elements doped monolayer p-C3N4 as 

examples. With the goal of offering an accurate prediction for the STH efficiency of photocatalytic 

overall water splitting, we calculated the efficiencies of both light absorption and carrier utilization. 

In particular, the energy barriers for HER and OER and the chemisorption energy of the intermediate 

affinity were calculated to determine the carrier utilization efficiency. The calculation results 

demonstrate that O-doped p-C3N4 has the highest STH among all due to its lowest energy barriers 

for the rate-limiting OER and the largest chemisorption energy for reactant intermediates absorption. 

It was revealed that the surface reaction energy barriers for OER and HER are the main limiting 

factors for the experimentally measured STH being lower than the theoretical STH. Finally, we 

strongly suggest that it is necessary to examine the influence of surface reaction properties, which 

will be of great significance to the understanding and prediction of high-performance 

photocatalysts.  

2. Results and Discussion 

2.1. Formation energy and optimized structure of doped monolayer p-C3N4 

The model of monolayer p-C3N4 was established by cutting large blocks of p-C3N4 cells along 

the (001) slab, as illustrated in Figure S1. The model is a 2×2×1 supercell with 24 carbon (C) atoms 

and 32 nitrogen (N) atoms. A large vacuum of 15 Å is applied in the Z direction to eliminate the 

effects of layer interactions. After geometric optimization, the in-plane lattice constant of the 
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monolayer p-C3N4 model is 7.15 Å, which is in good agreement with the experimental results 

shown in the previous calculation data[24] and the X-ray diffraction pattern.[35]  

The doped monolayer p-C3N4 model is constructed by introducing a VIA non-metallic atom 

into a 2×2×1 monolayer p-C3N4 supercell. The doped models are labeled as O-CN, S-CN, Se-CN, 

and Te-CN, with the dopant to be oxygen, sulfur, selenium, and tellurium, respectively. The 

possible doped structures with the impurity atoms substituting three N atoms (N1, N2, N3) or two C 

atoms (C1, C2) are shown in Figure S2. Correspondingly, all the formation energies and doping 

energies of the possible doped structures are calculated by equations S1-S5 with the data 

summarized in Table 1. It can be observed that the models of elements doping at the N2 sites are 

thermodynamically more stable than those models with dopant at the other sites, which gives rise to 

the optimized models shown in Figure 1. These calculation results are in consistent with the 

previous experimental works where the VIA non-metals preferred to dope at the N2 sites.[36-38] For 

example, O atoms[37] and S atoms[38] have been doped at the N2 sites of the p-C3N4 matrix for 

promoted visible light absorption and carrier separation, leading to an enhanced photocatalytic 

activity.  

Interestingly, the formation energy and doping energy of the N2-site doping models are found 

to increase in a rough order of O-CN < S-CN < Se-CN < Te-CN, implying a trend that VIA 

elements with larger atomic radius and lower electronegativity may be harder to be doped into 

p-C3N4. Oxygen can be doped into p-C3N4 more easily than other elements, which could be due to 

that oxygen with a similar atomic size but a larger electronegativity (i.e., higher 

electron-withdrawing ability) than C and N may help stabilize the p-C3N4 matrix by forming 
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stronger bonds with the surrounding atoms. Notably, as shown in Figure 1, the doping of the largest 

Te atom at the N2 site even needs the extra coordination of the neighboring N atom to reduce the 

doping energy required by the system. This interesting trend is also presented in the experimental 

works.[19-21,39] Typically, O atoms and S atoms can be easily doped in p-C3N4 by post-treatment (i.e., 

acid oxidation and H2S-annealing) of the as-formed p-C3N4 powders, respectively;[19, 20] while Se- 

and Te-doped p-C3N4 can only be obtained by thermal polymerization (a harsher reaction condition 

than post-treatment) of the pre-mixed Se- and Te-precursors and p-C3N4 precursors.[21, 39] 

2.2. Electronic structure properties of doped monolayer p-C3N4 

To investigate the electronic properties of the doped monolayer p-C3N4, the band structures 

and density of states (DOS) were calculated, and the element projection analysis was carried out. 

The calculated band structure and corresponding DOS of pristine p-C3N4 are shown in Figure S3 

with the CBM and VBM charge density maps shown in Figure S4. It can be found that the 

calculated band gap of p-C3N4 is 2.7 eV, which is agreed with the experimental value. Upon 

introducing VIA group elements into the interstitial space, the band gap of doped p-C3N4 is 

narrowed as compared to that of pristine p-C3N4 (Figure S5). Note that there was no mid-gap states 

found in the calculated band structures, indicating that the dopants did not create trap states. Herein, 

dopants substitute nitrogen atoms and form new chemical bonds with the original carbon atoms, 

leading to charge relocalization of the newly formed aromatic ring as compared to the original 

heptazine ring. The orbitals of the dopants (e.g., O 2p) will therefore contribute to the formation of 

energy bands in the doped p-C3N4, leading to a significant change in the band structure and density of 

states of the doped p-C3N4 as compared to the pristine p-C3N4, which can be confirmed by comparing 
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the charge density maps of CBM and VBM for pristine p-C3N4 (Figure S4) and those for the doped 

p-C3N4 (Figure S6). Interestingly, the band gaps of the doped p-C3N4 decrease in an order of O-CN 

> S-CN > Se-CN > Te-CN, as shown in Figure 2. The narrowed band gaps are largely due to the 

hybrid of the orbitals of the non-metal dopants with the orbitals of carbon, leading to the formation 

of new conduction bands, which are lower than that of pristine p-C3N4.
[40] The elements with weaker 

electronegativity prefer to form lower conduction bands, thus leading to a changing trend that the 

band gap becomes narrower with the increasing atomic size of the VIA elements.[24]  

The effects of VIA elements doping on the electronic structures of p-C3N4 can be further 

revealed by calculating the work function (equation S6). As the work function is the minimum 

energy needed for the electron to escape from the Fermi level into the vacuum, smaller work 

function means smaller binding force between the electron and the material. The work functions of 

the pristine and doped p-C3N4 are shown in Figure S7 with their changing trend shown in Figure 2. 

The work function of pristine p-C3N4 is calculated to be 4.65 eV, which is close to the previously 

reported value.[41] The work functions of the doped samples are generally smaller than that of 

pristine p-C3N4, indicating that electrons should migrate more easily after the doping of VIA 

non-metals.  

The effective mass of the electron and hole is an important describer for the electronic motion 

in the semiconductor. It is stated in units of the mass of a stationary electron, me (9.11×10-31 kg). 

The effective masses of electrons and holes are closely related to the energy band structure of 

semiconductors. In the present work, the second differential of the band structure function at the 

VBM and CBM was performed. When bring the zero-point value into the effective mass equation, 
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the relationship can be expressed as equation (1) and the specific effective mass values are shown in 

Table 2.  

2

* 2 2

1 1 ( )

a

E k

m k





                 (1) 

In the present case, the effective masses of both electrons and holes are significantly reduced 

in the doped p-C3N4 than in the pristine monolayer model, as derived from the band structures 

calculation. In specific, the electronic effective mass decreased from 0.768me for pristine p-C3N4 to 

0.596-0.313me for the doped samples, and the hole effective mass decreased from 0.948me for 

pristine p-C3N4 to 0.750-0.459me for the doped samples. The effective masses also show an 

interesting changing trend in the order of CN > O-CN > S-CN > Se-CN > Te-CN. This could be 

due to that the element with weaker electronegativity is less attractive to electrons, rendering the 

electrons to move freely in the material. 

To conclude, from the angle of electronic structure, VIA non-metal doping could narrow the 

band gap for light absorption, and promote the electron transport and migration in the doped p-C3N4. 

Moreover, these positive effects could become stronger with larger number VIA elements.  

2.3. Surface reaction properties of doped monolayer p-C3N4 

Photocatalytic overall water splitting involves two half-reactions on the surface, namely, HER 

and OER. The thermodynamics of HER and OER under pH = 7 are therefore calculated to reveal 

the effects of the VIA non-metal doping on p-C3N4 for photocatalytic overall water splitting. The 

reaction paths of HER and OER usually occurring on the C1 and non-doped N2 sites are shown in 

Figures 3a and 3b, respectively. The optimized models of all the non-metal doped monolayer 
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p-C3N4 for HER and OER are shown in Figures S8 and S9, respectively. Regarding to HER, the 

first step is the rate-limiting step, which involves the formation of the H* species by proton-electron 

coupling on the surface of the catalyst. As shown in Figure 4a, the Gibbs free energy of the first 

step is high for both pristine and doped p-C3N4 with the order of S-CN < O-CN < Se-CN < Te-CN 

< CN. It is thus inferred that the S-doped p-C3N4 has the lowest energy barrier for HER, which 

could be due to that sulfur doping could contribute electrons to the CB of p-C3N4, thus improving 

the electron concentration of CB for efficient proton-electron coupling. [42] 

The OER follows a four-electron reaction path with the generation of intermediates of OH*, O* 

and OOH*. Multiple uphill processes contribute to a complete OER, [43] as illustrated in Figure 3b. 

To reveal the effect of the heteroatoms in the matrix of p-C3N4 for OER, we calculated the Gibbs 

free energy of the OER steps under zero potential (U = 0, pH = 7) (Figure 4b). As shown in Figure 

4b, the first step of OER is the rate-limiting step for each catalyst under zero potential. Remarkably, 

the reaction barrier dropped from 1.72 eV for pristine p-C3N4 to 0.52 eV - 1.07 eV for the VIA 

non-metal doped p-C3N4. Among them, O-doped p-C3N4 has the lowest Gibbs free energy, 

indicating that oxygen doping is the most effective in promoting the OER process. This may be 

because the introduction of O forms a hydrogen bond during the reaction, and the hydrogen bond 

promotes the formation of a stable six-membered ring structure in the water molecule 

intermediate,[44] as shown in Figure S9i. Combing the outstanding performance for OER and the 

decent HER thermodynamics, the O-doped p-C3N4 could be the best photocatalyst for overall water 

splitting from the angle of surface catalytic reactions.  

2.4. STH efficiency of doped monolayer p-C3N4 
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With the knowledge learned on the electronic structures and surface reaction properties, we 

predicted the STH efficiency of the VIA elements doped p-C3N4 for photocatalytic overall water 

splitting. The STH efficiency was calculated using the methods proposed by Yang et al.[45] Based 

on the reaction process, STH efficiency can be defined as the product of the efficiency of light 

absorption (ηabs) and carrier utilization (ηcu), as shown in equation (2).[45]   

S T H a b s c u
   

                  (2) 

The first step of the photocatalytic reaction is the light absorption. In the present work, the 

optical absorbance in the spectrum region of 300-700 nm was calculated by equation S7, based on 

the optimized models of pristine and doped p-C3N4. Upon VIA elements doping, the light 

absorptions of the doped p-C3N4 are significantly enhanced with red-shifts of 32-200 nm depending 

on the doping elements (Figure 5a). The enhancement in light absorption is in the order of O-CN < 

S-CN < Se-CN < Te-CN, which is in consist with the trend that larger number of VIA element 

doping induces narrower band gap. The efficiency of light absorption (ηabs) was calculated 

following equation 3:[45] 

0

( ) ( )

=

( ) ( )

g
E

a b s

P h d h

P h d h

 



 









              (3) 

where P(hω) is the AM 1.5G solar energy flux. hω is the photon energy. Eg is the band gap of 

the photocatalyst. The denominator represents the total power density of the reference sunlight 

spectrum (AM 1.5G). The numerator gives the light power density absorbed by the photocatalyst. 

Based on Figure 5a and equation 3, we calculated the photoabsorption efficiency of the 

photocatalyst under AM 1.5G solar energy flux. 
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The efficiency of carrier utilization (ηcu) is calculated following equation 4:[45]   

2

( )
( )

=

( ) ( )
g

H O
E

c u

E

P h
G d h

h

P h d h







 





 



             (4) 

where the denominator gives the light power density absorbed by the photocatalyst. The 

numerator represents the energy eventually stored in the form of hydrogen and oxygen, after 

deducting the energy loss during the charge carrier migration and surface chemical reactions. 

ΔGH2O is the free energy of water splitting (1.23 eV). The integral part of the numerator represents 

the effective photocurrent density. Notably, E, defined by equation 5,[45] represents the photon 

energy required for the water splitting process to happen.  
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 (5) 

where τ is energy band contribution, χ is the chemical adsorption energy, ο is the energy 

barrier. Note that the energy band contribution means the potential supplied by the energy bands of 

the semiconductor photocatalyst for the HER and OER reactions. τ was calculated following 

equations 6 and 7:[45]  

( ) 100
B T

H E R C B Bke lnV pH              (6) 

3( ) 12 01 .
B T

TkE eVO R V Bln pH              (7) 

where 1.23 eV and 0 eV are the reaction potential under the standard state (pH = 0) for OER 

and HER, respectively. kBT×ln10×pH denotes the influence of different pH on HER and OER. CBB 

means conduction band bottom and VBT means valence band top.  

The chemisorption energy (χ) was calculated following equations 8 and 9:[46] 
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* *
( )

H H
H E R E E E                 (8) 

* *
( )

O H O H
O E R E E E                 (9) 

where E* is energy of the VIA elements doped monolayer p-C3N4 surface slab, E*H and E*OH 

are total energy of the adsorbed intermediates of *H and *OH. EH and EOH are total energy of the 

adsorbed intermediates of H and OH. The chemisorption energies for HER and OER of the VIA 

elements doped p-C3N4 were calculated, as shown in Figure 5b. The results show that the 

chemisorption energy for HER is in the range of 0.17-0.24 eV and the absorption energy for OER is 

in the range of 0.58-0.87 eV. The O-doped p-C3N4 has the largest absorption energy for both OER 

and HER, indicating its higher affinity to the intermediates and possibly superior surface reactions 

performance as compared to the others. This could because that oxygen with high electronegativity 

has lone pair of electrons, which facilitates the absorption of water and the intermediates by 

forming hydrogen bonds.[44] As the chemisorption is an exothermic process that releases energy, a 

facilitated chemical adsorption would be favorable to the HER and OER reactions, leading to an 

increased STH value.  

The OER and HER energy barriers were calculated by following equations 10-11:[43] 

(,( ) m a x { } 1 .2 3 ), , 1 0
a b c d B T

G G G G lO E R p HV k ne            (10) 

( ) m a x { } (0 ), 1 0
e f B T

H E lVG G kR e p Hn             (11) 

where the pH value is 7. ΔGa, ΔGb, ΔGc and ΔGd are the free energy changes corresponding to 

the OER steps, which are listed in equations S9-S12 in the supporting information. ΔGe and ΔGf are 

the free energy changes corresponding to the HER steps, which are listed in equations S13-S14 in 
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the supporting information. The calculation processes of ΔGa-f are clarified in equations S15-S20 in 

the supporting information.  

It was previously proposed that the values of the energy barriers for HER and OER can be 0.2 

eV and 0.6 eV, respectively, considering the general energy barriers of the electrocatalysts[44,47] and 

the possible energy loss during the electron migration within the materials. However, taking the 

values of 0.2 eV and 0.6 eV for HER and OER into equations 2-5, the STH efficiencies of the VIA 

element doped p-C3N4 for photocatalytic overall water splitting can be outrageously high (4.75%- 

11.79%, blue line in Figure 5d), which is far from the practical value people can achieve with 

g-C3N4 or any other photocatalysts. These high STH values are because of the drawbacks of the 

calculation method used for the doped p-C3N4. (1) As the energy barrier is regarded as a constant, 

the difference in the surface reactions and properties among the different VIA element doped 

p-C3N4 is neglected. (2) The more accurate energy barriers could be larger than 0.2 eV and 0.6 eV 

for the doped p-C3N4, because pristine p-C3N4 is not an active electrocatalyst by itself and the 

electron migration loss in p-C3N4 as an organic semiconductor may be even larger than in the 

inorganic compounds.[48] (3) The high surface energy barriers for the catalytic reactions on p-C3N4 

are ignored. To address this issue, we further corrected the energy barriers of the HER and OER on 

the doped p-C3N4 based on the models proposed in equations 10-11 and the reactions paths shown 

in Figure 3, in order to offer an accurate prediction for the STH efficiency. As shown in Figure 5c, 

the corrected energy barriers for HER and OER are in the range of 0.47-0.67 eV and 0.52-1.72 eV, 

respectively, which are larger than 0.2 eV and 0.6 eV.  
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According to the corrected energy barriers, the corrected STH (marked as STH*) was 

calculated to be in the range of 0.04% - 0.29% for the doped p-C3N4, as shown in the red line in 

Figure 5d. It can be seen that all the STH* efficiencies are much lower than the STH, indicating that 

the high HER and OER energy barriers could be the main reason limiting the performance of 

pristine p-C3N4. Notably, the STH* of O-doped p-C3N4 is predicted to reach 0.29%, which is the 

highest among the VIA element doped p-C3N4. The high STH* of O doped p-C3N4 is possibly due 

its high-water affinity to form stable hydrate to increase the adsorption energy and reduce the 

energy barriers for HER and OER. On the contrary, the Te-doped p-C3N4 has the lowest HER and 

OER performance, thus leading to the lowest STH*, despite that it has the highest light absorption.  

Based on the calculation results, three aspects should be considered to further improve the 

STH efficiency of p-C3N4 materials and beyond. (1) Reducing energy barriers (the o in equation 5) 

for HER and OER. The large energy barriers are attributed to the energy loss during the charge 

carrier migration and the overpotential required for the surface HER and OER reactions. To this 

regard, high crystalline materials with efficient and directional charge transport will be favorable 

for the reduction of energy loss. Improving the surface properties (such as high hydrophilicity, 

enriched active sites) of the photocatalysts will be advantageous to promote the thermodynamics 

and kinetics of the surface reactions. (2) Increasing the chemisorption energy (the χ in equation 5) 

for higher affinity of the reactant intermediates. In the present work, the largest chemisorption 

energy induced by oxygen doping among all the dopants (Figure 4b) is considered to be an essential 

reason for the O-CN to have higher STH* than the others. It is thus believed that modification 

strategies that can increase the chemisorption energy should be effective in enhancing the STH*. (3) 
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Optimizing the band structure of the semiconductor photocatalyst to increase the energy band 

contribution (τ in equation 5) while not sacrifice the light absorption.  

3. Conclusion 

In conclusion, the electronic structures and surface reaction properties of pristine and VIA 

group non-metallic elements doped p-C3N4 were thoroughly investigated by first-principles DFT 

calculations to offer a reasonable prediction of the STH efficiencies for photocatalytic overall water 

splitting. In particular, the energy barriers for HER and OER were calculated to determine the 

carrier utilization. Moreover, the chemisorption energies of the reactant intermediates were 

calculated to quantify the intermediates affinity for catalytic reactions on the surface. Due to the 

low energy barriers for the sluggish OER and the large chemisorption energy for reactant 

intermediates absorption, the oxygen-doped p-C3N4 was calculated to achieve the highest STH of 

0.29% among all. Based on the calculation results, it was revealed that the high surface reaction 

energy barriers for HER and OER could be the main limiting factors for the experimentally 

measured STH being lower than the theoretical STH. In the future, reducing energy barriers and 

promoting the chemisorption of the reactant intermediates could be promising research directions to 

improve the photocatalytic performance for overall water splitting. 
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Figure 1. Optimized structures of the VIA elements doped monolayer p-C3N4, in which N2 atoms 

are substituted by (a) O, (b) S, (c) Se, and (d) Te atoms.  
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Figure 2. Schematic diagram of the energy band positions under absolute vacuum scale (AVS) and 

work function of the VIA group elements doped monolayer p-C3N4.  

  

A
cc

ep
te

d 
A

rt
ic

le



  
 

 This article is protected by copyright. All rights reserved 

 

Figure 3. Proposed photocatalytic pathways of (a) HER and (b) OER half-reactions with the most 

energetically favorable absorbed intermediates (OH*, O*, OOH*, and H*) on the surface of pristine 

and VIA group elements doped monolayer p-C3N4.  
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Figure 4. (a) Gibbs free energies of HER, at pH = 7, U = 0 V. (b) Gibbs free energies of OER, at pH 

= 7, U = 0 V.  
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Figure 5. (a) Calculated optical absorbance of pristine and VIA group elements doped monolayer 

p-C3N4. (b) Chemisorption energy and (c) energy barriers of HER and OER. (d) Calculated STH 

efficiencies of pristine and VIA group elements doped monolayer p-C3N4. Blue line shows the 

calculated STH efficiency values with HER energy barrier set as 0.2 eV and OER energy barrier set 

as 0.6 eV. Red line shows the calculated STH* efficiency values, with HER and OER energy 

barriers corrected with the calculated values shown in (c). 
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Table 1. Formation energies and doping energies (eV) of different VIA elements doped monolayer 

p-C3N4 structures at various doping sites. 

Doping 

Site 

O S Se Te 

Formation 

energy 

Doping 

energy 

Formation 

energy 

Doping 

energy 

Formation 

energy 

Doping 

energy 

Formation 

energy 

Doping 

energy 

N1 -4.21 -1.73 -3.63 0.05 -3.55 1.03 -3.47 1.41 

N2 -4.30 -1.83 -4.10 `-0.42 -3.75 0.83 -3.68 1.20 

N3 -4.17 -1.70 -3.75 -0.07 -3.65 0.92 -3.59 1.29 

C1 -2.88 -0.40 -2.99 0.69 -2.64 1.94 -2.50 2.38 

C2 -2.90 -0.43 -3.01 0.67 -2.66 1.92 -2.53 2.35 
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Table 2. Effective mass of electrons and holes in pristine monolayer p-C3N4 and VIA non-metallic 

elements doped monolayer p-C3N4. (me =9.11×10-31 kg) 

Effective mass CN O-CN S-CN Se-CN Te-CN 

Electronic effective mass 0.768me  0.596me  0.473 me 0.323me  0.313 me 

Holes effective mass 0.948me  0.750me 0.512me 0.599 me 0.459 me 
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A first-principles density functional theory calculation method is provided to predict the 

solar-to-hydrogen conversion (STH) efficiency of VIA group element doped polymeric C3N4 by 

calculating the efficiencies of both light absorption and carrier utilization. The high energy barrier 

for surface reactions was revealed as the main limiting factor for the experimentally measured STH 

being lower than the theoretical optimal STH. 
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