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Understanding Photocatalytic Hydrogen Peroxide Production in 
Pure Water for Benzothiadiazole-based Covalent Organic 
Frameworks  

Linyang Wanga, Jiamin Suna, Maojun Denga, Chunhui Liua, Servet Ataberk Cayanb,c, Korneel 
Molkensb,c, Pieter Geiregatb,c, Rino Morent d, Nathalie De Geyterd, Jeet Chakrabortya* and Pascal 
Van Der Voorta* 

Photocatalytic production of hydrogen peroxide (H2O2) presents a promising and sustainable alternative to the current 

industrial anthraquinone route. Recent years have witnessed the emergence of covalent organic frameworks (COFs) as 

excellent photocatalysts, owing to their tunable band gaps, structural versatility and functional tunability. However, the 

current activity of COFs is limited and often relies on sacrificial agents to scavenge the holes in the photo-excited COFs. In 

this study, we introduce two benzothiadiazole-based COFs with tunable electronic structures and electron affinities for 

photocatalytic H2O2 production. The triazine-containing material, TAPT-BT-COF, exhibits outstanding charge separation and 

achieves a H2O2 production rate of 1363 ± 10 μmol·h–1·gcat
–1 in pure water, nearly twice as high as the benzene-containing 

TAPB-BT-COF (731± 10 μmol·h–1·gcat
–1). Moreover, TAPT-BT-COF demonstrates a remarkable apparent quantum efficiency of 

4.9% at 420 nm. This study underscores the significance of framework conjugation and provides valuable insights for the 

design of advanced photocatalytic framework materials with efficient charge separation. 

Introduction 

Hydrogen peroxide (H2O2) is a vital chemical compound with 

widespread applications in pharmaceutical industries, water 

treatment, chemical synthesis, and even fuel cells for electricity 

generation.1-3 Currently, the industrial production of H2O2 relies 

on the anthraquinone method, which employs noble metals 

such as Pd, Pt, Ag, and Au as catalysts.4 However, this multistep 

process is highly energy-intensive and generates harmful 

catalytic waste, necessitating the development of 

environmentally friendly and energy-efficient techniques. 

Consequently, there is a growing research focus on the 

exploration of sustainable alternatives that can address these 

challenges. 

Recently, there has been significant attention directed 

towards photocatalytic production of hydrogen peroxide 

through the oxygen reduction reaction (ORR), primarily due to 

its utilization of clean resources such as oxygen, water, and 

sunlight.5 In this method, H2O2 is produced either via two 

successive single electron transfers as shown in Eq (1-2) or via a 

direct two-electron transfer ORR pathway as shown in Eq (3),  

where NHE is the normal hydrogen electrode. 

(1) O2 + e– → O2
•–(Eo = -0.33 V vs. NHE, pH=7) 

(2) O2
•‒ + 2H+ + e– → H2O2 (Eo = +0.91 V vs. NHE, pH=7) 

(3) O2 + 2H+ + 2e– → H2O2 (Eo = +0.28 V vs. NHE, pH=7) 

In recent years, many photocatalysts have been designed 

for such H2O2 production, e.g., TiO2, graphic carbon nitride (g-

C3N4), and metal-organic compounds and their derivatives.6-9 

However, it has been observed that some of these 

photocatalysts exhibit challenges related to light-harvesting 

efficiency and photostability, which can impact their overall 

performance in H2O2 production.10 In this context, covalent 

organic frameworks (COFs) have emerged as a promising 

alternative owing to their remarkable ability to efficiently 

harvest visible light, their well-organized structure, exceptional 

chemical stability, customizable topology, and tunable bandgap 

properties. COFs have been employed in numerous 

photocatalytic applications such as hydrogen evolution,11 

reduction of carbon dioxide,12 pollutants degradation,13 H2O2 

production,14 etc. Nevertheless, the full potential of COFs for 

photocatalytic H2O2 production is not yet well-explored. 

In 2020, we reported the first successful utilization of COFs 

as photocatalysts for H2O2 production through ORR, employing 

N,N,N′,N′-tetrakis(4-aminophenyl)-1,4-phenylenediamine as 

the linker. Our initial findings demonstrated a maximum H2O2 

production rate of (only) 97 μmol·h–1·gcat
–1.15 Subsequently, in 

2023, we investigated the use of a biphasic system consisting of 

benzyl alcohol and water, which led to an enhanced activity of 

pyrene-based COFs for photocatalytic H2O2 production, 
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effectively preventing undesired in situ decomposition. 

Furthermore, our study revealed the significant influence of the 

COF surface area and optimal decoration of pyrene units on the 

photocatalytic performance, resulting in a remarkable 

maximum H2O2 production rate of 1242 μmol·g–1·h–1.16 Building 

upon these findings, in a subsequent publication, we 

demonstrated that extending the π-conjugation in COFs 

through post-synthetic sulfurization can significantly enhance 

their photocatalytic performance for H2O2 production as well.17 

Around 30 papers have appeared since 2020 on the use of 

COFs as photocatalysts for H2O2, by ORR or the water oxidation 

reaction (WOR) or both. Some of these papers are briefly 

discussed below, others are summarized in Table S2. 

For instance, acetynyl triazine-based COFs,18 fluorinated 

COFs14, vinylene-linked triazine-based COFs,19 bipyridine-

based20, 21 and Ni single-atom-based COFs22 were all explored 

for photocatalytic H2O2 production. These studies showed that 

COFs bearing a triazine unit exhibited a high H2O2 production 

performance. Still, a majority of studies uses sacrificial hole 

scavengers such as ethanol and benzyl alcohol, or metals to 

improve the H2O2 generation rate. In nitrogen heterocycle-

based COFs, precise control of the nitrogen atom positions is 

important for photocatalytic performance. For example, Tp-Dz 

COFs with pyridazine units have higher efficiencies than the 

ones with pyrimidine and pyrazine units23. A recent study 

involving 60 COFs made by mutually pairing 22 different linkers 

conducted by the Cooper group confirmed that 

triphenylbenzene or triphenyltriazine units displayed better 

photoactivity for H2O2 production due to their extended π-

conjugation.24 Also, benzothiadiazole (BT) is a well-known 

chromophore and BT-based COFs have shown excellent 

photocatalytic activities in hydrogen evolution,25 organic 

transformations26 and dye degradation27 due to their highly 

efficient charge separation and strong electron affinity. In the 

TTF-BT-COF, the construction of the oxidation-reduction 

strategy achieved a yield of 2760 μmol g−1 h−1, the BT moieties 

acting as the O2 reduction sites for H2O2 production.28 

These studies collectively emphasize the importance of 

specific functional groups with their electron-donating or -

withdrawing properties, as well as the effects of their 

oxophilicity and hydrophilicity (or -phobicity). Furthermore, 

they highlight the significance of structural alignment and 

overall surface area of the COFs in achieving efficient 

photocatalytic H2O2 production. Consequently, the next crucial 

step is to develop a comprehensive understanding of the 

materials' underlying structure-property relationships. This 

knowledge will enable the fine-tuning of their photophysical 

and electrochemical properties, ultimately facilitating sacrificial 

agent-free photocatalytic H2O2 production.  

Drawing inspiration from this concept, our work places a 

specific emphasis on exploring the photo-responsive charge 

separation and transfer efficiency of COFs. By correlating these 

essential photophysical properties with the corresponding 

photocatalytic H2O2 production efficiency in pure water, we aim 

to establish a comprehensive structure-property relationship. 

To achieve this, we combined the beneficial features of the BT 

moiety (4,4’-(benzothiadiazole-4,7-diyl)dibenzaldehyde) with 

triphenyltriazine linker (1,3,5-tris-(4-aminophenyl) triazine 

(TAPT)) and triphenylbenzene linker (1,3,5-tris(4-aminophenyl) 

benzene (TAPB)) to produce two COFs, TAPT-BT-COF and TAPB-

BT-COF. The presence of a triazine unit significantly influenced 

the efficiency of charge separation and transfer, thus leading to 

an augmented H2O2 formation rate. 

Experimental section 

Materials and characterization 

The chemicals were bought from TCI Europe or Sigma-Aldrich 

and used as received. X-ray diffraction (XRD) was carried out on 

a Bruker D8 Advance diffractometer equipped with a Cu-Kα 

source (40 kV, 30 mA, λ = 1.5406 Å). Fourier transform infrared 

(FTIR) spectroscopy measurements were recorded on a Thermo 

Nicolet 6700 FTIR spectrometer. X-ray photoelectron 

spectroscopy (XPS) was conducted using a PHI 5000 VersaProbe 

II spectrometer equipped with a monochromatic Al Kα X-ray 

source (hν = 1486.6 eV). During analysis, the samples were 

excited with an X-ray beam (size: 200 µm) over an area of 500 x 

500 µm2 at a power of 50 W. Wide range survey scans and high-

resolution spectra were recorded with a pass energy of 187.85 

eV and 23.5 eV and a step size of 0.8 eV and 0.1 eV respectively. 

All spectra were acquired at a take-off angle of 45° relative to 

the sample surface in the XPS chamber where the pressure was 

constantly maintained below 10–6 Pa. Nitrogen adsorption 

experiments were performed on a 3P instrument micropore 

analyzer. Before analysis, the samples were degassed at 120 °C 

for 24 h. The solid UV–vis absorption curve was obtained from 

diffuse reflectance spectra (DRS) measured on a Shimadzu UV-

3101PC spectrophotometer. BaSO4 was used as the reflectance 

standard. Thermogravimetric analyses (TGA) were carried out 

on a Netzsch STA 449 F3 Jupiter instrument using a heating rate 

of 10 °C/min in an N2 atmosphere. Photoluminescence 

experiments were conducted on a spectrofluorometer 

(Edinburgh FLSP920), with a photomultiplier detector operating 

in the 200–900 nm wavelength range at room temperature. 

 

Synthesis of TAPT-BT-COF 

TAPT-BT-COF was synthesized according to the literature using 

some minor modifications.25 A Pyrex tube (10 mL) was charged 

with 1,3,5-tris-(4-aminophenyl) triazine (TAPT, 17.72 mg 0.05 

mmol), 4,4’-(benzothiadiazole-4,7-diyl) dibenzaldehyde (BT, 

25.8 mg, 0.075 mmol, see synthesis in supporting information), 

and o-dichlorobenzene/n-butyl alcohol (1:1 v/v, 1 mL). The 

resulting mixture was sonicated for 15 minutes to obtain a 

yellow suspension. Subsequently, 0.1 mL of acetic acid (6 M) 

was added. After sonicating for 5 minutes, the tube was flash-

frozen at 77 K, degassed by three freeze-pump-thaw cycles, 

sealed and heated at 120 °C for 3 days. The collected yellow 

powder was washed with N, N-dimethylformamide (DMF), 

tetrahydrofuran (THF), acetone, and methanol, respectively and 

dried at 80 °C under vacuum for 12 h (∼63% isolated yield).  

 

Synthesis of TAPB-BT-COF 
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A Pyrex tube (10 mL) was charged with 1,3,5-Tris(4-

aminophenyl) benzene (TAPB, 17.57 mg 0.05 mmol), BT (25.8 

mg,0.075 mmol), and o-dichlorobenzene/n-butyl alcohol (1:1 

v/v, 1 mL). The mixture was sonicated for 5 minutes to obtain a 

yellow suspension. Subsequently, 0.1 mL of acetic acid (6 M) 

was added. The tube was flash-frozen at 77 K and degassed by 

three freeze-pump-thaw cycles. Hereafter, the tube was sealed 

and heated at 120 °C for 3 days. The collected yellow powder 

was washed with DMF, THF and methanol, respectively. The 

product was dried at 80 °C under vacuum for 12 h to obtain the 

corresponding yellow powder in ∼75% isolated yield.  

 

Photoelectrochemical measurements 

The photoelectrochemical measurements were performed on a 

computer-controlled electrochemical workstation (BioLogic 

VSP Potentiostat) in a standard three-electrode system using a 

Pt plate and a saturated Ag/AgCl electrode (in 1 M KCl) as the 

counter and reference electrode, respectively. The COF was 

used as the working electrode and a Na2SO4 solution (0.1 M) 

was applied as the electrolyte. A 300 W Xe lamp (filtered to λ > 

420 nm) was used as the visible light source. Fluorine-doped tin 

oxide (FTO) glasses were cleaned by sonication in ethanol for 30 

min and dried at 85 °C for 24 h. 5 mg of the COF sample was 

dispersed in 1 mL ethanol and sonicated for 20 min to get a 

slurry, which was coated afterwards on the piece of FTO glass 

(1 × 1 cm2). The FTO glass coated with the sample was dried in 

air (See details in supporting information). 

 

Photocatalytic experiment 

The photocatalytic H2O2 production experiments were carried 

out in a 20 ml sealed glass vial. 5 mg of the photocatalyst was 

dispersed in 10 ml Milli-Q water to form a homogeneous 

suspension. The resulting mixture was bubbled with oxygen and 

stirred in the dark for 30 min to obtain an adsorption-

desorption equilibration environment before irradiation with a 

300 W Xenon lamp (λ > 420 nm). The light intensity = 42 

mW/cm2. The temperature was maintained at 25 °C using a 

condenser. The distance between the reactor and the lamp was 

set at 15 cm, the stirring speed was kept at 800 rpm.  

Results and discussion 

Structure characterization   

TAPT-BT-COF and TAPB-BT-COF were synthesized under 

conventional solvothermal conditions. To confirm the 

crystallinity of the synthesized COFs, the powder X-ray 

diffraction (PXRD) pattern was measured and compared against 

theoretical simulations (Figure 1). As seen in Figure 1b and c, the 

PXRD patterns of both COFs show highly intense diffractions, 

suggesting a high crystallinity. The PXRD of TAPT-BT-COF 

possesses an intense peak at 2θ = 2.5 assigned to the (100) 

plane, and diffraction peaks at 5.1, 6.7, and 11.6° (2θ), which 

originate from the (200), (210), (140) planes, respectively. The 

broad peak at 2θ = 24.5 suggests the formation of two-

dimensional layers through π-π stacking. In comparison, the 

position of the first intense peak of TAPB-BT-COF is located at 

2θ = 2.0, which indicates that the two COFs have different 

crystal structures. Subsequently, the structure of the two 

crystalline COFs was verified by structureless profile fits (Pawley 

refinement) of the PXRD patterns. The Pawley refinement (red 

curves) is in excellent agreement with the peak assignment 

(Figure 1b and c). We have simulated the most frequently 

observed stacking models (AA, AA-d, AB, ABC, eclipsed, etc.) 

and the simulated AA-d stacking model corresponds the best to 

the experimentally obtained PXRD profile of TAPT-BT-COF 

(Figure 1e, S2-S8).  The “d” in “AA-d” refers to some distortions 

in the regular AA stacking, particularly in the hexagonal pores of 

the material. This means that while the layers are largely 
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organized directly above one another, there may be some slight 

deviations or distortions from this perfect alignment, 

particularly in the regions of the material where the hexagonal 

pores are located29. and the AA- stacking model corresponds 

well to the PXRD profile of TAPB-BT-COF (Figure 1e), indicating 

that both COFs crystallized in eclipsed stacking mode but 

possess different structures with different penetrating pores. 

The detailed chemical composition and structure of both 

COFs was investigated using FTIR and XPS. As shown in Figure 

S9, compared to the pristine monomers, a new peak appeared 

at 1621 cm–1 in the FTIR spectra of both COFs, which can be 

attributed to the C=N stretching. This indicates the formation of 

imine linkages. In addition, retention of the characteristic N-S 

(890 cm–1) stretching bonds in the spectra of the synthesized 

COFs confirmed the preservation of the benzothiadiazole 

functional group. As presented in Figure 2, The XPS survey 

spectra of TAPT-BT-COF and TAPB-BT-COF show the presence of 

C, N and S. The high-resolution C 1s XPS spectrum of TAPT-BT-

COF can be deconvoluted into four peaks with binding energies 

at 287.3, 286.4, 285.5 and 284.9 eV, which can be assigned to 

the C=N in BT, triazine and imine, and aromatic sp2 carbon, 

respectively.25 In contrast, TAPB-BT-COF did not show any XPS 

peak for the C=N in triazine, whereas the C=N of the BT unit 

appeared at 286.8 eV. This 0.5 eV shift with respect to TAPT-BT-

COF inferred that the electron affinity of BT is weaker in TAPB-

BT-COF than in TAPT-BT-COF. In the N 1s region of the TAPT-BT-

COF, three peaks appearing at 398.6, 399.4, and 400.3 eV can 

be attributed to the Ns of triazine rings, BT and imine bonds, 

respectively. Compared to that, TAPB-BT-COF possessed only 

two peaks at binding energies 399.5 and 400.5 eV arising from 

the Ns in BT and imine C=N linkages. The result distinguishes the 

two COFs very well. On the other hand, the high-resolution S 2p 

XPS spectrum of both COFs showed typical doublets (at 165.7 

and 166.9 eV), which is characteristic of the benzothiadiazole 

ring.30 These XPS data further confirmed the successful 

synthesis of the two COFs, endorsing the FTIR data. The porosity 

of the TAPT-BT-COF and TAPB-BT-COF was evaluated by 

nitrogen adsorption measurements at 77 K (Figure S10 and 

S11). The Brunauer–Emmett–Teller (BET) surface area of TAPT-

BT-COF and TAPB-BT-COF is 186 and 80 m2 g–1, respectively. 

Moreover, the pore size distribution obtained by the Quenched-

Solid Density Functional Theory method (QSDFT) revealed that 

the average pore size of TAPT-BT-COF is 2.8 nm, while TAPB-BT-

COF possessed an average pore size of 4.1 nm. These results 

further confirm the theoretically obtained pore size 

distributions calculated from the structure model. 

The thermal stability of the COFs was investigated using 

TGA. Both samples were stable up to 500 °C under a nitrogen 

atmosphere and stable up to 350 °C under air (Figure S12), 

proving their high thermal stability. On the other hand, the 

morphologies and elemental distribution of TAPT-BT-COF and 

TAPB-BT-COF were revealed by transmission electron 

microscopy (TEM) and scanning transmission electron 

microscopy energy-dispersive X-ray spectroscopy (STEM-EDS) 

elemental mapping (see details in supporting information). 

Both COFs show nanowire structures (Figure S13) and the 

elements C, N and S are uniformly distributed (Figure S14 and 

S15).  

 

Optical and electrochemical properties  

The optical properties of the photocatalysts are of paramount 

importance for their catalytic performance. Initially, the optical 

absorptions of the COFs were investigated by UV-Vis DRS 

(Figure 3a). Both COFs showed a strong visible light absorption 

capability. The absorption edges of TAPT-BT-COF and TAPB-BT-

COF were 552 and 531 nm, respectively. The slight redshift in 

the absorption edge of TAPT-BT-COF compared to that of TAPB-

BT-COF indicated a better visible light absorption ability of the 

former. Moreover, a broadening and red-shift in the photo-

absorption tail of TAPT-BT-COF around 550-650 nm range 

compared to its phenyl analogue was observed. This further 

suggested that the triazine containing COF manifests a subset 

of charged species that have a lower band gap oscillator 

strength, i.e., a higher degree of excited state charge separation 

efficiency, which would be beneficial for photocatalysis. An 

augmented framework conjugation in the TAPT-BT over TAPB-

BT can be ascribed as the reason behind this observation. The 

optical band gaps (EBG) of TAPT-BT-COF and TAPB-BT-COF were 

calculated to be 2.35 and 2.43 eV, respectively from the 

corresponding Tauc plots. Mott-Schottky (M-S) analyses were 

conducted to obtain the conduction band potentials of both 

COFs at their respective isoelectric points (Figure S16, see 

details in supporting information). As depicted in Figure S17 and 

S18, the positive slope indicated that both COFs are n-type 

semiconductors, justifying their use in ORR. The flat-band 

potentials (EFB) of TAPT-BT-COF and TAPB-BT-COF were 

calculated to be -0.88 and -0.81 V vs. Ag/AgCl (-0.68 and -0.61 V 

vs. NHE) respectively. Based on these, the valence band (VB) 

position of TAPT-BT-COF and TAPB-BT-COF were calculated to 

be 1.67 and 1.82 V (vs. NHE), respectively (Figure 3b). Evidently, 

the conduction band (CB) values of the synthesized COFs were 

more negative than –0.33 V and 0.28 V (vs. NHE), indicating that 
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they are thermodynamically capable of producing H2O2 via a 

direct or indirect 2e– ORR pathway. On the other hand, the VB 

potentials were also thermodynamically suitable for oxidizing 

water to O2, thereby completing the redox cycle. Hence, both 

COFs can theoretically be used as effective photocatalysts for 

the photo-production of H2O2 from pure water.  

Furthermore, the charge transfer rates and the separation 

efficiency of the photogenerated electrons and holes were 

analyzed by impedance spectroscopy (EIS) and transient 

photocurrent response (TPR) measurements (see details in 

supporting information). As illustrated in Figure 3c, the TAPT-

BT-COF shows a smaller semicircular radius of the Nyquist curve 

compared to TAPB-BT-COF. This indicates a lower interfacial 

charge transfer resistance of TAPT-BT-COF, which is more 

favorable to electron and hole transfer. The impedance spectra 

were fitted using the equivalent Randle circuit 

Rs+(QBulk/RBulk)+(QCT/RCT), where Rs is the solvent resistance, 

RBulk is the bulk resistance, and RCT is the charge transfer 

resistance. The RCT value of TAPT-BT-COF (299 Ω) was much 

lower than in the case of TAPB-BT-COF (1255 Ω) (Table S1). The 

transient photocurrent density of TAPT-BT-COF was also 

recorded to be higher than in the case of TAPB-BT-COF (Figure 

3d). In general, the photocurrent response intensity is positively 

correlated to the separation efficiency of the photogenerated 

electrons and holes. This result confirms that TAPT-BT-COF 

prevents the recombination of charge pairs to a great extent, 

which is in good agreement with the results obtained from the 

EIS and UV-Vis measurements, and a justifiable due to the 

enhanced framework conjugation. 

To further endorse these results, photoluminescence (PL) 

spectra and the fluorescence lifetime decay profile of both COFs 

were determined. As seen in Figure 3e, the emission peak 

maximum of TAPB-BT-COF appeared at 523 nm. Compared to 

that, TAPT-BT-COF exhibited a red shift (35 nm) and quenched 

intensities (40%), suggesting lower recombination of 

photogenerated carriers. The PL peaks can be further 

deconvoluted into two segments, one centering around 520 nm 

and the other one significantly redshifted. This indicated the 

simultaneous existence of two recombination processes.  

To better understand the photoexcited charge 

recombination mechanism and assess the potential for efficient 

charge separation, the lifetime of the PL decay was measured. 

A longer lifetime is generally considered beneficial for 

photocatalysis as it implies a greater chance for charge carriers 

to participate in chemical reactions. The fluorescence lifetime 

decay profile (Figure 3f) revealed two distinct decay patterns, 

characterized by faster decay constants (τ1) and relatively 

slower ones (τ2). The values of τ1 were calculated to be 1.18 μs 

for TAPT-BT-COF and 0.87 μs for TAPB-BT-COF, while the τ2 

values were 9.42 μs and 8.22 μs, respectively. These longer 

lifetimes (τ2) in the microsecond range indicate significant 

phosphorescence in both COFs. The presence of a significant 

phosphorescent component suggests that the materials 

possess a higher population of triplet excitons, resulting in a 

more efficient singlet-to-triplet intersystem charge transfer. 

Importantly, the triazine-containing COF (TAPT-BT-COF) 

exhibits a higher efficiency in this process compared to its 

benzene-based counterpart (TAPB-BT-COF). It is worth noting 
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that the existence of a triplet state in BT is well-documented in 

the literature, which further supports these observations.31, 32 

For a detailed understanding of the excited state charge 

dynamics in this material, we further analyzed TAPT-BT-COF by 

femtosecond transient absorption (TA) spectroscopy and 

correlated the obtained data with the UV-Vis DRS and PL results. 

As shown in Figure 4a, the TA map is dominated by a spectrally 

shaped and transiently decaying photo-induced absorption 

feature (Δ𝐴 > 0), which gradually depleted from 2 to 1000 ps. 

This wavelength range corresponds well to the charge 

separation band observed in the UV-Vis spectra of TAPT-BT and 

its PL maximum, which translates as the ground state bleaching 

of the COF in TA spectra. Furthermore, two excited state 

absorbance (ESA) peaks were observed at around 675 nm 800 

nm in the TA spectra. Considering the high charge transfer 

efficiency of the material, as already substantiated using other 

photo-electrochemical analysis, the peak at 675 nm can be 

ascribed to a probable strong ESA of the excited TAPT-COF 

radical cation,33, 34 whereas the further low-energy one at 800 

nm is originating plausibly from the thermal relaxation of the 

ESA. As shown in Figure 4, the peak at 800 nm decreased rapidly 

in a femtosecond scale (τ0 = 650 fs), which can justify the small 

energy requirement of the thermal relaxation of the ESA. The 

ESA peak then gradually decayed in a two-component 

exponential fashion with lifetimes of 5.6 ps (τ1) and 150 ps (τ2), 

respectively. These two-components can be explained 

considering that τ1 is possibly originating from the inter-system 

crossing in BT, whereas τ2 is due to direct quenching of the ESA. 

The TA analysis together with UV-Vis, PL, and the 

electrochemical analysis endorsed the superiority of TAPT-BT-

COF as a photocatalytic material. 

 

Photocatalytic activity 

The photocatalytic H2O2 production was carried out under 

visible light irradiation. As shown in Figure 5a, in the absence of 

any sacrificial agents, both COFs showed photoactivity with 

H2O2 generation rates of 1363 ± 10 and 731 ± 10 μmol·h–1·gcat
–1 

in pure water for TAPT-BT-COF and TAPB-BT-COF respectively. 

The amount of H2O2 increased steadily on prolonging the 

irradiation time. It is worth noting that the H2O2 production rate 

of TAPT-BT-COF is either comparable or has surpassed most of 

the similar materials reported to date (Table S2). The higher 

H2O2 formation by TAPT-BT-COF can be justified by considering 

the enhanced charge separation and transfer efficiency of the 

material. The hydrogen peroxide production performance and 

the apparent quantum yield (AQY, see details in supporting 

information) of TAPT-BT-COF were measured under different 

irradiation wavelengths as well (Figure 5b). It showed a 

remarkable apparent quantum efficiency of 4.9% at 420 nm, 

and the hydrogen peroxide production rate reached 1214 

μmol·h–1·gcat
–1. On increasing the wavelength from 420 nm, a 

noticeable decrease in the H2O2 generation activity was 

observed. As the COF has only a nominal photo-absorbance at 

higher wavelengths, this observation is understandable. 

Furthermore, the stability of the TAPT-BT-COF was studied 

through recycling experiments (Figure 5d). The H2O2 production 

rate of the TAPT-BT-COF only showed a slight decrease in 

activity after successive runs. Furthermore, PXRD (Figure S20 

and S21) and FTIR (Figure S22 and S23) analysis were performed 

after catalysis to verify the stability of the TAPT-BT-COF 

material. The minor changes in both spectra indicate that the 

crystallinity and the chemical structure of the TAPT-BT-COF 

remained intact after photocatalysis.  
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To investigate the mechanism of H2O2 production, a series 

of control experiments were carried out using TAPT-BT-COF as 

the probe catalyst. As shown in Figure 6a, no hydrogen peroxide 

was detected when the reaction was carried out in the dark, 

suggesting the need of light for the catalytic process. As shown 

in Figure 5c, TAPT-BT-COF showed the highest H2O2 production 

rate in the presence of pure O2. In air, a significant decrease in 

the hydrogen peroxide production rate is observed while there 

was no H2O2 production in the presence of Ar. These results 

suggest that O2 is required for photocatalytic H2O2 production. 

Furthermore, the H2O2 production was evaluated by 

introducing different scavengers into the reaction system, 

including tert-butyl alcohol (TBA, ·OH scavenger), 

benzoquinone (BQ, electron scavenger) and ethanol (hole 

scavenger). When BQ was introduced into the reaction system, 

the H2O2 production was completely quenched. This suggested 

that BQ quenched the excited electron and thereby suppressed 

the generation of O2
•–, which, in turn, reduced H2O2 formation. 

When combined with the effect of O2, this observation 

emphasized the significant role of electrons in the 

photocatalytic ORR. In contrast, the presence of TBA did not 

influence the H2O2 formation, indicating that ·OH radicals did 

not participate in the photocatalysis. When ethanol was added 

as a hole scavenger, a noticeable increase in the H2O2 

production rate was observed. Based on these results, we can 

conclude that H2O2 is produced at the CB via a stepwise two-

electron ORR route (O2 → ·O2
– → H2O2). WOR is the only 

possible counter-reaction to complete the redox process in pure 

water. To confirm the WOR, TAPT-BT-COF and AgNO3 (as an 

electron scavenger) were added to water and the entire 

reaction system was placed under an N2 atmosphere to 

suppress the ORR and enhance the counter oxidation. After 6 

hours of irradiation, only O2 was detected (Figure S24). This 

proves that the reaction at VB is the water oxidation to O2. 

Based on these results a plausible reaction mechanism is 

proposed in Figure 6b. Upon visible light irradiation, the 

photoexcited COF generates electron-hole pairs. The 

photogenerated electrons of the COF migrate from VB to CB 

leaving holes in the VB. The electron-deficient VB then oxidizes 

water to generate oxygen and a proton. At the same time, 

electron-rich CB reduces the oxygen to produce O2
•–, which 

takes up protons from the medium to form H2O2. 

We performed further theoretical calculations to better 

understand the photocatalytic behavior of the COFs. The 

Density Functional Theory (DFT) optimised molecular analogue 

of both COFs provided interesting insights. The total electron 

density of the materials mapped for their potential energy 

surface showed that the S-atom of BT is the most active center 

in both COFs (Figure 7a). This indicated that the sulfur of BT 

would function as the catalytic center in a reaction. Accordingly, 

the HOMO (Highest Occupied Molecular Orbital)-LUMO (Lowest 

Unoccupied Molecular Orbital) distribution also showed that 

the LUMO is mostly located on the BT for both compounds with 

similar energy values, whereas the HOMO is delocalized over 

the entire repeating unit and has significantly different energies 

for the two materials (Figure 7b and 7c). For the triazine-

containing unit, the HOMO energy is lower than in the case of 

TAPB. This led to a higher bandgap of TAPB-BT than TAPT-BT, 

which agreed well with the experimental bandgap and 

photophysical property trend. Moreover, in line with the 

potential energy surface mapped total electron density, these 

results also suggested that ORR would take place on the BT, 

more specifically on the S-center of the BT. 

With this knowledge and the experimental observation that 

the H2O2 production progressed via stepwise electron transfer, 

we calculated the theoretical free energies of the reaction for 

both TAPB-BT-COF and TAPT-BT-COF. As shown in Figure 7d, the 

change in free energy during the first electron transfer to 

generate the superoxide intermediate at the S-center of the BT 

(*OOH) was found to be +0.35 eV and -0.14 eV for TAPB and 

TAPT respectively, whereas that for the second electron 

transfer (*H2O2) is -0.69 eV and -0.15 eV. This suggested that 

both electron transfers during ORR are thermodynamically 

favorable for the triazine containing COF, whereas the first step 

is thermodynamically uphill for TAPB-BT-COF justifying the 

better catalytic performance of the former. This further 

endorsed our claimed correlation between the catalytic activity 

and photo-physical properties of the COFs. 
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Conclusions 

In summary, two BT-based COFs, containing phenyl and triazine 

nodes, respectively, were synthesized and their photophysical 

and electrochemical properties were thoroughly studied. The 

triazine-containing COF manifested superior photo-induced 

charge separation and many-fold diminished recombination. 

The materials were investigated for sacrificial agent-free 

photocatalytic H2O2 production from water. The results showed 

that the triazine-based COF significantly outperformed the 

phenyl analogue, which is attributed to the better 

photophysical properties of the former. This study revealed the 

importance of framework conjugation for metal-free materials 

and provides insights into the design of advanced photocatalytic 

framework materials for augmented charge separation. 
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