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ABSTRACT 

Based on first principles calculations, we report the design of three two-dimensional 

(2D) binary honeycomb-kagome polymers composed of B- and N-centered 

heterotriangulenes with a periodically alternate arrangement as in hexagonal boron 

nitride. The 2D binary polymers with donor-acceptor characteristics, are 

semiconductors with a direct band gap of 1.98-2.28 eV. The enhanced in-plane 

electron conjugation contributes to high charge carrier mobilities for both electrons 

and holes, about 6.70 and 0.24 × 103 cm2 V-1 s-1, respectively, for the 2D binary 

polymer with carbonyl bridges (2D CTPAB). With appropriate band edge alignment 

to match the water redox potentials and pronounced light adsorption for the ultraviolet 

and visible range of spectra, 2D CTPAB is predicted to be an effective 

photocatalyst/photoelectrocatalyst to promote overall water splitting.  
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Fujishima and Honda demonstrated in 1972 1  that water can be split into 

hydrogen and oxygen on rutile TiO2 using sunlight as the agent. This discovery 

launched the field of photocatalytic water splitting as promising strategy to produce 

green hydrogen.2,3,4 Since then, great efforts have been devoted to exploring effective 

photocatalysts, including transition metal oxides, 5 - 8  nitrides 9  and sulfides. 10 - 12 

However, few of them show satisfactory photocatalytic performance for water 

splitting because of the low quantum efficiency caused by charge recombination on 

both surface and bulk of the catalysts.13,14 

The discovery of graphene in 2004 has greatly promoted the development of 

atomically thin two-dimensional (2D) materials.15-18 Once electrons and holes are 

generated under light irradiation, they can immediately participate in the on-surface 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), 

respectively. Therefore, 2D semiconductors are considered as promising 

photocatalysts for water splitting19-21 and superior to bulk crystals where diffusion of 

the charge carriers to reach the surface results in high electron/hole recombination 

rates and limits performance. Aside from 2D transition metal-based compounds,22 2D 

covalent organic polymers with moderate band gaps have attracted more and more 

attention, as their advantages include the absence of metals, high porosity, and a large 

manifold of geometrical topologies.23-26 However, despite the abundance of molecular 

monomers and the availability of new synthetic strategies, only a few of the known 

structures show satisfactory photocatalytic performance for water splitting. 27 - 30 

Among the most studied systems is g-C3N4, which shows suitable band structure31 

but fails to overcome the high overpotential of OER,32 and co-catalysts or sacrificial 

agents are required to drive the water splitting reaction.33-35 Therefore, rationally 

designing 2D polymers with appropriate band structure for high catalytic activity for 

both HER and OER is still challenging and demanding. 

Honeycomb-kagome 2D heterotriangulene (HT) polymers36-39 are particularly 

promising because of their straightforward threefold symmetrical functionalization 

and high degree of π-conjugation.40,41 Our previous theoretical investigation indicated 



that B- or N-centered HTs based 2D polymers are single-band semiconductors with 

high carrier mobility for either exclusively electrons (B center) or holes (N center),42 

and the appropriate band edge alignment render them potential photocatalysts for 

either HER or OER processes, respectively,43 and coupling them in a tandem cell 

with spatially separate electrodes allows water splitting without the emergence of 

explosive H2/O2 mixture, yet at the expense of a 2-photon process per excited charge 

carrier.  

An alternative route has been suggested for layered, so-called electron 

donor-acceptor covalent-organic frameworks, where electron-donating and -accepting 

building blocks are coupled in a bicontinuous manner.44,45 Such heterojunction is 

conducive to transfer photoinduced charge carriers between two half electrodes.46,47 

Here, we theoretically demonstrate that the same capability can be achieved if the 

heterojunction is realized in a single plane as proposed in the title compounds, 

resulting in a single-material high quantum efficiency photocatalyst by coupling B- 

and N-HTs into a honeycomb-kagome structure with alternating distribution of 

heteroatoms. We confirm their stability and photocatalytic activity by employing first 

principles calculations. The donor-acceptor coupling effect, band edge alignments, 

light absorbance and the carrier mobilities are rationalized by analyzing the band 

structure. Finally, the thermodynamic HER and OER processes are simulated to 

understand the potentials of applying these 2D polymers for effective solar-driven 

water splitting.  

First-principles calculations on the basis of density functional theory (DFT) as 

implemented in the Vienna ab initio simulation package (VASP)48, 49 were performed 

to optimize the hexagonal lattices of the 2D binary polymers. The projector 

augmented wave (PAW) method was used to treat the ion−electron interactions for 

atoms. 50 , 51  The generalized gradient approximation (GGA) involving the 

Perdew−Burke−Ernzerhof (PBE) functional with Grimme’s D3 van der Waals 

correction was adopted to process the exchange-correlation term and accurately 

account for the weak interactions between the adsorbents and the 2D binary 



polymers.52,53A convergence threshold of 1 × 10-5 eV in energy and 1 × 10-2 eV Å-1 in 

force were set with the conjugate gradient method. A cutoff energy of 500 eV for the 

plane wave basis set and the 3 × 3 × 1 Monkhorst-Pack k-point mesh for the 

hexagonal Brillouin Zone was utilized in all computations. The vacuum layer was set 

to be 15 Å along the c direction to avoid interactions between neighboring images. 

Born−Oppenheimer molecular dynamics (BOMD) simulation controlled by using the 

Nosé-Hoover thermostat was performed at a temperature of 500 K for 5 ps to identify 

the thermal stability of the designed structures. The Heyd–Scuseria–Ernzerhof 

screened hybrid functional (HSE06)54 was employed to calibrate the band structures 

as the GGA-PBE functional usually underestimates the band gaps. The accuracy of 

HSE06 in reproducing the band structure of 2D HT-polymers has been verified in 

previous studies.40,42 In order to assess the ability of photocatalytic water splitting of 

2D binary polymers, the band edges were corrected by the vacuum level and 

compared with the water redox potentials. Carrier mobilities were calculated using 

deformation potential theory (DPT).55 Detailed computational settings are given in 

supporting information. 

Geometry and formation energy of 2D binary HT-polymers 

Figure 1a shows the coupling of the B- and N-centered HTs and their 

arrangement into a 2D binary polymer. The designed structures differ only by the 

bridge functional groups (Figure 1b-d) and are termed as carbonyl-bridged 

triphenylamine-triphenylborane (CTPAB), oxygen-bridged 

triphenylamine-triphenylborane (OTPAB) and dimethylene-bridged 

triphenylamine-triphenylborane (MTPAB), respectively. All the three structures show 

a planar configuration with single atomic layer thickness. The kagome-honeycomb 

2D binary HT-polymers show a reduced D3h symmetry, analogous to that of h-BN.56 

The optimized lattice parameters are found to be 17.47, 17.15 and 17.53 Å for 

CTPAB, OTPAB and MTPAB, respectively, which are very similar and inbetween 

those of the unary B and N centered HT-polymers. More structural details including 

pore size and distance of two in-plane neighboring center atoms are also exhibited in 



Table S1.42 BOMD simulations (Figure S1) show that 2D binary HT-polymers remain 

intact at 500 K after 5 ps and recover the initial structure after subsequent geometry 

optimization, indicating the high thermal stability of the designed structures. 

 

Figure 1. (a) Schematic view of the coupling of B- and N- centered HTs into a 2D 

binary polymer and the formed unit cells of CTPAB (b), OTPAB (c) and MTPAB (d). 

The integrity of the alternating arrangement of B and N heteroatoms is confirmed 

by calculating the relative formation energy with respect to their monomers: 

Ef = Epolymer + 3EH2
– EB-monomer – EN-monomer    

where Epolymer, EB-monomer and EN-monomer are the total energy of 2D binary polymers, the 

B- and N-centered HTs monomers, respectively, and EH2
 is the energy of the 

released hydrogen molecule. As presented in Table S1, the formation energies of 2D 

CTPAB, OTPAB, MTPAB are found to be 1.56, 1.59 and 1.38 eV, respectively. For all 

three cases, these values are also more stable compared to the unary counterparts (e.g. 

2ECTPAB vs. ECTPA + ECTPB) by 91 (CTPAB), 51 (OTPAB) and 34 (MTPAB) meV per 

unitcell, respectively, and suggests the spontaneous formation of the binary polymers 

by the on-surface coupling of a mixture of B- and N-HTs monomers.  

Electronic and optical properties of 2D binary HT-polymers 

The band structures of 2D binary HT-polymers computed at the HSE06 level of 



theory are given in Figures 2a-c and reveal that all three 2D polymers are 

semiconductors with a direct band gap of 2.12 eV, 1.98 eV and 2.28 eV for 2D 

CTPAB, OTPAB and MTPAB, respectively, smaller than that of the corresponding 

unary counterparts (Table S1). Both the conduction band minimum (CBM) and 

valence band maximum (VBM) of 2D binary HT-polymers are located at the K point. 

Compared to the single-band characteristics of the 2D unary HT-polymers,40-42 both 

the valence and conduction bands of 2D CTPAB, OTPAB and MTPAB near the Fermi 

level show pronouncedly dispersed bands due to the reduced symmetry from the 

unary counterparts.57 Since the HT-polymers are of honeycomb-kagome topology, 

the band structure around the Fermi level is dictated by the center atoms at the 

crystallographic positions (1/3, 1/3) and (2/3, 2/3). Therefore, the band structure can 

be coarse-grained by a tight-binding model (Equation S1) for the honeycomb network 

with two atoms per unit cell. In case both atoms have the same on-site energy, the 

band gap is similar to the well-known band structure of graphene, as shown in Figure 

2d. However, if the on-site energies are not equal, which models the situation in h-BN, 

a band gap opens (Figure 2e). In this case, the band gap is of the size of the difference 

in on-site energy. It can be found that the band structures of the binary HT-polymers 

(Figure 2a-c) are similar to that of h-BN even though the boron and nitrogen centers 

are 1 nm apart from each other. This result is fully in line with our previous study,42 

demonstrating the importance of lattice topology in controlling the electronic 

structures of HT-polymers. 



Figure 2. Band structures computed at the HSE06 level of theory, and corresponding 

partial charge density distribution for the CBM (above) and VBM (below), 

respectively, for (a) CTPAB, (b) OTPAB and (c) MTPAB. The isosurface for all 

orbitals was set to be 0.0013 eÅ−3. The hexagonal Brillouin Zone is illustrated in the 

band structure of Figure 2a. (d) Band structure and sketch of a honeycomb network 

with equal on-site energies 𝜀0  and 𝜀1 . The band structure is similar to the 

well-known graphene. (e) for non-equal on-site energies 𝜀0 = 𝜀𝐵 and 𝜀1 = 𝜀𝑁, being 

the on-site energies of boron and nitrogen, respectively, a band gap of the size of the 

difference in on-site energy opens (tight-binding parameters are given in the SI). 

The partial charge density distribution analysis shows that the π electron density 

is distributed along the entire skeleton of the binary polymers, indicating the effective 

π-conjugation in the 2D lattices. The chemical potential variation of N and B 

heteroatoms is evident by the analysis of CBM (dominated by B-centered monomer 

and VBM (dominated by N-centered monomer), indicating the p-n type 

heterojunction characteristics. Bridge functionalization shapes the distinct valence and 

conduction band curvatures of the three structures, where CTPAB shows a more 

dispersed valence band, while OTPAB and MTPAB show a more dispersed 

conduction band. The high charge fluctuation affects the in-plane p-n type 

characteristics and thus the charge transport properties that distinguish the 2D HTs 



binary polymers from their unary counterparts.  

Table 1. In-plane stiffness (C2D), DP constant (|E1|), effective mass (|m*|) of electrons 

and holes, and carrier mobilities (μ) for 2D binary polymers along the armchair 

direction. The carrier mobilities were calculated at the PBE level of theory and m0 

indicates the mass of a single electron. 

2D binary 

polymers 
C2D / N m-1 ∣E1∣/ eV |m*| / m0 

μ / × 103 cm2 V-1 

s-1 

CTPAB 59.60 

0.21 1.71 (me) 6.70  

2.15 0.87 (mh) 0.24 

OTPAB 64.23 

2.58 0.61 (me) 0.37 

3.59 0.90 (mh) 0.087 

MTPAB 62.07 

2.44 0.68 (me) 0.32 

3.23 0.83 (mh) 0.12 

 

Details on the calculated carrier mobilities are given in Figure S2 and Table S2. 

2D binary HT-polymers present effective charge transport for both electrons and holes 

(Table 1), with significant tuning by the bridge functionalizations. Specifically, the 

π-electron density of the 2D skeleton is more distributed at the C=O bridges of 

CTPAB than that at the CH2 and O brides of MTPAB and OTPAB, respectively. As a 

result, the structure deformation are less impactive to the wave functions of valence 

and conduction bands of CTPAB, resulting in smaller DP constants and higher carrier 

mobilities. The carrier mobility of 2D CTPAB is as high as 6.70 and 0.24 × 103 cm2 

V-1 s-1 for electrons and holes respectively, values comparable to those of crystalline 

silicon (~ 1.40 × 103 cm2 V-1 s-1),58 making this material besides a good photocatalyst 

candidate for water splitting also a promising 2D organic electronics material.  

The first step to evaluate photocatalytic activity is to compare the band edge 



alignments with the water redox potentials. Generally, to facilitate overall water 

splitting, the VBM of the photocatalyst must be lower than the OER potential (-5.67 

eV vs. vacuum), while the CBM is required to locate above the HER potential (-4.44 

eV vs. vacuum). As illustrated in Figure 3a, 2D CTPAB shows appropriate band edge 

alignments for overall water splitting, while 2D OTPAB and MTPAB only meet the 

requirement for the HER process. The band edge distribution tendency of these binary 

HT-polymers is identical to their corresponding unary counterparts, indicating again 

the importance of appropriate bridge functionalization. 

Since the binary HT-polymers show reduced band gap compared to their unary 

counterparts, enhanced light harvesting capability can be expected, which is 

confirmed by our prediction shown in Figure 3b for all three candidate structures, 

both for the ultraviolet and visible spectra, with an absorption coefficient of up to 105 

cm-1, comparable to organic perovskite solar cells.59 

 

Figure 3. (a) The band edges of 2D binary HT-polymers in comparison with the water 

redox potentials at pH = 0 (indicated by the red dashed lines). The original 

overpotential of HER (ηHER) on CTPAB, OTPAB and MTPAB and the OP of OER 

(ηOER) on CTPAB without light irradiation are indicated by the gray and yellow 

shaded bars. (b) Calculated absorption spectra of the three binary HT-polymers for 

light induced from the in-plane directions. 

 



Solar-driven water splitting on 2D binary HT-polymers 

Finally, we studied the specific thermodynamic processes of HER and OER on 

their surfaces. The HER process is accompanied by the formation of adsorbed H* 

intermediate. All possible H* adsorption configurations have been examined. By 

comparing the adsorption energy of H* on different potential active sites, we found 

that the H* species tends to be adsorbed on the O site at the bridge (Figure 4a) of the 

B-monomer side for 2D CTPAB but the carbon sites of the B-monomer side for 2D 

OTPAB and MTPAB (Figures S2 a and b). By examining the Gibbs free energy 

change (ΔG) of the elementary steps of HER without applying external potential, we 

found that the HER process on 2D CTPAB, OTPAB and MTPAB is unfavorable by 

showing a positive ΔG value of 0.21, 1.03 and 1.12 eV for the formation of H*, 

respectively, contributing to an uphill free energy profile of the first HER step as 

indicated in Figure 4b. The ηHER is calculated to be 0.21, 1.03 and 1.12 V for CTPAB, 

OTPAB and MTPAB (Equation S17), respectively (details can be found in the SI). 

Obviously, CTPAB is more active for HER than the other two structures due to the 

high electron affinity of O of the C=O bridge. Upon light irradiation, the 

photogenerated electrons on CTPAB, OTPAB and MTPAB will contribute to a drive 

potential (Ue) of 0.14, 1.55 and 1.90 eV for HER, respectively (Figure 3a). In this case, 

the HER process on OTPAB and MTPAB will proceed spontaneously with all the 

elementary steps becoming downhill. For CTPAB, although the first step of HER is 

still uphill upon irradiation, the remaining energy barrier is as negligible as 0.07 eV, 

which can be easily overcome by adding co-catalysts (e.g. Pt)343434 or applying 

external electric potential. Note that the solvation effect is not considered in this work 

which may quantitatively influence the calculated Gibbs free energy of different 

intermediates.60 However, the differences in photocatalytic activity as a function of 

the composition of the building monomers will not be qualitatively affected by the 

presence of water solvent. 

The OER process is more complicated and is accompanied by the gradual 

formation of oxygen-containing intermediates in a 4e process. Since 2D OTPAB and 



MTPAB are excluded from possible OER photocatalysts due to the unsuitable band 

edges, we only consider the OER process on 2D CTPAB here. As expected, 2D 

CTPAB inherits the catalytic activity from their unary counterparts, and the B-center 

is found to be the most favorable site for OER (Figure 4a). The free energy profiles 

corresponding to the formation of OH*, O* and OOH* species are first outlined in the 

absence of light irradiation. As shown in Figure 4c, all the four elementary steps are 

endothermic with the ΔG value of 1.60, 1.84, 1.14 and 0.34 eV for each step, 

indicating that the OER process cannot proceed on 2D CTPAB without an external 

potential. The rate determining step is the second oxidation step, corresponding to the 

formation of O*. The ηOER is calculated to be 0.61 V according to Equation S18. 

Under light irradiation, the photogenerated holes can provide an external drive 

potential of 0.75 V which can overcome the overpotential and contribute to a negative 

ΔG value for all the elementary steps. The dual-site process of OER is also considered 

as a comparison. As shown in Figure S3, the ηOER of the dual-site process remains to 

be 0.65 V under light irradiation, indicating that OER in this path is unfavorable. As a 

result, the OER process will spontaneously proceed in a single-site process on 2D 

CTPAB under light irradiation.  

CTPAB can facilitate both HER and OER processes on different surface active 

sites and the donor-acceptor characteristics is beneficial to effective electron/hole 

separation and will contribute to high quantum efficiency. However, co-catalysts or 

external electric potential are necessary to overcome the small energy barrier of HER 

under light-irradiation. Therefore, 2D CTPAB is predicted to be a promising 

non-metal photocatalyst or photoelectrocatalyst to facilitate overall water splitting.  



 

Figure 4. (a) Schematics for the elementary steps of HER and OER on CTPAB; Free 

energy profiles of HER on three 2D binary polymers (b) and OER on CTPAB (c) in 

the absence of light irradiation (U = 0 V) and under light irradiation (U = Ue or Uh).  

To summarize, by means of first principles calculations, we have systematically 

studied the structural, electronic and optical properties of three 2D binary polymers 

that are made of B- and N- centered HTs and explored their photocatalytic activity for 

water splitting. The integration of B- and N- centered HTs into a monolayer 

contributes to the formation of donor-acceptor type 2D networks, which are 

semiconductors with a direct band gap of 1.98-2.28 eV. The more narrowed band gap 

and higher dispersion of valence and conduction bands of these 2D binary 

HT-polymers than that of their unary counterparts, contribute to higher charge carrier 

mobility and more pronounced light absorption in the visible range of spectrum. With 

appropriate band edges and sufficient drive potential for both HER and OER, 2D 

CTPAB is predicted to be a promising photocatalyst/photoelectrocatalyst for overall 



water splitting. Our investigations demonstrate that lattice topology and component 

optimization including center atoms and bridge functional groups play an important 

role in controlling the electronic and optical properties of 2D polymers, which pave a 

new way in designing promising non-metal photocatalysts for overall water splitting. 
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