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Abstract: 

The electrocatalytic production of hydrogen peroxide (H2O2) through the two-electron oxygen 

reduction reaction (2e− ORR) has garnered significant research attention in recent years due to 

its numerous appealing advantages, such as being eco-friendly and exhibiting high energy 

conversion efficiency. Metal-free carbon materials with specific catalytic sites have been 

recognized as potential electrocatalysts for 2e− ORR; however, the design of highly efficient 

catalysts with well-defined structures and long-term stabilities for practical H2O2 production 

remains unsatisfactory. In this study, three covalent organic frameworks (COFs) – imine-linked 

LZU-1, oxazole-linked LZU-190, and thiazole-linked LZU-190(S), were successfully 

synthesized to explore their catalytic activity in electrocatalytic H2O2 production. Among these, 

the carbon sites LZU-190(S) were predominantly activated by the introduced adjacent 

heteroatoms via electronic effects, resulting in much higher H2O2 selectivity compared to the 

oxazole and imine linkages. This work provides new insights into developing COFs-based 

electrocatalysts for efficient H2O2 generation. 
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1. Introduction 

Hydrogen peroxide (H2O2) holds significant importance in our daily lives and modern industries 

with widespread applications in areas such as the pulp industry, chemical synthesis, wastewater 

treatment, and medical disinfection.[1-2] Currently, industrial production of H2O2 predominantly 

relies on the large-scale concentrated anthraquinone circulation process.[3-4] Another viable 

route involves the direct synthesis of H2O2 from H2 and O2, demonstrating high selectivity 

(>95%) and productivity. However, challenges such as flammability hazards and additional 

purification costs due to diluted carrier gas and solvent hinder large-scale H2O2 production 

through this method.[5-6] Consequently, such issues identified in these routes have motivated 

researchers to explore alternative, environmentally friendly, and cost-effective approaches for 

H2O2 synthesis. 

Given its advantages of high-energy conversion efficiency and environmentally friendly 

process, electrochemical H2O2 production via 2e− ORR is considered a burgeoning route for the 

facile synthesis of H2O2 at a low cost.[7-8] Electrocatalytic H2O2 synthesis offers significant 

advantages over traditional processes, mitigating the risk of hydrogen and oxygen mixture 

explosion. It requires only renewable power sources and clean water, eliminating the need for 

hazardous H2 as a proton source and minimizing by-products. Despite these appealing 

advantages, practical processes encounter challenges from competitive reactions at cathodes, 

where 4e- or 2e- pathways could occur, resulting in the production of H2O2 (HO2−) or H2O as 

products in aqueous solutions, respectively.[9-12] Therefore, there is a high demand for designing 

electrocatalysts to achieve high H2O2 production via 2e− ORR. 

It is generally acknowledged that the interaction between O2 and active sites determines the 

pathway through which oxygen is activated.[13-14] Consequently, the final products depend 

highly on the adsorption energy of O2, whether following the 4e− path or the 2e− path leading 

to H2O2.[15-16] Numerous explorations have confirmed that the electronic structure of catalysts 

is one of the most important factors influencing catalytic activity.[17-18] Therefore, various 

electrocatalysts with a tuneable coordination environment and controllable electronic structure 

have been reported to generate H2O2 via the 2e− ORR pathway with high catalytic activity.[19-

20] To date, typical electrocatalysts, including noble metals, single atoms, alloys, and carbon-

based materials, have been reported as efficient catalysts for electrochemical H2O2 production 

in the literature. [21-25] However, some limitations of the above catalysts cannot be ignored and 
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pose barriers to their widespread use. Specifically, the scarcity of noble metals restricts their 

broad application in the future. Although single atom-based catalysts have drawn great attention 

in recent years due to atomic utilization economy, metal single sites tend to aggregate and face 

stability issues. Compared to noble metals and single atoms, carbon-based materials often have 

the characteristics of low cost, simple production, and easy regulation.[26-27] Moreover, different 

types of carbon-based materials with specific catalytic sites have been reported to boost the 

electrocatalytic performance in generating H2O2.[28-29] However, the main problems for them 

include the vague relationship between structure and property and unavoidable impurities 

during the synthesis process. Therefore, it is crucial to develop novel carbon materials with 

well-defined structures and tuneable active sites as 2e- ORR electrocatalysts to understand the 

mechanism process and achieve the highly efficient electrochemical synthesis of H2O2. 

Covalent organic frameworks (COFs), a class of crystalline carbon materials, are constructed 

using predesigned building blocks through covalent bonds.[30-31] Their ordered structures and 

porous skeletons make COFs versatile in various applications such as gas adsorption, organic 

pollutant adsorption, heterogeneous catalysis, and energy storage and conversion.[32-35] The 

structural predictability and precise molecular-level assembly of the active site render COFs 

powerful tools for controlling their chemical properties. Consequently, COFs are considered 

ideal candidates for electrochemical applications, leveraging their ability to integrate multiple 

features to enhance catalytic performance. While various COFs containing organic molecules 

with thiophene units, diarylamine units, or methyl groups have been reported to catalyse the 4e- 

ORR with excellent activity, the direct electrochemical production of H2O2 using COFs as 

catalysts is still in the early stages.[36-38] Only a few examples, such as amine-linked COFs,  

COFs with tunable substituent groups,  photo-active COFs, have been reported to achieve 

efficient 2e- ORR.[39-42]  The 2e- ORR toward H2O2 presents more challenges than that of 4e- 

ORR process, considering both the ability to activate oxygen and avoiding the formation of by-

product water.[43-44] Therefore, achieving high selectivity for H2O2 in the electrochemical 

process relies on fabricating accurate active centres that can activate O2 with an optimal energy 

barrier. 

Recently, there has been increasing interest in COFs linked by C=N bonds, owing to the 

abundance of ligands and the potential for diverse post-treatments.[45-46]  Particularly noteworthy 

is the formation of heterocyclic rings at the linkages of the C=N bonds, which can enhance 

electron transport along the frameworks and create fully conjugated structures, thereby 

improving overall stability.[47-49] Fortunately, our previous work revealed that a series of porous 
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polymers containing N-NH-, N-O-, or N-S-heterocycles can efficiently catalyse 2e--ORR.[50]  

Additionally, density functional theory (DFT) calculations and operando surface-enhanced 

infrared spectroscopy (SEIRAS) demonstrated that the activity of adjacent carbon sites can be 

finely controlled through atomic-scale doping with near S, N, or O atoms. Inspired by the 

promising catalytic properties of N-S-heterocycles units, we reported the synthesis of 

benzothiazole-linked COFs and benzoxazole-linked COFs to explore their catalytic activity in 

the electrochemical oxygen reduction process (Figure 1). The obtained LZU-190(S) exhibits  

 
Figure 1. Scheme of the synthesis of COFs with tunable active sites for producing H2O2 via 

electrocatalytic process. 

higher H2O2 selectivity (94.8%) compared to oxazole-linked LZU-190 (79.3%) or the 

corresponding undoped imine-linked LZU-1 (22.8%) in a wide potential, while maintaining 

satisfactory stability. Moreover, all these catalytic results outperform the performance of 

corresponding amorphous polymers[50], suggesting that ordered structures further facilitate 

electron transport and mass transfer. This work provides insights for designing more efficient 

COF-based catalysts in electrochemical H2O2 production. 

2. Results and Discussion 

2.1. Characterization of structures of COFs 

  To construct well-defined catalytic sites, three types of covalent organic frameworks (COFs) 

were synthesized by reacting 1,3,5-benzenetricarboxaldehyde (TFB, LA) with organic linkers, 

namely, p-phenylenediamine (PPD, LB1), 2,5-diamino-1,4-benzenediol dihydrochloride (DAD, 

LB2), and 2,5-diaminobenzene-1,4-dithiol dihydrochloride (DAT, LB3), respectively, as shown 

in Figure S4, under solvothermal conditions via a Schiff base condensation reaction (Figure 2a, 
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Figures S1, S2 and S3). These were denoted as LZU-1, LZU-190, and LZU-190(S). In 

comparison to LZU-1, LZU-190, and LZU-190(S) undergo the process of ring closure to form 

 

Figure 2. Schematic diagram of structures of LZU-1, LZU-190, and LZU-190(S) and 

corresponding structural characterization. (a) Scheme for the synthesis, and (b) PXRD patterns 

of LZU-1, LZU-190, and LZU-190(S). (c) 13C cross-polarization magic angle spinning solid-

state NMR of LZU-1, LZU-190, and LZU-190(S). Asterisks (*) indicate the peaks arising from 

spinning side bands. (d) N2 adsorption isotherm (filled symbols) and desorption isotherm (open 

symbols) for LZU-1, LZU-190, and LZU-190(S) at 77 K. 

a more stable five-membered ring heterocycle. As illustrated in Figure 2, accurate carbon active 

sites with a controllable coordination environment are implemented in the periodic structure of 

COFs, facilitating the exploration of the relationship between structures and catalytic activity. 

Powder X-ray diffraction (PXRD) measurements were further conducted to reveal their 

crystallinity. Characteristic reflection peaks were observed at 4.87°, 4.79°, and 4.77° in the 
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PXRD patterns of LZU-1, LZU-190, and LZU-190(S), respectively, corresponding to the (100) 

plane (Figure 2b).[47, 51] Considering that LZU-190(S) constructed by TFB and DAT has not 

been reported yet, its crystal structure was investigated in detail with the aid of Materials Studio 

(MS) software. Two simulated PXRD patterns representing AA and AB stacking structure were 

provided to confirm the structure of LZU-190(S). The experimental XRD data matched well 

with that of the eclipsed AA stacking model (Figure S5).  

    Additionally, the chemical structures of the afore mentioned COFs were initially investigated 

using several characterization techniques. Solid-state 13C nuclear magnetic resonance (NMR) 

spectroscopy (Figure 2b) was employed to identify the key constituents in the COFs. As shown 

in Figure 2c, the signals of carbon atoms in the thiazole rings of LZU-190(S) were observed at 

chemical shifts of 167, 152, and 146 ppm. Other carbons in the aromatic skeletons were 

detectable at the chemical shift of 135, 127, and 116 ppm. Similarly, the chemical information 

of LZU-190 and LZU-1 can be discerned clearly, which are in according to the reported data in 

literatures. The signals at 162, 148, and 140 ppm can be ascribed to the carbon atoms of oxazole 

in LZU-190, in addition, the signals at 158, 149, 138, 131, and 124 ppm can be ascribed to the 

carbon atoms in LZU-1. Fourier-transform infrared (FTIR) spectroscopy is a powerful tool to 

confirm specific organic units in materials. Vibration signals of the thiazole rings were observed 

at 1667 cm-1 (C=N), 1308 cm-1 (C=C), and 1057 cm-1 (C-S) in LZU-190(S), while the stretching 

vibration of the oxazole unit was reflected at peaks of 1664 cm-1 (C=N), 1424 cm-1 (C=C), and 

1121 cm-1 (C-O) in LZU-190 (Figures S6 and S7). In Figure S8, the notable peaks at 1622 cm-

1 can be attributed to the signals of C=N bonds, characteristic of LZU-1. High-resolution X-ray 

photoelectron spectroscopy (XPS) spectra were used to detect the S or O element in LZU-190(S) 

and LZU-190, respectively (Figures S9, S10, and S11). To reveal the enhanced stability of 

COFs raised by the introduced heteroatoms, their thermal stability was investigated by 

thermogravimetric analysis (TGA). The results show that the LZU-190(S) catalyst exhibits 
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excellent thermal stability with a thermal decomposition temperature (Td, 13% weight loss) of 

≈425 °C under nitrogen (Figure S12), indicating its strong chemical robustness.  

     Next, the porosity of as-synthesized COFs was analyzed through isothermal N2 sorption 

measurements. The results revealed typical Type-I adsorption isotherms, indicating a 

microporous structure with a calculated pore size of 1.29 nm using the nonlocal density 

functional theory (NLDFT) method (Figure S13). LZU-190(O) and LZU-1 exhibited similar 

microporous structures with diameters of approximately 1.18 nm, 1.18 nm, respectively (Figure 

S13). The Brunauer–Emmett–Teller (BET) surface areas of LZU-190(S), LZU-190, and LZU-

1 were measured as 305, 442, and 481 m2 g (Figure 2d), respectively. Scanning electron 

microscopy (SEM) images and transmission electron microscopy (TEM) images depicted LZU-

190(S), LZU-190, and LZU-1 as nanoplate-like agglomerates with diameters ranging from 200 

nm to 500 nm (Figures S14 and S15). Energy-dispersive X-ray spectroscopy (EDS) mapping 

images were also employed to confirm the uniform distribution of constituents in LZU-1, LZU-

190, and LZU-190(S) (Figure S16, S17, and S18). Specifically, C, N, and S atoms were 

uniformly distributed in the skeletons of LZU-190(S). 

2.2. Electrochemical Performance 

  With the well-defined structures of the catalysts in hand, their different catalytic behaviours 

in oxygen activation were explored in detail. The 2e−-ORR performance was evaluated in a 0.5 

M KOH aqueous solution using a rotating ring-disk electrode (RRDE). The H2O2 generated 

through the electrochemical reduction of oxygen on the disk electrode is quantified based on 

the oxidation current of hydrogen peroxide on the ring electrode potentiostated at 1.2 V (versus 

the reversible hydrogen electrode, the same below).[52] Figure 4a reveals ORR polarization 

curves of the LZU-190(S), LZU-190, and LZU-1 electrocatalysts. The disk current density (jdisk, 

solid line) represents the ORR current, while the ring current (iring, dashed line) monitors H2O2  
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Figure 3. ORR electrocatalytic performances of LZU-1, LZU-190, and LZU-190(S) cast onto 

RRED in 0.5 M KOH. (a) 90% iR-compensated linear sweep voltammetry (LSV) of LZU-1, 

LZU-190, and LZU-190(S) recorded at 1600 rpm and a scan rate of 10 mV s−1, together with 

the detected H2O2 currents on the ring electrode (upper panel) at a fixed potential of 1.2 V vs. 

RHE. (b) Tafel plots of LZU-1, LZU-190, and LZU-190(S). (c) Calculated H2O2 electron 

transfer number and (d) selectivity during the potential process for LZU-1, LZU-190, and LZU-
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190(S). (e) Catalytic stability test of LZU-190(S) at a potential of 0.6 V vs. RHE in O2-staurated 

0.5 M KOH. 

production. According to the polarization curves, the LZU-190(S) catalyst exhibits high ORR 

activity with an onset potential (defined as the potential at which a current density of 0.5 mA 

cm−2 is achieved) of 0.78 V, which is shifted from that of LZU-190 and LZU-1 (0.74 V and 

0.66 V, respectively) and is close to the thermodynamic potential of H2O2 generation.[53] 

Increasing ring currents, decreasing disk currents, and negatively shifted onset potentials are 

observed in the order of LZU-1, LZU-190, and LZU-190(S), indicating a gradual tuning of the 

reaction pathway toward a higher fraction of 2e−-ORR. The specific activity Tafel plots (Figure 

4b) also demonstrate that the LZU-190(S) catalyst, with the smallest slope of 82.3 mV dec−1, 

outperforms LZU-190 (110.7 mV dec−1) and LZU-1 (133.6 mV dec−1), further indicating the 

fastest ORR kinetics of LZU-190(S) compared with the other two catalysts. To further 

understand the origin of catalytic activity, a plot of the calculated H2O2 selectivity and electron 

transfer number (n) as a function of applied potential is shown in Figures 4c and 4d. In a wide 

range of applied potentials from 0.30 to 0.70 V, LZU-190(S) exhibits the highest H2O2 

selectivity of over 90.9%. The selectivity values of LZU-190 and LZU-1 to H2O2 are ∼88.1% 

and ∼22.2%, respectively, suggesting a wide range tuning of electron transfer numbers from 

2.2 to 3.7, implying that the introduction of heteroatoms could effectively tune the O2-to-H2O2 

selectivity.[54-55] 

In addition to catalytic activity, stability is another crucial consideration for a catalyst in 

practical applications. The electrocatalytic stability of LZU-190(S) was assessed at 0.6 V vs. 

RHE in 0.5 M O2-saturated KOH under rotating conditions. Both the ring and disk electrode 

currents remained stable for 20 hours without significant decay (Figure 3e). The H2O2 

selectivity, disk current, and ring current maintained 95.1, 97.1, and 98.4%, respectively. The 

minimal decrease in selectivity and current density suggests that the structural integrity of the 
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active sites remains stable during continuous electrochemical production. Moreover, these 

catalytic findings provide compelling evidence that the resilient crystal structure for ring-

closure can effectively enhance the performance of 2e−-ORR and improve the durability of the 

framework through strong stacking interaction between layers and robust linkages. 

2.3. Theoretical calculation 

Density functional theory (DFT) calculations were performed to investigate the catalytic 

activity origins of these well-constructed COF skeletons. Three representative computational 

models containing thiazole, oxazole, and Schiff base units, respectively, were constructed to 

understand the electron environment and their effects on activating O2 and subsequent reduction 

of O2 into H2O2 (Figure 4). The electrostatic potential surfaces (EPSs) of LZU-190(S), LZU-

190, and LZU-1 were obtained at the M06-2X/6-311G level (Figure 4a), revealing differences 

in their electronic structures among these COFs. LZU-190(S), characterized by its relatively 

more electron-rich skeleton, facilitates the adsorption of O2 since O2 is essentially an electron 

acceptor. The carbon atoms adjacent to introduced S, O, N have been identified as active sites 

for 2e- O2 reduction. Quantitative calculations of Hirshfeld atomic charges for the carbon sites 

in LZU-190(S), LZU-190, LZU-1 were performed, yielding atomic charge values of +0.0566, 

+0.1380, +0.0486, respectively (Figure 3b). In general, carbon sites with positive charges can 

serve as potential O2 adsorption sites; however, excessive interaction between C and O can lead 

to overly strong adsorption of oxygens, making the subsequent reaction steps more challenging 

to occur. Hence, active sites with moderate adsorption ability are better candidates for 

catalyzing the entire ORR process to form H2O2. LZU-190(S), with a moderately positive 

charge on the identified carbon active sites (Figure d-f), is crucial for providing more favourable 

ORR active sites. 
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Figure 4. a-c, DFT calculations of electrostatic potential surfaces (EPSs) of LZU-190(S), LZU-

190, and LZU-1 d-f, Hirshfeld atomic charges for the carbon sites in corresponding structures; 

g-h, DFT calculations of the of 2e--ORR to H2O2 and schematic diagram of mechanism process. 

Gray, white, red, blue, and yellow spheres represent C, H, O, N, and S atoms, respectively. 

Subsequently, DFT calculations about the mechanism process of 2e--ORR to H2O2 production 

with respect to these three COFs were performed to further disclose their variations in ORR 

activity. The free energy diagram of LZU-190(S), LZU-190, and LZU-1 was constructed to 

illustrate the ORR process (Figure 4g). It can be observed that the O2  HOO* process for both 

LZU-190(S) and LZU-1 is endothermic and the subsequent HOO*  H2O2 process is 

exothermic. LZU-190(S) presents obvious less energy barrier compared with that of LZU-1. In 

contrast, LZU-190 exhibits an exothermic O2  HOO* process and an endothermic HOO*  

H2O2 process, which can be attributed to the higher positive charge of active carbon sites. 

However, the overall energy barriers for the ORR process were determined to be 0.53 eV, 1.56 

eV and 1.10 eV, respectively for LZU-190(S), LZU-190, and LZU-1. The smaller energy 

barrier of LZU-190(S) than that of LZU-190 indicated its higher catalytic activity. Based on the 
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theoretical understanding, schematic diagram of mechanism process over LZU-190(S) is 

presented in Figure 4h. Specifically, the carbon sites (Csites) initially adsorb and activate an O2 

molecule, leading to the formation of a peroxy-adsorbed state Csites–O2*. In alkaline solution, 

this peroxy-adsorbed state abstracts a proton from a water molecule while accepting an electron 

in a proton-coupled step: "Csites–OO* + H2O + e- ⇌ Csites-OOH* + OH-". The subsequent step 

involves the acceptance of an electron by Csites-OOH* to form Csites–OOH*- and the cleavage of 

the Csites–OOH*- bond to generate a peroxide ion HO2-.  

3. Conclusion 

In summary, three crystalline COFs containing thiazole, oxazole, and Schiff base units have 

been synthesized as effective electrocatalysts for 2e--ORR to H2O2 production in alkaline 

electrolyte. Among them, LZU-190(S), featuring thiazole rings, demonstrates exceptional 

catalytic activity for 2e--ORR, surpassing its counterparts LZU-190 and LZU-1. The well-

defined structure of the designed COFs not only verifies the efficacy of atomic-level heteroatom 

doping in oxygen reduction to generate H2O2 but also provides a platform to elucidate their 

intrinsic active nature. Additionally, DFT calculations show that LZU-190(S) exhibits superior 

2e--ORR catalytic performance due to its moderate electron environment, which facilitates the 

activation of O2 with favourable calculated energy to form H2O2. This study demonstrates that 

structure of COF can be precisely tuned and designed to achieve high-efficiency H2O2 

production via electrocatalysis. Furthermore, numerous opportunities for synthesizing fine 

chemicals can be provided by using this doping strategy to enhance catalytic activity and 

structural stability in large-scale production. 
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The production of hydrogen peroxide (H2O2) through electrocatalytic two-electron oxygen 

reduction reaction (2e− ORR) has been investigated using covalent organic frameworks (COFs) 

such as imine-linked LZU-1, oxazole-linked LZU-190, and thiazole-linked LZU-190(S). 

Among these, LZU-190(S) exhibits the highest selectivity for H2O2 compared to LZU-190(O) 

and LZU-1 due to the active carbon sites in LZU-190(S) being properly activated via electronic 

effects. 
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