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Rational design of covalent organic frameworks for efficient 
photocatalytic hydrogen peroxide production  

Shuming Chai,a Xiaowen Chen,a Xirui Zhang,a Yuanxing Fang,a* Reiner Sebastian Sprick,b Xiong 
Chena*

Hydrogen peroxide is an important chemical for environmental applications and it is also used in large-scale industrial 
processes. Recent studies have demonstrated photocatalytic production of H2O2, but the observed production rates are low 
making the materials not practical for application at scale. Herein, covalent organic frameworks (COFs) were studied as 
photocatalysts for H2O2 production. Two related COFs show markedly different performances, which can be explained by 
the presence of donor-acceptor configurations in the backbone. N0-COF has increased charge-separation efficiencies and a 
better band alignment compared to its nitrogen containing analogue N3-COF. The result is that N0-COF has a H2O2 production 
rate of 15.7 µmol h-1 for 10 mg, which is ten times higher compared to N3-COF. In this study, both experimental and 
theoretical studies were used to understand the improved performance. This study reveals the importance of the backbone 
design of metal-free materials for advanced photocatalytic applications.  

Introduction 

Hydrogen peroxide is an important chemical for environmental 
applications as it is a strong oxidant1-3. In addition, it is also 
widely used in large-scale processes in the chemical industry4, 5. 
Currently, H2O2 is produced using the Riedl–Pfleiderer 
anthraquinone process which requires a catalytic 
hydrogenation step to form anthrahydroquinone. The process 
is energy intensive as uses hydrogen gas at high temperature 
and pressure, requires purification steps, and consumption of 
anthraquinone in the process makes the process 
environmentally problematic6-9. Recently, photocatalysis has 
been developed as a green alternative for the synthesis of H2O2 
as it only uses water and oxygen gas as reactants, and light as 
energy source under mild conditions 10-12. The reaction occurs 
in two sequential steps as presented in Eq (1) and (2)13. Oxygen 
gas is activated by a reduction reaction (ORR) and subsequently, 
the active species reacts with a photoexcited electron to form 
H2O214-16. This approach avoids the use of sacrificial reagents 
and has therefore huge potential for scale up production17.  

O2 + e- → .O2- (-0.74 V vs RHE (pH=7))      (1) 
.O2- + 2H+ +e- → H2O2 (0.28 V vs RHE (pH=7))        (2) 

In order to produce H2O2 on scale, new photocatalysts have 
to be developed that fulfil a range of requirements: namely, 
light absorption profiles that match the solar spectrum18, 
efficient separation of the photogenerated charge carriers19, 
excellent charge transport to the surface and active sites, and 
high selectivity for surface reactions are required20. 

Recent studies have shown that metal-free photocatalysts 
can be superior to the traditional inorganic materials for this 
aspect, and typical examples include polymeric carbon nitride 
21-24, covalent heptazine frameworks25, covalent organic
frameworks (COFs)26, 27, and others28-30. With respect to
inorganic materials, light absorption of meta-free photocatalyst
can be readily optimized by rational design of the molecular
structure31-33. In addition, metal-free photocatalysts are
favoured to proceed one-electron process, while two-electron
process is avoided for hydrogen evolution reaction as shown in
Eq (3)34.

2H+ +2e-  →H2 (-0.41 V vs RHE (pH=7))     (3)      

Photoexcitons in metal-free photocatalysts normally have 
large attractive Coulomb forces that need to be overcome 
limiting their charge separation efficiency. Organic materials are 
usually also less crystalline which limits their ability to transport 
charges efficiently. COF can overcome these limitations as they 
formed through reversible reactions yielding materials with a 
high degree of crystallinity35-37. Additionally, donor-acceptor (D-
A) configurations can be induced into the molecular structure 
to promote charge separation38-40. Nevertheless, only few COFs 
have been reported to act as photocatalysts for H2O2 
production. 

In this study, two-dimensional COFs were designed for 
photocatalytic H2O2 production, namely N0-COF and N3-COF (Fig. 
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1†). Both COFs are active for H2O2 production under visible light 
irradiation and without any sacrificial agent. In comparison, the 
performance of N0-COF for H2O2 production is ten times higher 
compared to N3-COF with a rate of ca. 15.7 µmol h-1 for 10 mg 
of the material. The improved performance can be mainly 
accounted to the rational design of the COF structure with the 
formation of a D-A configuration. This D-A structure not only 
promotes the separation of the photoexciton, but also affects 
the active sites on COF to compensate the energy barrier for 
H2O2 production. This study reveals the importance of the 
design of organic materials for advanced photocatalytic 
applications.  

Results & discussion 

Synthesis and structural characterizations 

Fig. 1 (a) Synthetic routes for Nx-COFs. (b) Top view (left) and side view (right) of the A-A 
packing mode of N0-COF. (c), (d) PXRD profiles of N0-COF (c) and N3-COF (d). 

N0-COF and N3-COF were synthesized by condensation of 
benzo[c][1,2,5]thiadiazole-4,7-dicarbaldehyde (BT-CHO) with 
tris(4-aminophenyl)benzene (TAPB) and tris-(4-
aminophenyl)triazine (TAPTA) under solvothermal conditions 
(Fig. 1a, details see ESI†)41. Both the Fourier transform infrared 
(FTIR, Fig. S1-2†) and solid-state 13C cross polarization-magic 
angle spinning nuclear magnetic resonance (13C CP/MAS ssNMR, 
Fig. S3-4†) spectra have shown characteristic imine bond (CH=N) 
for these two as-prepared COFs, indicating the formation of the 
COFs. N 1s X-ray photoelectron spectroscopy (XPS, Fig. S5†) was 
further performed to distinguish the different properties of N 
species in the COF skeletons. The N 1s XPS profile of N3-COF can 
be resolved into three major peaks centering at 398.3, 399.2, 
and 400.8 eV, which originates from the N species that existed 
in the fragments of 1,3,5-triazine rings, BT moieties, and imine 
bonds, respectively42. By contrast, the two N 1s subpeaks of N0-
COF with the binding energies of 399.3 and 401.7 eV can be 
assigned to the N species presented in BT units and imine 
linkages, respectively. These results are consistent with their 
FTIR and 13C CP/MAS ssNMR analysis results, revealing the 
formation of the COF skeletons. Field-emission scanning 
electron microscopy (FE-SEM) images have presented the 
morphology of the COFs. Both of them presented rod-like 
structure (Fig. S6†). Thermal gravimetric analysis (TGA, Fig. S7†) 
shows that the COFs are stable up to 500 °C under N2 

atmosphere, indicating its high thermal-stability. Furthermore, 
elemental analysis results agreed well with the theoretically 
expected values for an infinite 2D sheet (Table S1†).   

Crystallinity and porosity  

Both COFs exhibited high crystallinity as evidenced by their 
prominent powder X-ray diffraction (PXRD) studies (Fig. 1c†). 
The N0-COF material has main diffraction peaks at 2.87°, 4.87°, 
5.59°, 7.37°, 9.59°, and 25.47°, corresponding to the (100), (110), 
(200), (210), (220), and (001) facets, respectively. Likewise, the 
N3-COF material has main diffraction peaks at 2.89°, 4.91°, 5.64°, 
7.42°, 9.67°, and 25.03°, which can be assigned to the (100), 
(110), (200), (210), (220) and (001) facets, respectively (Fig. 1d†). 
Structural simulation by employing eclipsed AA-stacking mode 
well reproduced the experimental PXRD profiles (Fig. 1c-d†), 
indicating both COFs adopt AA-stacking mode (Fig. 1b†). Pawley 
refinement (dotted black curves, Fig. 1c-d†) shows excellent 
agreement with the peak assignment as evident from their 
negligible difference (green curves, Fig. 1c-d†). In high-
resolution transmission electron microscopy (HR-TEM) images 
(Fig. S8†), the (100) lattice plane can be observed with an 
interplanar spacing of 3.0 nm and 2.9 nm for N0-COF and N3-COF, 
respectively. 

The porosity of the COFs was assessed by nitrogen sorption 
isotherm measurements performed at 77 K. Both COFs featured 
reversible type IV curves (Fig. S9†), signifying the presence of 
mesopores among the COFs. The specific Brunauer-Emmett-
Teller (BET) surface areas were determined to be 1356 m2 g-1 for 
N0-COF and 1062 m2 g-1 for N3-COF, respectively. The surface 
area is much larger than other traditional photocatalysts. 
Furthermore, the pore size distributions of both COFs were 
evaluated by using the nonlocal density functional theory 
method, yielding the dominant peak centered at 3.38 nm and 
3.36 nm for N0-COF and N3-COF, respectively (Fig. S10†).  
 
Optical and photophysical properties 
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Fig. 2 (a) UV-vis DRS of COFs in the solid state. (b) Band structures of COFs. (c), (d) 
Integrated photoluminescence emission intensity as a function of temperature-
dependent photoluminescence spectra of N0-COF (c), and N3-COF (d), λex=450 nm. 

The optical properties of the COFs were studied by ultraviolet-
visible diffuse reflectance spectra (UV-vis DRS) as shown in Fig. 
2a. The absorption edges of both COFs are similar, closing to 550 
nm. On basis of these results, the optical bandgaps (Eg) of these 
two COFs are calculated to be 1.9 eV and 1.96 eV for N0-COF and 
N3-COF, respectively (Fig. S11†). N0-COF was observed with a 
slightly bathochromic shift owing to the formation of D-A 
architecture, and thus, light absorption and energy utilization 
can be promoted. DFT calculations were further carried out to 
investigate the optical characteristic of the catalysts (Fig. S12†). 
The highest occupied molecular orbital (HOMO) of N3-COF is the 
n →  * transition, which preferably leads to transition 
prohibition, resulting in a lower light-harvesting ability than N0-
COF with  → * transition43. In contrast, the lowest unoccupied 
molecular orbitals (LUMOs) of both COFs are mainly delocalized 
on the BT fragements. Accordingly, the HOMO-LUMO gaps by 
the DFT calculation are 2.14 eV and 2.25 eV for N0-COF and N3-
COF, respectively. These results are consistent with the 
experiment that N0-COF possesses broader light absorption 
than N3-COF. Besides, derived from the Mott-Schottky profiles 
(Fig. S13†), the flat-band potentials of N0-COF and N3-COF are 
estimated to be -0.7 and -0.57 V, respectively. Combining Eg 
with Mott-Schottky plots, the band structures of both COFs are 
portrayed (Fig. 2b†). As such, both COFs are capable of driving 
ORR and subsequently to synthesize H2O2. Meanwhile, the 
photoexcitation hole is capable of driving water oxidation 
reaction. Noted that with respect to the N3-COF, the CB of N0-
COF is supposed to present an improved performance for H2O2 
production.  

Temperature-dependent photoluminescence (PL) spectra of 
both COFs were recorded to study exciton dissociation 
efficiencies. As shown in Fig. 2c-d, both COFs demonstrated 
thermal quenching of their PL emission in the temperature 
range from 15 to 300 K. Accordingly, by fitting the data of 
relevant PL peak intensity in different temperatures, the 
corresponding Eb can be estimated by using the Arrhenius 
equation, I(T)=I0/(1+A exp(-Eb/kbT)). The Eb of N0-COF (32.2 
meV) is lower than that of N3-COF (36.5 meV), which can be 
ascribed to the extended conjugation in the scaffold for N0-COF 
resulting from a D-A configuration38, 44. The push-pull effect 
between the donor (TAPB) and acceptor (BT) unit is likely 
lowering the electrostatic Coulomb attraction of charge carriers, 
enabling enhanced exciton separation, which increases 
photocatalytic activity of N0-COF45.  

It is noteworthy to mention that the ambipolar segregated D and 
A channels in the 2D D-A COF enable the interlayer transport of holes 
and electrons through the aligned D-on-D and A-on-A periodical 
columns via π-π interactions. In combining with the intralayer 
directional charge transfer from D to A motif, a D-A type COF (N0-COF 
here) is believed to present boosted charge carrier transport rates 
and photoelectric responsiveness due to the combination of holes 
and electrons migration compared to a common COF material (N3-
COF here)46, which is beneficial to the improvement of photocatalytic 

efficiency. Room temperature electron paramagnetic resonance 
(EPR) spectroscopy was used to probe unpaired electrons in both 
COFs47. As displayed in Fig. S14†, it was evident that N0-COF 
represented a stronger EPR signal than N3-COF, on account of N0-COF 
equipped with sufficient free charge carriers, which can markedly 
stimulate ORR48. Moreover, time-resolved photoluminescence (PL) 
decay spectra and transient photocurrent response were evaluated 
to explore the charge migration ability. The exciton lifetime and the 
charge separation behaviors of the N0-COF and N3-COF were first 
clarified by time-resolved PL decay measurements. By comparison, 
the decay kinetics for N3-COF was much faster than those of N0-COF, 
with average emission lifetimes estimated to be 1.98 and 0.51 ns for 
N0-COF and N3-COF, respectively (Fig. S15†). The longer PL lifetime 
for N0-COF increases the possibility of electrons to be involved in the 
proton reduction reaction. In addition, the transient photocurrent 
responses were measured by the on-off cycles under visible light 
irradiation. As shown in Fig. S16†, the value of photocurrent 
response is about three times higher for N0-COF than N3-COF, 
indicating greater reaction activities took place in N0-COF, which 
agrees with our assumption49. The linear sweep voltammetry (LSV) 
curves of the COF-based photoelectrodes are presented in Fig. S17†. 
It is obvious that when the light is on, both COF photoelectrodes have 
presented photocurrent density, and the performance of N0-COF is 
better than N3-COF, agreeing with the performance of H2O2 
production by powder COF materials. All taken together, we 
therefore expected that N0-COF exhibits higher activity than N3-COF 
for photocatalytic production of H2O2. 

Photocatalytic H2O2 production 

 

Fig. 3 (a) The reaction photocatalytic activities of N0-COF and N3-COF within over a 4 
hours period. (b), (c) The reaction activities of N0-COF under different atmospheres (b) 
and different wavelengths (c). (d) The reaction activity of N0-COF for 5 four-hour cycles 
times (total 20 h). 

Photocatalytic H2O2 evolution was performed in sealed Schlenk 
tubes with 10 mg COF photocatalyst in pure H2O under 
monochromatic light (495 nm LED) irradiation (details see ESI†). 
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As shown in Fig. 3a, both COFs showed photoactivity for H2O2 
production, and the amount increased steadily with prolonged 
irradiation time. Notably, N0-COF achieves an average 
photocatalytic H2O2 production rate (HPPR) of 15 µmol h-1, 
which is appropriately 10 times to N3-COF. It is important to 
note that photocatalytic H2O2 production coupled to ORR by 
COFs has rarely been explored so far and the performance here 
surpasses most of the reported COFs (e.g., TAPD-(Me)2 COF has 
presented H2O2 production rate ca. 4.6 µmol h-1)26 (Table S2†)27. 
The high photocatalytic activity of N0-COF mainly arises from 
the promoted light-harvesting ability, increased charge carrier 
dissociation efficiency, and faster charge transfer, closely 
related to the D-A structure. To unravel the H2O2 production 
pathway during photocatalysis, we further conducted the 
reaction in different atmospheres. As illustrated in Fig. 3b, the 
HPPR for N0-COF was highest under pure O2 atmosphere, 
significantly lowered under air, and completely inhibited under 
Ar. This strongly suggests that H2O2 was produced via the 
pathway from Eq 1 and 2.  

Besides, the effect of different irradiation wavelengths on the 
photocatalytic HPPR for N0-COF was studied (Fig. 3c†). 
Interestingly, N0-COF shows high photoactivity over a wide 
range and even remained active at 600 nm, which is a result of 
its broad optical absorption. Moreover, the stability of N0-COF 
was evaluated through repeated cycling experiments. As shown 
in Fig. 3d, no significant decrease of H2O2 production rate was 
observed over 5 cycles. In addition, no apparent difference of 
the COF either from the FE-SEM images or the FT-IR spectra 
after repeated cycling experiments was observed (Fig. S17-18†), 
suggesting good photocatalytic stability of N0-COF. 

Reaction mechanism exploration 

 

Fig. 4 DFT calculated free energy diagrams of oxygen reduction pathways toward H2O2 
generation on different active sites in N0-COF and N3-COF: far from C3 axis (a); between 
C and N (b); near C3 axis (c); near S atom (d). 

Further control experiments were performed to study the 
reaction mechanism. No H2O2 generation was detected when 

the reaction was conducted without the COF photocatalyst. 
Furthermore, no H2O2 was produced in the dark or under Ar 
atmosphere. This emphasizes the essential roles of the COF as 
the photocatalyst, requiring light and oxygen gas for the 
photocatalytic production of H2O2. When benzoquinone was 
used as a radical scavenger in the reaction system, no formation 
of H2O2 was observed (Table S3†). This shows that radicals for 
H2O2 play a role in the mechanism, as expected in the sequential 
two-step single-electron indirect reduction and OO* radical 
formation as reaction intermediates in the ORR. The presence 
of OO* radicals were further confirmed by trapping 
experiments. A distinct characteristic EPR signal for OO* 
centered at around 3510 G was observed when exposed to 
visible light after the introduction of 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) adduct (Fig. S19†). 

 

Fig. 5 A proposed plausible mechanism for photocatalytic H2O2 production via ORR. 

Further, the possible reactive sites for ORR were predicted by 
DFT calculations. In a typical sequential two-step single-electron 
indirect reduction process, O2 first accepts one electron to 
generate the OO* intermediates, which are the critical step to 
produce H2O2. As shown in Fig. 4 and Table S4-5, the OO* in the 
connection between two moieties (i.e. imine bond) for both 
COFs features favorable Gibbs free energy change (ΔG) 
compared to other sites. Thus, this seat is likely to serve as an 
active site for photocatalytic ORR. Meanwhile, in the case of N0-
COF, there is a lower energy barrier to form the OO* radiacals. 
Though in both COFs, the activity site is supposed to be same 
position, the formation of D-A configurate in N0-COF affects the 
atomic orbital and compensates the energy barrier for H2O2 
production. This illustration is an important hint for its high 
reaction activity. Meanwhile, the valence band potential of the 
COF cannot drive H2O2 production since the valence band are 
1.26 V for N0-COF and 1.42 V for N3-COF, which are lower than 
1.76 V vs RHE. Therefore, O2 is the only possible product to be 
achieved. To clarify this understanding, we have performed a 
half oxidation reaction using this photocatalyst and electrode 
sacrifice agent Ag+. O2 gas can be readily collected and the yield 
of O2 was 7.8 µmol h-1, but not any H2O2. In addition, without 
any O2 gas input, we cannot detect any H2O2 as shown in Fig. 
S20†. This observation also confirms that the H2O2 production 
reaction is performed by reductive reaction using 
photoexcitation electron, and O2 evolution is conducted on the 
oxidation side. Based on these results, a plausible mechanism 
for H2O2 production via ORR is proposed (Fig. 5†).  
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Conclusions 

In summary, 2D COF with different configurations were studied 
for photocatalytic H2O2 production in pure water. Through 
rational design of the COF structure, the production of H2O2 can 
be significantly increased by 10-fold. The relationship between 
the performance and structure was investigated through both 
experimental and computational approaches. The improved 
performance can be mainly ascribed to the formation of D-A 
structure, since it not only promotes the separation of the 
photoexcitation charges, but also affect the active site to 
compensate for the energy barrier. This study shows a new 
approach in the rational design of metal-free materials for 
advanced photocatalytic applications.  
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