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Abstract 

In the search for new efficient photo-catalysts for hydrogen production through water 

splitting, the main attention has been paid to tuning the band gap width and its position 

with respect to vacuum level. However, actual electro-catalytic activity for the water 

oxidation reaction on a catalyst surface is no less important than those quantities. In this 

work we evaluate from first principles the thermodynamics of the reaction on relatively new 

candidates for water splitting: two-dimensional C2N and that doped with phosphorus. We 

find that the 4-step reaction usually expected for water splitting will not proceed on these 

systems, resulting in oxygen atoms left strongly adsorbed to the surface. Another option, a 

3-step reaction, is also found to be unfavorable. We also test an effect of higher oxygen 

coverage on the reaction thermodynamics, as suggested elsewhere. We find that, indeed, 

the doubled O-coverage makes the 4-step reaction feasible for the doped C2N. However, an 

unacceptably high anode potential is required to make this reaction proceed. We thus 

conclude that the materials under consideration may not be efficient electro-catalysts for 

water splitting. 
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1. Introduction 

Since about 85% of the United States energy supply is still provided by fossil fuels, the search 

for alternative clean and renewable sources of energy is of great importance. Among various 

alternatives, hydrogen is considered to be one of the promising solutions to this problem. 

However, currently, it is produced mostly through steam reforming of natural gas, which again is a 

non-renewable fossil fuel. Furthermore, this process generates an enormous amount of CO2. In 

contrast, the photocatalytic water splitting under the solar light irradiation can provide a 

renewable and absolutely clean energy source.  

Various materials have been tested as potential photo-catalysts since Fujishima and Honda [1] 

first reported photo-electro-chemical water splitting. There are a number of highly active and 

stable photo-anodes and photo-catalysts, such as TiO2 and some other metal oxides. However, 

due to a wide band gap (~3 eV for TiO2), they are responsive only to the ultra-violet (UV) range of 

the spectrum, while the fraction of UV light in the incoming solar irradiation is only about 4%. On 

the other hand, some semiconductors with narrower band gaps are not stable in the reaction 

environment. For example, Cd1-xZnxS suffer from photo-corrosion [2-4]. Another obstacle is that 

the position of the band gap with respect to the vacuum level is also critical for the process. Some 

progress has been achieved in search for stable photo-catalysts active under the visible-light 

irradiation by doping of the wide gap semiconductors such as TiO2 [5, 6], or by synthesizing solid 

solutions, such as GaN:ZnO [7]. Photocatalytic activity in the visible light range has also been 

reported for other semiconductors, such as ZnO2 [8], niobate and titanate with (111) plane-type 

layered perovskite structure [9], nanoscale strontium titanate [10], electro-spun iron oxide fibres 

[11], AgMO3 (M: Ta and Nb) [12], Ba3NiM2O9 (M=Nb, Ta) [13], BiVO4 [14], Inx-1NixTaO4 [15], Na1-

xLaxTa1-xCoxO3 [16], as well as for ZnS-CuInS2-AgInS2 [17] solid solutions, and for the layered 

K4Nb6O17 structure intercalated with NiO [18]. However, characteristics of these materials are not 

optimal yet. A comprehensive description of the current status of the problem is given in a 

number of review articles [19, 20]. 

A relatively new direction of the search is exploring two-dimensional or quasi-two-dimensional 

materials. One promising system is graphitic C3N4 (g-C3N4) which has a layered structure with Van 

Der Waals interaction between layers [21-23]. The pristine g-C3N4 has a band gap of 2.7 eV which 

is narrower than that of TiO2. Furthermore, some doping makes it even narrower. It has been 

reported that doping with B [24], P [25], Zn [26], and S [27] causes significant changes in optical 

properties and photocatalytic activity of g-C3N4. 

Just recently (in 2015) a new structure, two-dimensional dicarbon nitride C2N, has been 

discovered [28]. More recent works [29, 30] provided more details on the properties of these 

materials. The band gap width of this material is found to be around 2 eV, which is very promising 

for photocatalytic water splitting. Other publications [31] suggest that the band gap is wider 

(about 2.4 eV). Further reports showed that some doping of C2N, such as P-doping, can make the 
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band gap narrower and thus more favorable for the visible light excitation of the process in 

question [32, 33].  

As mentioned above, the band gap width and its position with respect to vacuum level are 

critical characteristics of photo-anodes. In most works, authors focus on these characteristics. 

Selecting an appropriate cathode (a metal island on the photo-anode surface) ensures efficient 

charge separation setting a potential difference. Next, actual water electrolysis is supposed to 

happen (splitting of water, releasing protons to form H2 molecules on the cathode). In regular 

electrolysis, the anode catalysts facilitate the water splitting reaction, while in photo-catalysis, 

either photo-anode surface itself or deposited co-catalysts are used to catalyze water splitting. 

The best-known co-catalysts are IrO2 and RuO2 [34-36] which are usually deposited as islands on 

the photo-anode surface. 

As mentioned above, the newly discovered two-dimensional pristine and doped C2N can be 

promising photo-anodes for the visible-light excitations. However, their ability to facilitate actual 

water oxidation reaction has not been studied yet. Therefore, in this work we perform the first 

principle evaluation of thermodynamics of water oxidation on the C2N surface and on that doped 

with phosphorus (C2N-P) to conclude on the efficiency of these materials for water splitting. 

2. Computational Details 

All density functional theory (DFT)-based calculations have been performed in this work using 

the VASP5.3 code [37] with projector augmented wave potentials [38] and with the Perdew-Burke-

Ernzerhof (PBE) parameterization for the exchange and correlation functional [39]. In order to 

maintain periodicity we use a supercell that includes a monolayer of C2N or C2N-P with a ~14 Å 

vacuum layer. The (4x4x1) k-point sampling in Brillouin zone used in this work provided sufficient 

accuracy for the characteristics obtained by integration in the reciprocal space of C2N and C2N-P. 

The cutoff energy of 400 eV was used for the plane wave expansion of wave functions. To achieve 

structural relaxation, the atomic positions were optimized to obtain equilibrium geometric 

structures in which the force acting on each atom and each direction does not exceed 0.01 eV/Å. 

To characterize the strength of the bonding between a reaction intermediate X and the catalyst 

surface, we used the binding energy defined as follows: 

EB(X) = Etot(surface) + Etot(X) – Etot(X/surface),   (1) 

where the three Etot terms denote the total energy per supercell calculated for the clean surface; 

the isolated (and neutral) intermediate X = O, OH OOH; and X adsorbed on the surface, 

respectively.  

The Xcrysden software [40] has been used to plot geometric structures of the systems under 

consideration. 

3. Thermodynamics of the Water Oxidation Reaction 

The following multi-step reaction leads to splitting water molecules by releasing protons, which 

in further steps form hydrogen molecules. Norskov and coauthors have considered the following 

four-step reaction pathway [41]: 

H2O + * → HO* + H+ + e-                                    (2) 
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HO* → O* + H+ + e-                                         (3) 

O* + H2O → HOO* + H+ + e-                             (4) 

HOO* → O2 + * + H+ + e-                  (5) 

where “*” denotes an adsorption site on the catalyst’s surface. In fact, this is the inverse to the 

oxygen reduction reaction (ORR) on the Pt(111) surface evaluated earlier by the same group [42]. 

However, as shown in Ref. 41, the requirements for formation of hydroperoxyl OOH are different 

for this reaction on Pt. More specifically, a significant O-coverage of the surface is required to 

make the step described by Eq. 4 favorable. For oxide catalysts, the pathway may be different due 

to surface oxygen in the reaction [43]. 

In order to evaluate the reaction thermodynamics, we apply a well-developed approach [41, 42] 

to calculate the free energy of each reaction state, build free energy diagrams, and use the 

maximum energy separation between reaction steps as an estimate of the minimum potential 

needed to set the reaction.  

Since each reaction step involves a charge transfer (H+ + e-) an approximation is needed to 

describe its contribution to the free energy. We use a widely accepted approximation in which a 

chemical potential of H+ + e-
 equals to one-half of the chemical potential of an H2 molecule [41]. 

We calculate the free energy of each reaction state with respect to the free energy of the initial 

state (clean catalyst surface plus two water molecules in gas phase). In other words, we calculate 

the difference ∆G between the free energy of a given state and the initial state: 

∆G = ∆E + ∆ZPE – T∆S – neU   (6) 

Here ∆E is the difference in DFT total energies between a given state and the initial state, ∆ZPE 

is the difference in zero-point energies, T∆S is the difference in entropic contributions and neU is 

the contribution to ∆G of electrostatic energy if the electrode potential U is not zero: n is the 

number the protons released while the reaction proceeds from the initial state to a given state, 

and e is the electron charge. Considering these differences has a clear physical meaning. 

Furthermore, it is easy to calculate. Calculating ∆E allows us to exclude the total energies values 

and operate with well-defined binding energy of the reaction intermediates [44]. For example, for 

the states O* and OH*, described by Eqs. 3 and 4, such energy difference can be expressed as: 

ΔE(O)=Etot(H2) + Etot(O) – Etot(H2O) – EB(O*)   (7) 

ΔE(OH)=½Etot(H2) + Etot(OH) – Etot(H2O) – EB(OH*)  (8) 

The first three terms on the right side of Eqs. (7) and (8) represent the total energy of 

molecules in gas phase, which are constants. Therefore, in these equations, only the binding 

energy EB terms depend on the properties of the catalyst surface. The ∆ZPE and T∆S values can be 

calculated in a similar way excluding contributions of the catalyst surface to these numbers. 

Zero point energy of adsorbed molecules may have significant values (0.3 - 0.5 eV). However, 

according to our previous experience, their changes from one catalyst surface to the other are 

negligible [45, 46]. In this work we thus use earlier obtained numbers. The entropic contribution 

TΔS is approximated by the gas-phase entropy of the reactants or intermediates, which is taken 

from the NIST data base [47] (for adsorbed species translational and rotational contributions are 

subtracted). 
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4. Results and Discussion 

Since binding energy values of the reaction intermediates are critical in determining the 

reaction thermodynamics, we start with calculating EB for C2N and C2N-P. To evaluate the binding 

process, we follow the reaction sequence shown in Eqs. (1) – (4). In other words, since OH is the 

first species bound to the surface, we first find the favorable adsorption site for hydroxyl OH. Next, 

for that site we remove H from OH, leaving atomic oxygen at the site and calculate its binding 

energy, etc. The results of the calculation of EB(OH) on non-equivalent sites are show in Table 1 

and Table 2. These sites are shown in Figure 1. As seen from the tables, for C2 N, OH preferred to 

bind to N, while for C2N-P, the preferred site is P. We thus use these sites for O adsorption for 

evaluating the step described in Eq.2 We find the O binding energy to be 3.28 eV and 5.30 eV for 

the pristine and P-doped C2N, respectively. 

 

Figure 1 Inequivalent adsorption sites for which the binding energy of OH has been 

calculated on the pristine C2N (a) and phosphorus-doped C2N (b). 

Table 1 OH binding energy on non-equivalent sites of C2N. 

Binding Site 1 2 3 4 5 

Binding Energy 

(eV) 
1.774 1.190 1.190 1.051 0.968 

Table 2 OH binding energy on non-equivalent sites of C2N-P. 

Binding Site 1 2 3 4 5 6 7 8 9 10 

Binding Energy 

(eV) 
3.186 1.419 1.258 1.382 0.866 1.279 2.139 3.051 1.427 1.331 
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In the next step (Eq. 3), as a water molecule approaches O adsorbed to the surface, it leaves a 

proton and the remaining OH is supposed to bind to O to form an OOH radical still adsorbed to the 

surface. To model this process we brought an OH molecule to the adsorbed O to make the O – O 

distance the same as it is in free OOH and relaxed the system. Upon relaxation, for both C2N and 

C2N-P, OOH was not formed: the O – OH bond was not made and OH drifted to somewhere in the 

vacuum region. It is worth mentioning that a similar result has been reported for this reaction on 

the Pt(111) and Au(111) surface [41]. We can thus conclude that the four step reaction (Eqs. 1 – 4) 

will not proceed for both C2N and C2N-P.  

In this case, an alternative resolution could be a three step reaction in which two O adsorbed to 

the surface may make an O2 molecule which then can be released. The two O can be adsorbed on 

the neighboring N atoms, since binding O to N is much stronger than to C. For example, in the case 

of pristine C2N, one O atom can be adsorbed on site 1 (see Figure 1) and the other to the closest N 

site to the left. To make O2, O atoms must come closer to each other. That can happen due to 

diffusion of one of them. To diffuse, the O atom adsorbed on the site 1 has first to move to the C 

atom (site 4). We calculated the binding energy of O on that site and found it to be equal to 1.8 eV 

and 4.15 eV, for C2N and C2N-P, respectively. The changes in energy upon such diffusion are +1.4 

eV and +1.15 eV for C2N and C2N-P, respectively. These numbers provide the minimum possible 

activation energy barriers for these materials. We can thus estimate the highest diffusion rates for 

these energy barriers, using:  

R = D*exp(-E/kBT),     (9) 

where D is the pre-factor (a reasonable estimate for light atoms is 1013 1/s), E is the barrier 

height, and kB is the Boltzmann constant. Using these numbers, we obtain R for room temperature 

to be equal 4.8*10-12 1/s and 1.1*10-7 1/s for C2N and C2N-P, respectively. These are very low rates 

suggesting that this mechanism for both materials is not favorable. Importantly, this diffusion does 

not involve a charge transfer, therefore, the electrode potential will not help the diffusion to 

proceed anyhow. 

Authors of Ref. 41 reported that according to their calculation an increase in oxygen coverage 

over the Pt(111) and Au(111) surfaces makes formation of OOH favorable, meaning that the four 

step reaction may proceed in this case. This is a reasonable result: adsorbed O-atoms are 

negatively charged, so if the coverage is large, O – O repulsion increases the total energy and thus 

decreases the O binding energy which may make the adsorption of OH on O favorable in order to 

form OOH. Therefore, we evaluate this mechanism here. We allow another O atom to adsorb on 

sites 6 and 5 in C2N and C2N-P, respectively and evaluate the reaction thermodynamics for these 

cases. In other words, we calculate the binding energy and free energy for the four-step reaction 

intermediates. We find that even for higher O coverage OOH does not form on C2N. However, it 

does form on P-sites of C2N-P. The calculation results are shown in Table 3. 

Table 3 Binding energy and free energy of the four-step reaction intermediates on P-site of C2N-P. 

C2N-P EB, eV ΔG, eV 

OH 3.36 0.23 

O 4.94 0.92 

OOH 1.40 3.53 
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Figure 2 Free energy diagram for water splitting on C2N-P. 

In Figure 2, we show the free energy diagram built for this reaction at zero electrode potential. 

The highest energy separation between the reaction steps determines the onset potential, the 

potential at which the reaction will be facilitated. [41] We find it to be equal to 2.79 V. This 

number appears to be too large. For Pt(111), for example, it is reported to be 1.9 V. [41] We thus 

conclude that both C2N and C2N-P surfaces are not active (not efficient) electro-catalysts for water 

splitting. There is another issue related to these materials when considering them as photo-

anodes. For photo-anodes, the band-gap width is a critical value. The materials are two 

dimensional with Van der Waals interaction between layers. That means that only the top layer 

may really provide holes to the surface. In other words, even if not a single layer is used as a 

photo-anode, the width of a local band gap created in the top layer is critical. As we show here, 

the reaction can proceed only if oxygen coverage is high. In this case, one can expect that the O-

atoms bound to the surface will significantly disrupt the electronic structure and distort the gap. 

To study this effect we calculated the total density of electronic states (TDOS) for C2N and C2N-P 

covered by oxygen as considered above. The results are shown in Figure 3. 

 

Figure 3 Change in the total densities of electronic states upon addition of O atoms to 

C2N (a) and C2N-P (b) surfaces. 
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The results show that the gap is closed upon oxygen adsorption for both materials. Of course, 

the calculations were performed within DFT and the gap width is underestimated. However, the 

obtained effect of the O adsorbed to the surfaces may be reasonable – the distortion of the band 

gap may be critical for the gap and thus the properties of the photo-anode. This is another reason 

why increasing oxygen coverage does not seem to make C2N and C2N-P surfaces viable candidates 

for photocatalytic water splitting. 

5. Conclusions 

To estimate the activity of two-dimensional C2N and that doped with phosphorus toward 

electro-catalytic water splitting, we applied a density-functional theory based computational 

approach to evaluate the thermodynamics of the reaction along the pathway presented in Eqs. (2 

– 5). To this end, we calculated the binding energy of the reaction intermediates and free energy 

of the reaction steps. We found that the reaction cannot proceed to the step described in Eq. (4) 

because the formation of OOH by adsorbing the OH radical to an adsorbed O-atom is not 

energetically favorable for such high adsorption energy of the O-atom to the surface. The three-

step pathway in which two O-atoms adsorbed to the surface diffuse to form O2 is found to occur 

at a negligible rate. We have also considered the effect of a higher O coverage on the reaction. We 

found that if an extra O-atom is adsorbed to each unit cell, OOH formation is possible for C2N-P. 

However, the calculated reaction energetics suggest that for this reaction to proceed, the 

necessary electrode potential is too high. Furthermore, the density of states calculations show 

that increasing O-atom coverage of the two-dimensional surfaces destroys the band gap. We thus 

conclude that the two-dimensional C2N and C2N-P may not be efficient photo-electro catalysts for 

water splitting. 
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