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Abstract 17 

Covalent-organic frameworks (COFs) are emerging photocatalysts with porous 18 

structures and excellent light-harvesting abilities. However, their photoreactivity still 19 

needs further improvement before they can be used in practical applications. Herein, 20 

we report for the first time on the construction of a heterojunction consisting of 21 

core-shell structured 1,3,5-triformylphloroglucinol (Tp) and 4,4’-biphenylenediamine 22 

(BD) COF at ZnIn2S4 (ZIS) nanosheets, using a microwave-hydrothermal method. 23 

The best performing sample, TpBD COF@ZIS-10 (with a ZIS:TpBD COF mass ratio 24 

of 10:1) in the absence of co-catalyst, achieves a visible-light-driven H2 production 25 

rate of 2304 μmol g−1 h−1 with an AQE of 5.02% at 420 nm, and exhibits excellent 26 

stability. The improved photocatalytic performance of TpBD COF@ZIS was 27 

attributed to strong interaction at the interface and the S-scheme charge transfer 28 

mechanism, which not only stimulates efficient charge separation and migration, 29 

suppressing recombination, but also but also preserve the higher redox potentials of 30 

photo-generated electrons and holes.  31 

 32 

Keywords: COFs, ZnIn2S4, S-scheme heterojunction, photocatalytic H2 production. 33 

  34 
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1. Introduction 35 

The extensive consumption of fossil fuels led to critical issues in nowadays society, 36 

such as energy crisis and environmental pollution [1-3]. In recent years, one of the 37 

effective routes for mitigation these problems is the conversion of the unlimited 38 

natural solar energy into hydrogen gas using semiconductor-based photocatalytic 39 

water splitting [4-6]. Among several common semiconductors, the ternary 40 

chalcogenide ZnIn2S4 (ZIS) is a promising reduction photocatalyst, with layered 41 

structure, narrow band gap, excellent photostability, low toxicity and facile 42 

preparation [7-10]. However, for pristine semiconductors, the contradiction between 43 

light absorption and redox potential in thermodynamics presents a significant 44 

challenge to achieving efficient and stable H2 production [11]. Fortunately, 45 

heterojunction construction provides an effective way to solve the problem, as it 46 

facilitates the photogenerated charge migration and separation, resulting in enhanced 47 

photocatalytic activity [12-21]. Therefore, some researchers dedicated efforts to 48 

strengthening the photocatalytic performance of ZIS by constructing heterojunctions 49 

[22-29]. 50 

Conventional type-II heterojunctions hinder the photocatalytic oxidation and 51 

reduction reactions, as they decrease the redox abilities of photogenerated 52 

electron-hole pairs [12]. In contrast, innovative Step-scheme (S-scheme) 53 

heterojunctions not only promote the separation of charge carriers, but also preserve 54 

the higher redox potentials of electrons and holes, which therefore benefits the 55 

photocatalytic redox reactions [30]. For example, Zhang et al. [31] report a 56 

TiO2-X/TpPa-1-COF S-scheme photocatalyst (where Pa-1 is paraphenylenediamine 57 

and TiO2-x is titania mixed with NaBH4 and calcined at 350 ºC), exhibiting a much 58 

higher photocatalytic activity towards H2 production than pure TiO2-X, due to the 59 
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optimized redox ability. In order to develop efficient S-scheme heterostructures, the 60 

selection of semiconductors with considerable band positions is of great importance, 61 

as they act as the collectors of the photogenerated electrons and holes. 62 

Covalent-organic frameworks (COFs) are crystalline and porous structures formed 63 

by covalent bonding of organic molecules [32,33], acting as emerging photocatalysts 64 

for H2 production under visible-light irradiation. COFs have ordered structure, large 65 

surface area, low density, tunable band gap and outstanding chemical stability. Most 66 

of the reported COFs have 2D structures due to the strong interaction between 67 

neighboring layers [34-36]. The π-π stacking within layers leads to strong electronic 68 

interactions, providing an alternative pathway for charge carrier transport, in addition 69 

to transfer within the covalent structures [37-39]. In particular, Schiff-based COFs 70 

(such as TpBD COF) show intense colorations, ranging from orange to dark red, 71 

which can broaden the range of light absorbed in the visible-light region, leading to an 72 

improved light utilization efficiency [40,41]. Thus, COFs-based S-scheme 73 

heterojunctions have great potential to enhance photocatalytic activity by promoting 74 

an efficient separation of photogenerated charge carriers. However, to the best of our 75 

knowledge, the construction of a heterojunction between COFs and ZIS is rarely 76 

reported. 77 

Herein, we reports the construction of a TpBD COF@ZIS S-scheme heterojunction 78 

by in-situ growth of ZIS on the surface of TpBD COF using a facile 79 

microwave-hydrothermal method (Scheme 1), which greatly improves the 80 

photocatalytic activity of ZIS for efficient water splitting and H2 production. Under 81 

visible-light irradiation (λ > 420 nm), the optimal TpBD COF@ZIS composite 82 

without co-catalyst shows a significantly enhanced H2 production rate of 2304 μmol 83 

g−1 h−1 with an apparent quantum efficiency (AQE) of 5.02% at 420 nm, which is 84 
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around 16.3 and 9.8 times higher than the values of pristine TpBD COF and ZIS, 85 

respectively.Analysis of in-situ XPS and ESR results, together with DFT calculations 86 

reasonably demonstrated the S-scheme charge transfer mechanism between TpBD 87 

COF and ZIS, which renders TpBD COF@ZIS excellent photogenerated carriers 88 

separation efficiency and high redox potentials of VB holes and CB electrons, 89 

respectively. Due to the protection of TpBD COF, the photo-stability of ZIS is greatly 90 

improved, indicating the practical applications of this TpBD COF@ZIS S-scheme 91 

heterojunction.. 92 

 93 

Scheme 1. Synthesis of the TpBD COF@ZIS heterojunction (see Experimental 94 

section for details). 95 

 96 

2. Experimental 97 

2.1 Synthesis of TpBD COF. 1,3,5-triformylphloroglucinol (Tp) was prepared 98 

according to the literature [42], and TpBD COF was obtained by a modified reported 99 
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method [41]. The detailed processes for the synthesis of TpBD COF can be found in 100 

Supporting Information. 101 

2.2 Synthesis of ZnIn2S4 (ZIS). ZIS was prepared through a 102 

microwave-hydrothermal reaction. Firstly, 0.170 g of ZnCl2 (1.25 mmol), 0.733 g 103 

InCl3∙4H2O (2.50 mmol) and 0.375 g thioacetamide (TAA, 5.0 mmol) were added into 104 

a flask containing 50 mL of deionized water and stirred for 60 min. The mixture was 105 

heated in a microwave-hydrothermal reaction system in a 100 mL Teflon-lined 106 

autoclave at 90 ℃ for 30 min, and then at 120 ℃ for 45 min. The resulting 107 

precipitates were washed with deionized water and ethanol, and dried at 80 ℃ for 6 h 108 

under vacuum to obtain faint yellow powders. 109 

2.3 Synthesis of TpBD COF@ZIS-X composites. Photocatalysts with various mass 110 

ratios were synthesized under same reaction conditions. Samples were labelled as 111 

TpBD COF@ZIS-X (X = 5, 10 or 15, the mass ratios of ZIS:TpBD COF, that is, 5:1, 112 

10:1 and 15:1). As an example, the detailed synthetic procedure for TpBD 113 

COF@ZIS-10 sample is given below: 50 mL of deionized water was used to disperse 114 

52.8 mg of the prepared TpBD COF. After sonication for 10 min, 1.25 mmol of ZnCl2, 115 

2.50 mmol of InCl3∙4H2O, and 5.0 mmol of TAA were added under magnetic stirring. 116 

The following procedures, including microwave-hydrothermal reaction and washing, 117 

were similar to the synthesis of ZIS.  118 

2.4 Photocatalytic activity measurements. The photocatalytic activity of the 119 

photocatalysts was evaluated using water splitting to produce hydrogen gas through 120 

an on-line trace gas analysis photoreaction device (Labsolar-6A, Perfect Light) 121 

connected to a gas chromatograph (Nexis GC-2030, Shimadzu). Detailed procedures 122 

for photocatalytic hydrogen production and the calculation of AQE can be found in 123 

Supporting Information. 124 
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 125 

3. Results and discussion 126 

3.1 Zeta potential. The results of the zeta potential measurements of TpBD COF 127 

and ZIS in deionized water are shown in Fig. 1a. TpBD COF shows a positive zeta 128 

potential of 8.57 mV, whereas ZIS exhibits a negative zeta potential of -34.0 mV 129 

under the same conditions. The opposite zeta potentials result in strong electrostatic 130 

attraction between TpBD COF and ZIS, which is beneficial for the electron migration 131 

between them [43]. Moreover, the Coulomb electrostatic interaction between TpBD 132 

COF and ZIS leads to the formation of a stable TpBD COF@ZIS heterojunction. 133 

 134 

Fig. 1. (a) Zeta potentials of TpBD COF and ZIS in deionized water. (b) XRD 135 

patterns of the synthesized photocatalysts. 136 

 137 

3.2 Structure and morphology characterization. X-ray diffraction (XRD) was 138 

conducted to determine the phase structures of the synthesized samples. Fig. 1b shows 139 

the XRD patterns of TpBD COF. The diffraction peaks at 3.3, 5.9, and 27.3° can be 140 

assigned to the diffractions of the (100), (200), and (001) crystal planes of TpBD COF, 141 

respectively [41], indicating the successful synthesis of the material. Concerning ZIS, 142 

the diffraction peaks can be indexed to the hexagonal crystal structure (JCPDS 143 
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NO.65-2023) [44]. No TpBD COF related diffraction peaks were observed in the 144 

XRD patterns of TpBD COF@ZIS-X samples, due to the low crystallinity and small 145 

amounts of TpBD COF in the composites. To confirm the stability of TpBD COF in 146 

this synthesis system, the prepared sample was subjected to the same reaction 147 

conditions as TpBD COF@ZIS-X without ZnCl2, InCl3·4H2O and TAA. The 148 

characteristic peaks of TpBD COF were clearly observed in the XRD patterns (Fig. 149 

S1), confirming its stability. Fourier transform infrared spectroscopy (FTIR) was 150 

carried out to identify the characteristic functional groups of the photocatalysts (Fig. 151 

S2). For pure ZIS, the absorption peaks around 1644 and 1414 cm-1, found in all 152 

samples, corresponded to the surface absorbed water molecules and hydroxyl groups 153 

[45]. The peaks of pristine TpBD COF at 1253 and 1612 cm-1 can be attributed to C-N 154 

and C=O bonds, respectively [41]. As the reaction of TpBD COF is an irreversible 155 

transformation from enol to ketone, C-N bonds become the characteristic feature, 156 

which confirms the successful synthesis of TpBD COF. The samples of TpBD 157 

COF@ZIS-X all contain the characteristic C-N peaks, indicating that the composite 158 

materials were successfully synthesized and that the introduction of ZIS had no 159 

influence on the chemical framework of TpBD COF. 160 

The microstructure and morphology of the prepared TpBD COF, ZIS and TpBD 161 

COF@ZIS-10 samples were characterized by scanning electron microscopy (SEM) 162 

and transmission electron microscopy (TEM). TpBD COF exhibits a block 163 

morphology of 2-7 μm in size (Fig. 2a). The SEM images of ZIS show a flower-like 164 

hierarchical microsphere consisting of intersecting nanosheets (Fig. 2b), which 165 

facilitate the exposure of the active sites. The TpBD COF@ZIS-10 sample clearly 166 

exhibits uniformly spread, thin and staggered ZIS nanosheets on the TpBD COF 167 

surface (Fig. 2c). TEM and high resolution TEM (HRTEM) confirm this morphology, 168 
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with clear lattice fringes, having an interplanar spacing of 0.32 nm, being ascribed to 169 

the (102) crystal plane of hexagonal ZIS (Figs. 2d-f and Fig. S3c) [46]. The contact 170 

interface between TpBD COF and ZIS is marked by a blue dashed line (Fig. 2f). 171 

Additionally, SEM and TEM images of TpBD COF@ZIS-10 reveal no TpBD COF, 172 

demonstrating that TpBD COF and ZIS nanosheets are well combined and not in the 173 

form of a physical mixture. The chemical composition and element distribution of 174 

TpBD COF@ZIS-10 are revealed by HAADF-STEM and energy dispersive X-ray 175 

spectroscopy (EDS) elements mapping in Fig. 2g. These images clearly show the 176 

homogeneous spatial distribution of S, In, Zn, C, N and O, further validating the 177 

formation of the TpBD COF@ZIS heterojunction. In addition, the EDS spectrum of 178 

TpBD@ZIS-10 (Fig. S4), shows that the atomic ratio of Zn, In and S is about 1:2:4, 179 

well consistent with the composition of ZnIn2S4. 180 

The TpBD COF, ZIS and TpBD COF@ZIS-X composites were also characterized 181 

by N2 adsorption (Figs. S5a-b). TpBD COF displays a typical microporous structure 182 

with a type I isotherm, without hysteresis. ZIS shows a type IV isotherm with a 183 

hysteresis loop (H3 type), while TpBD COF@ZIS-X composites exhibit a type IV 184 

isotherm with large hysteresis between adsorption and desorption branches. The pore 185 

size distribution confirms the presence of both micropores and mesopores (Fig. S5b). 186 

The surface area and pore volume of ZIS are 74.20 m2g-1 and 0.17 cm3g-1, 187 

respectively. For TpBD COF, the corresponding values are 528.8 m2g-1 and 0.28 188 

cm3g-1. The surface area and pore volume of TpBD COF@ZIS-10 are 117.5 m2g-1 and 189 

0.20 cm3g-1, TpBD COF has the largest surface area and pore volume, effectively 190 

inhibiting the agglomeration of ZIS nanosheets and providing more catalytically 191 

active sites for substrate adsorption. 192 
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 193 

Fig. 2. SEM images of TpBD COF (a) and ZIS nanosheets (b). SEM image (c), 194 

TEM images (d-e), HRTEM image (f), HADDF-STEM and EDS elements mapping 195 

images (g) of TpBD COF@ZIS-10. 196 

 197 

3.3 XPS analysis. In order to determine surface species and chemical interactions in 198 

the TpBD COF@ZIS heterojunction, XPS measurements were acquired for TpBD 199 

COF, ZIS and TpBD COF@ZIS-10 samples. The XPS survey spectrum in Fig. 3a, 200 

shows the presence of C, N, O, Zn, In and S elements in the TpBD COF@ZIS-10 201 

composite. The deconvolution results of C 1s, N 1s, Zn 2p, In 3d and S 2p spectra of 202 

TpBD COF@ZIS-10, obtained in the dark and with illumination by a 420 nm Xenon 203 
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arc lamp light (TpBD COF@ZIS-10 light) are shown in Figs. 3b-f. As displayed in 204 

Fig. 3b, the C 1s spectra of all samples can be deconvoluted into three carbon species 205 

of sp2 C-C (284.7 eV), C-N (286.0 eV), and C=O bonds (288.9 eV), respectively. The 206 

N 1s XPS spectra (Fig. 3c) show one peak, matching the C-NH-C (399.9 eV) of 207 

TpBD COF [47,48]. For Zn 2p, the peaks located at 1022.1 and 1045.2 eV are 208 

attributed to Zn 2p3/2 and 2p1/2 orbitals, respectively (Fig. 3d). The binding energy 209 

difference of about 23.1 eV further confirms the presence of Zn2+ in ZIS. The two 210 

deconvoluted peaks in Fig. 3e can be attributed to the 3d5/2 (444.8eV) and 3d3/2 (452.4 211 

eV) of In 3d with +3 valence state, respectively. The peaks centered at 161.6 and 212 

162.6 eV in Fig. 3f are assigned to 2p3/2 and 2p1/2 of S 2p respectively, being 213 

characteristic of S2− and in agreement with literature [46,49]. 214 

The binding energy of electrons of an atom is determined by the strong Coulomb 215 

attraction between the outer electrons and nucleus. Therefore, changes in the binding 216 

energy of elements can significantly impact the atom electron density. For example, a 217 

decrease in electron density corresponds to an increase of binding energy and vice 218 

versa. This is often used to study the transfer of electrons in hybridized photocatalysts. 219 

The changes in binding energy before and after the formation of a heterojunction are 220 

usually used to determine the direction of electron transfer in the hybridized 221 

photocatalyst system [50,51]. 222 

Concerning the illuminated TpBD COF@ZIS-10 sample, the binding energies of C 223 

1s and N 1s are upshifted under light irradiation compared to the values obtained in 224 

the absence of light (Figs. 3b-c). In contrast, the binding energies of Zn 2p, In 3d and 225 

S 2p in TpBD COF@ZIS-10 light sample are negatively shifted, in comparison with 226 

those obtained in the dark (Figs. 3d-f). Compared to pure TpBD COF, the binding 227 

energies of C 1s and N 1s in the TpBD COF@ZIS-10 composite are clearly shifted 228 
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towards lower energy levels in the dark (Figs. 3b-c), indicating an increase in the 229 

electron density of TpBD COF. In contrast, compared to pure ZIS, the binding 230 

energies of Zn 2p, In 3d, and S 2p in TpBD COF@ZIS-10 composite are significantly 231 

shifted towards higher energy levels in the dark (Figs. 3d-f), indicating a decrease in 232 

the electron density of ZIS. These results suggest that, in the absence of light, 233 

electrons tend to migrate from ZIS to TpBD COF, due to the intimate interface 234 

contacts. This electron migration between ZIS and TpBD COF leads to the production 235 

of an interfacial electric field (IEF) in the TpBD COF@ZIS heterojunction [31,52].  236 

 237 
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Fig. 3. XPS survey spectrum of TpBD COF@ZIS-10 sample (a), along with 238 

high-resolution XPS spectra of C 1s (b), N 1s (c), Zn 2p (d), In 3d (e) and S 2p (f) 239 

regions.  240 

 241 

3.4 Optical and electronic properties. UV-vis diffuse reflectance spectra (DRS) and 242 

Mott-Schottky (M-S) measurements were carried out in order to investigate the light 243 

absorption ability and electronic band structure of the photocatalysts. As shown in Fig. 244 

4a, TpBD COF exhibits strong light-harvesting ability in visible region, with an 245 

absorption edge at 770 nm, arising from the π-π* electron transition of the large 246 

conjugation systems. In contrast, ZIS displays an absorption edge at 570 nm, 247 

corresponding to the intrinsic band gap of ZIS [25]. After coupling with TpBD COF, 248 

the absorption of ZIS in the visible region is largely broadened, which is beneficial to 249 

the photocatalytic performance. The band gap (Eg) of TpBD COF (2.12 eV) and ZIS 250 

(2.35 eV) can be obtained by Tauc-plots based on the UV-visible absorption spectra 251 

(Figs. 4b-c), respectively [53]. The M-S plots of TpBD COF and ZIS samples show 252 

positive slopes (Figs. 4d-e), demonstrating their n-type semiconductor features. It is 253 

generally accepted that the CB potential of n-type semiconductors is close to the flat 254 

band potential [54,55]. Therefore, the CB potentials of TpBD COF and ZIS are 255 

determined to be -1.12 V and -1.56 V vs Ag/AgCl@pH7, or -0.51 V and -0.95 V vs 256 

NHE@pH0, respectively (equation 1).  257 

ENHE = ERHE – 0.0591 pH                                            (1) 258 

As the bandgap of TpBD COF and ZIS are 2.12 eV and 2.35 eV (Figs. 4b and 4c), 259 

the VB potentials of TpBD COF and ZIS are determined to be 1.61 V and 1.40 V vs 260 
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NHE@pH0, respectively. The obtained electronic band structures of TpBD COF and 261 

ZIS are compared in Fig. 4f. 262 

Based on the negative CB positions of TpBD COF and ZIS, and comparing their 263 

redox potential with that of H+/H2 (0 V vs NHE@pH0), it can be predicted that both 264 

TpBD COF and ZIS are appropriate visible-light-response photocatalysts with strong 265 

reduction ability of CB electrons.  266 

The VB potentials of TpBD COF and ZIS were further determined by VB XPS 267 

(EVB, XPS), and the obtained values are approximately 1.33 eV and 1.12 eV, 268 

respectively (Fig. S6). Based on the conversion formula (equation 2) [46],  269 

EVB, NHE = φ + EVB, XPS - 4.44                                         (2) 270 

where φ is the electron work function of the analyzer (4.20 eV), the calculated VB 271 

positions of TpBD COF and ZIS are 1.51 V and 1.30 V vs NHE@pH0, respectively, 272 

which are very close to the values obtained from the photoelectrochemical 273 

measurements (Fig. 4f). 274 

 275 

Fig. 4. UV-vis absorption spectra of the photocatalysts (a) and corresponding 276 

(αhν)2 versus hν plots for (b) TpBD COF and (c) ZIS. Mott-Schottky plots for TpBD 277 
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COF (d) and ZIS (e). Determined electronic band structures of TpBD COF and ZIS 278 

(f). 279 

 280 

3.5 DFT computational calculations. The band structures of TpBD COF and ZIS 281 

were analyzed by DFT calculations. Figs. 5a and 5b show that the calculated Eg 282 

values of TpBD COF (1.89 eV) and ZIS (2.09 eV) are very close to the experimental 283 

results (Figs. 4b-c). The electrostatic potentials of the photocatalysts were calculated 284 

to quantify the band offset of the TpBD COF@ZIS heterojunction. As shown in Fig. 285 

5c, the CB offset (△ECBO) and the VB offset (△EVBO) of TpBD COF and ZIS are 286 

0.41 eV and 0.21 eV, respectively. These results clearly demonstrate the staggered 287 

band alignment structure of TpBD COF@ZIS heterojunction [56,57]. 288 

 289 

Fig. 5. (a) Band structures and (b) density of states of TpBD COF and ZIS. (c) 290 

Energy band offset of the TpBD COF@ZIS heterojunction. 291 

 292 
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Moreover, DFT calculations can provide an efficient way to study the interface 293 

interaction and charge transfer pathway at the interfaces of the heterojunction [58]. 294 

The work function (Φ) is a vital parameter to determine the interface charge transfer. 295 

It can be calculated using equation (3):  296 

Φ = Evac− EF                                                      (3)  297 

where Evac is potential of vacuum energy, while EF is the Fermi energy.  298 

As indicated in Figs. 6a-b, the Φ of TpBD COF (001) surface and ZIS (102) surface 299 

are 6.12 and 5.81 eV, respectively. The difference in work function can cause charge 300 

transfer at the interface of TpBD COF and ZIS. As TpBD COF has larger Φ, electrons 301 

will transfer from ZIS to TpBD COF until the EF equilibrium is reached. This results 302 

in a positively charged interface for ZIS with upward interface band bending. In 303 

contrast, TpBD COF is negatively charged and exhibits downward interface band 304 

bending at the interface, resulting in electron accumulation. This creates an IEF that 305 

promotes electron transfer from ZIS to TpBD COF, as confirmed by the XPS 306 

characterization results. In order to unveil the interfacial electronic interaction, the 307 

average charge density difference of TpBD COF@ZIS heterojunction were calculated 308 

(Fig. 6c). △ne reflects the difference in plane averaged charge density along the Z 309 

axis. A positive value of △ne indicates accumulation of electrons. The results show 310 

strong coupling effects at the interface of TpBD COF and ZIS, with electron 311 

migration direction in agreement with Φ and XPS analyses. These calculations further 312 

confirm the electron migration direction of a S-scheme heterojunction. 313 
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 314 

Fig. 6. Electrostatic potential of (a) TpBD COF and (b) ZIS (insets show the 315 

models of TpBD COF and ZIS used for the calculations). (c) Planar averaged charge 316 

density difference for the TpBD COF@ZIS heterojunction model (blue regions 317 

indicate electrons consumption and yellow regions indicate electrons accumulation). 318 

 319 

3.6 Photocatalytic activity evaluation. Hydrogen production was used to evaluate 320 

the photoreactivity of the photocatalysts. Several sacrificial agents, including 321 

Na2S/Na2SO3, TEOA, L-Ascorbic acid and Lactic acid, were used to evaluate their 322 

effect on the photocatalytic water splitting performance to produce H2 (Fig. S7a). The 323 

highest H2 production rate (2304 μmol g−1 h−1) was achieved when L-Ascorbic acid 324 

was used as sacrificial agent. It is reported that an acidic medium can cause a smaller 325 

water dissociation barrier, which is beneficial to H2 production [59]. Furthermore, 326 
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L-Ascorbic acid has a lower oxidation potential and is easily oxidized by holes 327 

[60,61], being an ideal sacrificial agent for this work. The mass of the composite 328 

photocatalysts powder was optimized, with 25 mg being the optimal value for the 329 

highest H2 production (Fig. S7b). Therefore, the optimal conditions were 25 mg 330 

photocatalyst (without co-catalyst) dispersed in 50 mL aqueous solution, with 0.05 M 331 

L-Ascorbic acid as sacrificial agent, under visible-light irradiation (λ > 420 nm) using 332 

a 300 W Xenon arc lamp. Control experiments were conducted to exclude the 333 

possibilities of the sacrificial agent to produce H2 under visible-light and the 334 

photocatalyst to react with the sacrificial agent to produce H2 in the dark (Fig. S8).  335 

Fig. 7a summarizes the photocatalytic water splitting performance to produce H2 of 336 

TpBD COF@ZIS-X composites, under the same conditions. After 3 h of visible-light 337 

irradiation, a comparatively small amount of H2 (423 μmol g−1) was detected for pure 338 

TpBD COF, while an apparent amount of H2 (702 μmol g−1) was observed for pure 339 

ZIS. Fig. 7b shows the values of the photocatalytic H2 production for the different 340 

materials. The optimal H2 production rate of TpBD COF@ZIS-10 reaches 2304 μmol 341 

g−1 h−1, which is around 16.3 and 9.8 times higher than the values of TpBD COF and 342 

ZIS, respectively. It is worth noting that the photocatalytic H2 production rate of 343 

TpBD COF@ZIS-10, obtained by the microwave-hydrothermal method, is around 344 

11.8 times higher than the rate measured for the physically mixed sample (with a 345 

ZIS:TpBD COF mass ratio of 10:1), indicating that a well-integrated heterojunction is 346 

essential for an efficient photocatalytic H2 production.  347 

Fig. 7c displays the AQE of TpBD COF@ZIS-10 under different wavelengths of 348 

monochromatic light irradiation. The trend shown is consistent with the UV-vis 349 

absorption strength, showing an AQE value of 5.02% at 420 nm. Such performance is 350 

comparable (and, in some cases, higher) than most reported results for ZIS-based 351 
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photocatalysts (Table S1) and other COF-based heterojunction photocatalysts (Table 352 

S2). In addition, when Pt is loaded on the TpBD COF@ZIS-10 composite, as 353 

co-catalyst, in form of nanoparticles (NPs), the photocatalytic water splitting, leading 354 

to H2 production, is significantly enhanced (Figs. S9a-b). When the mass ratio of Pt 355 

NPs is 0.4 wt%, the H2 production rate reaches the highest value (7551 μmol g−1 h−1). 356 

In addition, the stability of the photocatalyst is also a vital performance indicator. 357 

As displayed in Fig. 7d, TpBD COF@ZIS-10 is still able to maintain a high H2 358 

production rate of 2202 μmol g−1 h−1, even after 8 reaction cycles (of 3 h per cycle). 359 

Moreover, the XRD patterns and FTIR spectra of the used TpBD COF@ZIS-10 360 

sample (Figs. S10a-b) show no significant changes, except for a slight weakening of 361 

the peak intensity, demonstrating that the structure of the composite remains intact 362 

after the reaction. This is further supported by the SEM image of the used TpBD 363 

COF@ZIS-10 (Fig. S11), which confirms that the morphology of the material is 364 

maintained after the reaction. 365 

 366 
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Fig. 7. (a) Time-dependent H2 evolution curves. (b) Effect of ZIS loading amount 367 

on the H2 production rate of TpBD COF@ZIS. (c) AQE for TpBD COF@ZIS-10 at 368 

different wavelengths. (d) Recycling tests for TpBD COF@ZIS-10, showing the 369 

stability of H2 production rate over eight reaction cycles of 3 hours each. 370 

 371 

3.7 Photoelectrochemical property analysis. In order to unveil the photocatalytic 372 

mechanism of the TpBD COF@ZIS heterojunction, the photoelectric properties of the 373 

photocatalysts were compared. Electrochemical impedance spectroscopy (EIS) was 374 

used to monitor the electron mobility of the photogenerated carriers. Fig. 8a shows the 375 

EIS spectra of TpBD COF, ZIS and TpBD COF@ZIS-10 samples. The TpBD 376 

COF@ZIS-10 sample shows the smallest semicircle, suggesting the lowest 377 

charge-transfer resistance. The Rct values, obtained by fitting the simulated electrical 378 

equivalent circuit model (inset of Fig. 8a), decrease in the order of TpBD COF (9183 379 

Ω) > ZIS (8413 Ω) > TpBD COF@ZIS-10 (7097 Ω), as shown in Table S3. This 380 

suggests that the TpBD COF@ZIS-10 heterojunction has the highest efficiency in 381 

electron transfer due to its lowest interfacial resistance [62,63]. These results provide 382 

valuable insights into the photoelectrochemical properties of the TpBD COF@ZIS 383 

heterojunction and demonstrate its potential as an efficient photocatalyst for hydrogen 384 

production. 385 

Steady-state photoluminescence (PL) spectra provide another way to investigate the 386 

behavior of photogenerated charge carriers, as the emission of fluorescence arises 387 

from charge recombination. Therefore, the intensity of the PL spectra can be used to 388 

qualitatively monitor the separation or recombination efficiencies of the 389 

photocatalysts. As shown in Fig. 8b, the PL emission intensity of TpBD 390 

COF@ZIS-10 is noticeably weaker than the values of pure TpBD COF and ZIS, 391 
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demonstrating that the heterojunction construction can retard the recombination of 392 

photogenerated electron-hole pairs by providing an efficient pathway for charge 393 

migration [64,65]. The transient photocurrent response (TPR) and the surface 394 

photovoltage spectroscopy (SPS) response allow to further investigate the charge 395 

separation efficiency. The TPR of TpBD COF@ZIS-10 is obviously higher than those 396 

of TpBD COF and ZIS, suggesting that the heterojunction allows more efficient 397 

charge separation (Fig. 8c). Moreover, the SPS response intensity of TpBD 398 

COF@ZIS-10 is also stronger than the other materials (Fig. S12).  399 

All the above results indicate that the TpBD COF@ZIS heterojunction can 400 

effectively stimulate the separation of photogenerated electron-hole pairs. To further 401 

understand the charge transfer process, time-resolved photoluminescence (TRPL) 402 

spectra characterization was also carried out. From Fig. 8d, it is evident that the 403 

average emission lifetime of TpBD COF@ZIS (sample TpBD COF@ZIS-10) is 404 

shorter than the values of TpBD COF and ZIS, respectively. The significantly reduced 405 

lifetime confirms that an electron transfer pathway between TpBD COF and ZIS is 406 

formed in a nonradiative quenching manner [66].  407 

Based on the above analyses, we can summarize the key factors of the TpBD 408 

COF@ZIS heterojunction, which include improved light-harvesting ability and 409 

stimulated charge separation. These factors are decisive to improve the photocatalytic 410 

activity for H2 production [67,68]. 411 
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 412 

Fig. 8. (a) Nyquist plots of EIS, (b) steady-state PL spectra (λEx =380 nm), (c) TPR 413 

spectra and (d) TRPL results of TpBD COF, ZIS and TpBD COF@ZIS-10. 414 

 415 

3.8 Photocatalytic H2 mechanism. In order to better understand the charge transfer 416 

pathway in the TpBD COF@ZIS heterojunction, electron spin resonance (ESR) 417 

analyses were conducted. Before measurements, the mixture of 418 

methanol/DMPO/photocatalyst was illuminated for 300 s. As the CB potentials of 419 

TpBD COF (-0.51 V vs. NHE@pH0) and ZIS (-0.95 V vs. NHE@pH0) 420 

thermodynamically favor the reduction of O2 by CB electrons to produce •O2
– radicals 421 

(EO2/•O2–
 = -0.33 V), it is not surprising to detect signals of •O2

– radicals in suspensions 422 

of TpBD COF and ZIS (Fig. S13) [69,70]. As the CB potential of ZIS is more 423 

negative compared to that of TpBD COF, ZIS exhibits stronger •O2
– signal intensity. 424 

However, a sharply increased •O2
– signal is observed for TpBD COF@ZIS-10, 425 
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indicating that the coupling of TpBD COF with ZIS can provide more active sites for 426 

redox reaction due to efficient charge carrier separation. 427 

If a type-II heterojunction is formed between TpBD COF and ZIS (as illustrated in 428 

Fig. S14), the photogenerated electrons in the CB of ZIS will migrate to the CB of 429 

TpBD COF. Simultaneously, holes in the VB of TpBD COF will transfer to the VB of 430 

ZIS. To clarify the charge transfer pathway and redox ability of the TpBD COF@ZIS 431 

heterojunction, it is important to consider the relative positions of the CB and VB 432 

potentials of TpBD COF and ZIS. In particular, the CB potential of TpBD COF will 433 

determine its reduction capability, while the VB potential of ZIS will determine its 434 

oxidation ability. However, it is inconsistent with the radical trapping experimental 435 

results to suggest that the reduction of O2 to produce •O2
– radicals will become 436 

difficult due to the reduced redox ability of the heterojunction. This suggests that a 437 

different charge transfer mechanism is taking place. In contrast, the S-scheme charge 438 

transfer pathway provides a more reasonable explanation for the experimental 439 

findings. 440 

Based on the electronic band structures (Fig. 9a), ZIS can act as a reduction-type 441 

photocatalyst with higher Fermi level (work function of 5.81 eV), while TpBD COF 442 

can perform as an oxidation-type photocatalyst with lower Fermi level (work function 443 

of 6.12 eV). When TpBD COF closely contacts ZIS, the electrons in ZIS will 444 

spontaneously transfer to TpBD COF at the interface until the equilibrium of the 445 

Fermi levels is reached (Fig. 9b). Thus, the surface of ZIS will be positively charged 446 

due to the loss of electrons, while the surface of TpBD COF will be negatively 447 

charged due to the acceptance of electrons. Therefore, an IEF will be simultaneously 448 

produced at the heterojunction interface, together with upward bending edge of ZIS 449 

and downward bending energy of TpBD COF. Then, the combined influence of IEF, 450 
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band edge bending and Coulombic attraction will result in the production of a 451 

S-scheme charge transfer pathway. Under visible-light irradiation, the photogenerated 452 

electrons on the CB of TpBD COF will simultaneously migrate to the VB of ZIS to 453 

combine with the holes, resulting in the accumulation of CB electrons at the interface 454 

of ZIS for H2 production. At the same time, the accumulated holes at the VB of TpBD 455 

COF can facilitate the oxidation of L-Ascorbic acid (Fig. 9c). Eventually, the 456 

reduction and oxidation ability of TpBD COF@ZIS heterojunction will be decided by 457 

the electrons at the CB of ZIS and holes on the VB of TpBD COF, respectively. Then, 458 

the maximized redox ability of S-scheme TpBD COF@ZIS heterojunction provides a 459 

strong driving force for photocatalytic H2 production. Therefore, it is not strange to 460 

see an accelerated production of •O2
– radicals after coupling TpBD COF with ZIS 461 

(Fig. S13). 462 

To provide further evidence supporting the S-scheme heterojunction mechanism, 463 

in-situ XPS measurements were performed. The results shown in Figs. 3b-c indicate 464 

that under 420 nm light illumination, the binding energies of C 1s and N 1s in TpBD 465 

COF@ZIS-10 sample upshift, compared with the results obtained in the dark. In 466 

contrast, the binding energies of Zn 2p, In 3d and S 2p in TpBD COF@ZIS-10 sample 467 

negatively shift, compared to those detected in the dark (Figs. 3d-f). These results 468 

confirm that the photogenerated electrons are able to migrate from TpBD COF to ZIS, 469 

upon illumination. Based on all the above results, it is reasonable to propose a 470 

S-scheme charge transfer mechanism to explain the TpBD COF@ZIS heterojunction 471 

in water splitting to produce H2 under visible-light irradiation. 472 
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 473 

Fig. 9. S-scheme charge transfer process. 474 

 475 

4. Conclusions 476 

Novel hybridized photocatalysts, TpBD COF@ZIS, were successfully obtained by 477 

in-situ growth of ZIS on the surface of TpBD COF. The optimal photocatalyst (TpBD 478 

COF@ZIS-10 showed a significantly enhanced H2 production rate of 2304 μmol g−1 479 

h−1 with an AQE of 5.02% at 420 nm under visible-light irradiation even in the 480 

absence of co-catalyst. In addition, TpBD COF@ZIS-10 exhibited excellent recycling 481 

stability after 8 reaction cycles. Through in-situ XPS, ESR and DFT calculations, a 482 

S-scheme charge transfer mechanism was proposed to explain the enhanced 483 

photocatalytic performance of TpBD COF@ZIS-10. Strong interaction at the 484 

interface and the S-scheme charge transfer mechanism between TpBD COF and ZIS 485 

promoted charge separation/migration and retarded recombination. The findings of 486 

this work provide new valuable insights for the design and synthesis of innovative 487 

S-scheme heterojunction photocatalysts. 488 
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