Published on 15 July 2025. Downloaded by Y unnan University on 7/29/2025 3:51:45 AM.

Materials
Horizons

W) Check for updates ‘

Cite this: DOI: 10.1039/d5mh00858a

Received 7th May 2025,
Accepted 14th July 2025

Xin-Yan Xiao
DOI: 10.1039/d5mh00858a

rsc.li/materials-horizons

Covalent organic frameworks (COFs) have demonstrated great
potential in electrocatalytic oxygen reduction reaction (ORR). How-
ever, the continuous proton-coupled electron transfer (PCET) steps
with water as the proton donor and the low electron conductivity
of hydrophobic COFs increase the kinetic barriers for device appli-
cations. Herein, a hydrophilic custom-designed strong electron/
proton extractor on CoT-sp?C-P-COF-COOH was developed by
converting the cyano groups of CoT-sp?C-P-COF into carboxyl
groups. The electrocatalyst constructed by the CoT-sp?C-P-COF-
COOH shows impressive ORR activity (E;;, = 0.823 V vs. RHE) and
outperforms most COF-based catalysts. Additionally, the fabricated
Zn—air battery with the CoT-sp?C-P-COF-COOH catalyst displays a
high peak power density of 121.8 mW cm™2 and excellent stability.
Theoretical calculations suggest that CoT-sp?C-P-COF-COOH is
also more efficient than CoT-spZC-P-COF to bind with an O,
molecule to form Co"'-0,°~, which optimizes the electron transfer
efficiency and enhances the stabilization of intermediates, thereby
synergistically accelerating the PCET step and ORR kinetics. This
work highlights the continuous electron extraction and rapid proton
transfer during electrocatalysis, and paves the way for advances in
designing hydrophilic ORR electrocatalysts at the molecular level.

1. Introduction

Efficient electrocatalytic small gas molecules driven by renew-
able energy play a crucial role in the development of clean
electrochemical energy conversion technologies.'™

Among of them, the oxygen-water oxygen reduction reaction
(ORR) relies on water as a source of protons and electrons, thus
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New concepts

This work introduces a novel approach to enhancing the electrocatalytic
performance of covalent organic frameworks (COFs) for oxygen reduction
reaction (ORR) by functionalizing them with hydrophilic strong electron/
proton extractors. By converting cyano groups to carboxyl groups in CoT-
sp>C-P-COF, a highly active and stable ORR electrocatalyst, CoT-sp”C-P-
COF-COOH, with impressive performance was developed, including an
Ey), of 0.823 V vs. RHE and a peak power density of 121.8 mW cm™? in a
Zn-air battery. Theoretical calculations reveal that this modification
optimizes electron transfer efficiency and stabilizes reaction intermedi-
ates, thereby accelerating proton-coupled electron transfer (PCET) steps.
This study highlights the importance of continuous electron extraction
and rapid proton transfer in electrocatalysis, providing a new strategy for
designing hydrophilic ORR electrocatalysts at the molecular level.

limiting the energy and power densities.*”® Moreover, the low
solubility of oxygen in water largely restricts the current density
that can be achieved by liquid-phase electrocatalytic technolo-
gies such as fuel cells and zinc-air batteries.”® From a mole-
cular mechanism perspective, the ORR involves two essential
proton-coupled electron transfer (PCET) steps, highlighting the
critical interdependence between sustained electron transport
dynamics and adequate proton supply.” ' As described by the
Grotthuss mechanism, proton transfer in aqueous environ-
ments occurs through a water-hydronium network.'**%
Therefore, hydrophilic ligands such as oxygen-containing func-
tional groups on material surfaces are crucial for optimizing
proton transfer efficiency.

Covalent organic frameworks (COFs), as an emerging class
of crystalline porous organic polymer, have rapidly become
promising materials for photoelectrocatalysis attributed to their
exceptional surface area, precisely engineered active sites, and
robust framework integrity.">>' Furthermore, COFs are also struc-
turally designable, allowing the modulation of the active sites,
electronic structures, and pore environments, which is advanta-
geous for improving electrocatalysis performance.>'®*** In parti-
cular, a variety of organic ligands and conjugated backbones can
also be used to manipulate their electronic structure to improve
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electrochemical performance.”>” Porphyrins and its metallized
derivatives have been widely used as small molecule electrocataly-
tic centers due to their unique transition metal-nitrogen-carbon
structures.”® 3! Moreover, their easily modifiable macrocyclic struc-
ture allows them to be embedded in crystalline porous materials
such as metal-organic frameworks (MOFs) and COFs, making
them catalyst candidates of great interest.*>* In 2017, the Co-
porphyrin-based COF was first used in catalyzing the ORR.*®
Afterwards, several COF-based electrocatalysts have been synthe-
sized and applied for the ORR.>**° For example, precisely
engineered 1D ion-conductive nanochannels were strategically
constructed within cobalt-incorporated COFs, enabling efficient
hydroxyl ion migration through their crystalline porous
architecture.” Heteroatoms (N, S) were integrated into the Co-
porphyrin-based COFs to achieve the spacing of the active
sites.”® A high-efficiency COF with Co-N-C structures was con-
structed using molecular units to constrain charge behaviors.*?
More recently, two-dimensional porphyrin-based COFs with
pentagonal pores were developed by rationally combining C,
and C, symmetric building blocks into mem networks.*' Hence,
metalloporphyrin-based COFs are a promising alternative mate-
rial for the ORR, owing to the high-efficiency active M-N, sites
and the outstanding chemical stability. However, the insufficient
charge transfer between the frameworks and mass transfer
limitations caused by hydrophobic pores still pose challenges
to the electrocatalytic performance of the ORR. Thus, designing
hydrophilic COFs with strong charge and mass transfer capabil-
ities is crucial for improving ORR activity.

The introduction of cyano groups into the framework allows
for subsequent modification to carboxyl groups, making COFs
a stronger electron/proton extractor with higher hydrophilicity
and stronger dispersibility.*>™** Furthermore, such structural
engineering significantly improves its suitability for charge and
proton conduction applications in electrocatalytic processes.
In this study, we have first constructed a T-sp>C-P-COF with a
high density of cyano groups on its pore walls as the parent
COF sample through a systematic screening of the reaction
conditions (Table S1, ESIt). Subsequently, we coordinated this
parent COF with cobalt ions to obtain the CoT-sp>C-P-COF.
After the modification treatment, the fully conjugated lefin-linked
CoT-sp>C-P-COF-COOH was synthesized, showing stronger
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hydrophilicity, more proton transport channels and higher
charge-carrier separation efficiency (Scheme 1). As a result, all of
these advantages result in CoT-sp>C-P-COF-COOH ultimately pro-
viding promising ORR activity with a half-wave potential (E;,,) of
0.823 V (vs. RHE), which is superior to most advanced COF-based
ORR electrocatalysts.>*>*>® Additionally, the zinc-air battery
with CoT-sp”C-P-COF-COOH displays a satisfactory 858 mAh g~ *
specific capacity and 121.8 mW cm™ > power density. Theoretical
calculations demonstrate that CoT-sp>’C-P-COF-COOH is also
more efficient than CoT—spZC—P—COF to bind with an O, molecule
to form Co™-0,* . This work suggests the advantages of integrat-
ing Co-porphyrin and carboxyl groups in olefin-linked COFs for
the rational design of efficient and stable ORR electrocatalysts.

2. Results and discussion
2.1. Structural characterization

Initially, the surface chemical compositions of the functiona-
lized COFs materials were analyzed by Fourier transform-
infrared (FT-IR) spectra (Fig. 1a). Compared with PDAN, the
characteristic peaks of the C=N bond stretching vibration of
T-sp”C-P-COF and CoT-sp’C-P-COF were retained and red-
shifted from 2249 ecm™ ' to 2216 cm ™', which is due to the
generation of the cyano-vinylene linkage (-C—C(C=N)-),
resulting in a larger conjugated system and thus improving
the p-electron delocalization of the CN groups.** Due to the
formation of conjugated C=C bonds (at 3030 cm '), the peak
at 1698 cm ™' of the CHO of T-sp>C-P-COF, CoT-sp”C-P-COF and
CoT-sp’C-P-COF-COOH is greatly weakened compared to that
of 4-CHO-TBPP. While the peak of the C=N at 2216 cm " of T-
sp>C-P-COF and CoT-sp®C-P-COF is well retained, offering an
active site for post-modification. More importantly, the peak of
the cyano group at 2249 cm™ ' disappeared, and the emerging
peaks at around 1670 and 1393 cm ™" were attributed to the
stretching vibrations of the C=0 bond and C-O bond from the
carboxyl group of CoT-sp”’C-P-COF-COOH, indicating that the
cyano group was successfully converted in CoT-sp>C-P-COF.*”
Subsequently, the optical properties of the synthesized materi-
als were investigated by ultraviolet-visible (UV-Vis) absorption
spectra (Fig. 1b). The UV-vis spectrum of 4-CHO-TBPP exhibited
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Schematic of the synthesis strategy for T-sp>C-P-COF, CoT-spC-P-COF, and CoT-sp?C-P-COF-COOH.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5mh00858a

Published on 15 July 2025. Downloaded by Y unnan University on 7/29/2025 3:51:45 AM.

Materials Horizons

View Article Online

Communication

(a) (b) (©)
1670 em™ C=0 421 nm
\ 4-CHO-TBPP CoT-sp*C-P-COF
~ (1 — T-sp*C-P-COF CoT-sp*C-P-COF-COOH
o 2(7.:51\1 ., I CoT-sp’C-P-COF
s cm I
> -~ I CoT-sp*C-P-COF-COOH
Py c=C ;i 2 |1
g 3030 cm™ Sh'ﬁ\ 2 | L, a24mm Spinning
g 2216 em* 2‘ Al C=N side band
é. ] | 109 ppm ¥
17} 2 |
= = A Sam S G3am
1393 cm™ *
C=0YV'co S516nm 554 '““5ﬁ4 nm 649 ..,; e
4000 3000 2000 1000 300 400 500 600 700 800 220 200 180 160 140 120 100 80 60 40 20 0
Wavelength (cm™) Wavelength (nm) Chemical shift (ppm)
(d ) ®
2 Co 2, 1001
CoT-sp*C-P-COF Co 2p CoT-sp”C-P-COF-COOH P
2p3, J
— 2p3, P 2 80
=: : Co? P12 » \,:
& = Sat. 797.0 ¢} Sat. < 60 :
z ,.2P1n z = — T-sp’C-P-COF
Z Co? 829 2 [hauta®™ : Y ) spe] :
s Sat. 7978 ¢} Sat. 8 L ; 404 CoT-sp°C-P-COF
= & = N CoT-sp*C-P-COF-COOH
/(L N : .
. . . . r . : . 0 — s
810 800 790 780 810 800 790 780 0 100 200 300 400 500 600 700 800
Binding energy (eV) Binding energy (eV) . Temperature (°C)
(2 (h) (@)
100 0.010 T T
- 180 4 I i
90 , £ —o— T-sp’C-P-COF i i
80 T 50 0.008 CoT-sp’C-P-COF 150 e i
= Colsp CE-COK = CoT-sp’C-P-COF-COOH —~ ! -
= 704 CoT-sp*C-P-COF-COOH E Lo . 121° !
7} 2 @ 120 ' I
20 60 < 0.006 ‘ o ! 4
% = i H : :
%
t o £ 2 : :
g 401 > 00041 by £ ' ! 61°
= 30 s iﬁ S 601 ! : o
g = ’ .
20 g 0002 X - | :
10] ,aeRR8 > \ ! i
. -] - 1 1
0 . . . . : 0.000 e r T — 0 F ' Fl o
0.0 0.2 0.4 0.6 0.8 1.0 .CO! .CcO
0 5 10 15 20 25 30 35 40 1C_\a_COC e ECD o pconC
Relative Pressure (P/Po) Pore Diameter (nm) TP CoT-sP

Fig. 1 (a) FTIR spectra of 4-CHO-TBPP, PDAN, T-sp?C-P-COF, CoT-sp?C-P-COF and CoT-sp?C-P-COF-COOH. (b) UV-vis spectra of 4-CHO-TBPP,
T-sp>C-P-COF, CoT-sp?C-P-COF and CoT-sp?C-P-COF-COOH. (c) Solid-state *C NMR spectra of CoT-sp?C-P-COF and CoT-sp?C-P-COF-COOH.
(d) and (e) Co 2p XPS results for CoT-sp?C-P-COF and CoT-sp2C-P-COF-COOH. (f) The thermos-gravimetric analysis of T-sp?C-P-COF, CoT-sp?C-P-
COF and CoT-sp?C-P-COF-COOH. (g) N, adsorption—desorption isotherms and (h) pore size distribution of T-sp?C-P-COF, CoT-sp2C-P-COF and
CoT-sp2C-P-COF-COOH. (i) The contact angles of T-sp?C-P-COF, CoT-sp2C-P-COF and CoT-sp?C-P-COF-COOH.

a typical porphyrin Soret band at 421 nm and four weak Q
bands at 516, 554, 594, and 649 nm due to the presence of
uncoordinated porphyrin units. T-sp>C-P-COF displayed a broa-
dened Soret band at 424 nm along with significantly red-shifted
Q bands at around 527, 565, 603 and 658 nm, possibly due to
the presence of the large m-conjugated system in the COF
skeleton. However, the absence of four Q bands was not
observed in CoT-sp”C-P-COF and CoT-sp>C-P-COF-COOH, indi-
cating successful coordination between the cobalt species and
porphyrin units.*® As shown in Fig. 1c, the chemical environ-
ment of CoT-sp>C-P-COF and CoT-sp>*C-P-COF-COOH was char-
acterized by cross-polarization magic-angle-spinning nuclear
magnetic resonance (*C CP-MAS NMR) spectra. In the *C
CP-MAS NMR spectra of CoT-sp”C-P-COF-COOH, the signal of
C=N disappeared at 109 ppm, which verified the successful
conversion to the carboxyl group.’> X-ray photoelectron

This journal is © The Royal Society of Chemistry 2025

spectroscopy (XPS) measurements revealed the existence of C
and N in T-sp”>C-P-COF and CoT-sp”C-P-COF, apart from this,
new O signals occur in CoT-sp>C-P-COF-COOH (Fig. S2 and S3,
ESI¥). Moreover, the Co 2p XPS spectra of CoT-sp>’C-P-COF and
CoT-sp>C-P-COF-COOH displayed that the peaks at binding
energies of 781.3 eV and 796.5 eV are assigned to Co*, while
the peaks at 782.9 eV and 797.8 eV are attributed to Co>"
(Fig. 1d and e). Two additional satellite peaks (marked as
“Sat.”) are located at 786.9 eV and 803.4 eV. The Co>*/Co*
ratio in CoT-sp®C-P-COF-COOH, calculated based on the peak
areas of Co® and Co”", is lower than that in CoT-sp>C-P-COF.
This may be due to the partial transfer of electrons from the
cobalt porphyrin center to the benzoyl substituent through the
electron-withdrawing effect of the -COOH groups. From the
thermogravimetric analysis (TGA) curve shown in Fig. 1f, it can
be observed that the weight loss process of the COF catalysts

Mater. Horiz.
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mainly consists of three stages under N, conditions. Before the
temperature reaches 200 °C, the weight loss is less than 10%,
which is mainly attributed to the removal of crystallization
water and physically adsorbed water. In the temperature range
of 200 to 400 °C, the weight loss is less than 20%. The weight
retention rate of the synthesized COFs is over 70% within the
range of 400 to 700 °C, indicating their excellent thermal
stability, which can be attributed to the robustness of the sp>
carbon bonds in the COF structure.””*® Among them, the
thermal stability of the catalyst CoT-sp>’C-P-COF-COOH is
slightly inferior to that of T-sp>C-P-COF and CoT-sp’C-P-COF.
This may be due to the more fragile framework structure of
CoT-sp”C-P-COF-COOH, which could originate from its harsh
post-treatment conditions.** The permanent porosities of all
samples were measured by low-pressure N, adsorption mea-
surements at 77 K (Fig. 1g, h and Fig. S4, ESIt). The Brunauer-
Emmett-Teller (BET) surface areas of T-sp°’C-P-COF, CoT-sp°C-
P-COF, and CoT-spZC-P-COF-COOH were 37.03, 27.87, and
25.93 m> g ', with corresponding average pore widths of
10.92, 12.67, and 17.00 nm, respectively. The low specific sur-
face area (Sggr) is likely primarily attributed to the following
factors: folding within the crystalline structure, which prevents
some of the pores from being fully exposed; and the retention
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of solvent or substrate molecules within the pores, leading to
blockages, a phenomenon that is consistent with some results
reported in the literature.”’ ™ In addition, the AB stacking
mode hinders the orderly stacking of these COF layers, making
it impossible for them to fully achieve porosity, and similar
observations have also occurred in other AB stacked COFs.>*™>°
The contact angles of T-sp>’C-P-COF, CoT-sp”C-P-COF, and CoT-
sp>C-P-COF-COOH were measured to analyze their surface
hydrophilicity. As shown in Fig. 1i, T-sp’C-P-COF and CoT-
sp>C-P-COF were hydrophobic with contact angles as high as
136° and 121°, while CoT-sp>C-P-COF-COOH showed good
hydrophilicity with a smaller contact angle of 61°. The car-
boxylic acid group in CoT-sp>’C-P-COF-COOH creates a more
hydrophilic surface, which will improve proton transfer, and
the enhanced proton transfer stabilizes O, adsorption, indicat-
ing the presence of a potentially active site on the C atoms
attached to the -COOH groups, which facilitates the electro-
catalytic O, to H,O process."*>"8

The crystalline characteristics of the samples were evaluated
by powder X-ray diffraction (PXRD) measurements (Fig. S5,
ESIY). The diffraction patterns of T-sp>C-P-COF (Fig. 2a), CoT-
sp”>C-P-COF (Fig. 2b), and CoT-sp”C-P-COF-COOH (Fig. 2c) all
exhibit strong and sharp peaks at 20 = 4.95°, which can be
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Fig. 2 PXRD patterns of (a) T-sp>C-P-COF, (b) CoT-sp?C-P-COF and (c) CoT-sp>C-P-COF-COOH. (d) SEM, (e) TEM image, (f) HAADF-STEM image and
EDS elemental mapping images of CoT-sp?C-P-COF. (g) SEM, (h) TEM image, (i) HAADF-STEM image and (j) EDS elemental mapping images of CoT-

sp2C-P-COF-COOH.
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attributed to the (200) plane, indicating high crystallinity.
Pawley refinement analysis confirmed significant consistency
between the calculated and experimental diffraction patterns.
During the optimization process, the unit cell parameters of
T-sp”C-P-COF were determined to be: a = 34.49 A, b=34.48A,
¢ =3.62 A, o =90° B =90° y = 90°. For CoT-sp>C-P-COF, the
optimized unit cell parameters are: a = 34.66 A, b = 34.59 A,
c=3.79 A, o =90° f=90° 7 =90° The unit cell parameters
of CoT-sp>C-P-COF-COOH were optimized to: a = 34.50 A, b =
34.44 A, ¢ =3.79 A, o = 90°, f = 90°, y = 90°. Additionally, the
refinement results showed low residual coefficients, with T-sp”C-
P-COF having an R, value of 2.52% and an Ry, value of 3.18%;
CoT-sp’C-P-COF having an R, value of 2.44% and an R,,, value of
3.13%; and CoT-sp”C-P-COF-COOH having an R, value of 2.73%
and an Ry, value of 3.64%. These data demonstrate the con-
sistency between the theoretical model and the experimental
PXRD data. Among the diverse stacking modes, the AA stacking
mode produces PXRD patterns that are consistent with the
experimental profiles of the synthesized COFs (Fig. S6, ESIT).
Moreover, among the various possible stacking configurations,
the AB stacking mode is found to produce PXRD patterns that
are in excellent agreement with the experimentally observed
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profiles of T-sp’C-P-COF, CoT-sp’C-P-COF and CoT-sp”C-P-
COF-COOH. As a result, all the COFs exhibit 2D skeletal
structures with theoretical pore sizes of 1.87 nm, 1.89 nm,
and 1.92 nm, respectively (Fig. S7, ESIt). The morphology and
high crystal feature were characterized by scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HR-TEM) images. As shown in Fig. 2d and g,
the SEM images of CoT-sp°C-P-COF and CoT-sp>C-P-COF-
COOH exhibited no significant difference in the morphology,
and both the COFs displayed uniform rod-shaped morphology.
This observation confirmed that the cyano-to-carboxyl functional
group interconversion within the COF skeleton cannot change
the overall morphology. Furthermore, HR-TEM images of CoT-
sp>C-P-COF and CoT-sp®C-P-COF-COOH show that the lattice
spacings of CoT-sp>C-P-COF and CoT-sp>’C-P-COF-COOH are
1.82 and 1.83 nm, respectively, both corresponding to 200 facets
(Fig. 2e and h). Notably, the high-angle annular dark-field
scanning TEM (HAADF-STEM) images and the corresponding
energy-dispersive X-ray (EDX) elemental mapping images of CoT-
sp”C-P-COF and CoT-sp>C-P-COF-COOH clearly showed that the
elements in CoT-sp>’C-P-COF and CoT-sp>C-P-COF-COOH are
uniformly distributed (Fig. 2f, i and j).
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Fig. 3 (a) Normalized Co K-edge XANES spectra and (b) corresponding Fourier-transform EXAFS spectra of Co foil, CoO, Coz0O4, CoTPP, CoT-sp?C-P-
COF and CoT-sp?C-P-COF-COOH. (c) and (d) Co K-edge EXAFS and curve-fit in k>-weight R-space and (e) and (f) corresponding k-space fitting curves
for CoT-sp?C-P-COF-COOH and CoT-sp?C-P-COF. (g9) Wavelet-transformed images for CoT-sp2C-P-COF-COOH, CoT-sp?C-P-COF, CoTPP, Co foil,

CoO and Co30,.
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The Co K-edge X-ray absorption fine structure (XAFS) of CoT-
sp>C-P-COF and CoT-sp>C-P-COF-COOH were employed to gain
insight into the electronic structures and coordination topology
of the cobalt centers. Fig. 3a illustrates that the X-ray absorp-
tion near-edge structure (XANES) spectra at the Co K-edge for
both CoT-sp”C-P-COF and CoT-sp”C-P-COF-COOH exhibit a
weak pre-edge peak at approximately 7706.3 eV and a shoulder
peak at around 7712.4 eV, which are attributed to the 1s — 3d
and 1s — 4p, transitions, respectively. These findings indicate
that the coordination environment of CoT-sp>’C-P-COF and
CoT-sp>C-P-COF-COOH is closer to that of CoTPP, in which
Co atoms are coordinated with N to generate a Co-N, bond.
The Fourier transform k*-weighted extended X-ray absorption
fine structure (EXAFS) at the Co K-edge for both CoT-sp®C-P-
COF and CoT-sp”C-P-COF-COOH do not show any Co-Co
signals, indicating the absence of Co clusters/particles in their
frameworks (Fig. 3b). These results suggest that CMP-Py(Co) do
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not undergo Co aggregation during the metallization process,
consistent with the HAADF-STEM results. Furthermore, CoT-
sp>C-P-COF and CoT-sp>’C-P-COF-COOH exhibit main peaks at
1.45 A and 1.49 A, which are attributed to the first Co-N shell.
Besides, the calculated coordination number for the Co*
ions in both CoT-sp>C-P-COF and CoT-sp”C-P-COF-COOH is 4
(Table S2, ESIf). Moreover, the EXAFS R-space and k-space
fitting curve of CoT-sp>’C-P-COF and CoT-sp>C-P-COF-COOH
(Fig. 3c, e and d, f) and the fitted parameters summarized in
Table S1 (ESIY) clearly revealing that the Co is coordinated to
four N atoms (Co-N,) with a bond distance of 1.97 A. As
illustrated in Fig. 3g, the wavelet transforms (WTs) of CoT-
sp>C-P-COF and CoT-sp®C-P-COF-COOH display a prominent
peak at approximately 4 A™, which bears resemblance to that
of CoTPP and can be ascribed to the Co-N coordination.
Notably, no maximum intensity of Co-Co coordination was
observed in both CoT-sp”C-P-COF and CoT-sp>C-P-COF-COOH
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compared to the WT contour maps of Co foils, confirming the
absence of Co-derived crystalline structures in the frameworks.

2.2. Electrocatalytic performance

The oxygen reduction efficiency of the obtained COFs was
evaluated by cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV) polarization analyses using a three-electrode sys-
tem in 0.1 M KOH electrolyte. The CV curves of all samples
showed obvious cathodic peaks in O,-saturated 0.1 M KOH
solution, but no oxygen reduction peaks in N,-saturated 0.1 M
KOH solution. The cathodic peak potentials decreased in the
order of CoT-sp”’C-P-COF-COOH > CoT-sp”C-P-COF > T-sp’C-
P-COF, indicating that the presence of active site Co-N, and the
formation of -COOH in the skeletons of the COFs had a great
impact on the performance of the catalysts. Obviously, the peak
potential of CoT-sp>C-P-COF-COOH was the most positive,
indicating that the ORR activity of CoT-sp>C-P-COF-COOH
was better compared with CoT-sp>C-P-COF and T-sp>C-P-COF
(Fig. S8, ESIt). As depicted in Fig. 4a, the ORR activity of the
samples was further confirmed by LSV curves in O,-saturated
0.1 M KOH electrolyte at a scan rate of 1600 rpm. Obviously, with
the metallization of the COFs and the generation of carboxyl
groups, the performance of the COF catalysts was greatly
enhanced with an impressive increase in halfwave (E;)
potential from 0.623 V to 0.823 V compared to that of the
reversible hydrogen electrode (RHE). As shown in Fig. 4b, the
optimized catalyst CoT-sp”C-P-COF-COOH had an Ey, of 0.823 V
and a calculated kinetic current density (f) of 57.493 mA cm > at
0.75 V, which is much higher than that of CoT-sp>C-P-COF (Ey, =
0.768 V, Ji = 7.924 mA cm %) as well as the most well-reported
COF catalysts and showed outstanding ORR activity (Table S3,
ESIt). Additionally, Fig. 4a reveals that T-sp®C-P-COF’s LSV curve
behaves unusually due to the lack of Co-N-C active sites, which
are crucial for the efficient ORR.>>*® These active sites assist in
the adsorption and activation of oxygen and promote electron
transfer. The ~-COOH groups in CoT-sp>C-P-COF-COOH enhance
hydrophilicity and proton transport, increasing the efficiency of
PCET. Without these features, T-sp>’C-P-COF shows lower activity
and poorer electron and proton transfer, leading to a shifted
starting potential and weaker current response in its LSV curve.
Furthermore, the Tafel slope of CoT-sp>C-P-COF-COOH was
calculated to be 63 mV dec™', which was much smaller than
that of T-sp>’C-P-COF (105 mV dec™ ') and CoT-sp>C-P-COF (83
mV dec "), validating the faster ORR kinetics of CoT-sp”C-P-
COF-COOH (Fig. 4c). As shown in Fig. 4d, the electrochemical
impedance spectroscopy (EIS) Nyquist plot indicated that the
charge transfer resistances of CoT-sp>C-P-COF-COOH, CoT-sp°C-
P-COF, and T-sp”C-P-COF were 1798, 2374, and 6083 Q, respec-
tively, revealing that CoT-sp’C-P-COF-COOH had faster electron
transfer ability. Based on the LSV curves recorded at various
rotational speeds, the electron transfer number (1) of CoT-sp°C-
P-COF-COOH, CoT-sp®C-P-COF, and T-sp>C-P-COF, calculated
from Koutecky-Levich (K-L) plots, was 3.77, 3.72, and 3.19,
respectively, suggesting a 4e” pathway in the ORR process
(Fig. 4e, f and Fig. S9, ESIT). The electrochemically active surface
area (ECSA) was assessed by determining the electrochemical

This journal is © The Royal Society of Chemistry 2025
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double-layer capacitance (C4) value using the CV method
(Fig. S10, ESIt). As shown in Fig. S10d (ESIY), the Cq4 for CoT-
sp”C-P-COF-COOH is 1.98 mF cm %, which is larger than
that of T-sp?C-P-COF (1.38 mF cm 2) and CoT-sp>C-P-COF
(1.35 mF c¢cm™?), indicating that the CoT-sp>C-P-COF-COOH
can offer a more efficient active site. As shown in Fig. 4g, the
turnover frequency (TOF) of the catalysts was estimated to
compare the intrinsic activity of each active site. The TOF values
of CoT-sp”C-P-COF-COOH and CoT-sp”’C-P-COF were 2.21 and
1.48 s, respectively These results indicated that CoT-sp”C-P-
COF-COOH exhibits the highest ORR catalytic activity among
the acquired COFs, likely due to its carboxylic acid molecules
forming a more hydrophilic surface, which improves proton
transfer, with the enhanced proton transfer stabilizing O,
adsorption and thereby facilitating the electrocatalytic conver-
sion of O, to H,0. Subsequently, chronoamperometric measure-
ment was conducted to evaluate the stability of the CoT-sp>C-P-
COF-COOH. As depicted in Fig. 4h, the current density remained
unchanged after the injection of 1.0 M methanol solution,
suggesting the superior methanol resistance of CoT-sp>C-P-
COF and CoT-sp>C-P-COF-COOH.

Significantly, the currents of the CoT-sp>’C-P-COF and CoT-
sp’C-P-COF-COOH catalysts were maintained at 82.1% and
91.9% of their initial currents after 40000 s, respectively,
demonstrating their outstanding stability (Fig. 4i). To assess
the stability of CoT-sp>C-P-COF-COOH after durability testing,
FTIR was used to analyze the sample before and after the
durability test. The spectra showed that the C—=O and C-O
peaks remained almost unchanged, confirming the robust
chemical stability of the material (Fig. S11, ESIT). Furthermore,
the XPS analysis revealed that the binding energies of C 1s,
N 1s, O 1s, and Co 2p in CoT-sp>C-P-COF-COOH remained
virtually unchanged after durability testing, confirming that the
chemical structure of CoT-sp’C-P-COF-COOH was almost
entirely preserved after the durability test (Fig. S12, ESIY).
Moreover, SEM and TEM analyses showed that the structure
of CoT-sp”C-P-COF-COOH remained virtually unchanged after
durability testing (Fig. S13, ESIt). These results collectively
confirm that CoT-sp”’C-P-COF-COOH retains its structural
integrity and exhibits good stability.

2.3. Zinc-air battery performance

Furthermore, to prove the practical application of hydrophilic
COFs in energy storage devices, liquid zinc-air batteries (ZABs)
were constructed (Fig. 5a). As illustrated in Fig. 5b, the open-
circuit potential of the CoT-sp”’C-P-COF-COOH based ZAB was
1.49 V, which is slightly higher than that of the ZABs assembled
by the CoT-sp®C-P-COF (1.43 V). One ZAB using CoT-sp°C-P-
COF-COOH as the air cathode could uniformly power a light-
emitting diode (LED) screen (Fig. 5b inset). The high
peak power density of CoT-sp>*C-P-COF-COOH reaches up to
121.8 mW cm 2, which is superior to the peak power density of
the CoT-sp®C-P-COF catalyst (101.2 mW cm?) in Fig. 5c. More-
over, the CoT-sp”C-P-COF-COOH based ZAB displayed a specific
capacity of 858 mAh g~ " at 10 mA cm ™2, surpassing those of the
hydrophobic CoT-sp>C-P-COF (798 mAh g ') catalyst assembled
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Fig. 5 Electrochemical performance of CoT-sp?C-P-COF-COOH-based and CoT-sp?C-P-COF-based ZABs. (a) Schematic construction of the

aqueous ZAB. (b) Open-circuit potential plots. (c) Polarization and power density curves. (d) Specific capacities at 10 mA cm
curves at different current densities. (f) Long-term charge/discharge cycling curves at 10 mA cm

battery (Fig. 5d). Notably, as the discharge current density varies
(1 - 50 mA cm ?), the CoT-sp>’C-P-COF-COOH based ZAB
maintained a higher sustained voltage plateaus than the CoT-
sp”C-P-COF catalyst constructed battery, particularly at higher
current densities. Moreover, when the current density is restored
to 1 mA cm 2, the discharge voltage quickly restitutes, high-
lighting its excellent rate capability and reversible property
(Fig. 5e). Remarkably, the rechargeable performance of the
CoT-sp”C-P-COF-COOH based ZAB was assessed and is shown
in Fig. 5f. As expected, the CoT-sp°’C-P-COF-COOH based ZAB
exhibited an excellent durability, with only an insignificant
increase in voltage gap after 400 cycles over 170 h at the current
density of 10 mA cm 2. The aforementioned results suggest that
CoT-sp”C-P-COF-COOH is a superior replacement for noble-
metal-based electrocatalysts, showcasing its enormous potential
in advanced energy storage and conversion technologies.

2.4. Theoretical calculation

Additionally, the ORR processes associated with CoT-sp>C-P-COF
and CoT-sp”C-P-COF-COOH were studied using DFT calcula-
tions. According to the configurations of the two model catalysts,
Fig. 6a and b illustrate the 4e- ORR process mechanism after
optimization of the structure of the adsorbed intermediates
(*OOH, *0O, and *OH) by CoT-sp”C-P-COF-COOH and CoT-
sp”C-P-COF. The density of states (DOS) displayed that the
CoT-sp?C-P-COF-COOH shows a smaller bandgap near the Fermi
level compared to the CoT-sp”C-P-COF, suggesting that the modula-
tion of the carboxyl functional group imparts superior semiconduct-
ing properties of CoT-sp’C-P-COF-COOH (Fig. 6c). In alkaline
electrolytes, step I (*O, + 2H,O +4¢- — OOH* + H,O + OH™ +
3e”) and step I (*O + H,O +20H ™ +2e~ — OH*+30H +e ) are
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referred to as PCET steps and often considered the rate-
determining steps, RDS. Therefore, enhancing proton supply
and electron transfer is crucial for reducing the reaction barriers
in the PCET process. Fig. 6d shows the Gibbs free energy plots of
CoT-sp®C-P-COF-COOH and CoT-sp>C-P-COF for the ORR path-
ways. When U = 0 V, the free energy plots of CoT-sp>C-P-COF-
COOH and CoT-sp>C-P-COF exhibit similar downslope energy
paths, suggesting that this is a spontaneous exothermic process
(Fig. 6e). When the potential increases to 1.23 V (Fig. 6f),
CoT-sp’C-P-COF-COOH demonstrated a lower activation energy
of 0.24 eV in RDS (step I), which is significantly lower than that of
CoT-sp”C-P-COF (0.67 eV). Furthermore, analysis of the free
energy diagram at U = 1.23 V reveals that the AG of step III on
CoT-sp>C-P-COF-COOH remains still lower than that of CoT-sp*C-
P-COF, demonstrating that the hydrophilic carboxyl groups syner-
gistically facilitate both (PCET) steps.

3. Conclusion

In conclusion, we successfully synthesized CoT-sp>C-P-COF-
COOH using a simple post-synthetic method. Based on the
enriched carboxyl functional groups incorporated in the pores,
CoT-sp’C-P-COF-COOH not only has good hydrophilicity but
also enables continuous electron extraction and fast proton
transport. Importantly, CoT-sp>C-P-COF-COOH exhibited an
outstanding half-wave potential of 0.823 V (vs. RHE), making it
one of the most efficient of reported COF-based electrocatalysts.
Besides, the electrochemical performance of the CoT-sp”C-P-
COF-COOH based zinc-air battery displayed a peak power den-
sity of 121.8 mWem™> and remarkable long-term cycling

This journal is © The Royal Society of Chemistry 2025
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1.23 V. (e) and (f) AG of the basic steps in the ORR process at U = 0 V and U = 1.23 V, respectively.

durability. Results from both experimental and theoretical inves-
tigations demonstrated that CoT-sp’C-P-COF-COOH binds O,
more efficiently than CoT-sp”C-P-COF, which contributes to the
improvement of the adsorption of intermediates and electron
transfer efficiency, thus accelerating the ORR kinetics and PCET
steps. Overall, this study not only offers a facile strategy for
utilizing substituents to alter the electronic structure and hydro-
philic properties of COF catalysts for enhanced ORR, but also
confirms their immense potential in electrocatalysis and energy
conversion applications.

4. Experimental section
4.1. Materials

All reagents were purchased from commercial suppliers and
were used directly without further purification unless otherwise

This journal is © The Royal Society of Chemistry 2025

stated (pyrrole was freshly distilled before use). All solvents
used in these experiments were reagent grade. Carbon black
(CB, acetylene, 50% compressed, 99.9+%) was purchased
from Alfa.

4.2. Synthesis of T-sp>C-P-COF

A mixture comprising 4-CHO-TBPP (32.96 mg, 0.032 mmol),
PDAN (10.1 mg, 0.065 mmol) and TBAH (1.0 M, 0.2 mL) was
charged into mesitylene/dioxane (1/1: v/v, 2 mL) within a 10 mL
Pyrex tube. Subsequently, the tube was sonicated for 15 min-
utes, then quickly frozen in liquid nitrogen and degassed
through three freeze pump-thaw cycles. Finally, the Pyrex tube
was vacuum-sealed and then heated at 120 °C for 72 h. After
cooling, the precipitate was collected via filtration, and washed
with DMF, H,O0 and THF several times. The product was further
purified by Soxhlet extraction with THF for 24 h. The product
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T-sp”C-P-COF (34.82 mg) was prepared as a red-brown powder
and then dried under vacuum conditions at 80 °C for 12 h.

4.3. Synthesis of CoT-sp”C-P-COF

50 mg of T-sp”C-P-COF, 200 mg (1.54 mmol) of CoCl, and
40 mL of CH;O0H were charged into a 100 mL round-bottom
flask. The reaction mixture was heated at 80 °C for 12 h.
Afterwards, the mixture was filtered and washed with CH;OH
several times. The product CoT-sp>’C-P-COF (59.77 mg) was
obtained as a red-brown powder and then dried under vacuum
conditions at 60 °C for 12 h.

4.4. Synthesis of CoT-sp”C-P-COF-COOH

CoT-sp”C-P-COF (50 mg), 10 M aqueous NaOH (10 ml) and
ethanol (10 mL) were added into a 100 mL round-bottom flask.
The reaction mixture was heated at 95 °C for 72 h. Subsequently,
the mixture was brought to neutral pH by adding aqueous HCI
(1.0 M) and filtered and washed with THF and water several
times. The product CoT-sp>’C-P-COF-COOH (46.5 mg) was
obtained as a red-brown powder and then dried under vacuum
conditions at 60 °C for 12 h.
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