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Abstract 

Since the graphene boom, great efforts have been devoted to the 

two-dimensional (2D) monolayer materials with exciting perspectives of applications. 

Most known 2D materials so far are inorganic. Using the covalent triazine framework 

(CTF) as a representative, here we explore 2D organic semiconductors using 

first-principles calculations. From a systematic study of the electronic band structures, 

work functions, CBM/VBM positions, and optical absorption spectra, we identified 

the CTF as a new class of 2D visible-light-driven organocatalyst for water splitting. 

Controllable construction of such CTF from suitable organic subunit paves a way to 

correlate band alignment and chemical composite. In addition, multilayer CTFs have 

enhanced visible-light absorption compared to the monolayer ones due to interlayer 

coupling. Our theoretical prediction not only has fulfilled the organic counterparts of 

inorganic photocatalyst for water splitting, but also would motivate scientists to 

further search novel 2D organic materials with other technological applications. 

                                                             
* Corresponding author. Email: zhaojj@dlut.edu.cn (J. Zhao) 
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1. INTRODUCTION 

The depletion of fossil fuels and the serious environmental problems with their 

combustion urge us to search for alternative sources of sustainable, cheap, and clean 

energy. One of such promising energy carriers is hydrogen. Hydrogen production via 

photocatalytic water splitting under visible-light irradiation offers a viable strategy for 

solving both problems simultaneously; but there are still many material-related issues 

that hinder its widespread usage 1, 2. It is particularly difficult to search an efficient, 

simple, and highly active semiconductor material that satisfies all the crucial 

requirements: (i) the ideal band gap should be around 2.0 eV for effective utilization 

of the maximum portion of the solar visible light; (ii) the water oxidation (H2O/O2) 

and reduction (H+/H2) potentials must lie between conduction band minimum (CBM) 

and valence band maximum (VBM); (iii) the energy difference between VBM (CBM) 

and water oxidation (reduction) potential should be sufficiently large to ensure strong 

oxidizing (reducing) power; (iv) the surface area, porosity or reactive facets should be 

large enough for high activities 3-6. In addition to all these issues, a photocatalyst still 

has to overcome the recombination of photoinduced charge carriers 1, 2. 

To fulfill the above criteria, a fantastic choice is the two-dimensional (2D) 

materials, which have been proven as promising photocatalysts for pure water under 

UV irradiation. The nature of low dimensionality means that they have limited 

thickness, attractive and tunable electronic properties, and large surface area 

compared to the traditional bulk materials. In addition, monolayer materials minimize 

the migration distance for the generated electrons and holes, thus reducing the 

possibility of electron-hole recombination 7. To date, the photocatalytic activities of 

several kinds of 2D materials 7-19 have been explored and these materials have been 

further chemically modified to improve their performance.  
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Currently, most 2D semiconductor materials are inorganic 7-19, including 

transition metal dichalcogenides 8-12, group-III monochalcogenide 7, graphene oxide 

(GO) 13-15 and GO-based composites 16-19. In contrast to the extensive 

element-to-element search of inorganic 2D candidate materials on the periodic table, 

organocatalysts have not been well investigated yet. Note that many conventional 

inorganic materials and devices have now found their organic counterparts, such as 

organic superconductors 20, organic light-emitting diodes (OLED) 21, organic solar 

cells 22, organic field effect transistors 23, organic topological insulator 24, 25. Usually, 

organic counterparts of inorganic materials have advantages of low cost, easy 

fabrication and mechanical flexibility. In particular, organic photocatalysts are able to 

overcome the weaknesses of their inorganic counterparts, i.e., limited concentration of 

active sites 26 and heavy metal with perceptive toxicity 27. Therefore, a critical 

question is: whether an organocatalysts for water splitting exist among the broad 

range of possible organic materials? 

Recent advances on synthetic chemistry and nanotechnology have shown great 

potential in fabricating very complex 2D organic lattices. Among them, 

two-dimensional covalent triazine frameworks (2D-CTFs) constitute a special and 

emerging class of covalent organic framework (COF), which are synthesized by 

trimerization reaction of carbonitriles and adopted triazine ring (C3N3H3) as the 

building units 28-30. 2D-CTF materials usually exhibit a regular architecture and 

periodic pore structure, showing crystalline feature. From the synthetic and theoretical 

points of view, 2D-CTF materials are attractive owing to their flexible parameters, i.e., 

controllable C/N/H composition, surface area and pore size. Moreover, 2D-CTF 

organic materials could be possible candidates for organocatalysts due to the 

following two reasons. Firstly, the 2D-CTF is structurally and chemically analogous 
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to g-C3N4, which is constructed by the same organic subunits of triazine ring. The 

discovery of g-C3N4 as a very promising metal-free photocatalyst can be traced back 

to 2006 6. Recently many strategies, such as heteroatom doping 5, 31, multilayer 

stacking 27, 32, metal cocatalysts 33, and adsorbed dyes 34, have been proposed to 

enhance its photocatalytic properties. Secondly, 2D-CTFs have tunable porosity, 

which may contribute to the enhancement of photoconversion efficiency in the visible 

range. Wang and coworkers 35 found that the efficiency of hydrogen production from 

the photochemical reduction of water by introducing mesoporosity into g-C3N4 could 

be improved by 8.3 times, which were conformed to be even higher than the 

commercial nitrogen-doped TiO2 
36. 

Here we aim to unveil whether or not 2D-CTFs are suitable for 

visible-light-driven photocatalysts using first-principles calculations. Some key 

physical properties that determine photocatalytic activity, including the electronic 

band structure, work function, CBM/VBM position, and optical absorption spectra, 

are obtained for 2D-CTFs. We demonstrate that the light harvesting capability of 

2D-CTFs can be enhanced via tailoring the number of layers and pore size. The 

correlation between band alignment and chemical composition as well as geometry 

parameters of CTFs is discussed, which provides vital insight for designing optimal 

photocatalyst and bringing out new opportunities for other 2D organic materials. 

 

2. COMPUTATIONAL METHODS 

Within density functional theory (DFT), first-principles calculations were carried 

out using the Vienna ab initio simulation package (VASP) 37. 2D-CTFs were simulated 

by slab models with a vacuum thickness of 15 Å, which is sufficient to isolate the 

adjacent sheets. The Brillouin zone integrations were performed using Γ-centered k 
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point meshes with uniform spacing of 0.026 Å-1. The exchange-correlation interaction 

was treated by the generalized gradient approximation (GGA) using the 

Perdew-Burke-Ernzerhof (GGA-PBE) exchange-correlation functional 38. We 

employed the projected augmented wave (PAW) method 39 and an energy cutoff of 

800 eV to describe the electron wave function. In all calculations, self-consistency was 

achieved with a tolerance in the total energy of at least 0.01 meV. For the monolayer 

2D-CTF systems, a more accurate Heyd-Scuseria-Ernzershof (HSE) screened potential 

method 40 was used to calculate the band gap. Van der Waals correction of the 

Grimme’s D2 scheme 41 was also incorporated to better describe the non-covalent 

interaction for multilayer CTFs.  

As a conventional method, the work function can be calculated by: ϕ = V (∞)－

EF, where V (∞) and EF are the electrostatic potential in a vacuum region far from the 

neutral surface and the Fermi energy of the neutral surface system, respectively 42. 

The vacuum level was taken as the reference in the calculations of band alignment 

(VBM and CBM). Using the Kramers-Kroning dispersion relation 43, optical 

absorption spectra of the 2D-CTFs were computed from the imaginary part of 

dielectric function. Moreover, an ab initio molecular dynamics (AIMD) simulations 

have implemented to analyze to stability of the CTF structures under room 

temperature, the common procedure in AIMD following the method of Viñes et al. 44. 

The initial configuration was given by the experimentally characterized structures and 

then left free to relax. After an initial quenching procedure where the system was 

heated up to 300 K. Later, a stabilization NVT run of 10 ps until energy is maintained 

using the Nosé thermostat, followed by a final NVE run of 10 ps. Overall, the time 

step 1 fs and the total AIMD runs were 30 ps.  
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3. RESULTS AND DISCUSSION 

Three 2D-CTF models considered here come from the experimentally 

characterized structures, namely CTF-0 28, CTF-1 29, and CTF-2 30, as shown in 

Figure 1a. The computed lattice constants for 2D hexagonal lattices are 7.25 Å 

(CFT-0), 14.57 Å (CFT-1), and 18.37 Å (CFT-2), respectively, in excellent agreement 

with the experimental values (7.3 Å, 14.57 Å, and 18.36 Å) 28-30. In each unit cell, 

there are 15, 42, 60 atoms for CTF-0, CTF-1, CTF-2, respectively, and the ratio of N 

atoms decreases with cell size, i.e., 20% for CTF-0, 14.3% for CTF-1, and 10% for 

CTF-2, respectively. All these 2D-CTFs belong to porous configurations with pore 

radius of 5.604 Å (CTF-0), 14.018 Å (CTF-1), and 18.473 Å (CTF-2), respectively, 

which are larger than that of g-C3N4 (4.128 Å). Accordingly, the specific surface areas 

of these 2D-CTFs (3854 m2/g for CTF-0, 4739 m2/g for CTF-1, 4939 m2/g for CTF-2) 

are larger than the theoretical limit of perfect g-C3N4 (2659 m2/g) as well as the 

experimental value of mpg-C3N4 with defects (67-373 m2/g) 35. As pore size further 

increases, the surface area of 2D-CTFs would further increase. Therefore, these 

2D-CTFs with tunable nitrogen concentration, porous configuration, and high surface 

area are expected to find promising applications as organic photocatalyst, as long as 

their electronic band structures match the aforementioned criteria. 

To be a reliable photocatalyst, the monolayer CTFs have to be stable first. 

Previously, the stability of 2D-CTFs in an aqueous environment was reported, i.e., 

they are completely inert with respect to water 30. Here, the stability of monolayer 

CTFs under room temperature in vacuum was examined by ab initio molecular 

dynamic (AIMD) simulation. We found that all these 2D covalent triazine frameworks 

remain stable at room temperature (T=300 K) after AIMD simulation. Their final 

snapshots are plotted in Figure 1b. During the simulation, the drops of total energy 
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and temperature are very small. For example, the average energy and temperature 

drop are just 0.08 meV/atom and 0.2 K per ps with standard deviations due to the 

ligand moieties  of ±0.009 eV and ±0.013 K, respectively. One can see that all the 

structures of CTF-0, CTF-1, and CTF-2 under room temperature are slightly 

out-of-plane, especially the H atoms. To examine the behavior of torsion of the ligand 

moieties, we have calculated the torsion angles of eight random snapshots of AIMD 

for CTF systems and correlate them with their energy. We found that the larger is the 

pore size, the more is the degree of the torsion of the ligand moieties. For example, 

the average torsion angle is 1.23°, 1.42°, and 2.00° for CTF-0, CTF-1, and CTF-2, 

respectively. Further investigations on the energy difference between the perfectly 

planar structure and some snapshots of AIMD with different torsion angles confirm 

that the planar one is more stable at 0 K. Therefore, we concluded that these 2D 

organic sheets can be stable at room temperature either in vacuum or in aqueous 

environment.  

Based on these stable configurations, we elucidate whether these 2D covalent 

triazine frameworks are suitable as photocatalyst for water splitting in terms of their 

electronic structures. Taking CTF-0 as a starting point, the calculated band gap is 2.49 

eV at PBE level. It is well known that the conventional PBE functional within GGA 

underestimates the band gap of a semiconductor. A more accurate HSE06 hybrid 

functional yields a band gap of 3.32 eV for CTF-0 is (Figure 2a). In the 2D Brillouin 

zone, both CBM and VBM locate at K point, corresponding to a direct band gap. 

Although the HSE06 band gap of CTF-0 is 0.73 eV larger than the PBE value, it still 

falls in the marginal visible light region. 

To gain more insight into the electronic structures of CTF-0 monolayer sheet, we 

plot the partial density of states (PDOS) in Figure 2b. Almost all conducting states in 
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the vicinity of the Fermi level originate from nitrogen atoms. In the triazine subunit of 

CTF-0, each nitrogen atom only bonds with two carbon atoms, leaving an unpaired 

electron plus a lone pair of electrons. This might accounts for the active sites of 

g-C3N4, as pointed out by Wang et al. 45 In short, N atoms in CTF-0 are crucial for its 

electronic properties and play a critical role in tuning the UV photocatalytic activity 

for direct water splitting.  

The band edge alignment of CTF-0 calculated with HSE06 functional is 

presented in Figure 2c, which indicates that the CBM is 1.173 eV more negative than 

the reduction potential of H+/H2 and VBM is 0.917 eV more positive than the 

oxidation level of O2/H2O. As a consequence, the hole at the HOMO is sufficiently 

reactive to oxidize water to oxygen, while the electron at the LUMO has enough 

reduction potential to reduce water to hydrogen.  

We also simulated the optical absorption spectra of CTF-0 to further examine 

whether they meet the criteria for efficient visible-light absorption. Figure 2d clearly 

shows that CTF-0 is able to harvest the visible light. Although CTF-0 has 

semiconductor characteristic, suitable band edge position and the ability of visible 

light absorption, there are still some practical issues related to the efficiency of solar 

energy conversion. Most of all, the band gap is somehow too large to absorb a 

significant fraction in the visible light region, leading to a rather low photoconversion 

efficiency. Therefore, the remaining question is how to achieve more suitable 

photovoltaic CTF-based materials by reducing the band gap. 

According to the above analysis of PDOS, tailoring the nitrogen content of CTFs 

seems to be a possible way to enhance the solar conversion efficiency. In fact, 

previous experiments have already demonstrated the effect of N doping in 

carbon-based photocatalysts 46-51. Incorporation of N atoms in monolayer graphene 
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 9 

modifies two key properties that are related to the efficiency of photocatalyst: work 

function and electronic band structure. Luo et al. 46 reported that nitrogen dopants 

lower the work function of graphitic carbon materials by enhancing the electron 

density. It was also found that incorporation of nitrogen can dramatically alter the 

electronic band structures 50, 51, e.g., resulting in metal-semiconductor transition of 

graphene 47. In addition, Malko et al. 52 have shown that the band gap of graphynes 

containing boron and nitride heteroatoms are different from with a 2D all-carbon 

graphene (6BN, 6, 12 graphyne), which exhibits a band gap due to missing reflection 

symmetry. More excitingly, some N-doped carbon nanomaterials were found to be 

excellent metal-free catalysts for oxygen reduction 48, 49.  

All these findings motivate us to search other covalent triazine frameworks with 

better performance as organocatalyst. As mentioned above, CTF-1 and CTF-2 have 

the same triazine subunit as CTF-0 but different pore sizes. The corresponding N 

contents are 14.3% and 10%, respectively, both are less than 20% of CTF-0. Hence, it 

would be crucial to explore their photocatalytic performance and to elucidate the 

effect of nitrogen concentration. 

Our PBE calculations show that all these 2D-CTFs are semiconductors with 

direct gaps, i.e., 2.49 eV for CTF-0, 2.42 eV for CTF-1, and 2.07 eV for CTF-2, 

respectively. Such reduction trends indicates that the band gap is affected by the 

nitrogen concentration. But this effect is also mixed with the pore size effect 

simultaneously. In order to distinguish the two effects, we build two classes of 

equivalent structures of 2D-CTFs with or without triazine units (C3N3), namely 

CTF-0a, CTF-1a, CTF-0b, and CTF-1b, which are shown in the Figure 3. They have 

the same pore size with CTF-0 and CTF-1, respectively. The N content are 50% for 

CTF-0a and 11% for CTF-1a, which is higher than the 20% for CTF-0 and lower than 
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 10 

14.3% for CTF-1. Obviously, we have ruled out the effect of adding N atom as 

considering the CTF-0b and CTF-1b. The computed band gap are 0.9 eV for CTF-0a, 

2.53 eV for CTF-1a, 2.59 eV for CTF-0b, and 3.23 eV for CTF-1b, respectively. 

Comparison of CTF-0, CTF-0a, and CTF-0b (as well as CTF-1, CTF-1a and CTF-1b) 

demonstrates that band gap decreases with the increasing N content. Hence, we 

speculate that the band gap will overcome 2 eV as N content are about 30%, 5% and 

8% for CTF-0, CTF-1, and CTF-2, respectively. Too much or too little N doping is 

detrimental for band gap engineering. In view of the fact that the band gap decreases 

from 2.49 eV to 2.42 eV to 2.07 eV for CTF-1, CTF-2, and CTF-3 as the N content 

decreases, this opposite N concentration effect reveals a competing pore size effect, 

that is, smaller pore size induces a larger band gap.  

To get more insight into the variation of electronic structures due to 

incorporation of nitrogen, the partial charge density distribution for the edges of 

valence and conduction bands of CTF-0 and CTF-0a are presented in Figure 4, 

respectively. For the CTF-0, charge distribution on the VBM and CBM are mainly 

localized at the px and py orbitals of nitrogen atoms and the pz orbitals of carbon and 

nitrogen atoms. As the nitrogen concentration rises to 50%, the number of unpaired 

electrons and lone pair of electrons increase. As a consequence, the charge 

distributions of the edges of valence and conduction bands of CTF-0a show more 

delocalized electrons on the px and py orbitals of nitrogen and carbon atoms, resulting 

in a shrinkage of band gap.  

On the other hand, the underlying mechanism of pore size effect can be 

attributed to the quantum confinement effect. As displayed in Figure 1, every six, 

twelve, and eighteen C3N3/C6 rings enclose a pore in the CTF-0, CTF-1, and CTF-2 

network, respectively. Coupling of more six-membered rings tend to reduce the band 
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gap. By addition of cycles, the π electrons become more and more delocalized, and 

this is responsible of the band gap reduction. For example, Riga et al. 53 observed the 

band gap of benzene, naphthalene, anthracene, and tetracene are 7.8 eV, 5.4 eV, 3.9 

eV, and 3.0 eV by E. S. C. A. valence band spectra, respectively. The tunable band 

gaps of graphynes and other ordered macroporous materials containing pores of 

different sizes have also been observed by Malko et al. 52, 54 and Imhof et al. 55. Very 

recently, Martin et al. 56 demonstrated by experimental analysis that pore size effect 

can further enhance quantum yield of g-C3N4 in the visible region to 26.5%, which is 

nearly an order of magnitude higher than that for any other existing g-C3N4 

photocatalysts.  

To compare the reducing and oxidizing power for CTF-0, CTF-1, and CTF-2, we 

align their band positions (calculated with PBE functional) in Figure 5. Clearly, both 

CTF-1 and CTF-2 are able to produce H2 and O2 as photocatalysts. Compare to CTF-0, 

the VBM positions of CTF-1 and CTF-2 shift upward by 0.098 eV and 0.662 eV, 

respectively, while the conduction band edge moves to higher energy range by 0.038 

eV and 0.242 eV, respectively. Generally speaking, the photocatalytic efficiency 

depends on the numbers of electrons/holes having higher potential than the water 

reduction/oxidation potential. The larger difference, the higher the reducing/oxidizing 

power. Therefore, the upwards shift of absolute band positions from CTF-0 to CTF-1 

and CTF-2 means that the reducing capability is strengthened but the oxidizing 

capability is weakened with decreasing nitrogen concentration. In other words, the 

larger energy difference between VBM and oxidation potential (O2/H2O) of CTF-0 is 

better for the water oxidation among three CTF models explored; whereas the larger 

energy difference between CBM and reduction potential (H+/H2) of CTF-2 is more 

favorable for hydrogen production. The shifts of CBM and VBM together give rise to 
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the decreased effective band gap to 2.42 eV for CTF-1 and 2.07 eV for CTF-2, which 

is beneficial for more efficient solar energy conversion. As stated above, the decrease 

of nitrogen content in CTFs would result in significant narrowing of band gap and 

thus enhanced capability to reduce water into H2, in good agreement with previous 

finding for N-doped graphene 46, 47. According to the principle of reticular chemistry, 

it is well known that the topology of frameworks and the corresponding 

physical/chemical properties are imposed by the geometrical features of the building 

blocks and linking modes 57. Therefore, by further optimizing the secondary subunits 

and linkers via a more complete search in the future, organic molecular architectures 

with suitable work function and electronic band structure (and thus high efficient 

visible-light absorption) can be designed and constructed in experiments by 

self-condensation and co-condensation of chosen monomers for practical applications. 

According to the powder X-ray diffraction (PXRD) patterns 28-30, the bulk CTF-0, 

CTF-1, and CTF-2 have eclipsed or staggered structures stacked with interlayer van 

der Waals force. The fundamental electronic properties such as band gap and work 

function might be further tuned by stacking of 2D-CTFs, similar to the graphitic 

carbon nitrides 32, 58. Here we considered multilayer CTF-0 (layer number: N=1~6) 

with AA eclipsed stacking, since AA face-to-face stacking maximizes π-orbital 

overlap that is the most favorable for charge transport 59 and improvement of the 

photodecomposition reaction. As the number of CTF-0 layers increases to six, the 

total number of atoms in supercell and the largest lattice constant reach 90 and 45 Å, 

respectively. It is therefore too computationally expensive to perform geometry 

optimizations and electronic structure calculations at the HSE06 level. Alternatively, 

we adopted the PBE method to describe the shift of band edge positions and band gap 

of multilayer CTF-0. As a well-known deficiency, PBE functional usually 
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systematically underestimates the band gap. Moreover, the detailed band alignment 

might be also different from the HSE06 results. For example, the energy differences 

between CBM (VBM) and reduction (oxdation) potential are 1.173 eV (0.917 eV) and 

0.578 eV (0.682 eV) from HSE06 and PBE calculations, respectively. However, we 

found that the choice of method does not affect the redox activities of CTFs. Both sets 

of values indicate that CTF could be a new class of 2D visible-light-driven 

organocatalyst for water splitting. Moreover, the general trends for variation of band 

gap and shift of band edge positions from our PBE calculations would be still valid. 

Note again that our main discussions here are based on the results from PBE 

calculations. Although HSE06 is a priori show in the same situation, similar trends are 

supposed to be deduced from the HSE06 calculations.  

The electronic band gaps and work functions for multilayer CTF-0 are listed in 

Table 1. Overall speaking, the band gap reduces with increasing number of layers 

monotonically, while the work function is insensitive. All multilayer CTF-0 are still 

direct gap semiconductor. At PBE level, their effective band gaps are 2.36, 2.32, 2.30, 

2.29, and 2.28 eV for systems with two-, three-, four-, five-, and six-layers, 

respectively, compared to 2.49 eV for the monolayer one. Also note that the band gap 

of multilayer CTF-0 already converges to the bulk limit of 2.28 eV when the number 

of layers reaches six. In short, the magnitude of band gap variation is 0.21 eV (at PBE 

level) by stacking up to six layers of CTF-0 sheets.  

The change of band gap can be attributed to the interlayer coupling of valence 

electrons. To understand this mechanism, Figure 6 plots the charge density difference 

of a bilayer CTF-0, which are constructed by subtracting the integrated electron 

density of the bilayer CTF-0 from the summation of two individual CTF-0 

monolayers. One can clearly see redistribution of the charge density by forming the 
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triangular-shaped electron rich regions above the triazine ring. Such charge 

redistribution drives the inhomogeneous intra-layer charge transfer within CTF-0 

plane. As a consequence, the strength of intra-layer C-N and C-H bonds is 

significantly reduced, and the N-N coupling between two adjacent layers is 

strengthened, which partially saturates the nonbonding electrons from the nitrogen 

atoms. 

To evaluate the photocatalytic capability of multilayer CTF-0s further, we align 

the energy levels of multilayer CTFs with respect to the water oxidation/reduction 

potential levels in Figure 7. In the case of bilayer system, the VBM shifts upward by 

0.088 eV and CBM moves downward by 0.043 eV with regard to the monolayer one. 

For the other multilayer CTF-0 systems, the VBM is almost invariant, whereas the 

CBM moves towards the higher energy region by 0.3~0.5 eV. For multilayer CTF-0, 

both redox reactions are thermodynamically possible with good reaction rates, since 

the VBM is deep enough with respect to the water oxidation potential and the CBM 

also locates at a satisfactory position with respect to the water reduction potential 

level.  

To further clarify the interlayer coupling effect on the 2D-CTFs and extend this 

universal strategy to other 2D organic systems, we also considered the case of 

multilayer CTFs with AB stacking. First of all, our energy calculations show that the 

energies of AB stacking are lower than AA stacking about 0.02 eV per CTF-0 layer. 

Secondly, the reduction of the band gap via stacking on AB seems to be slightly lower 

(0.1 eV) than on AA as shown in Figure 7. The small band gap difference of AB and 

AA stacking is determined by the electronic repulsive perturbation and interlayer 

coupling induced charge transport. On the one hand, higher electronic repulsive 

perturbation of valence and conduction bands results in a larger band gap of AB 
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stacking than AA stacking. On the other hand, stronger π-orbital overlap of AA 

stacking is more favorable for charge transport between interlayer and intralayer, 

which will result in redistribution of the charge density. The latter seems to be more 

pronounced than the electronic repulsive perturbation for CTFs. More importantly, 

compared to the energy levels of AB and AA stacked CTFs, we can see that the 

different stacking modes yield nearly the same results. That is to say, stacking 

2D-CTFs is an effective way to improve the flow of the carrier and reduce the band 

gap, which will enhance the optical absorption behavior in the visible light region. 

More important, our design strategy of taking advantage of the effects of pore size, 

nitrogen content and multilayer stacking is universal and will be helpful for exploring 

the other 2D organic photocatalytic materials in the future. 

 

4. CONCLUSION 

Using first-principle calculations, we have systematically studied the electronic 

structure, work function, optical properties, and band edge alignment for a series of 

monolayer and multilayer covalent triazine frameworks. Although the monolayer 

CTF-0 sheet has slightly large band gap to absorb a significant fraction in visible light 

region, the band gap of 2D-CTFs can be effectively reduced by three strategies, i.e., 

interlayer coupling, tuning of pore size and nitrogen content. The calculated band 

edge alignment further show better behavior of visible-light absorption. All these 

findings demonstrate that 2D-CTFs is a new family of organocatalysts materials for 

visible-light-drive water splitting. Our theoretical results are expected to stimulate 

experimentalists to further study novel 2D metal-free organic materials as visible-light 

photocatalyst, which combine the unique advantages of high surface area, low cost, 

chemically and thermally stable in aqueous, easy fabrication and mechanical 
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flexibility. More importantly, our strategies of designing and modifying 2D organic 

materials may further encourage scientists to search other unknown 2D organic 

materials in the future, which will broaden the scope and scientific impact of organic 

materials and devices. 
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Table 1. The work function (WF) and band gap (Eg) of two-, three-, four-, five-, and 

six-layer 2D CTF-0s computed with PBE functional. The band gap differences (∆Eg) 

between the multilayers and monolayer CTF are shown in this Table. 

N 1 2 3 4 5 6 ∞ 

WF (eV) 6.35 6.26 6.35 6.34 6.34 6.35 -- 

Eg (eV) 2.49 2.36 2.32 2.30 2.29 2.28 2.28 

∆Eg (eV) 0 0.13 0.17 0.19 0.20 0.21 0.21 

Page 18 of 27Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 19 

 

(a) (b) (c) 

Figure 1. The snapshot images of the equilibrium structures of CTF-0 (a), CTF-1(b), 

and CTF-2 (c) at the end of AIMD simulation. The top one is the top view, and the 

bottom one is the side view. The grey, dark blue and light green atoms are C, N, and H, 

respectively.
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(c) (d) 

Figure 2. (a) Calculated band dispersion and (b) projected density of states of CTF-0 

with HSE06 methods, the valence band maximum is set to zero. (c) Band alignments 

of CTF-0 with respect to the standard water redox potentials. (d) Optical absorption of 

CTF-0. 
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Figure 3. The equilibrium structures of CTF-0, CTF-0a, CTF-0b, CTF-1, CTF-1a, 

and CTF-1b. The grey, dark blue and light green atoms are C, N, and H, respectively.
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Figure 4. Charge density distribution of CBM and VBM state of CTF-0 and CTF-0a. 

The isosurface value is set to be 0.03 eÅ-3. The grey, dark blue and pink atoms are C, 

N, and H, respectively.
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Figure 5. Band edge alignments of CTF-0, CTF-1, and CTF-2, respectively. The dot 

lines are standard water redox potentials. The reference potential is the vacuum level. 
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Top view Side view 

Figure 6. Charge density difference of a bilayer CTF-0. Yellow color shows the 

charge accumulated regions, and blue color shows the charge depleted regions. The 

grey, dark blue and pink atoms are C, N, and H, respectively. 
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Figure 7. Band edge alignments of CTF-0 with AA stacking (upper) and AB stacking 

(bottom), respectively. The dot lines are standard water redox potentials. The 

reference potential is the vacuum level. 
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