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Abstract 
 
Solar-to-hydrogen conversion is one of the most promising avenues to provide 

emission-free fuels and long-term chemical energy storage. Wide-range application 

crucially requires high-performance photocatalysts that are environmentally benign and 

free of precious metals. With high robustness, controllable composition, tunable 

electronic structure and high porosity, two-dimensional conjugated polymers (2DCPs) 

are among the most appealing candidates. We provide rational design principles for 

2DCPs which are suitable for water splitting, highlight progress and open challenges in 

synthesis, and review the recent theory-based investigations on 2DCPs for 

photocatalysis. The role of theory as indispensable tool is highlighted, as it promotes 

the understanding of the inner relationship between geometry, electronic structure and 

photocatalytic performance of 2DCPs and therefore enables rational design of new 

photocatalysts.  
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Challenges of photocatalytic water splitting 

Developing clean and renewable energy sources to replace fossil fuels is essential 

to meet the increasing human need in a sustainable manner. Photocatalytic water 

splitting is a promising strategy to produce storable and clean hydrogen fuel [1,2,3], 

and therefore should play an important role in relieving energy and environmental 

issues. The past decades have witnessed the fast development of effective and robust 

photocatalysts for water splitting. Inorganic materials including, but not limited to, 

transition metal oxides [4,5], nitrides [6], and sulfides [7,8] have been widely studied 

as photocatalysts. However, these materials usually suffer low quantum efficiency 

(Q.E., see Glossary) because of the fast recombination of charge carriers [4-8]. Besides, 

for some of them, toxicity, degradation problems, and high cost of transition metals 

have limited their wide application. Therefore, it remains to be important to develop 

stable and highly efficient metal-free photocatalysts for water splitting for potential 

applications at various scales.  

The immense recent progress of polymerization technology facilitates the 

construction of porous and highly ordered frameworks with engineered band structures 

by using the earth-abundant light-weight elements [9 -11 ]. The high robustness and 

nontoxicity of conjugated polymers have rendered them compelling photocatalysts for 

water splitting [12]. Some reviews have summarized the progress of developing various 

conjugated polymers of different dimensions for photocatalytic hydrogen evolution 

from aqueous solutions [ 13 -15 ], falling into classes of conjugated microporous 

polymers [16 -18 ] covalent triazine-based frameworks [19 ,20 ], covalent organic 

frameworks (COFs) [21 ,22 ], and linear conjugated polymers [23 ]. However, linear 

polymers usually suffer high binding energy of excitons because of the limited electron 

delocalization in the one-dimensional configuration. For three-dimensional (3D) bulk 

polymers, the generated hole/electron pairs need to travel a long distance in 3D space 

to reach the water molecules at the surface. During this process, hole/electron 

recombination occurs and the photocatalytic efficiency is significantly reduced. 

Many experimental studies have demonstrated that exfoliating layered polymers 

into nanosheets and introducing planar groups into the conjugated polymers were 

beneficial for improving the photocatalytic activity [24-27], as exfoliation reduces the 



 3 

path length to the surface and conjugation fosters higher mobilities [28 ]. The most 

widely studied 2D polymers for photocatalysis are nanosheets of graphitic carbon 

nitrides [29]. Various reviews have discussed the structure, synthesis and photocatalytic 

performance of carbon nitrides for water splitting [30-32]. However, the slow surface 

reaction kinetics, fast charge recombination and low carrier mobility have limited their 

applications as high efficient photocatalysts [33]. Co-catalysts were usually employed 

to improve their photocatalytic performance [34-36]. 

In principle, a good photocatalyst should be a semiconductor that has a moderate 

band gap (~1.5 ‒ 3.0 eV) to guarantee efficient light absorption in the broad spectrum 

of solar light while providing photo-excited electrons/holes with sufficient energy to 

overcome the positive Gibbs free energy change (∆G ≈ 237 kJ mol-1) of water redox 

reaction [ 37 ]. These critical requirements have confined possible candidates of 

commonly known materials and suggest that effective metal-free photocatalysts should 

be developed on the basis of materials classes with a wide potential of design options, 

such as 2D conjugated polymers (2DCPs).  

Current status of 2D polymers in the field of photocatalytic water splitting 

Light absorption and band edge alignment 

Broad optical absorption is the first prerequisite for a photocatalyst to generate 

photon-induced excitons (paired electron-hole through Coulomb attraction) and thus an 

important factor in determining the efficiency of a photocatalyst to utilize solar energy. 

Generally, the band gap (equals to the optical gap reduced by the exciton binding 

energy (EBE)) of a semiconductor is a direct reflector of its light absorption capability, 

which should be smaller than 3 eV so that the visible part of the solar spectrum can be 

captured. As exhibited in Figure 1a, the solar energy conversion efficiency of overall 

water splitting increases with increasing the wavelength of irradiation at different 

quantum efficiencies. Meanwhile, the valence band maximum (VBM) and the 

conduction band minimum (CBM) should be more negative and positive than the 

oxygen evolution reaction (OER) potential (E(O2/H2O), 5.67 eV vs. vacuum) and 

hydrogen evolution reaction (HER) potential (E(H+/H2), 4.44 eV vs. vacuum) (Figure 

1b), respectively, so that photon-induced OER and HER can occur. As a result, a 
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potential 2D polymer photocatalyst should have a band gap in range of 1.5 ‒ 3.0 eV to 

meet the requirements of having sufficient light absorption ability and appropriate band 

edge alignments. Definitely, a narrowed band gap in this range results in higher 

absorption (Figure 1a), as this energy range covers the most intense part of the solar 

spectrum (at the expense of energy dissipation of high-energy photons). Besides, the 

positions of CBM and VBM at the same k-point or at different k-points leading to the 

formation of direct or indirect band gaps, respectively, can also affect light absorption 

and the generated excitons of 2D polymers. Typically, for semiconductors with indirect 

band gaps, optical absorption relies on phonon-assisted processes. However, the photo-

generated electrons and holes have different momentum and the change of electron 

wavevector is required for the transition from CBM to VBM, which will suppress 

exciton annihilation and show longer exciton lifetime than that with direct band gaps 

[38], thereby promoting water splitting. The electronic structures of 2D polymers can 

be slightly adjusted by controlling the thickness, while applying out-of-plane electric 

field and external strain are also possible strategies [39]. However, many 2D polymers 

exhibit large band gaps due to weak electronic interaction between building units, while 

the requirement for appropriate band edge alignments further excludes a number of 2D 

polymers from possible photocatalysts that can be used for overall water splitting.  

 

Figure 1. Requirement for light absorption and band edge alignment. (a) Solar 

energy conversion efficiency as a function of wavelength for overall water splitting 

using photocatalysts at Q.E. of 30%, 60% and 100%. (b) Scheme illustrating the band 

edge alignment of a potential photocatalyst to facilitate both HER and OER processes 

by matching the water redox potentials. The driving force of photo-generated electrons 
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(Ue) and holes (Uh) for reduction and oxidation is determined by the potential difference 

between the CBM and the E(H+/H2) and that between the VBM and the E(O2/H2O), 

expressed by Ue = [CBM ‒ E(H+/H2)]/e and Uh = [E(O2/H2O) ‒ VBM]/e + 1.23 V, 

respectively.  

Exciton dissociation and charge transfer kinetics 

Photo-generated excitons (electron-hole pairs) form when a semiconductor 

absorbs light of energy larger than its optical gap and should be dissociated so that the 

electrons and holes can freely and independently stimulate HER and OER, respectively. 

For bulk polymers, the EBE is larger than kBT (~ 25 meV), so excitons cannot dissociate 

at room temperature. Therefore, the supply of an additional energy is required to 

overcome the EBE. Since exciton dissociation can be impelled on the polymer–solution 

interface or polymer–polymer interface in heterogeneous materials [40], 2D polymers 

that have high surface area of polymer-water interface are appealing candidates to 

achieve high quantum efficiencies [41]. Computational investigations indicate that the 

EBE of graphitic carbon nitrides can be reduced by increasing the polymerization of 

the structures, thereby helping to improve the exciton dissociation efficiency [42]. 

To further accelerate exciton dissociation and restrain charge recombination, Z-

scheme photocatalytic systems (Figure 2 a) have been widely developed as effective 

devices to separately generate H2 and O2 on different interfaces and show higher solar-

to-hydrogen conversion efficiency than that of a single photocatalyst [43]. Ruan et al. 

have recently demonstrated that nanojunction of B-doped carbon nitride nanolayer and 

bulk carbon nitride show higher incident photon-to-current efficiency than that of 

carbon nitride film [ 44 ]. By employing time-dependent ab initio nonadiabatic 

molecular dynamics, Zhang et al. have predicted that Z-scheme heterostructure of 

monolayer BCN and C2N (Figure 2 b-d) possess high interface electron-hole 

recombination rate and is a promising photocatalyst for overall water splitting [45].  
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Figure 2. Z-scheme photocatalytic system for water splitting. (a) Schematic illustration 
of a two-step Z-scheme photocatalytic mechanism. Upon light irradiation, electrons will 
be excited from VB to CB, leaving holes in the VB of these two semiconductors. The 
CB-electrons in the semiconductor (left) with lower energy combine with the VB-holes 
in the semiconductor (right) via Ohmic contact, resulting in oxidative VB-holes and 
reductive CB-electrons accumulated at the left and right semiconductors to promote 
OER and HER, respectively. This system can not only suppress charge recombination 
of individual semiconductors but also preserve strong redox electron-hole to facilitate 
water splitting at separated sites. (b) Optimized geometric and (c) band structure of 
BCN/C2N heterostructure. The gray, blue, and pink balls denote C, N, and B atoms, 
respectively. The redox potentials of H+/H2 and H2O/O2 are indicated by red dashed 
lines. (d) Orbital distribution of the CBM and VBM of BCN/C2N. The isovalue is 0.002 
e/bohr. Reproduced, with permission, from [45]. 

Aside from effective exciton dissociation, fast charge migration is also essential to 

guarantee high Q.E. of photocatalytic water splitting, which determines the rate of 

electron and hole transfer to adsorbed molecules or co-catalysts. For 2D polymers, the 

exciton mobility is limited to in-plane transfer, where the insufficient interaction of π-

electronic building units usually results in low charge carrier mobilities [46]. A high 

degree of π-conjugation and crystallinity of 2D polymers yields band dispersion and 

therefore enhances charge carrier mobilities [ 47 , 48 ]. Dong and co-workers have 

recently summarized the internal and external modification strategies to optimize the 

carrier mobility of 2D g-C3N4 [31]. For instance, the in-plane carrier transfer of g-C3N4 
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can be effectively improved by expanding the π-electron delocalization via introducing 

aromatic groups or embedding aromatic rings [ 49 - 51 ], which in turn enhances 

photocatalytic performance for hydrogen evolution.  

Thermal dynamics of overall water splitting 

After the basic physical properties are satisfied, the photocatalytic performance 

will be finally determined by its catalytic activity to facilitate the thermodynamics of 

HER and OER. The overall water splitting can proceed only if the driving force 

provided by the photo-generated electrons and holes (Ue and Uh as illustrated in Figure 

1b) are higher than the thermal dynamic overpotential (OP) of HER and OER, 

respectively, so that the associated ΔG in both cases is negative. However, the sluggish 

4e process of OER typically is the bottleneck of photocatalytic efficiency. Although 

many 2D polymers were designed and synthesized to facilitate the HER process, few 

of them can overcome the high OP of OER because of the unfavorable band edge 

alignment (contributing to insufficient value of Uh). Two well-known polymers that can 

photocatalyze OER are g-C3N4 and CTF-1 [52,53], however, demanding the assistance 

of sacrificial electron acceptors.  

Designing principles of 2D conjugated polymers for photocatalysis 

Polymerization using coupling reactions yielding conjugation between the 

building units has been demonstrated to be an effective strategy to reduce the band gap 

[ 54 -56 ]. Conjugated bridging enhances π-electron delocalization yielding to band 

dispersion, which results in narrowed band gaps. However, high π-electron conjugation 

of the building monomers is the most fundamental basis to ensure the high conjugation 

of the constructed 2D lattice. For instance, C=C-containing 2D organic frameworks 

have been recently synthesized, with pronounced π-delocalization over the entire 2D 

network [57-59]. In the light of these experimental advances, using organic monomers 

with high π-electron conjugation and HOMO-LUMO gaps of 3-4 eV as the building 

units appears to be an efficient strategy to construct highly conjugated 2D polymers for 

photocatalysis. Note that the HOMO-LUMO gaps must be chosen larger than the 

envisaged band gap, as band dispersion will yield smaller band gaps. This effect 

enhances with the degree of π- conjugation. 
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Heterotriangulenes (HTs) are promising building units since they are planar 

molecules with three conjugated benzene rings in one molecule [60], and the HOMO-

LUMO gaps are in range of 3‒4 eV (Figure 3a). The threefold symmetry and high-

degree of π-conjugation of HTs allow the formation of conjugated 2D honeycomb-

kagome lattices (Figure 3b) via on-surface polymerization (Figure 3c-h) [61,62]. By 

scanning tunneling spectroscopy and DFT calculations, Steiner et al. have  

demonstrated that the electronic band gap of HTs decreases when going from the 

monomer to 1D and 2D surface-confined organic polymers comprising the same 

building unit [61]. Recently, Galeotti et al. have synthesized long-range ordered 2D HT-

polymers and confirmed the semiconducting properties with the presence of Dirac cone 

structures and flat bands by using angle-resolved photo electron spectroscopy (ARPES) 

[62,63]. By means of first-principles calculations, we have demonstrated that 2D HT-

polymers constructed from B- and N- centred HTs are semiconductors with band gaps 

of 1.80 - 2.84 eV, thus ideally suited for water-splitting applications, and show high 

charge carrier mobilities [64]. A further check of the electronic and optical properties 

indicated that altering the heteroatoms and bridge groups effectively adjusts the band 

edges and enhances light absorption (Box 1). As a result, the appropriate band edge 

alignment (Figure 3i) and good light absorption capability (Figure 3j) render 2D HT-

polymers potential photocatalysts for HER or OER processes, respectively [65]. We 

have further demonstrated that the electronic properties of 2D polymers are determined 

by their lattice topology (Figure 3b) and the honeycomb-kagome lattice contributes to 

single-band features of 2D HT-polymers. As a result, coupling B-and N- centered HT-

polymers in a Z-scheme manner (Figure 3k) with spatially separate electrodes allows 

effective overall water splitting with suppressed electron/hole recombination.  
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Figure 3. 2D polymers made of heterogriangulenes (HTs) for water splitting. (a) 
Frontier orbitals and band positions of HTs, including carbonyl-bridged 
triphenylborane (CTPB), carbonyl-bridged triphenylamine (CTPA), methylene-bridged 
triphenylborane (MTPB), methylene-bridged triphenylamine (MTPA), oxygen-bridged 
triphenylborane (OTPB) and oxygen-bridged triphenylamine (OTPA), and 
corresponding 2D HT-polymers. Readapted, with permission, form 64. (b) The unit cell 
(indicated by the red dashed line) of 2D CTPA with the honeycomb (top-left) and 
kagome (top-right) sublattices, and first-principles band structure with band 
contributions arising from the nitrogen honeycomb sublattice (down-left) and the π-
conjugated carbon atoms to the kagome and honeycomb sublattices (down-right) (c,d). 
Scanning tunneling microscopy (STM) images and (e-h) constant height dI/dV maps of 
long-range 2D CTPA polymer. Readapted, with permission, form [62] and [61]. (i) 
Band edge alignments of 2D HT-polymers in comparison with the redox potentials of 
water splitting at pH = 0. The half-reaction can proceed thermodynamic favorably if no 
OP is remained after light irradiation. (j) Computed absorption spectra for light incident 
from the parallel direction of 2D CTPB, CTPA, and OTPA at the HSE06 level of theory. 
(k) Proposed tandem device of 2D CTPB and dimethylmethylene-bridged 
triphenylamine (DTPA) for overall water splitting. Readapted, with permission, from 
[65]. 
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The calculations referred to in Box 1 are straight-forward at various levels of theory 

(such as time-dependent density-functional theory (TD-DFT) or ab initio theory) [66], 

both for the isolated molecules and the extended 2DCPs. The more challenging task is 

the prediction of the photocatalytic properties of the polymer material, as they are the 

necessary (but not yet sufficient) condition of the designed material to be a good 

photocatalyst. 

By topological assembling molecular segments with catalytic activities toward 

HER or OER (Figure 4a), respectively, Wan et al. have theoretically designed 2D 

nitrogen-linked COFs as potential photocatalysts [67]. The rational combination of the 

active molecular segments allows the construction of 2DCPs with appropriate band 

edge alignments (Figure 4b, c) and pronounced light absorption (Figure 4d) for overall 

water splitting. By constructing a Z-scheme system (Figure 4c), a high theoretical 

energy conversion efficiency of over 20.6 % can be realized. The high photocatalytic 

activity was further confirmed by experimental measurements, which demonstrated the 

reliability of theoretical calculations in predicting metal-free photocatalysts for overall 

water splitting.  

Box 1: Design Principles of 2D conjugated polymers (2DCP) for photocatalytic 
water splitting:  

1. Select monomers with HOMO-LUMO gaps of 3-4 eV. Conjugation will lower the 
HOMO-LUMO gap in the polymer, the stronger the conjugation, the stronger the 
reduction. In principle, molecular monomers that contain high concentrations 
of conjugated groups (such as phenyl, alkynyl and azaaryl) can be used as 
building units to construct 2D conjugated polymers. However, it is important 
to ensure that those conjugated groups can interact efficiently after 
polymerization, so that a high degree of conjugation of the constructed 2D 
polymers can be achieved.  

2. Calculate the absorbance (UV/Vis spectrum) of the 2DCPs. Use functional groups 
to tune/enhance absorption 

3. Use heteroatoms to shift the band edges to lower or higher values in order to adjust 
them with respect to the electrode potentials.  

4. Chose a 2D network that will give strong band dispersion, such as honeycomb or 
kagome lattices featuring Dirac points. 

5. Analyze electronic structure and absorbance of the 2DCPs and adjust design if 
necessary by iterating back to 1.) 
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Figure 4. 2D nitrogen-linked COFs for water splitting. (a) Schematic illustration of 
design principles of 2D nitrogen-linked COFs. (b) band edge alignments of designed 
2D COFs in comparison with water redox potentials at pH = 0 (c) Schematic of 
assembling aza-CMP and Ao-TST in a Z-scheme heterostructure. (d) Estimated solar-
to-energy conversion efficiency simulated with a blackbody radiation at 6000 K and a 
Q.E. of 100%. Readapted, with permission, from [67]. 

Very recently, donor-acceptor based 2D conjugated polymers have been 

demonstrated to be efficient photocatalysts for water splitting. By coupling electron-

accepting building blocks and electron-donating linkers through the Knoevenagel 

polymerization reaction, Xu et al. have synthesized thiophene-bridged donor-acceptor 

sp2-carbon-linked 2DCPs [68]. Possessing a wide light-harvesting range and facilitated 

charge transfer, those polymers were demonstrated to be promising photocathodes with 

high photocurrent density for hydrogen evolution. By employing DFT calculations, we 

have recently designed donor-acceptor 2D binary polymers from heterotriangulenes for 

photocatalytic water splitting [69]. The alternate arrangement of B- and N-centered 

heterotriangulenes as in hexagonal boron nitride provides another strategy for 

manipulating potential photocatalysts to promote overall water splitting. In view of the 

above experimental and theoretical progresses, screening molecular building units 

(following principles of Box 1) through examination of the geometric symmetry, 

frontier orbitals and surface activity for thermodynamics of OER and HER allows a 

delicate design of 2DCPs with controlled topology and chemical functionalization as 

promising candidates for photocatalysis. 
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State-of-the-art computational approaches to reveal activities of 2DCPs  

Accuracy of theoretical predictions depends on the computational approaches used 

to describe the basic properties of 2D polymers, including but not limited to the light 

absorption, band structure, and carrier mobility. The absorption spectrum of 2D 

polymers can be predicted by computing the imaginary part of the dielectric function 

according to the Kramer-Kronig relationship. Methods based on the Green’s function 

(G) and screened Coulomb interaction (W, i.e. GW) are most suitable to depict the 

optical spectrum of periodic crystals of polymers. For example, the optical gap of g-

C3N4 was calculated to be 2.6 eV by using GW-BSE method, only 0.1 ‒ 0.2 eV smaller 

than the experimental value [70]. The excitonic band gap of periodic bulk systems can 

also be estimated by TD-DFT calculations by adapting the Casida equation approach 

for molecular excitations [71]. Nevertheless, these methods are very expensive and 

often computationally too expensive for 2D polymers which usually possess dozens of 

atoms in the unit cell. However, recent progress in the linear scaling of GW theory make 

such calculations feasible [72]. A viable compromise is offered by hybrid DFT methods 

(e.g. S06 and PBE0), which are widely used in estimating the electronic and optical 

properties of 2D polymers and give reliable predictions [73,74]. For example, Bi et al. 

synthesized a sp2 carbon-jointed-pyridinyl framework (g-C40N3-COF) and 

demonstrated that the DFT-HSE06 calculated band gap (2.29 eV) was only 0.07 eV 

smaller than the experimental value (2.36 eV) [59]. 

The band edge alignments based on HSE06 calculations can be rationalized by 

regulating the VBM and CBM by the vacuum potentials, which are taken as the 

potential energy at the edge of the vacuum layer. The impact of pH on the electrode 

potentials of HER and OER can be further digitized by E(H+/H2) = ‒4.44 eV + pH×

0.059 eV and E(O2/H2O) = ‒5.67 eV + pH×0.059 eV, respectively [75]. However, the 

combined impact of pH value to the performance of photocatalysts is complex, not 

limited to its additional effects on the thermodynamics of HER and OER [67]. Many 

theoretical studies only evaluated the photocatalytic activity of 2D polymers without 

considering the effect of different pH conditions [27,65]. 
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 Box 2: Thermodynamic simulation of HER and OER:  

The 2e and 4e pathway of HER and OER in acid solvents can be described using the equations 
given below. 

HER: 
* + H+ + e- → H*                                                      [1] 
H* + H+ + e- → H2                                                     [2] 
OER: 
* + H2O → H+ + e- + OH*                                              [3] 
OH* → H+ + e- + O*                                                  [4] 
OH* + H2O → H+ + e- + OOH*                                          [5] 
OOH* → H+ + e- + O2                                                  [6] 

The active sites for HER and OER can be theoretically determined by estimating the adsorption 
energy of the corresponding intermediates, namely H* and OH* species, respectively. 
Generally, the electron-deficient site is more active for the adsorption of OH*, while the H* 
species tends to be adsorbed at the electron-rich site (Figure I). By employing the 
computational hydrogen electrode model proposed by Nørskov et al., the thermodynamics of 
HER and OER can be evaluated by estimating the ΔG of the two and four elementary steps of 
HER and OER processes, respectively. The standard hydrogen electrode (SHE) model is used 
as a reference and the potential for H+ + e- → 1/2 H2 is thus set to equilibrium with 0 V at pH 
= 0 vs. SHE.  

The ΔG is usually defined by: 
∆G = ∆E + ∆ZPE −  T∆S                                            [7] 
Here, ∆E  represents the total energy difference for the adsorbed HER or OER 

intermediates obtained from DFT calculation,  ∆ZPE  is the change of zero-point energy 
(ZPE), and T∆S denotes the influence of change in entropy, typically at ambient temperature 
(298K). Both the ZPE and entropies of HER and OER intermediates can be calculated based 
on the harmonic approximation to nuclear vibrations. Since the equilibrium potential for HER 
and OER is 0 and 1.23 V vs. SHE, respectively, the OP can be calculated as OPHER = max{ΔG1 , 
ΔG2}/e, and OPOER = max{ΔG3 , ΔG4, ΔG5, ΔG6}/e－1.23 V. ΔGi (i=1,2,3...) represents the 
free energy change of the electron-involved elementary steps of HER and OER as shown 
above. 

 

Figure I. Schematics for the overall water-splitting reactions on 2D polymers of OTPB (a) and 
CTPA (b). The active site for OER is the B and C (electron-deficient) site of OTPB and CTPA, 
which further facilitates the single- and dual-site OER mechanism (red cycle diagram), 
respectively. The HER (blue cycle diagram) proceeds at the C site of methine of OTPB and 
the O site of carbonyl of CTPA, respectively.  
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Computationally, the carrier mobility can be evaluated by employing the acoustic 

phonon-limited scattering model based on deformation potential theory [ 76 ]. The 

GGA-PBE functional, which in most implementations performs much faster compared 

to hybrid functionals, was demonstrated to be sufficient to predict very similar effective 

masses and carrier mobilities compared to those calculated by HSE06 [64]. This can be 

understood as the band shapes calculated by PBE typically are very similar to those 

computed at higher levels of theory, even though the conduction bands are shifted to 

lower values, which results the well-known band gap underestimation of PBE and other 

local functionals. As consequence, the costly calculation of electron and hole mobilities 

can be performed using local functionals such as PBE. However, due to the fact that the 

synthesized 2D polymers usually contain defects or impurities, the experimental carrier 

mobilities typically are inevitably lower than the computationally predicted values. 

Based on the above computational protocol, many computational investigations 

have been performed to unambiguously understand the capability of experimentally 

synthesized 2D polymers to photocatalyze HER and OER (Box 2), and to 

computationally predict potential 2D polymers that can well facilitate overall water 

splitting [65,67]. For example, 1,3-diyne-linked conjugated microporous polymer 

nanosheets (CMPNs) prepared by oxidative coupling of terminal alkynes were 

demonstrated to be efficient photocatalysts for overall pure water (pH = 7) splitting [27]. 

By theoretically visualizing the band structure and simulating the ∆G of the elementary 

steps of HER and OER, the good photocatalytic performance of these polymers under 

visible light irradiation were well interpreted.  

High throughput computation and machine learning are new technologies to 

further accelerate the discovery of effective metal-free photocatalysts [77]. For instance, 

Bai et al. developed a set of high-throughput techniques that integrate both experiment 

and computation, thus allowing for the investigation of a large number of potential 

polymer photocatalysts [78 ]. By establishing the structure-property relationships of 

conjugated polyelectrolytes and using structural features that determine properties as 

descriptors in machine learning [79], Wan et al. have predicted structures beyond the 

database as photocatalysts for water splitting. Although high throughput DFT 

calculations and machine learning provide a highly efficient way to assist the discovery 
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of potential polymers for photocatalysis [80], challenges lie in the considering of more 

properties beyond optical gaps in the screening of overall composition space [81]. 

Photovoltaics vs. photocatalysis  

2D conjugated polymers with enhanced intralayer π-π interactions to facilitate 

exciton diffusion and charge transport are also promising candidates for photovoltaics, 

which can utilize solar irradiation to produce electricity directly. Usually, a p-type 

polymer and a n-type small molecule working as the donor and acceptor, respectively, 

assemble the optically active layer of organic photovoltaics (Figure 5 a) [82]. Here, a 

rather small band gap (an optimum region of 1.1~1.4 eV) allows for a broad absorption 

spectrum, and sufficient energy level offset between the LUMO of donor and acceptor 

guarantees effective exciton dissociation [83]. Benzodithiophene-based 2D polymers 

(Figure 5b) have been widely studied as donors and acceptors in photovoltaics [84,85]. 

Introducing substituted groups, such as alkylsilyl [ 86 , 87 ], alkoxyl and 

phenyl/alkoxylphenyl [88], were demonstrated to be an effective strategy to further 

improve the photovoltaics performance of 2D conjugated polymers. Actually, these 

strategies are adaptable to the design of 2D polymer photocatalysts, including varying 

the heteroatom of the building blocks and altering the side chains with different 

functional groups to engineer the fundamental properties including band gap, energy 

levels, carrier mobilities and EBE. 

 

Figure 5. 2D conjugated polymers for photovoltaics. (a) Schematic illustration of 
conventional all-polymer solar cells. Readapted, with permission, from [82]. (b) High-
photovoltaic performance 2D-conjugated BDT based polymers. 
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Stability and synthesis feasibility 

Although theoretical predictions are dependable and offer a way for designing and 

predicting new polymers with desired basic properties for photovoltaics and 

photocatalysis [89,90], the experimental realization of predicted structures is always a 

big challenge. The building blocks and linkages are crucial when deciding for the 

structure features and synthetic strategies [91,92]. A rational design of 2D polymers 

should be based on the possible synthetic strategies by using available building units. 

Previous experimental reviews have comprehensively concluded the available organic 

linkers, possible synthetic strategies, corresponding properties and applications of 

different ordered organic frameworks [93-95], providing useful references to design 

new structures. 

Figure 6. (a) Schematic illustration of selected design choices for the on-surface 

synthesis of 2D polymers. General factors of successful solvent-free on-surface 2D 

polymerization and tailoring of the polymer’s functionality include a suitable monomer 

design, substrate effects, activation methods, and choice of the coupling reaction.  

 

The first formation of porous, crystalline, COFs by Yaghi and co-workers in 2005 

[96 ] opened new avenues for the exploration of polymerization strategies to form 

crystalline 2D polymers from designed monomers at various interfaces [ 97 ]. On-

surface synthesis represents an attractive strategy for the atomically precise 2D polymer 
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synthesis because the surface serves as a template and catalyzes the bond formation, 

and offers direct imaging capabilities through scanning probe techniques, see Fig. 6 

[98-100]. The reversibility in the covalent bond formation is an essential prerequisite 

for constructing large-scale, high-quality 2D polymers together with a well-balanced 

diffusion and reactivity of the adsorbed precursor. Therefore, well-ordered 2D polymers 

have been successfully synthesized by manipulating the chemical equilibrium at the 

liquid/solid and vapor/solid interface, for example, in using boronic acids Schiff-base 

chemistry [101,102]. Recently, in-situ STM unveiled details of the nucleation process 

for the first time in real-time at the liquid/solid interface, which has enabled observation 

of the amorphous-to-crystalline transition, the time-dependent evolution of nuclei, and, 

importantly, the experimental determination of essential crystallization parameters with 

excellent accuracy [103]. In contrast, producing structural order using solvent-free on-

surface synthesis procedures in ultra-high vacuum (UHV) is challenging and only a few 

strategies have been identified so far to fabricate micrometer-sized domains of 2D 

polymers. The lack of reversibility inherently leads to high densities of topological 

defects, such as various polygonal cells [104,105]. In addition, often only small domain 

sizes (generally tens of nanometers) have been obtained due to the limited mobility of 

monomers on the surface and incompletely reacted monomers [106,107]. One of the 

few recent successful synthetic strategies for mesoscale-ordered, porous 2D polymers 

on surfaces in UHV uses topochemical photopolymerization [108], which has already 

proved successful in converting supramolecular single crystals into single crystals 

composed of stacked 2D polymer nanosheets [109,110]. Mesoscale ordering was also 

achieved via a hot deposition approach, demonstrated for 2D HT-polymers on a metal 

surface [62,63]. These results confirm the synthesis possibility and stability of 2D HT-

polymers using surface coupling methods. In addition, the controlled synthesis of few-

layer 2D polymers was also successfully achieved at the air-liquid interface, for 

example polyimide crystals were synthesized on the surface of water, assisted by 

surfactant monolayers [111]. In conclusion, the discussed examples indicate the high 

feasibility of constructing 2D conjugated polymers from appropriate organic monomers 

for photocatalysis.  

Concluding remarks 
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With the advantages of cost-effective, lightweight, high porosity, high crystallinity 

and flexible manufacturability, 2D semiconducting polymers have been concerned as 

appealing candidates for photocatalytic and photovoltaic devices. First principles 

calculations are reliable in evaluating the fundamental properties of semiconductors 

including optical gap, band alignments, carrier effective masses and mobilities, and 

therefore provide insightful perspectives for the design of advanced metal-free 

polymers for solar energy applications. Here we have summarized the latest advances 

in the development of promising 2D conjugated polymers as photocatalysts from the 

theoretical point of view. Constructing 2D conjugated polymers by using appropriate 

organic monomers to meet the prerequisites of being an effective photocatalyst and 

conforming to the experimental synthesis possibility is essential in designing and 

screening potential metal-free photocatalysts for water splitting. 

There are also challenges facing future computational development of 2D 

conjugated polymers for photocatalysis. (1) Although HSE06 is currently a 

compromised option to reproduce the band structures of 2D polymers, a more accurate 

and less expensive theory need to be developed to well describe the electronic and 

optical properties. (2) The kinetics of solar-driven HER and OER on 2D polymers need 

to be studied in depth and the pH conditions should be fully considered to obtain a 

comprehensive understanding of the real water splitting processes. (3) An integrated 

and comprehensive material library of 2D polymers and their building units need to be 

complemented to provide a data base for the future design and screen of 2DCPs for 

photocatalysis and photovoltaics, which requires the combination of artificial 

intelligence technologies (e.g. high throughput computation and machine learning). 

The preparation of 2D polymers has been explored at several interfaces, as 

confining polymerization to 2D can template or catalyze the bond formation. Central 

design considerations for on-surface 2D polymerizations include a rational design of 

the precursor as well as a suitable choice of the substrate and the activation method for 

the covalent coupling. Recent progress in surface and interface polymerization 

confirms the high feasibility of constructing 2D conjugated polymers from appropriate 

organic monomers for photocatalysis. The fundamental understanding of the reaction 

mechanisms and crystallization processes at the (sub)molecular level is essential for a 



 19 

predictive synthesis and for tailoring material properties for applications in 

photocatalysis and (opto)electronics. 
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Glossary  
Conjugated microporous polymers: organic porous polymers that combine π-conjugated 

skeletons with permanent nanopores. 

Covalent triazine-based frameworks: porous organic materials as a subclass of conjugated 

microporous polymers, composed of aromatic C=N linkage (triazine unit) with the absence of 

other covalent bonds. 

Co-catalysts: Co-loaded catalysts used to achieve high photocatalytic efficiency by providing 

trapping sites for the photogenerated holes or electrons to suppress charge recombination. 

Exciton binding energy (EBE): the energy difference between a bound electron-hole pair on 

one molecular unit and a free electron and hole on different units. 

Gibbs free energy change of water redox reaction: The free energy change for the 

transformation of one molecule of H2O into H2 and 1/2O2 in standard conditions is ΔG = 237 

kJ/mol, which corresponds to ΔE°=1.23 V per transported electron according to the Nernst 

equation.  

k-point: sampling points in the first Brillouin zone of the material. 

Knoevenagel polymerization reaction: the condensation reaction between the electron-

accepting building blocks (compounds containing an aldehyde or a ketone) and electron-donating 

linkers (active hydrogen compounds) in the presence of a basic catalyst to yield polymers linked 

by unsaturated bonds. 

Overpotential (OP): the potential difference above the equilibrium potential required to 

overcome the activation energy of the cell reaction to produce a specified current.  

Quantum efficiency (Q.E.): the ratio of the number of carriers collected by the solar cell to the 

number of photons of a given energy incident on the solar cell. 

Z-scheme: a charge transfer mechanism in a heterostructure, where a two-step photoexcitation 

process harvests sufficient energy to drive the photo-induced watersplitting half reactions. It 

involves the transfer of an electron across the heterostructure boundary (its visualization 

resembles the Latin letter “Z”). 
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