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ABSTRACT
As semiconductor photocatalysts, heterojunction emerges as an attractive and promising research subject in the area of photocatalysis recently. However, insufficient interaction and unsatisfied stability are the pivotal problems that restrict photocatalytic performance. In this work, a new strategy to construct stable type Ⅱ heterojunctions by the introduction of carboxyl-functionalized Diketopyrrolopyrrole (DPP) coupled with fluorene/phenyl polymers into g-C3N4 was developed, affording efficient photocatalytic water-splitting hydrogen production. Assembling by π-π interaction and covalent bonding interaction, the effective internal embedded electric field (IEF) was successfully erected between DPP polymers and g-C3N4. Additionally, in-situ XPS spectroscopy confirmed the orientation of electron flow from polymer to g-C3N4 within the IEF under light illumination. Therefore, the HER up to 35.7 mmol·h-1·g-1 (0.89 mmol·h-1, 25 mg photocatalyst) for PDWCOOH/g-C3N4 heterojunction was achieved with value of apparent quantum yields (AQY) at 28.2% under 550 nm. The HER of resultant heterojunctions is almost 40 times higher than the pristine g-C3N4, directing the design and construction of stable, efficient, and well-performed heterojunctions for photocatalysis.
INTRODUCTION
The unprecedented deterioration of environmental climate and fossil energy crisis have made it increasingly urgent to achieve carbon neutralization worldwide, altering with sustainable and renewable energies such as solar energy, wind energy, and hydrogen energy.1 Solar energy as an inexhaustible and renewable energy has been extensively employed as source to store energy into chemicals.2 More interestingly, hydrogen has been investigating as clean, renewable, harmless and carbon-free energy which can be transformed from solar energy3 and widely used in fuel cells,4 biomedical industry5 and various chemical reactions in the past decades.6 No matter H2 generates either heat via combustion, or electricity by combining with oxygen in a fuel cell, water is the only by-product during those processes, making it recyclable and renewable.7 Therefore, photocatalytic water splitting to generate hydrogen with semiconductor-based photocatalysts under light irradiation is a straightforward strategy and an effective method. Since titanium dioxide first reported as a promising semiconductor electrode in water electrochemical photolysis in 1972,8 extensive researches based on inorganic semiconductor have been contributing to the development of new type photocatalysts. However, challenges in tuning and adapting of inorganic photocatalysts led to the development of molecular homogeneous systems, with the stability and efficiency of being problematic.9-11
Considering the availability, diversity and performance, organic polymer semiconductor materials have attracted much attention as the alternative to those inorganic counterparts. Such photocatalysts can be constructed by earth-abundant elements with accessible and flexible process, making them cheaper and less toxic than inorganic semiconductors.12 Wang’s group has investigated graphitic carbon nitride (g-C3N4) as a new class of organic photocatalysts.13 Owing to the simple preparation methods and high thermal stability of g-C3N4, further development have been devoted to the modification through morphological control,14 band structure engineering15 and heterojunction strategy,16-20 ameliorating the drawbacks of plain visible-light capture capability (normally lower than 460 nm), strong charge recombination characteristic, and low charge mobility.21 Among those modifications, heterojunctions strategy has significant advantages and being of preferable. According to the band alignment of semiconductors, heterojunctions can be categorized into three classes, labelled as type Ⅰ, type Ⅱ and Z-scheme. Besides, type II heterojunctions of inorganic semiconductor/g-C3N4 for efficient H2 evolution have been intensively explored.22,23 However, these types of heterojunctions usually contain metals, which may cause toxic metal transudation and secondary contamination during and/or after the reaction. To which end, the introduction of organic polymer semiconductors into g-C3N4 has emerged as an effective way to upend the status quo.
Conjugated organic polymers employed as semiconductor photocatalysts have experienced a few decades to be promoting materials, such as liner polymers,24-26 covalent triazine frameworks (CTFs),27-29 conjugated microporous polymers (CMPs)30-33 and conjugated organic frameworks (COFs).34-36 Compared to inorganic semiconductors, conjugated organic polymers are prone to be synthesized by various monomers and possess chemical and thermal stability as well as excellent electronic properties.37,38 Lately, Hua et al. designed and synthesized a series of D-A polymers/g-C3N4 heterojunctions to realize photocatalytic water splitting hydrogen production.16,39 However, vast majority of polymers/g-C3N4 heterojunctions were constructed through noncovalent interactions up to date, such as π-π stacking and electrostatic interactions.40 The heterojunction engineering relies on both covalent and noncovalent interactions theoretically to be effective in strengthening the interfacial contact, albeit a scarce literature report.
As an efficient light-absorption moiety, DPP has been exploiting as privileged structural scaffolds for photocatalysts in the virtue of the strong electron-deficient and planar configuration.41-45 Meanwhile, carboxyl group as the ending unit in many dye molecules were reported as the active moiety to promote the anchored and dispersed process to both TiO2 and g-C3N4 system. 46-48 Given the interactions based on chelation effect or π-π stacking effect between polymers and the other semiconductor hardly beneficial to the construction of the intimate composites, a new strategy to construct dual-interacting heterojunctions with g-C3N4 and two D-A type conjugated organic polymers PDWCOOH/PDBCOOH with fluorene/phenyl as the electron donor and DPP containing n-butyric acid groups as the electron acceptor were was designed and implemented. A corresponding polymers PDWC/PDBC with butyl groups instead of n-butyric acid groups were synthesized for the purpose of comparison (Scheme 1). The g-C3N4 was selected as the other semiconductors, aiming the amide bond formation between the copious terminal amino group (-NH2) and -COOH groups in the side chains of DPP. The resultant heterojunctions were fully characterized with FTIR, PXRD, TEM, SEM and XPS. Furthermore, XPS and FTIR spectra and data indicated the amide bond formation between the carboxyl-functionalized DPP polymers and g-C3N4. The photoelectrochemical properties of the heterojunctions also supported that the covalent bond and intermolecular π-π stacking interactions are benefit for charge separation and migration. Ultimately, The the performances of heterojunctions for H2 production under visible-light irradiation (420 nm ≤ λ ≤ 780 nm) were tested conducted. It is found that the HERs of PDBC/g-C3N4/Pt, PDWC/g-C3N4/Pt, PDBCOOH/g-C3N4/Pt and PDWCOOH/g-C3N4/Pt under visible-light illumination and using ascorbic acid (AA) as sacrificial agent are 16.3, 18.4, 23.5 and 35.7 mmol·h-1·g-1, respectively, which are 18, 20, 26 and 40 times higher than the pristine g-C3N4/Pt, separately. In addition, an AQY of PDWCOOH/g-C3N4/Pt system reaches 28.2% at λ=550 nm. UPS, in-situ XPS experiment and spin-unrestricted density functional theory (DFT) calculations were performed to verify the mechanism. As seen shown in Figure 1, it is the first example of constructing polymer/g-C3N4 heterojunction through covalent amide bond and π-π interactions to facilitate photocatalytic water splitting hydrogen production, providing a new strategy to promote electron transfer characteristics of material surface in photocatalytic process.
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Scheme 1. The structure of PDWCOOH, PDBCOOH, PDWC and PDBC.
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Figure 1. Diagram of PDWCOOH/g-C3N4 for photocatalytic water splitting.
EXPERIMENTAL SECTION
Materials and Measurements. The original compounds of 1,4-benzenediboronic acid bis (pinacol) ester and 2,7-dibromo-9H-fluorene were commercially purchased and used directly. The starting monomers DPPC4, DPPCOOH, polymers PDBC and PDBCOOH were synthesized following our previous work.38 All other reagents used for synthesis were from commercial sources and used as received unless indicated otherwise. Glassware was dried in the oven at 100 °C for overnight prior to usage and all reactions were operated under argon atmosphere.
1H spectra were measured on the Bruker AM-400 MHz. The FTIR spectra were measured on Bruker Alpha-P ATR spectrometer. Powder XRD patterns were carried out on a PANalytical X’Pert PRO MPD, using in high throughput transmission mode with Kα focusing mirror and PIXCEL 1D detector with a Cu X-ray source. DRS UV-vis absorption spectra were recorded at room temperature on a Varian Cary 500 spectrophotometer. High resolution transmission electron microscopy spectra (HRTEM) were recorded on the JEM-2100EX to obtain the sample morphologies. Scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS) were carried out on Gemini SEM 500. Photoluminescence (PL) spectrum was carried out on Hitachi F-4500 fluorescence spectrophotometer at room temperature and the excitation wavelength of the PL emission spectra was 550 nm. XPS data were acquired on a Perkin-Elmer PHI 5000C ESCA system, the test condition is at 250 W (Al K α radiation). In-situ XPS was performed on Thermo Fisher Escalab 250Xi, the test condition is at 150 W (Al K α radiation) and the X-ray beam spot 500 μm. Fixed transmission energy of energy analyzer used 80 eV, full spectrum energy and fractional spectrum is 100 eV and 30 eV, respectively. All binding energies were based on the C 1s peak (284.6 eV). UPS data were tested by Thermo Fisher Escalab 250Xi with HeI (21.22 eV) as Pt. 
Synthesis of Polymers. Synthesis of PDWC: 2,7-bis (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluorene) (418 mg, 1 mmol), and DPPC4 (558 mg, 1 mmol), tetrakis (tri-phenylphosphine) palladium (0) (11.5 mg, 0.01 mmol) and one drop of Aliquat 336 (methyltrioctylammonium chloride), employed as a phase transfer catalyst to accelerate the polymerization reaction, were dispersed in the mixture solvent of toluene (10 mL) and 2M aqueous solution of potassium carbonate (10 mL, 15 mmol) in a Schlenk tube. The Schlenk tube was quickly degassed with argon under vacuumed for three times and then heated under argon at 110 °C for 48 h. The mixture was then cooled to room temperature followed by dropping into methanol (500 mL) slowly. The precipitate was subsequently filtered and washed with the H2O (100 mL) and methanol (100 mL) for three times. After Soxhlet extraction for 48 h with acetone to remote the oligomer and the starting materials, the resultant solid was dried in a vacuum oven, affording the pristine polymer PDWC with a yield of 50% (238 mg). 1H NMR (400 MHz, Chloroform-d), δ 7.727.60 (d, 8H), 7.52 (s, 2H), 7.437.30 (d, 4H), 5.30 (s, 2H), 2.23 (d, 4H), 0.760.88 (m, 14H). GPC: Mn=6747, PDI=1.375.
Synthesis of PDWCOOH: 2,7-bis (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluorene) (418 mg, 1 mmol) and DPPCOOH (616 mg, 1 mmol) were used as the monomers of PDWCOOH. The synthesis procedures were as same as above. While for the workup process, concentrated HCl (30 mL) was added into the solution to adjust the pH to 2 after dropping the mixture into methanol. The resulted mixture was then stirred for 1 h at room temperature, affording solid precipitation. The solid was treated with the above-mentioned procedures. The pristine polymer PDWCOOH was obtained with a yield of 60% (250 mg). 1H NMR (400 MHz, DMSO-d6) δ 12.16 (s, 2H), 8.107.90 (d, 8H), 7.827.73 (s, 6H), 3.563.41 (m, 6H), 2.302.08 (m, 4H), 1.531.20 (m, 4H). GPC: Mn=25730, PDI=1.613.
Synthesis of g-C3N4. The method of graphitic carbon nitride (g-C3N4) preparation was adopted with reference to the reported literature.49 5 g of grounded urea was put in a crucible and heated under static air at 550 °C for 5 h with a ramping rate of 5 °C min-1. The resultant yellow powder was collected for use without further treatment.
The g-C3N4 powder was then loaded with Pt nanoparticles by photodeposition.50 600 mg g-C3N4 was added into the mixed solution of H2O (300 mL) and methanol (100 mL) by ultrasonic dispersion. After dropping 2400 μL H2PtCl6·6H2O (1 g/100 mL) into the mixture with pipette gun, the well-dispersed solution was irradiated with a Xe lamp (300 W) for 5 h. Ultimately, the 1.5 wt% Pt/g-C3N4 composite was prepared by centrifugation, washed with H2O (80 mL) and ethanol (80 mL) for three times and dried up under vacuum at 50 °C for 12 h.
Preparation of Polymers/g-C3N4 Heterojunctions Photocatalysts. All of the polymers/g-C3N4 was prepared by the same procedures. Taking PDWCOOH/g-C3N4-X (X represents the mass of polymers) for the example, X mg PDWCOOH was dissolved in the THF (50 mL) and then added 100-X mg g-C3N4/Pt, the resultant compound was dispersed by ultrasonification. The dispersion stirred at 45 °C in the darkness for 12 h. The even heterojunctions were constructed with planarized PDWCOOH and g-C3N4 through amide bond and noncovalent π-π interaction during the above process. Finally, after removing the solvent in the system and drying in the vacuum oven at 50 °C for 24 h, the light red heterojunctions photocatalysts PDWCOOH/g-C3N4-X (X=3, 5, 7, 9) could be used in the subsequent experiments.
Electrochemical Measurements. The electrochemical and photoelectrochemical measurements were carried on CHI650E electrochemical workstation with a traditional three-electrode system, which employed 0.2 M Na2SO4 as electrolyte solution, Pt wire and Ag/AgCl as counter and reference electrode, respectively. The working electrode was prepared as follows: the mixture of 5 mg samples (PDWCOOH), 15 μL Nafion (5%) aqueous solution and 50 μL deionized water were ground into slurry followed by uniformly coating onto cleaned fluorine-doped tin oxide (FTO) glass slide (1.6 cm × 1.2 cm) with an effective area of 0.25 cm2 and the FTO glass were fired at 120 °C for 1 h to improve interface adhesion. Mott-Schottky plots were recorded with a scan rate of 5 mV s-1. The I-t measurements were performed under the light on and off situations (300 W Xe lamp, λ > 420 nm) and the bias was 0 V versus Ag/AgCl. The electrochemical impedance spectra (EIS) measurements were executed with 10 mV as the open circuit voltage and 102-106 Hz as the frequency range.
Photocatalytic Tests and AQY Measurements. The photocatalytic performance was carried out in a closed gas circulation system (CEL-SPFLU-DFBZN) monitored with gas chromatograph (GC 2060, TCD detector and Ar) under 300 W Xe lamp (CEL-HXF 300). 25 mg polymers/g-C3N4 heterojunctions photocatalysts were dispersed in 50 mL deionized water containing 5 g AA as sacrificial agent for photocatalytic hydrogen evolution tests. Before the experiment, the closed gas system must be evacuated by a vacuum pump thoroughly and then the photocatalytic reactor was irradiated by a visible light source (300 W Xe lamp, 420 nm ≤ λ ≤ 780 nm) to carry out the photocatalytic tests. Furthermore, the apparent quantum yield (AQY) was estimated under monochromatic light irradiation (300 W Xe lamp, λ = 420, 450, 500, 550, 600, 630 nm) as the following formula:

where C is the amount of evolved H2 per hour (μmol); NA is the Avogadro constant (6.022 × 1023 mol-1); S represents the irradiation area (12.56 cm2); P indicates the illumination intensity of monochromatic light (W/cm2); t is the illumination time (3600 s); λ is the wavelength of monochromatic light (nm); h is the Plank constant (6.626 ×10-34 J·s); c is the speed of light (3 × 108 m/s).
Density Functional Theory Computational Methodology. Density functional theory (DFT) was calculated with Gaussian 16 program package.51 The different molecules (PDBC, PDWC, PDBCOOH and PDWCOOH) of the frontier molecular orbitals were optimized without symmetry constrains at the B3LYP52,53 level, and the 6-31G* basis set54 for C, H, N and O atoms. 
Notably, the work function often needed to be considered in the calculation of Pt13 cluster supported on g-C3N4 (Pt13/g-C3N4) and PDWCOOH systems, and the larger the work function of the catalytic materials, the more difficult it is to donor electrons. So, the Vienna Ab-initio Simulation Package (VASP)55 for the calculation of the work function of g-C3N4 and PDWCOOH systems was used. In the calculations, the spin-polarized projector augmented wave (PAW) methods56 were applied together with the Perdew-Burke-Ernzerhof (PBE)57 electron exchange correlation functional of the generalized gradient approximation (GGA).58 The energy cut-off of the wave function in the plane-wave basis was set to 400 eV, the calculations were implemented until the maximum force upon each relaxed atom was less than 0.05 eV Å-1. In order to study the work function of the PDWCOOH adsorbed on Pt13/g-C3N4 surfaces, the following models: a 5 × 2 unit of monolayer g-C3N4 loaded with Pt13 clusters and also with NH2 group, and all atoms were allowed to relax were used. The Brillouin-zone integration was performed along with a 1 × 1 × 1 Monkhorst-Pack grid for the different surface slabs, and the vacuum height was set to 15 Å to eliminate the interaction between neighboring slabs. In addition, the different molecules (PDBC, PDWC, PDBCOOH and PDWCOOH) adsorption energies (Eads) on g-C3N4 Pt13/g-C3N4 sites were calculated as below, 
Eads = Etotal – EPt13/g-C3N4 – Emolecule
where Etotal is the calculated total energy of the adsorption system, EPt13/g-C3N4 is the calculated energy of the substrate, and Emolecule is the calculated energy of the gas-phase molecule.

Calculation of Built-in Electric Field Magnitude. The magnitudes of built-in electric field for the materials were calculated by using the following equation developed by Kanata et al.59 
Fs = (-2Vsρ/εε0)1/2
Where Fs is the internal electric field magnitude, Vs is the surface potential, ρ is the surface charge density, ε is the low-frequency dielectric constant, and ε0 is the vacuum dielectric constant. Obviously, the built-in electric field magnitude is mainly determined by the surface voltage and the surface charge density since ε and ε0 are two constants.
In this paper, open circuit potential60 and zeta potential61 tests were adopted to characterize surface voltage and surface charge density. If the value of IEF of is normalized as 1.0, then the relative values for PDWC/g-C3N4, PDBCOOH/g-C3N4 and PDWCOOH/g-C3N4 is are 1.05, 2.38 and 3.70, respectively.
RESULTS AND DISCUSSION
[bookmark: _Hlk126916968]Synthesis. In order to elucidate how the structure of polymers within a heterojunction system could impact on the photocatalytic hydrogen production performance, the designed carboxyl functionalized diketopyrrolopyrrole-based polymers PDWCOOH/PDBCOOH and PDWC/PDBC without -COOH were synthesized through Suzuki-Miyaura coupling reaction using dibromo arenes and diboronic ester arenes as monomers. The details of synthesis can be seen in both experimental section and the supplementary information (Figure S1). and the obtained polymers were fully characterized, including 1H NMR and FTIR spectroscopy. 
It has been evidenced that the polymers/g-C3N4 was successfully constructed via π-π stacking force upon the polymers and g-C3N4 dispersed into THF, so were the amide bond formation among carboxyl groups in the polymers and the amino groups in g-C3N4. Thus, FTIR and PXRD identified the structure of g-C3N4 and polymers/g-C3N4, and the morphology and electronic structure were confirmed by HRTEM, SEM, EDS and XPS, respectively. Whilst Pt nanoparticles were loaded on g-C3N4 evenly by photodeposition to further enhance photocatalytic hydrogen production activity. The distribution of elements C, N, O and Pt in heterojunctions were displayed by EDS element mapping.
Structure and Morphology Characterization. The chemical structures of as-prepared polymers (PDBC, PDWC, PDBCOOH and PDWCOOH) were characterized by FTIR spectroscopy (Figure 2a). The sharp peaks at around 1670 cm-1 and 1085 cm-1 ascribed to C=O and C-N stretching vibrations, respectively, suggesting the existence of DPP core. Moreover, the stretching vibration of aromatic ring C=C at 1600 cm-1 and bending vibration of C-H at 810 cm-1 verified the existence of phenyl in polymers structure. The C-H stretching vibration can be seen at around 2800-3000 cm-1. Notably, the new signals of 1706 cm-1 and 1704 cm-1 presumably belonged to the stretching vibration of carboxylate carbonyl in PDBCOOH and PDWCOOH, respectively. Compared to PDBC and PDWC, the broad peak at the wide range of 3000-3500 cm-1 observed in PDBCOOH and PDWCOOH, attributing to the stretching vibration of O-H in carboxyl. As shown in Figure 2b, there are obvious difference in the FTIR spectroscopy of pristine g-C3N4 and heterojunctions. Thus, the N-H and O-H stretching vibrations at 3050-3350 cm-1, C-N heterocycles stretching modes at 1240 cm-1 to 1730 cm-1 and heptazine rings bending vibrations at 800 cm-1 evidenced the presence of g-C3N4 together with its’ typical structure. The C-H stretching peak of 2963 cm-1 existing in heterojunctions but not in pristine g-C3N4 illustrated that the characteristic peak still can be displayed in the newly formed composites. It is noteworthy that the C-N stretching vibrations of PDBCOOH/g-C3N4 and PDWCOOH/g-C3N4 manifest shift to lower wavenumber in contrast to pristine g-C3N4, indicating the formation of polymers/g-C3N4 heterojunctions presumably due to the new amide bond between -COOH in polymers and terminal -NH2 in g-C3N4 during chemical adsorption process. By contrast, a physical mixture of PDWCOOH and g-C3N4 by grinding at room temperature denied the formation of amide bond for the same reactants by a shoulder peak attributed to C=O of carboxyl group at 1704 cm-1 in the FTIR spectrum (Figure S2). Whilst the same peak of C=O disappeared in PDWCOOH/g-C3N4 composite. Furthermore, the control experiment between modified DPP containing -COOH group and heptazine with terminal -NH2 group was carried out under the same reaction condition, resulting similar newly-formed amide bond containing compound as expected (Figure S3). Thus, the new peak at 1770 cm-1 of DPP-COOH/heptazine composite distinguished from the existed carboxylic carbonyl at 1704 cm-1 of DPP-COOH probably should be the amide bond signal between DPP moiety and heptazine. These two results supported a successful formation of the amide bond in heterojunctions.
An insight to the possible transformation of structure among polymers, g-C3N4 and polymers/g-C3N4 was then attempted by the implement of PXRD spectroscopy. First, all of the materials based on g-C3N4 showed two different peaks at 13.0° and 27.4°. The weak peak at 13.0° represented an in-planar repeat period, and the strong peak at 27.4° was due to the stacking structure of conjugate aromatic system (Figure 2c).63 Amorphous morphology was observed for all resultant polymers with no obvious diffraction peak in the spectra (Figure S4). Furthermore, no diffraction peak could probably also attribute to the low loading content of polymers in heterojunctions, indicating a remained intact basic structure of g-C3N4 in resultant heterojunction materials.
The surface morphology and structure of PDWCOOH/g-C3N4 were revealed by TEM and SEM. As shown in Figure 2d, g-C3N4 exhibited a lamellar structure and the layered structure can be clearly observed at its edge. While the single polymer PDWCOOH shows showed the tiny particles and amorphous structure in (Figure 2e). For the heterojunction PDWCOOH/g-C3N4, the samples represented the large-scale sheet structure similar to pristine g-C3N4 with the polymers attached to the surface of g-C3N4 (the slightly dark area), providing the good adhesion between PDWCOOH and g-C3N4 (Figure 2f). Figure 2g displayed the SEM and EDX images of PDWCOOH/g-C3N4 heterojunction. The corresponding mapping images compared to pristine polymer and g-C3N4 (Figure S5) showed the uniform distribution of C, N, O and Pt within heterojunction, proving the homogeneous distribution of PDWCOOH on g-C3N4. As evidenced by the above characterizations, the desired heterojunctions were confidently synthesized with good stability, apparently not only due to the Van der Waals interaction (π-π stacking) but also to covalent amide bond between -COOH in polymers and -NH2 in g-C3N4. More interestingly, the covalent amide bond could facilitate the formation of inseparable heterojunctions to shorten the distance between two components of interfaces with π-π stacking interactions, accelerating the efficient electron separation and migration. This could be the echo to the promoted photocatalytic hydrogen evolution activity as discussed in the following sections. 
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[bookmark: _Hlk136461373]Figure 2. (a) FTIR spectra of the PDBC, PDWC, PDBCOOH and PDWCOOH polymers. (b) FTIR spectra of the as-prepared pristine g-C3N4, PDBC/g-C3N4, PDWC/g-C3N4, PDBCOOH/g-C3N4, and PDWCOOH/g-C3N4 heterojunctions. (c) Powder XRD patterns of the g-C3N4, PDBC/g-C3N4, PDWC/g-C3N4, PDBCOOH/g-C3N4, and PDWCOOH/g-C3N4 heterojunctions. (d) TEM image of g-C3N4. (e) TEM image of PDWCOOH. (f) TEM image of PDWCOOH/g-C3N4 heterojunction, scale bar: 100 nm. (g) SEM-EDX images of PDWCOOH/g-C3N4 heterojunctions.
Photoelectrochemical Properties. The optical properties of materials characterized by UV-vis diffuse reflectance spectra (DRS) were shown in Figure 3a. All of the four polymers exhibited strong and wide visible-light absorption peaks from 300 nm to 600 nm. The spectra of PDWCOOH had a red shift and broadening of the absorption spectra compared to the others (PDBC, PDWC and PDBCOOH), mainly due to the enhancement of electron donating ability of donors in the backbone of polymers. The same phenomenon was reported in the previous works referring to polymers with strong donor units.16 With copolymerizing fluorene as donor into the polymer, PDWCOOH and PDWC own displayed stronger intramolecular charge transfer (ICT) effect than PDBCOOH and PDBC, respectively albeit the narrow visible-light response range for pristine g-C3N4. In fact, four heterojunctions possessed excellent visible-light capturing capability. As seen in Figure 3b, the maximum absorption wavelength of PDBC/g-C3N4, PDWC/g-C3N4, PDBCOOH/g-C3N4 and PDWCOOH/g-C3N4 heterojunctions shifted positively to 550 nm. With that, the optical gap (Eg) values calculated from Tauc plots of: (αhv)1/2 = A (hv - Eg) were 1.94 eV for PDBC, 1.93 eV for PDWC, 1.88 eV for PDBCOOH and 1.85 eV for PDWCOOH, respectively (Figure 3c).
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Figure 3. (a) UV-vis diffuse reflectance spectra of PDBC, PDWC, PDBCOOH and PDWCOOH. (b) UV-vis diffuse reflectance spectra of g-C3N4, PDBC/g-C3N4, PDWC/g-C3N4, PDBCOOH/g-C3N4 and PDWCOOH/g-C3N4 heterojunctions. (c) Tauc plots of PDBC, PDWC, PDBCOOH and PDWCOOH. (d) Mott-Schottky plots of PDBC, PDWC, PDBCOOH and PDWCOOH.
The conduction band edge of polymers can be obtained by the Mott-Schottky analysis. As shown in Figure 3d, three samples featured positive slope, disclosing n-type semiconductor materials for all four polymers. According to the literature, the CB potentials of n-type semiconductor is 0.2 V over than flat-band potentials and the value of φ0 (SCE) is around 0.24 V vs. NHE. The polymers’ CB potentials vs. NHE (pH = 7) can be estimated by the following formula: ECB (NHE, pH = 7) = EFB (SCE, pH = 7) + 0.24 – 0.2.64 Consequently, the CB potentials of PDBC, PDWC, PDBCOOH and PDWCOOH were -0.50 V, -0.53 V, -0.67 V and -0.72 V (NHE, pH = 7), separately. The valance band (VB) potentials as calculated by formula (EVB = ECB + Eg), where ECB and Eg were measured by Mott-Schottky curves and Tauc plots, were 1.44 V for PDBC, 1.40 V for PDWC, 1.21 V for PDBCOOH and 1.13 V for PDWCOOH, separately. Based on that, the HOMO energy level of PDWCOOH and PDBCOOH were slightly higher than those of other two polymers and the band gaps decreased as well. The introduction of strong donor unit fluorene also caused much more bathochromic-shift for PDWCOOH. Concurrently, ultraviolet photoelectron spectroscopy (UPS) also illustrated the relation among the width of the spectrum, sample work function Φ and photon energy hv. The spectrum width was determined by the distance between the sample inelastic cutoff and the Fermi edge65 (Figure 4a, b). The incident photon energy (hv) was 21.22 eV, and Φ = hv - (Ecutoff - Ef), where Ecutoff - Ef was the maximum binding energy. The Ecutoff - Ef of PDWCOOH and g-C3N4/Pt was 16.0 and 17.0 eV, respectively. Therefore, the work function (Φ) of PDWCOOH and g-C3N4/Pt was 5.22 and 4.22 eV, separately. The binding energy of electrons at the valence band maximum was 0.67 and 2.0 eV for PDWCOOH and g-C3N4/Pt. Therefore, the VB of PDWCOOH and g-C3N4/Pt was 5.89 and 6.22 eV (vs. vacuum), respectively. Due to the vacuum energy level of NHE at 4.5 eV, it is apparent that the VB of PDWCOOH and g-C3N4/Pt was 1.39 and 1.70 eV vs. NHE, which is approximately the same as the results of test. Notably, the energy level alignments of the four polymers are were at the higher position than that of g-C3N4. On account of the above experimental and characterized results (Figure 4c), once again, we conjectured that the heterojunction structure was successfully formed between polymers and g-C3N4 based on the band alignment.
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Figure 4. Ultraviolet photoelectron spectroscopy of (a) PDWCOOH and (b) g-C3N4. (c) Energy level of PDBC, PDWC, PDBCOOH, PDWCOOH and g-C3N4 (HOMO and LUMO electron distributions are from theoretical calculation).
Photocatalytic Performance and Stability. Based on the outstanding light absorption and proper band structure, the investigation of the photocatalytic activity for all resultant heterojunctions was conducted by using AA as electron sacrificial agent and 300 W Xe lamp (420 nm ≤ λ ≤ 780 nm) as light source. Firstly, the photocatalytic hydrogen evolution rate of four pristine polymers (PDBC, PDWC, PDBCOOH and PDWCOOH) was examined. Thus, the HER of PDBC, PDWC, PDBCOOH and PDWCOOH were 127.5 μmol·h-1·g-1, 165.6 μmol·h-1·g-1and 330.4 μmol·h-1·g-1 and 343.2 μmol·h-1·g-1, respectively (Figure 5a). The activity of both PDWCOOH and PDBCOOH were more than twice as those for PDWC and PDBC. This may be the contribution from the hydrogen bond formed between the oxygen atom of carboxylic acid group in PDWCOOH and PDBCOOH and water molecular, which can increase the hydrophilicity of polymer and subsequently accelerate the hydrogen evolution rate. This phenomenon also exists in other polymer employing O atom in polymers.66 While PDWCOOH revealed further performance improvement in contrast to PDBCOOH, probably attributing to the broadened absorption spectrum of polymer with the introduction of fluorene as strong donor unit. The HER of pristine g-C3N4 with visible-light illumination was tested under the same reaction conditions, only presenting 0.9 mmol·h-1·g-1. Considering the proper band alignment of polymers and g-C3N4, this new construction strategy for heterojunction apparently facilitated the HER for their photocatalytic performance, mainly attributing to the improvement of the charge separation and migration ability.
Subsequently, the relationship between proportions of polymers in PDWCOOH/g-C3N4 heterojunction and HER was explored. As seen in Figure 5b, the HER of the heterojunctions experienced a moderate rise and peak at 7 wt% loading amounts, followed by a slight decline when the proportion of polymers increase to 9 wt%, which demonstrated a volcanic curve. The decrease of photocatalytic activity probably due to the active sites on g-C3N4 hindered by excess polymers.
As shown in Figure 5c, the activity of polymers/g-C3N4 heterojunctions were obviously higher than both g-C3N4 and pure pristine polymers, representing advantageous and beneficial of heterojunctions with broadened light absorption range, accelerated charge separation, and promoted photocatalytic hydrogen generation activity. Among the four samples, PDBC/g-C3N4 and PDWC/g-C3N4 showed slight improvement, whose HER of 16.3 mmol·h-1·g-1 and 18.4 mmol·h-1·g-1 were 18 and 20 times higher than pristine g-C3N4. HER of PDBCOOH/g-C3N4 approached to 23.5 mmol·h-1·g-1 (26 times of pristine g-C3N4). After replacing benzene with fluorene as a stronger donor, PDWCOOH/g-C3N4 heterojunction exhibited the highest HER of 35.7 mmol·h-1·g-1 which is 40 times of pristine g-C3N4. This could be the contribution from the strong light absorption ability and charge transfer efficiency caused by π-π stacking and amide bond. Therefore, we speculated that the dual-interaction between PDWCOOH and g-C3N4 collaboratively facilitated the HER performance of the resultant heterojunctions. Comparing with PDWC/g-C3N4 and PDBCOOH/g-C3N4, the single interaction of both amide bond and π-π stacking was not as effective as the dual-interaction. In the absence of light, sacrificial agent AA or photocatalyst, no hydrogen generation was detected, indicating that this system necessitated illumination and photocatalyst to promote the photocatalytic reaction and sacrificial agent consuming holes to inhibit charge recombination (Figure 5d). Moreover, the stability of photocatalysts was confirmed by the long-term experiments about 16 h and each period was for 4 h. It can be seen from Figure 5e that the stable hydrogen evolution rates of the heterojunctions almost remained during each period of four hours, evidencing the good photocatalytic stability for hydrogen production. The relationship between photocatalytic activity and the wavelength of light was demonstrated by AQY experiment using various monochromatic light irradiations (λ= 420, 450, 500, 550, 600 and 630 nm) with a 10 % filter. As shown in Figure 5f, the wavelength-dependent AQY values show showed that the hydrogen production process was photocatalytic reaction and the maximum AQY for PDWCOOH/g-C3N4 is 28.2% at 550 nm, being consistent with the maximum absorption peak value. For the comparison, the HER of PDWCOOH and g-C3N4 physical mixture was also tested. The results in Figure S6 showed that the HER of physical mixture was 0.36 mmol·h-1·g-1, even lower than pristine g-C3N4, possibly due to the limited absorption of g-C3N4 with the addition of polymer. Furthermore, the post characterizations of heterojunctions after photocatalytic reaction were carried out by FT-IR, PXRD, XPS and DRS spectroscopy (Figure S7-10). Thus, there were no obvious changes for the heterojunctions in FT-IR spectra after being used for 16 h, indicating retained functional groups of materials and structures after four cycles. PXRD patterns showed that the consistence of the heterojunction structures before and after photocatalytic reactions. XPS analysis proved the non-distinctly change of chemical states of elements in PDWCOOH/g-C3N4 after photocatalytic test. Whilst the DRS spectra of four materials demonstrate a similar tendency between the before- and after-photocatalysis curves, suggesting an unchanged light absorption capability. All these data confirmed the distinguished photostability of these designed heterojunctions.
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Figure 5. (a) Photocatalytic H2 evolution rates of pristine polymers PDBC, PDWC, PDBCOOH and PDWCOOH. (b) Photocatalytic H2 evolution rates of PDWCOOH/g-C3N4-X (X=3, 5, 7, 9). (c) Time-dependent photocatalytic hydrogen evolution over g-C3N4, PDBC/g-C3N4, PDWC/g-C3N4, PDBCOOH/g-C3N4, and PDWCOOH/g-C3N4 heterojunctions. (d) Photocatalytic H2 evolution rates for different conditions. (e) Photostability for H2 production of the PDBC/g-C3N4, PDWC/g-C3N4, PDBCOOH/g-C3N4, and PDWCOOH/g-C3N4 heterojunctions. (f) Wavelength-dependent AQY and DRS spectra of PDWCOOH/g-C3N4 (λ = 420, 450, 500, 550, 600 and 630 nm). Reaction conditions: 50 mL deionized water, 25 mg photocatalyst, 5 g AA under visible-light (420 nm ≤ λ ≤ 780 nm).
Photoluminescence (PL) spectroscopy, transient photocurrent responses (I-t) and electrochemical impedance spectra (EIS) were employed to reveal the internal charge transfer dynamics of the resultant heterojunction materials. Fluorescence quenching effect was related to the recombination of photoexcited electrons and holes inside the photocatalysts. Lower fluorescence intensity indicated higher charge separation efficiency. Therefore, the broad peak exists from 550 nm to 650 nm in the PL spectra of polymers and polymers/g-C3N4, could contributed to the recombination of electrons and holes (Figure 6a). Simultaneously, polymers/g-C3N4 heterojunctions displayed much more significant quenching effect than the pristine polymers, revealing t effectively inhibited recombination of electrons and holes by the construction of heterojunctions between polymers and g-C3N4, so were the promotion of photocatalytic efficiency. Among those heterojunctions, PDWCOOH/g-C3N4 exhibited the lowest PL spectra intensity, echoing to the most effective inhibition of charge recombination. This could also be the reason for the best and highest HER achieved with PDWCOOH/g-C3N4.
According to the I-t experimental data of polymers/g-C3N4 materials (Figure 6b). PDBCOOH/g-C3N4 and PDWCOOH/g-C3N4 exhibited much higher current density than PDBC/g-C3N4 and PDWC/g-C3N4 under light illumination, supporting the amide bond formation with its’ beneficial for charge separation and migration. The highest current density was obtained for PDWCOOH/g-C3N4 at ~7.8 μA·cm-2, advantageously generating large amount of electron for the reduction of H+ to release H2. Moreover, EIS spectra can be used to verify the transfer rate of electron. As expected, polymers/g-C3N4 manifested lower impedance than pristine g-C3N4 (Figure 6c). It is proved that PDWCOOH/g-C3N4 with lower PL spectra intensity and EIS data and higher current density possessed the highest photocatalytic hydrogen evolution activity. Consequently, the formation of amide bond and the broadening of its absorption spectrum could greatly promote the separation and transfer of photogenerated charges, being consistent with the experimental observations and results.
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Figure 6. (a) Photoluminescence (PL) spectra of the PDBC, PDWC, PDBCOOH, and PDWCOOH in tetrahydrofuran solution and the fluorescence quenching function of g-C3N4. (b) Transient current responses to full time and on-off cycles photocurrent of illumination on PDBC/g-C3N4, PDWC/g-C3N4, PDBCOOH/g-C3N4 and PDWCOOH/g-C3N4 membrane electrodes, respectively (-0.2 V bias). (c) EIS Nyquist plots of g-C3N4, PDBC /g-C3N4, PDWC/g-C3N4, PDBCOOH /g-C3N4 and PDWCOOH/g-C3N4 heterojunctions at open circuit voltage.
Possible Photocatalytic Mechanism. With the heterojunction structure and the band position on hand, the interfacial electron transfer mechanism between polymers and g-C3N4 was investigated subsequently. XPS is a common and practical method to illustrate the route of electron diffusion based on the binding energy of electrons inside the atoms for various elements. Exemplified by PDWCOOH/g-C3N4, XPS measurements were performed on PDWCOOH, g-C3N4 and PDWCOOH/g-C3N4 with or without light illumination. Figure 7a showed the survey of the materials includes carbon (C), nitrogen (N) and oxygen (O) for g-C3N4, PDWCOOH and PDWCOOH/g-C3N4. The signal of platinum (Pt) can be detected from PDWCOOH/g-C3N4 heterojunction owing to the deposition of Pt particle. It should be aware that the peaks of silicon (Si) observed in the spectra of sample because of usage of Si-based materials as background.67 Thus three peaks in the XPS spectra of C 1s (Figure 7b), were attributed to C=C, C-NHx and N-C=N of g-C3N4 and their binding energy were 284.8 eV, 286.4 eV and 288.1 eV, respectively.63 For the polymer PDWCOOH, the peaks of 284.8 eV, 286.5 eV, 287.6 eV and 289.0 eV belonged to C=C, O=C-N, C=O and O=C-O, severally.68 The obvious peak at 292.6 eV could be attributed to π-π* satellite. Extended delocalized electrons in the sample containing aromatic rings could result in satellite structure, and binding energies of the main peaks shifting to higher values. When combining PDWCOOH with g-C3N4, all the characteristic peaks displayed in the heterojunction. Meanwhile, the peak of O=C-O diminished and C=O peak shifted to lower binding energy due to the formation of amide bond between carboxyl group and amino group. In the XPS spectra of O 1s (Figure 7c), the oxygen peaks of 530.6 eV and 532.3 eV were two chemical states of carbonyl oxygen and ester oxygen. However, the construction of heterojunction declined the binding energy of C=O presumably owing to the increase in the density of the electron cloud around the C atom in the side chain of the polymer, and the peak for O 1s of hydroxyl in carboxyl disappeared. These two phenomena combining with the change in C 1s spectra indicated again the formation of amide bond in the interface between PDWCOOH and g-C3N4. The weak peak of 532.7 eV in the O 1s spectra of g-C3N4 probably could be attributed to the CO2 and H2O absorbed on the surface. As seen shown in Figure 7d, the binding energy of N 1s for g-C3N4 can be fitted into three four main peaks at 400.4 eV, 401.9 eV, 403.0 eV and 405.8 eV, corresponding to C=N-C (sp2-hybridized nitrogen), N-(C)3 (tertiary N bonded to carbon atoms), N-H (sp3-hybridized amine functions) and π excitations, respectively.39 The peaks at 399.7 eV of PDWCOOH could be attributed to N-C=O. Nevertheless, the binding energy of both C=N-C and N-(C)3 considerably increased after combining PDWCOOH with g-C3N4, the reason could be the lowered electron cloud density of N in g-C3N4.50 According to the above XPS data, the intermolecular π-π stacking and amide bond interaction throughout the interface of heterojunction components dominantly ensured the electron diffusion from g-C3N4 to PDWCOOH in dark. It is the further approval for the successful of preparation of desired PDWCOOH/g-C3N4 heterojunction, preserving the structure of g-C3N4 along with all the above characterizations (FTIR, PXRD, TEM, SEM and XPS). More detailed XPS data of PDBC, PDWC and PDBCOOH can be found in Figure S11. 
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Figure 7. High-resolution XPS spectra of g-C3N4, PDWCOOH, PDWCOOH/g-C3N4 heterojunctions in the dark or with light illumination: (a) survey. (b-d) High resolution XPS spectra of the C 1s, O 1s and N 1s regions for g-C3N4, PDWCOOH, PDWCOOH/g-C3N4. The ratio of polymer in the composite photocatalysts for XPS measurement: 7 mg polymer, 100 mg photocatalysts.
It is noteworthy that the C1s and N1s signals of PDWCOOH/g-C3N4 have shifted oppositely before and after light illumination. For example, the C1s of N=C-N for g-C3N4 moved to higher binding energy when heterojunction was in the dark, while that of heterojunctions happened to be much lower under light. The O1s of O=C for PDWCOOH also displayed an opposite change in dark vs. light condition. The results implied that the photogenerated electron transferred from PDWCOOH to g-C3N4 under light illumination, following the type Ⅱ transfer pathway. This also confirmed mutually by the UPS measurement test of work function for PDWCOOH and g-C3N4. As the work function of PDWCOOH and g-C3N4 were 5.22 and 4.22 eV as mentioned above, the Fermi energy of g-C3N4 was higher than that of PDWCOOH. These data were also assessed by theoretical simulation (Figure S12). Therefore, when g-C3N4 contacting with PDWCOOH, the electrons spontaneously migrate from g-C3N4 to PDWCOOH until the Ef levels of two components reach thermodynamic equilibrium approached (Figure 8a). Then the built-in electric field could be established and the electrons were gathered around polymer region and the holes were congregated around g-C3N4 region. Briefly, the relative IEF intensity was measured by multiplying the value of the open circuit potential (vs. NHE) and zeta potential of each photocatalyst. As shown in Figure S13, the IEF of PDWCOOH/g-C3N4 showed the highest value among all of the heterojunctions on condition of normalizing the IEF of PDBC/g-C3N4 to 1.0, which was 3.70 times higher than PDBC/g-C3N4. For this reason, PDWCOOH/g-C3N4 presented rather higher photocatalytic HER owing to the intimate contact and high degree of charge separation.
Accordingly, when heterojunction photocatalysts were under illumination (λ ≥ 420 nm), both PDWCOOH and g-C3N4 absorbed photons and then produced photogenerated excitons followed by separating into electrons and holes. In other words, the photogenerated electrons gathered around g-C3N4 through π-π interaction and amide bond by the embedded electric field. Consequently, the electrons transited to Pt nanoparticles in the reduction reaction to produce H2. Simultaneously, the holes were preserved in PDWCOOH and then captured by sacrificial agent ascorbic acid (AA) in order to regenerate PDWCOOH. The construction of the tight heterojunction was conducive to the separation of photogenerated electrons and holes spatially as well as migration to both ends through π-π interaction and amide bond. Efficient photogenerated charge separation and transfer could promote the proton reduction reaction, and further improve the activity of the photocatalyst. The possible photocatalytic hydrogen production progress was displayed in Figure 8b.
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Figure 8. (a) Schematic illustration for band bending and IEF formation at PDWCOOH/g-C3N4 interface. (b) Possible photocatalytic hydrogen production progress. (c) Mulliken charges distribution of PDWCOOH/g-C3N4-Pt with and without amide bond.
Theoretical Calculation. To further understand the photocatalytic mechanism, a theoretical exploration based on spin-unrestricted DFT calculations was performed using the Gaussian 16 program package.51 First, we calculated the deep bonding orbital and electrostatic potentials distribution of g-C3N4 and polymers (Figure S14), suggesting the charge separation were improved caused by introducing fluorene as donor. The adsorption energy (Eads) was also calculated to explain the relative interaction among the four heterojunctions (Figure S15). These calculated results can be divided into two groups on the basis of the donor of polymers with benzene or fluorene. Taking fluorene-based polymers as examples, only the single stacking mode of π-π interaction in PDWC/g-C3N4 could be found. In contrast, three interaction modes existed in the PDWCOOH/g-C3N4 system, i.e., π-π interaction between the planar reticular g-C3N4 and the conjugated polymer PDWCOOH, amide bonds only between the terminal -NH2 of g-C3N4 and the -COOH of PDWCOOH, and both π-π interactions and amide bonds coexisted between g-C3N4 and the conjugated polymer PDWCOOH. For the two groups of heterojunctions, exothermic values of -1.16 and -1.25 eV for PDBCOOH/g-C3N4 and PDWCOOH/g-C3N4 were observed, respectively, when polymers and g-C3N4 combined with both π-π interaction and amide bond. These results indicated that the heterojunction structure is more stable when π-π interactions and amide bonds coexist. Much lower Eads value of PDWCOOH/g-C3N4 than the other could be attributed to the strong ICT effect caused by stronger donor. This phenomenon also existed in the group of PDBC/g-C3N4 and PDBCOOH/g-C3N4. Notably, the HOMO and LUMO of heterojunction were mainly located on PDWCOOH and g-C3N4 (Figure S16), respectively. The calculated band gap values of PDWCOOH, g-C3N4 were much higher than that of PDWCOOH/g-C3N4, indicating broader visible-light spectrum response range for the heterojunction. The amide bond between polymer and g-C3N4 not only influenced the stability of heterojunction, but also impacted on the orientation and intensity of electron flow as well (Figure 8c). When the heterojunction combined only by π-π interaction, PDWCOOH was more negative due to the electron-withdrawing property of DPP moiety. However, when amide bond cooperated with π-π interaction in heterojunction, the electron cloud could be redistributed. Comparing with PDWCOOH, g-C3N4 was more negative and more electrons migrating within heterojunction. Therefore, an effective embedded electric field is was established, which probably inhibited the recombination of photogenerated electrons and holes and also accelerated the separation of them, leading to the excellent photocatalytic performance. 
CONCLUSION
In this work, two carboxyl-functionalized DPP-based organic conjugated polymer PDWCOOH/g-C3N4 stable heterojunction was successfully constructed through intermolecular π-π stacking and amide bond, affording an effective internal embedded electric field between the polymer and g-C3N4, along with considerably promoted separation and migration of photogenerated electrons. The photocatalytic experiments showed that both the amide bond and π-π interaction were crucial. Among them, the dual-interaction heterojunction PDWCOOH/g-C3N4 exhibited higher HER than π-π interaction heterojunction PDWC/g-C3N4 and amide bond interaction heterojunction PDBCOOH/g-C3N4, respectively. The highest visible light-driven photocatalytic hydrogen production performance of 35.7 mmol·h-1·g-1 (0.89 mmol·h-1, 25 mg photocatalyst) up to date was achieved, with AQY value of 28.2% at 550 nm, surpassing almost all type Ⅱ heterojunctions with organic polymer semiconductor for photocatalytic water splitting hydrogen production reported so far (Table S1). This work provides an innovative heterojunction engineering strategy for the design of stable, efficient and superior-performed organic polymer heterojunction materials for photocatalytic water splitting hydrogen production.
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