
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 3
:4

3:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Amplification eff
aNational Engineering Research Center for A

The Key Laboratory of Material Processin

College of Materials Science and Enginee

450002, P. R. China. E-mail: yxji@zzu.edu.
bDepartment Henan Key Laboratory of Funct

Materials Research, Zhongyuan University

China. E-mail: 6788@zut.edu.cn; zhailp@z
cHenan Key Laboratory of New Optoelec

Chemistry and Chemical Engineering, Anya

R. China

† Electronic supplementary informa
https://doi.org/10.1039/d5sc02145f

Cite this: Chem. Sci., 2025, 16, 11669

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th March 2025
Accepted 25th May 2025

DOI: 10.1039/d5sc02145f

rsc.li/chemical-science

© 2025 The Author(s). Published by
ect of side group regulation via
imidazolate linkages of covalent organic
frameworks for efficient oxygen reduction†

Mengyuan Chen,ab Zhiqiang Zhu,b Youxin Ji,*a Xiangtao Kong, c Diandian Han*b

and Lipeng Zhai *b

Metal-free covalent organic framework (COF) materials are promising catalysts for the oxygen reduction

reaction (ORR). However, it is difficult to markedly modulate their catalytic performance by only

changing the side groups because their partially conjugated linkages weaken the influence of the

electronic and charge transfer properties along the frameworks. Here, we demonstrated the

amplification effect of micro-changes in the side units of COFs by constructing imidazole linkages for

the ORR, and four different electron effect groups (H, F, OMe, and OH) were introduced. Owing to the

conjugated linkages, electronic effects can be transmitted to the active sites through the skeleton.

Notably, the half-wave potential (E1/2) and mass activity of OH-COF were 0.80 V vs. RHE and

12.43 A g−1, respectively, which were 180 mV more positive and 11 times more than those of H-COF,

indicating the superior catalytic activity of OH-COF. Theoretical calculations revealed that different side

groups influenced the binding ability of the intermediates and thus contributed to the modulated

catalytic properties. This work demonstrates that a small change in the pore surface leads to substantial

variations in the electrocatalytic performance, offering valuable insights into the relationship between the

structural design and performance of COFs as electrocatalysts.
Introduction

The oxygen reduction reaction (ORR) is essential for the
cathodic reaction in fuel cells and metal–air batteries.1–8 Metal-
free carbon-based catalysts have gained popularity for catalys-
ing the ORR owing to their cheap and abundant sources, high
activity, stability, and large specic surface area.9–11 Strategies
such as defect engineering,12–14 heteroatom doping,15,16 and
surface modication17–20 have been used to boost the electro-
catalytic behaviour of metal-free carbonmaterials. However, the
active sites of carbon-based materials cannot be precisely
regulated, and the location and number of catalytically active
sites are still a major challenge.21–26 Hence, the fabrication of
dvanced Polymer Processing Technology,

g and Mold of Ministry of Education,

ring, Zhengzhou University, Zhengzhou,

cn

ional Salt Materials, Center for Advanced

of Technology, Zhengzhou 450007, P. R.

ut.edu.cn

tronic Functional Materials, College of

ng Normal University, Anyang 455000, P.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
metal-free catalysts with accurate and plentiful active sites is
critical for the ORR.

Covalent organic frameworks (COFs) represent a kind of
crystalline porous material, fabricated by thermodynamic
reversible polymerization of small organic molecular mono-
mers with periodic topological structures.27–33 With the advan-
tages of structural designability, functional diversity, high
specic surface area, uniform pore distribution, and excellent
stability, COFs are generally applied in gas storage and sepa-
ration,34 catalysis,35–38 energy storage,39–42 and sensing.43 Mean-
while, the excellent charge transport capacity and predictable
active sites of COFs make them possible to be employed as
electrocatalysts for the ORR,44–49 oxygen evolution reaction
(OER),50 hydrogen evolution reaction (HER),51,52 and carbon
dioxide reduction reaction (CO2RR).53–55 Numerous studies have
introduced metals into COFs to improve the catalytic perfor-
mance of the catalyst.56,57 Single-atom metals can be integrated
into the COF skeleton as catalytic sites, which are conducive to
improving the electronic environment of the COF skeleton and
increasing the active sites, thereby improving the catalytic
activity of COFs. For instance, Kundu et al. constructed triazine-
based COFs post-modied with metal ions such as Ni, Co, and
Fe, which displayed superior performance for the OER and
HER.58 Feng et al. synthesized a series of metalloporphyrin-
based COFs exhibiting high catalytic activity for the ORR by
introducing N-hybrid porphyrins into metal centers.59 However,
Chem. Sci., 2025, 16, 11669–11677 | 11669
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Scheme 1 Design strategy of imidazole-linked COFs as electrocatalysts for the ORR.
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the metal sites of metal-doped COFs are easily oxidized or
inactivated and cannot exist stably, which limits their
commercial application.60,61 Therefore, metal-free COFs have
been considered potential candidates for the ORR.62–67 In 2020,
Fang et al. rst constructed metal-free COFs for the ORR.68

Subsequently, aiming to enhance the catalytic activity, selec-
tivity, and stability, various building blocks with different kinds
of atoms and different linkages have been developed.69–71

However, it is still difficult to modulate the catalytic perfor-
mance by changing only the side chain groups of COFs. Because
most of these catalytic COFs are linked by non-conjugated or
semi-conjugated connection linkages, their corresponding p-
electron delocalization/transferring abilities via linkages
between monomers are weak, resulting in the interaction
between the side groups and the catalytic sites being
isolated.72–74

Herein, we sought to amplify the modulatory effects of the
side groups by constructing imidazole-linked COFs. Unlike
other linkages, imidazole linkages have excellent chemical
stability and a conjugated p-electron system and provide fast
electronic/charge transport paths.75 To modulate the catalytic
properties of COFs, different substituent functional groups (–H,
–F, –OMe, and –OH) were introduced along the pore walls of the
imidazolate COFs (R-COFS, R]H, F, OMe, OH) and constructed
by multicomponent reactions (MCRs) (Scheme 1). The OH-COF,
OMe-COF and F-COF electron donating/-withdrawing features
exhibited higher ORR electrocatalytic activity than H-COF in
alkaline electrolytes, demonstrating that the electronic effect of
the substituent functional group can modulate the electronic
structure and change the charge distribution throughout the
COFs. In addition, OH-COF with a strong electron-donating
effect group (–OH) exhibited superior ORR catalytic perfor-
mance to OMe-COF with a moderate electron-donating effect
group (–OMe) and F-COF with a strong electron-accepting effect
group (–F). Therefore, groups with stronger electronic
11670 | Chem. Sci., 2025, 16, 11669–11677
capabilities can generate stronger conjugation effects and
increase the electron density of imidazole through the electron
push–pull effect enhancing the ORR electrocatalytic activity.
Results and discussion

A set of robust imidazole-linked COFs (H-COF, F-COF, OMe-
COF, and OH-COF) with similar skeletons but different
substituent functional groups (H, F, OMe, and OH) over the
pore channels was synthesized using a one-pot three-
component Debus–Radziszewski condensation reaction under
solvothermal conditions (Fig. 1a).76,77 The H-COF was synthe-
sized using 2,7-ditert-butylpyrene-4,5,8,10-tetraone (t-BuPyT),
ammonium acetate (NH4OAc), and 1,3,5-tris (4-formylphenyl)
benzene (TFPB) in a mixed solution of 1,4-dioxane/mesitylene
(0.2 ml/0.8 ml) at 150 °C for 5 d. Similarly, F-COF, OMe-COF,
and OH-COF were synthesized using 1,3,5-tris (3-uoro-4-
formylphenyl) benzene (TFFPB) or 50-(4-formyl-3-methox-
yphenyl)-3,300-50-(4-formyl-3-methoxyphenyl)-3,300-dimethoxy-
[1,10 : 30,100-terphenyl]-4,400-dicarbaldehyde (TOMeFPB) or 50-(4-
formyl-3-hydroxyphenyl)-3,300-dihydroxy-[1,10 : 30,100-terphenyl]-
4,400-dicarbaldehyde (THOFPB), respectively, with t-BuPyT and
NH4OAc in the mixed solution of 1,4-dioxane/mesitylene (0.5
ml/0.5 ml) at 150 °C for 5 d. The yields of the H-COF, F-COF,
OMe-COF, and OH-COF were 81%, 80%, 85%, and 84%,
respectively. As shown in the top views of these COFs (Fig. 1b),
the substituent functional groups (F, H, OMe, and OH) were
uniformly tethered to the pore walls.

X-ray powder diffraction (PXRD) was employed to investigate
the crystalline structure of the R-COFs.78 The diffraction peaks
of H-COF were observed at 3.18°, 6.13°, and 25.34°, corre-
sponding to the 100, 020, and 001 crystal planes, respectively
(Fig. 1c). Similarly, the diffraction peaks of the F-COF appeared
at 3.58°, 6.36°, 7.18°, and 26.70°, corresponding to the 100, 200,
210, and 001 crystal planes, respectively (Fig. 1d). Three obvious
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis and PXRD patterns of F-COF, H-COF, OMe-COF andOH-COF. (a) Schematic synthesis route of H-COF, F-COF, OMe-COF, and
OH-COF. (b) Top view structures of the as-prepared COFs (purple, white, orange, and pink spheres represent F, H, OMe, and OH groups). PXRD
patterns of (c) F-COF, (d) H-COF, (e) OMe-COF, and (f) OH-COF: the experimental curves, Pawley-refined patterns, the discrepancies between
experimental and Pawley-refined PXRD profiles, and theoretical simulations based on AA stacking and AB stacking modes.
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diffraction peaks were observed at 3.28°, 6.80°, and 24.95°,
corresponding to the 100, 200, and 001 crystal planes of OMe-
COF (Fig. 1e). The OH-COF displayed peaks at 3.41°, 6.55°,
and 26.01°, corresponding to the 100, 200, and 001 crystal
planes, respectively (Fig. 1f). The density functional tight
binding method was used to simulate the corresponding theo-
retical structures of the R-COFs. The comparison of the PXRD
patterns derived from Pawley renements with the experi-
mental PXRD curves for the four synthesized COFs revealed
minor discrepancies (P6, a = b = 40.22 Å, c = 5.39 Å, Rwp =

6.91% and Rp = 4.49% for H-COF; P6, a = b = 40.21 Å, c = 5.56
Å, Rwp = 6.79% and Rp = 4.51% for F-COF; P6, a = b= 40.15 Å, c
= 5.48 Å, Rwp= 5.94% and Rp= 3.42% for OMe-COF; P6, a= b=
40.18 Å, c = 5.52 Å, Rwp = 4.36% and Rp = 3.24% for OH-COF)
(Fig. 1c–f). In addition, the relative stacking energies of R-COFs
reveal that the AA stacking is more stable than AB (H-COF: DE =

−33.23 kcal mol−1; F-COF: DE = −40.88 kcal mol−1; OMe-COF:
DE = −37.99 kcal mol−1; OH-COF: DE = −53.16 kcal mol−1),
© 2025 The Author(s). Published by the Royal Society of Chemistry
indicating that the theoretical simulation patterns from AA
stacking mode were in good agreement with the experimental
results (Fig. 1c–f).

N2 adsorption–desorption measurements were conducted to
characterize the permanent porosity of the R-COFs. All four
COFs exhibit characteristic type-I N2 adsorption isotherms,
suggesting the presence of microporous structures (Fig. 2a). The
Brunauer–Emmett–Teller method was used to obtain specic
surface areas of H-COF, F-COF, OMe-COF and OH-COF, which
were 467.89, 538.36, 628.64, and 664.57 m2 g−1, respectively.
Employing nonlocal density functional theory to analyse the
pore size allocation of R-COFs revealed that the prominent peak
of these COFs was located at 1.57 nm (Fig. S1†), which aligns
well with the theoretical values derived from the AA stacking
mode.

The morphologies of the R-COFs were analyzed using eld
emission scanning electron microscopy (FE-SEM) and high-
resolution transmission electron microscopy (HR-TEM). The
Chem. Sci., 2025, 16, 11669–11677 | 11671
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Fig. 2 Structural characterization, EIS and UV/vis spectroscopy spectra of H-COF, F-COF, OMe-COF and OH-COF. (a) Nitrogen sorption
isotherm curves. (b) FT-IR curves. (c) The 13C NMR spectra, (d) Nyquist plots of electrochemical impedance spectroscopy (EIS), (e) UV/Visible
diffuse reflectance plots, (f) Tauc plots and (g) LUMO and HOMO levels of H-COF (green), F-COF (purple), OMe-COF (orange) and OH-COF
(pink), respectively.
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FE-SEM images depicted aggregated regular spherical
morphology of H-COF, F-COF, and OMe-COF with diameters of
approximately 2.6, 8, and 1 mm (Fig. S2†), respectively. The OH-
COF exhibited an aggregated irregular spherical morphology
with a diameter of approximately 1.2 mm. In addition, specic
elements were evenly distributed in the COF structures, as
shown in the energy dispersive X-ray spectroscopy mapping
images (Fig. S3–S6†). Notably, the decrease in the size of OH-
COF relative to that of H-COF may be due to the inuence of
the intermolecular hydrogen bonds in OH-COF. The TEM
images further illustrate the spherical morphology of the R-
COFs (Fig. S7–S10†). The thermogravimetric results obtained
under N2 and air atmospheres indicated that the thermal
decomposition temperature of R-COFs reached 400 °C,
demonstrating excellent stability of R-COFs (Fig. S11†).

The chemical structures and functional groups of the R-
COFs were determined using Fourier transform infrared spec-
troscopy. All COFs showed distinct stretching vibration peaks
near 1620 and 3450 cm−1, corresponding to the typical signal of
the C]N and N–H bonds of imidazole rings in the COF struc-
tures, respectively (Fig. 2b). Meanwhile, the almost complete
disappearance of the H–C]O and C]O stretching vibration
peaks indicated that the aldehyde and carbonyl groups reacted
almost completely, further conrming the successful synthesis
of the R-COFs (Fig. S12–S15†). Moreover, the OH-COF exhibited
a broad stretching vibration peak corresponding to intermo-
lecular hydrogen bonding (O–H) at 3210 cm−1 (Fig. S15†). In
addition, solid-state nuclear magnetic resonance (13C NMR)
spectroscopy revealed typical carbon atom resonance signals at
153, 127, and 119 ppm, further conrming the presence of
imidazole moieties in the COFs' network (Fig. 2c).
11672 | Chem. Sci., 2025, 16, 11669–11677
The chemical states and molecular structures of the R-COFs
were determined using X-ray photoelectron spectroscopy
(Fig. S16–S19†). The N 1s spectrum of the COFs displays C]N
and N–H bond peaks, demonstrating the synthesis of imid-
azole. The surface wettability of the R-COFs was tested using
contact-angle (CA) measurements. The CA values of H-COF, F-
COF, OMe-COF, and OH-COF toward water were 119°, 136°,
125°, and 100°, respectively (Fig. S20†). The smallest CA of OH-
COF among all the synthesized COFs, owing to the abundant
hydrophilic OH groups, indicates that O2 diffusion to the active
sites could be facilitated.

The charge transfer resistances of all the synthesized COFs
were determined using electrochemical impedance spectroscopy.
As shown in Fig. 2d, the semicircular radius of the Nyquist curve of
OH-COF was smaller than those of H-COF, F-COF, and OMe-COF
(Fig. 2d), indicating its lowest interfacial charge-transfer resis-
tance. The electron transfer performance of the R-COFs was eval-
uated using UV/vis diffuse reectance spectroscopy. The
absorbance edges of the H-COF, F-COF, OMe-COF, and H-COF
were approximately 550, 568, 575, and 596 nm, respectively
(Fig. 2e). F-COF, OMe-COF, and OH-COF exhibited increased
absorption wavelengths compared to H-COF. This red shi indi-
cates a decrease in the electronic transition energy of the three
COFs, suggesting that groups with electronic effects are benecial
for reducing the energy of electronic transitions and promoting
electron transfer in the reaction. Interestingly, the pronounced red
shi of OH-COFmay be attributed to the hydrogen bonds between
molecules expanding the p conjugation of the COF skeleton,
changing the electronic distribution of the molecule and resulting
in a reduction in electron transition energy, thereby accelerating
electronic transfer. The optical band gaps of H-COF, F-COF, OMe-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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COF, and OH-COF calculated using Tauc plots were 2.35, 2.30,
2.29, and 2.28 eV (Fig. 2f). The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) levels
were obtained using Mott–Schottky measurement (Fig. S21†). The
LUMO levels of H-COF, F-COF, OMe-COF, and OH-COF were 2.1,
2.04, 2.08, and 2.07 eV, and the corresponding HOMO levels were
−0.25, −0.26, −0.21, and −0.21 eV, respectively (Fig. 2g). Impor-
tantly, OMe-COF andOH-COF exhibit higherHOMO levels thanH-
COF and F-COF, which illustrates that COFs with electron-
donating groups possess stronger reductive ability.

Notably, the E1/2 of OH-COF achieved a record value compared
with that of the reported COF-based electrocatalysts (Fig. 3g). The
LSV curves of R-COFs were obtained to evaluate the electro-
chemical reaction kinetics and material transport characteristics
(Fig. 3h and S24†). By using the rotating-ring disk electrode
Fig. 3 (a) CV curves for OH-COF in oxygen saturated (solid curve) and sa
COF, OMe-COF, OH-COF and commercial Pt/C in 0.1 M KOH solutio
numbers of H-COF, F-COF, OMe-COF, and OH-COF. (d) Tafel slope
Comparisons of the TOFs and mass activities of H-COF, F-COF, OMe-CO
of the reported metal-free catalysts and OH-COF (this research). (h) LS
number and H2O2 productivity obtained from the RRDE measurement o

© 2025 The Author(s). Published by the Royal Society of Chemistry
(RRDE) test, the electron-transfer number and H2O2 productivity
could be obtained. Compared with H-COF, F-COF and OMe-COF,
the n of OH-COF (3.7) is the highest with the H2O2 productivity
lower than 20%, demonstrating that the ORR catalysed by OH-
COF is a typical four-electron process (Fig. 3i).

Cyclic voltammetry tests were employed to assess the catalytic
performance of the R-COFs in N2- or O2-saturated 0.1 M KOH
solutions. F-COF, OMe-COF, and OH-COF all exhibited distinct
reduction peaks with high current densities, whereas H-COF
exhibited a wider reduction peak and lower current density
under an O2 atmosphere. No peaks were observed under the N2

atmosphere, which clearly indicates that these COFs materials
exhibited catalytic activity for the ORR (Fig. 3a and S22†). In
particular, theOH-COF showed a higher peak potential for oxygen
reduction (0.88 V vs. RHE) (Fig. S22†), indicating the higher
turated (dotted curve) solutions. (b) LSV plots at 1600 rpm of H-COF, F-
n (oxygen saturated). (c) Contrast of Eonset, E1/2 and electron transfer
and (e) Cdl values of H-COF, F-COF, OMe-COF, and OH-COF. (f)
F, and OH-COF. (g) Comparisons of the onset and half-wave potential
V curves of OH-COF at various rotation speeds. (i) Electron transfer
f H-COF, F-COF, OMe-COF, and OH-COF.

Chem. Sci., 2025, 16, 11669–11677 | 11673
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catalytic activity of the OH-COF. To further explore the ORR
performances of R-COFs with different electronic effect groups,
linear sweep voltammetry (LSV) curves were rst obtained in
a 0.1 M KOH solution with rotation set to 1600 rpm. As shown in
Fig. 3b, the half-wave potential (E1/2) of OH-COF reached 0.80 V vs.
RHE, demonstrating superior ORR activity compared to H-COF
(0.62 V), F-COF (0.63 V), and OMe-COF (0.70 V) (Fig. 3b and c.
The half-wave potential of OH-COF (0.80 V vs. RHE) is only 40 mV
lower than that of commercial Pt/C (0.84 V vs. RHE), indicating
that OH-COF exhibits high activity close to that of platinum-based
catalysts. In addition, imine-linked PDA-OMe-COF was synthe-
sized as a comparative sample to determine the effect of linkage
on ORR performance (Fig. S23–S25†). As shown in Fig. S26,† the
E1/2 of PDA-OMe-COF is 0.65 V vs. RHE, which is smaller than that
of OMe-COF (0.70 V vs. RHE), indicating that the imidazole
linkage is more conducive to amplifying the ORR activity by side
substituents than the imine linkage. The onset potential (Eonset)
of OH-COF (0.89 V) was higher than those of H-COF (0.79 V), F-
COF (0.81 V), and OMe-COF (0.84 V). The Tafel slopes of H-
COF, F-COF, OMe-COF, and OH-COF calculated from the LSV
curves were 107.5, 80.9, 70.9, and 53.7 mV dec−2 (Fig. 3d). OH-
COF showed the smallest Tafel slope among the four COFs,
indicating that OH-COF had the fastest ORR kinetics. The elec-
trochemically active surface areas (ECSAs) of R-COFs were evalu-
ated using electrochemical double-layer capacitance (Cdl) (Fig. 3e
and S27†). The Cdl values of H-COF, F-COF, OMe-COF, and OH-
COF were 6.14, 4.07, 2.12, and 1.84 mF cm−2, respectively
(Fig. 3e). The largest Cdl of OH-COF proves the fastest reaction
kinetics in the process of the ORR catalysed by OH-COF. The
turnover frequency (TOF) and mass activity indicate the
Fig. 4 Analysis of the ORR mechanism. (a) The most likely catalytic sites
and OH-COF. (c) The ORR process structure diagram of OH-COF. (d) C
corresponding DG values for the rate determining step of these COF ca

11674 | Chem. Sci., 2025, 16, 11669–11677
fundamental activities of the COF catalysts. As presented in
Fig. 3f, the TOF and mass activity of OH-COF are 0.024 s−1 and
12.43 A g−1, respectively, with the aldehyde monomer in the
sample as the active site. These values surpass those of H-COF
(0.0019 s−1 and 1.13 A g−1), F-COF (0.0044 s−1 and 2.25 A g−1),
and OMe-COF (0.013 s−1 and 6.33 A g−1). Therefore, the highest
active site utilization efficiency was achieved for OH-COF owing to
the strong electron-donating ability of the –OH group, which
boosted the electron density of the active site, making it more
susceptible to proton attack and reduction.

Notably, the E1/2 of OH-COF achieved a record value compared
with that of reported COF-based electrocatalysts (Fig. 3g). The LSV
curves of the R-COFs were obtained to evaluate the electro-
chemical reaction kinetics and material transport characteristics
(Fig. 3h and S28†). Using a rotating-ring disk electrode test, the
electron transfer number and H2O2 productivity were obtained.
Compared to the H-COF, F-COF, and OMe-COF, the n value of
OH-COF (∼3.7) was the highest with the H2O2 productivity lower
than 20%, demonstrating that the ORR catalyzed by OH-COF is
a typical four-electron process (Fig. 3i).

Density functional theory calculations were conducted to
explore the mechanism of the ORR catalyzed by R-COFs. The
HOMO and LUMO of H-COF are localized on the imidazole ring
and phenyl unit, respectively, which display typical D-A prop-
erties, whereas in OH-COF and OMe-COF, the HOMO extends to
the hydroxyl and methoxy regions, indicating strong electron-
donating abilities that facilitate charge transfer during the
ORR. In F-COF, the LUMO also extends to the F atom, sug-
gesting that the F atom has a strong electron-accepting ability,
enhancing the reactivity of F-COF (Fig. S29†). To directly
in the COFs. (b) Density of states (DOS) of H-COF, F-COF, OMe-COF,
omparison of the free energy changes for these COF catalysts. (e) The
talysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Capability of a zinc–air battery assembled using OH-COF. (a) Schematic of the ZAB. (b) Open circuit voltage. (c) Charge–discharge
voltage profile. (d) Power density plots. (e) The durability of the ZAB prepared with OH-COF tested at 5 mA cm−2. (f) Discharge profiles at a fixed
current density of 20 mA cm−2. (g) Long-time stability test of OH-COF (inset: an image of a “ZZU” LED panel driven by the ZAB).
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visualize the electronic properties of –F, –OMe, and –OH and the
impact of –F, –OMe, and –OH on the ORR process, we selected
themain atoms, such as –F, –OMe, –OH, and imidazole rings, as
active sites for theoretical calculations.

The catalytic sites of the H-COF, F-COF, OMe-COF, and OH-
COF were determined using the Bader charge distribution map
(Fig. S30†). The most probable catalytic centers are indicated by
red arrows in Fig. 4a, identied using the most negatively
charged sites. In addition, density of states calculations showed
that OH-COF exhibited the smallest band gap around the Fermi
level compared to F-COF, H-COF, and OMe-COF, suggesting
outstanding semiconductor properties of OH-COF (Fig. 4b). As
shown in Fig. S31–S34†, the charge distribution difference
illustrations of these COFs clearly indicate that the corre-
sponding electron transfer was enhanced over the conjugated
frameworks, particularly for OH-COF. Three intermediate states
(*OOH, *O, and *OH) exist in the oxygen reduction (Fig. S35–
S37† and 4c). The corresponding free energy variations (DG) of
each ORR step process catalyzed by each COF were calculated at
U = 1.23 (Fig. 4d). According to these results, the trans-
formation of O2 into *OOH was the rate-determining step in the
oxygen reduction. As illustrated in Fig. 4e, the DG values of the
rate-determining step were computed to be 1.71, 1.54, 1.48, and
1.45 eV for H-COF, F-COF, OMe-COF, and OH-COF, respectively.
Notably, OH-COF exhibited the lowest DG value, suggesting that
the intermediate *OOH was most readily formed during the
ORR process of OH-COF, thereby establishing OH-COF as the
most catalytically active among all COFs.

As shown in Fig. 5a, a zinc–air battery (ZAB) was prepared
using OH-COF to evaluate its practical application based on its
superior ORR performance. The ZAB exhibited an open-circuit
voltage of 1.465 V (Fig. 5b). As shown in Fig. 5c and d, owing
to its favourable mass transfer characteristics, a maximum
© 2025 The Author(s). Published by the Royal Society of Chemistry
power density of 119.5 mW cm−2 was observed in the ZAB.
Moreover, the OH-COF electrode exhibited a stable cycle life,
maintaining its performance over 200 h during continuous
discharge at an applied current density of 5.0 mA cm−2 (Fig. 5e).
At a current density of 20 mA cm−2, the ZAB was continuously
discharged for 24 h, and the calculated specic capacity reached
854 mA h g−1, indicating its impressive battery efficiency
(Fig. 5f) and reinforcing the viability of utilizing COFs as effec-
tive catalysts in battery environments. In addition, the stability
of OH-COF assessed at 0.7 V vs. RHE reached 20 h with negli-
gible current density loss (only 0.5%), proving the high stability
of OH-COF in an alkaline solution (Fig. 5g). One ZAB composed
of OH-COF was capable of illuminating an LED panel displaying
“ZZU” (Fig. 5g, inset), demonstrating that the OH-COF catalyst
has substantial potential for application in the eld of ZABs.

Conclusions

We developed four R-COFs containing different electron-effect
groups (–H, –F, –OMe, and –OH) via a one-pot three-
component Debus–Radziszewski condensation reaction. The
corresponding surface groups with different electronic effects
can interact with p-conjugated skeletons to promote electron
transfer within the COF skeleton. Therefore, by adopting a pore-
surface engineering strategy, charge transfer within the entire
COF framework can be precisely regulated through the surface
functional groups. These COFs were subsequently employed as
metal-free ORR electrocatalysts. Notably, the E1/2 of OH-COF
was 0.80 V (vs. RHE), exhibiting a record ORR activity
compared to previously reported metal-free COF catalysts. In
view of the exploration and comprehensive understanding of
the inuence of the electronic effects of pore wall groups on the
charge density of the active sites, the pore surface modication
Chem. Sci., 2025, 16, 11669–11677 | 11675
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strategy adopted in this study offers experimental and theoret-
ical principles for the construction and improvement of the
electrocatalytic performance of metal-free COFs.
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