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Microenvironment Modulation of Single Cobalt Sites in
Covalent Organic Frameworks with Serrated Stacking of
Metallocorroles for Boosting Electrocatalytic Water
Oxidation

Xikai Chen, Jinyu Liu, Changgui Lv, Yu Yan, Hongpo Liu, Yun-Lei Peng, Yanming Zhao,*
Thamraa AlShahrani, Peter E. VanNatta, and Shengqian Ma*

The electrochemical oxygen evolution reaction (OER) is critically influenced by
the rate-determining step (RDS) and intermediate binding at catalytic sites,
yet achieving precise control over these factors to promote the OER remains
challenging. Enzymatic systems exemplify how catalytic efficiency is dictated
by not only active centers but also their surrounding microenvironments.
Drawing inspiration from this paradigm, serrated stacking
cobalt-corrole-based covalent organic frameworks (Co-CorCOFs) with
well-defined active sites are developed as models for systematical
investigation and manipulation of electrocatalytic behavior. It is shown that
remote microenvironment tuning via oriented functionalization of COF
linkages effectively alters the electronic structures of both the COF backbone
and Co sites. This results in distinct reaction kinetics and electron transfer in
covalently assembled composite Co-CorCOF/carbon nanotube (CNT) hybrids
(Co-CorCOF@CNTs). Notably, introducing quinoline moieties into the
linkages significantly boosts OER activity in Co-CorCOF-3@CNT versus an
unmodified Co-CorCOF-2@CNT. Mechanistic studies reveal that
microenvironment engineering fine-tunes the Co sites’ d-band center, which
facilitates oxygenated intermediate adsorption and shifts the RDS from *OH
formation to *OH deprotonation with a substantial reduction in the energy
barrier, thereby accelerating the reaction rate. This work offers a new avenue
for the formulation of more efficient catalysts via a molecular-level
microenvironment modulation strategy.
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1. Introduction

The electrochemical oxygen evolution reac-
tion (OER) plays a pivotal role in advanced
energy conversion technologies, such as
fuel cells, overall water-splitting systems,
and metal–air batteries.[1,2] However, the
OER is hindered by sluggish kinetics, pri-
marily due to the complex extraction of four
electrons from two water molecules, cleav-
age of strong O─H bonds, and formation of
energetically demanding O─O bonds.[3–5]

Consequently, the development of efficient
water oxidation catalysts (WOCs) for en-
abling effective interconversion between
electrical and chemical energy is a sig-
nificant challenge. Molecular WOCs, par-
ticularly transition metal complexes, of-
fer distinct advantages due to their well-
defined and tunable structures, which can
be systematically functionalized to attain
high catalytic activity and facilitate detailed
mechanistic studies.[6] Nevertheless, homo-
geneous catalysts face significant limita-
tions, such as their reliance on organic
media, susceptibility to deactivation, and
inefficient electron transfer, which restrict
their widespread application. To address
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these challenges, the incorporation of well-characterized molec-
ular WOCs within conductive substrates to create heterogeneous
systems has emerged as a promising strategy, benefiting catalytic
efficiency, ease of separation, reusability, and durability.[7–10]

In recent years, covalent organic frameworks (COFs) have re-
ceived increasing attention as a novel class of porous materials
characterized by their large surface area, high crystallinity, and
exceptional structural diversity.[11–13] These properties, coupled
with their remarkable compositional and structural designabil-
ity, make COFs an appealing scaffold for the integration of func-
tional molecular WOCs, thereby facilitating their heterogeniza-
tion. We rationalize that COFs incorporating molecular WOCs
as constitutional units hold immense potential as electrocatalytic
materials for OER for several reasons. 1) The long-range order
and porosity of COFs enable the creation of well-defined, highly
dispersed active sites. 2) Their readily modifiable structures al-
low for tailored functionalization.[14,15] 3) Strong covalent bonds,
particularly irreversible linkages, confer exceptional stability.[16]

4) Extensive 𝜋-conjugation systems can enhance conductivity.
5) Structural modulation strategies, such as regulating 2D COF
stacking modes,[17,18] constructing 3D frameworks,[19] and exfo-
liating 2D COFs,[20] improve site accessibility and mass trans-
port. Despite these advantages, research on COFs for electro-
catalytic OER has predominantly focused on introducing elec-
troactivemetal complexes,[21–25] yielding encouraging but limited
results.
In addition to the intrinsic properties of active metal

sites, the surrounding physicochemical microenvironment can
also play a crucial role in determining electrochemical activ-
ity, as demonstrated by natural enzyme catalysis and exper-
imental studies.[26–31] Molecular catalyst incorporated COFs,
with their atomically precise and customizable structures, as
well as isolated and highly dispersed catalytic sites, offer an
ideal platform for systematical manipulation of the active site
microenvironment.[32,33] This not only offers an avenue to en-
hance electrocatalytic efficiency but also facilitates detailedmech-
anistic investigations and the establishment of reliable structure–
activity relationships to guide subsequent improvement. Of spe-
cific note, microenvironment modulation poses the potential to
influence the binding strength of intermediates, alter the rate-
determining step (RDS), and modify the associated energy bar-
riers, ultimately optimizing catalytic performance.[32–34] Inspired
by these insights, it is highly desirable to construct suitable COF
models to delve into the impact of the chemical microenviron-
ment on catalytic behavior, which remains unexplored for elec-
trochemical OER.
Corroles, a class of 18-𝜋-conjugated macrocyclic compounds

within the porphyrinoid family, have attracted significant inter-
est due to their unique physicochemical properties.[35–39] Partic-
ularly, their trianionic nature enables the stabilization of high-
valent metal ions, which are often implicated in the key O─O
bond formation step, making metallocorroles highly promis-
ing for electrocatalytic water oxidation.[40–44] Nevertheless, to the
best of our knowledge, no studies have reported the use of
metallocorrole-based COFs for OER despite their potential for ex-
panding structural and functional diversity and enhancing per-
formance. Notably, although our research group successfully
synthesized the first corrole-based COF (CorCOF-1) in 2020,[38]

its nonuniform local environment, a consequence of the C2v-

symmetric tridentate corrole units, limits its utility for probing
microenvironment–catalysis relationships. These considerations
underscore the need for rationally designedmetallocorrole-COFs
to elucidate the mechanistic role of the chemical microenviron-
ment in promoting electrocatalytic OER.
Herein we report the synthesis of a linear corrolemonomer for

constructing a novel imine-linked COF, designated as CorCOF-
2. This framework features a high-symmetry hcb topology and
a unique serrated stacking architecture, serving as an excellent
model platform for exploring the application of metallocorrole-
based COFs in electrochemical OER and elucidating microen-
vironment contributions (Scheme 1). Leveraging the strategy of
COF linkage functionalization, two covalently hybrid materials
(Co-CorCOF-2@CNT and Co-CorCOF-3@CNT) synthesized via
in situ growth on carbon nanotubes (CNTs) followed by postsyn-
theticmetalization with cobalt, were furnished with distinct cova-
lent bonds (imine and quinoline, respectively) within their COF
structures, conferring precisemodulation of the remotemicroen-
vironment of catalytically active Co centers. Compared with its
imine-linked counterpart, the quinoline-modified Co-CorCOF-
3@CNTdemonstrates significantly enhancedOERperformance,
as evidenced by a reduced overpotential, lower Tafel slope, higher
current density, and increased turnover frequency. Experimen-
tal and density functional theory (DFT) calculation results jointly
support the microenvironment engineering enables fine-tuning
of the binding affinity of oxygen-containing intermediates to Co
sites, and the change of the RDS from the formation of *OH to
the deprotonation of *OH alongside a largely reduced energy bar-
rier, thereby rationalizing the observed catalytic enhancement.
This study provides critical insights into the establishment of
structure–activity relationships through molecular-level manip-
ulation of the catalytic microenvironment.

2. Results and Discussion

2.1. Design and Synthesis of Catalysts

In comparison with other extensively studied crystalline mate-
rials, such as clusters and metal–organic frameworks, COFs ex-
hibit a simpler coordination environment and fewer factors influ-
encing their activity, making them a more straightforward plat-
form for investigating structure–performance relationships.[45]

Building on this foundation, we designed a linear corrole unit
(in contrast to our previous C2v-symmetric tridentate report), for
the construction of a high-symmetry model COF, which further
simplifies the coordination environment. Taking advantage of
the highly modifiable nature of COFs, we implemented the link-
age functionalization strategy to modulate the remote microen-
vironment of active sites within metallocorrole-based COFs.[46]

This approach circumvents the need for direct modification
of building blocks, which typically requires laborious synthetic
procedures.
As shown in Figure 1a, the parent material CorCOF-2 was syn-

thesized through an acid-catalyzed imine condensation reaction
between 10-(pentafluorophenyl)-5,15-bis(4-aminophenyl)corrole
(H3PFAC) (Figures S1–S3 and Table S1, Supporting Informa-
tion) and 1,3,5-triformylbenzene (TFB) in amixture of n-butanol,
o-dichlorobenzene, and 6 m acetic acid (volume ratio of 5:5:1) at
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Scheme 1. Schematic illustration showing the construction of the model corrole-based COF (CorCOF-2) and Co-CorCOF@CNT hybrid materials with
modulated chemical microenvironment for electrocatalytic OER.

90 °C for 72 h. Subsequently, while maintaining identical reac-
tion conditions, the covalently hybrid material CorCOF-2@CNT
was prepared in situ by introducing homogeneously dispersed
amino-functionalized CNTs (CNT-NH2). This was followed by
postmetalization with Co to yield the core–shell structured Co-
CorCOF-2@CNT catalyst, where CNTs serve as the core and Co-
CorCOF-2 forms the shell (Figure 2a). To construct Co-CorCOF-
3@CNT, a one-pot Povarov cycloaddition reaction was employed
in conjunction with the Co-metalization process.[47] This ap-
proach enabled the functionalization of imine bonds to form
quinoline linkages, providing a basis for investigating the effects
of microenvironment modulation. Notably, the incorporation of
CNTs as the core enhances charge transport between the current
collector and the active Co-CorCOF shells during the electrocat-
alytic OER.

2.2. Characterization of CorCOF-2 and -3

The crystalline structure of CorCOF-2 was confirmed by the pow-
der X-ray diffraction (PXRD) analysis in combination with in-
depth theoretical simulations and N2 sorption measurements.
According to reticular chemistry, CorCOF-2 adopts an hcb net-
work topology (Figure 1b). As displayed in Figure 1c, the PXRD
pattern of CorCOF-2 exhibits prominent peaks, indicative of its
highly crystalline nature. Given the electron-rich 𝜋 surfaces and
the presence of three pores along the c-axis within the 2D COF
framework as evidenced by its porous characteristics (Figure 1h),
a structuralmodel based on a serrated stackingmode (interpreted
as slipped-AA stacking) in the P1 space group was constructed
using the Materials Studio software.[48–50] In this model, adjacent
sheets are offset by 1/4 of the unit cell distance (Figure 1d). The

simulated PXRD pattern aligns well with the experimental data,
with peaks at 2.45°, 4.71°, 6.32°, 7.14°, and 21.6° correspond-
ing to the (110), (200), (220), (310), and (001) facets, respectively.
Pawley refinements yield the unit cell parameters (a = 7.78 Å,
b = 41.39 Å, c = 43.61 Å) and reliability factors, including an
unweighted-profile R factor (Rp) of 2.16% and a weighted-profile
R factor (Rwp) of 2.68%. These findings, in combination with the
negligible difference plot (Figure 1c), collectively validate the pro-
posed serrated stacking structure of CorCOF-2. Alternative struc-
tural models were also explored (Figure S4, Supporting Informa-
tion), including an eclipsed arrangement in the P3 space group
(no. 143) (Figure 1e) and a staggered arrangement in the P1 space
group (Figure 1f).While the eclipsed structure’s simulated PXRD
pattern is in reasonable agreement with experimental data, its
pore size distribution shows less consistency (Figure 1h), where a
single, larger pore size of 3.1 nm is excepted. In contrast, the stag-
gered structure’s simulated pattern deviates significantly from
the experimental result (Figure 1c). Besides, we investigated two
additional uncommon stacking configurations (namely, inclined
and antiparallel ones) to strengthen the modular arrangement
of CorCOF-2.[51–53] Both simulated PXRD patterns and pore size
distribution analyses conclusively demonstrate that these stack-
ing modes are inconsistent with the experimentally determined
crystal structure (Figures S5 and S6, Supporting Information).
Furthermore, DFT calculations of the relative stacking energies
reveal that the serrated configuration is energetically preferred
(Figure S7, Supporting Information), consistent with our experi-
mental observations.[52] Note that the serrated stacking structure
is advantageous for catalysis, as it enhances the exposure of active
sites to substrates and facilitates mass transfer.
The porosity and specific surface area of CorCOF-2 were eval-

uated using N2 adsorption–desorption isotherms at 77 K, which
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Figure 1. a) Synthetic route and b) topological net of CorCOF-2. c) PXRD characterizations for CorCOF-2 including the experimentally observed curve,
Pawley refined profile and their difference, and simulated ones using the serrated, eclipsed, and staggered stacking modes. Theoretically modeled
d) serrated, e) eclipsed, and f) staggered stacking structures (gray, C; blue, N; green, F; for clear clarity the H atoms were omitted). g) N2 sorption
isotherms, h) pore size distribution profile, and i) SEM and TEM images of CorCOF-2. j) FTIR spectra of CorCOF-2 and monomeric H3PFAC. k) PXRD
pattern comparison of CorCOF-3 and CorCOF-2. (Insets show the simulated structures and molecular segments.).
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Figure 2. a) Schematic illustration of the hybrid materials of Co-CorCOF-3@CNT and Co-CorCOF-2@CNT. b) PXRD patterns of Co-CorCOF-3@CNT,
Co-CorCOF-2@CNT, and CorCOF-2. c) High-resolution Co 2p XPS spectra, d) charge density difference diagram, and Bader charge, yellow and blue
contours representing electron accumulation and depletion, respectively, and e) N2 sorption isotherms of Co-CorCOF-3@CNT and Co-CorCOF-2@CNT.
TEM images and EDS elemental mappings of f,h) Co-CorCOF-3@CNT and g,i) Co-CorCOF-2@CNT, respectively.

exhibit a characteristic type-I sorption curve (Figure 1g,h). The
Brunauer–Emmett–Teller (BET) surface area was calculated to
be 758 m2 g−1 on the basis of the N2 adsorption data. Nonlocal
density functional theory analysis of the pore size distribution in-
dicates the coexistence of micropores and mesopores, with pre-
dominant pore sizes at 0.64, 1.26, and 2.16 nm, consistent with
the simulated values from the serrated stackingmodel. As shown
in Figure 1i, the scanning electron microscopy (SEM) image of
CorCOF-2 indicates a sphere-like morphology composed of ag-
gregated granular crystallites. High-resolution transmission elec-
tron microscopy images reveal distinct lattice fringes and well-
defined hexagonal lattices, further confirming the long-range or-
dered structure, which is consistent with the PXRD results. Be-
sides, the chemical structure of CorCOF-2 was verified using
Fourier-transform infrared (FTIR) spectroscopy and 13C solid-
state cross-polarization magic-angle-spinning (CP/MAS) NMR
spectroscopy. The FTIR spectrum shows a typical imine stretch-
ing vibration band at 1623 cm−1 (Figure 1j), while the 13C
CP/MAS NMR spectrum exhibits a resonance signal for the
imine carbon (C═N) at 158.6 ppm (Figure S8, Supporting In-
formation), collectively manifesting the successful synthesis of

imine-linked CorCOF-2. Furthermore, the structure of CorCOF-
3, which features quinoline linkages, was thoroughly character-
ized using analogous techniques (Figure 1k; Figures S9,S10, and
S14, Supporting Information). The results demonstrate the for-
mation of quinoline bonds through imine functionalization, as
well as the material’s high crystallinity, large surface area, and
isostructural similarity to CorCOF-2. Notably, the structural vari-
ation in CorCOFs, while preserving the identical framework, of-
fers an ideal model platform for exploring the effects of microen-
vironmental factors.

2.3. Characterization of Co-CorCOF@CNT Hybrids

Following covalent polymerization in the presence of CNTs and
subsequent postmetalization, the ordered crystalline structures
of the resulting Co-CorCOF-2@CNT and Co-CorCOF-3@CNT
are maintained. This preservation is evidenced by the similarity
in PXRD patterns between the synthesizedmaterials and the par-
ent COF (Figure 2b). FTIR spectra reveal new stretching vibration
peaks at 520 cm−1 in the spectra of both hybrid materials, which
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are attributed to Co–N coordination. This finding corresponds to
the presence of N-coordinated Co species in Co-CorCOF@CNTs
(Figure S12, Supporting Information). Further confirmation is
provided by the noticeable redshifts in the corrole N signals ob-
served in high-resolution N 1s X-ray photoelectron spectroscopy
(XPS) spectra (Figure S14, Supporting Information), when com-
pared to their metal-free counterparts. In comparison with Co-
CorCOF-3, the Co 2p and P 2p spectra of Co-CorCOF-3@CNT
exhibit shifts toward higher binding energies (Figures S15 and
S16, Supporting Information), likely due to covalent interactions
between the Co-CorCOFs and CNTs. These results collectively
demonstrate the successful formation of the metalized hybrid
materials. Notably, the binding energies of Co 2p1/2 and Co 2p2/3
in Co-CorCOF-3@CNT shift distinctly to 780.90 and 796.63 eV,
respectively, compared to 780.46 and 796.03 eV in Co-CorCOF-
2@CNT (Figure 2c). This phenomenon underscores the signifi-
cant impact of microenvironment modulation, achieved through
linkage functionalization, on the chemical state of isolated sin-
gle Co sites. Moreover, the Co 2p XPS spectra indicate a +3 va-
lence state for Co, which aligns with the coordination environ-
ment of the three-proton-incorporated corrole framework and
is further supported by previous literature.[44,54] DFT calcula-
tions offer deeper insights into the electronic structures of Co-
CorCOF@CNTs. As revealed by the charge density difference
analyses and Bader charge results (Figure 2d), the Co sites in both
materials undergo charge depletion, exhibiting a positive valence
state. Notably, Co-CorCOF-3@CNT demonstrates a more pro-
nounced charge loss at the Co center compared to Co-CorCOF-
2@CNT, which is attributed to its enhanced 𝜋-conjugation sys-
tem. This higher electron deficiency likely facilitates the adsorp-
tion and activation of negatively charged substrates, highlighting
the significance of electronic modulation. Overall, the introduc-
tion of quinoline bonds in Co-CorCOF-3@CNT disrupts the elec-
tronic equilibrium between the COF backbone and the Co metal
center, where the electronic redistribution may enhance the cat-
alytic performance of Co-CorCOF-3@CNT.
N2 sorption measurements reveal that Co-CorCOF-2@CNT

and Co-CorCOF-3@CNT retain high BET surface areas of 374
and 205 m2 g−1, respectively (Figure 2e). The reduced sur-
face areas compared to the parent COFs are attributed to the
incorporation of CNTs. SEM and TEM images demonstrate
that both Co-CorCOF-2@CNT and Co-CorCOF-3@CNT are uni-
formly wrapped onto CNTs, in stark contrast with the smooth
surface of pristine CNTs (Figures S18 and S19, Supporting In-
formation; Figure 2f,g). High-angle annular dark-field scanning
TEM images and corresponding energy-dispersive X-ray spec-
troscopy (EDS)mappings confirm the homogeneous distribution
of C, N, F, P, and Co elements throughout the Co-CorCOF@CNT
architectures (Figure 2h,i), consistent with XPS analyses (Figure
S13, Supporting Information). Inductively coupled plasma mass
spectrometry measurements determine the Co content in Co-
CorCOF-2@CNTandCo-CorCOF-3@CNT to be 2.7 and 2.4wt%,
respectively.
To better elucidate the chemical state, dispersion, and local

coordination environment of Co species in the hybrid materi-
als, X-ray absorption near-edge structure (XANES) and Fourier-
transform extended X-ray absorption fine structure (FT-EXAFS)
measurements were performed. For this study, Co-CorCOF-
3@CNT was selected as a representative sample, with com-

mercial Co foil, CoO, and Co2O3 serving as benchmarks for
comparison. As shown in Figure 3a, the XANES spectrum of
Co-CorCOF-3@CNT exhibits a distinct profile compared to the
reference samples, reflecting their intrinsically different coor-
dination environments. The normalized Co K-edge absorption
threshold of Co-CorCOF-3@CNT closely aligns with that of
Co2O3, suggesting a +3 oxidation state for Co, which is in agree-
ment with the XPS results. Furthermore, the FT-EXAFS spec-
trum of Co-CorCOF-3@CNT displays a dominant peak at ≈1.6
Å, attributable to Co–N coordination in the first-shell region
(Figure 3b), while the absence of a Co–Co peak (≈2.11 Å) con-
firms the atomic dispersion of Co sites within the catalyst. To
further validate this finding, wavelet transform EXAFS (WT-
EXAFS) analysis reveals a single intensity maximum at 4.5 Å−1

corresponding to Co–N, which is clearly distinguished from Co–
Co and Co–O scattering paths, ruling out the presence of Co-
based metallic or oxide nanoparticles (Figure 3d). Quantitative
EXAFS fitting analysis indicates that the isolated Co atoms in
Co-CorCOF-3@CNT are coordinated with four N atoms in the
first shell as the Co–N4 configuration (Figure 3c; Table S2, Sup-
porting Information), consistent with our synthetic design. The
presence of such well-defined, uniform single Co sites provides
an ideal platform for investigating microenvironment regulation
mechanisms.

2.4. OER Activity Evaluation

The successful fabrication of structurally diverse Co-
CorCOF@CNT electrocatalysts with precisely defined chemical
environments provides a valuable platform for probing into
structure–activity relationships through microenvironment
modulation. We evaluated the electrochemical OER perfor-
mance of Co-CorCOF@CNTs using linear sweep voltammetry
(LSV) in a standard three-electrode system with 1.0 m KOH
electrolyte. For comparison, monomeric Co-Cor, CNT-NH2,
pristine Co-CorCOF-3, and commercial RuO2 were also tested.
The working electrode was prepared by drop-casting catalyst
ink onto carbon paper with an optimized mass loading of
0.3 mg cm−2 (Figure S21, Supporting Information). As dis-
played in Figure 4a, the LSV polarization curves demonstrate
that Co-CorCOF-3@CNT exhibits superior catalytic activity,
requiring an overpotential of only 357 mV to achieve a current
density of 10 mA cm−2. This performance surpasses that of
Co-CorCOF-2@CNT (387 mV), Co-CorCOF-3 (448 mV), and
Co-Cor (480 mV), while the conductive CNT-NH2 substrate
exhibits negligible activity, highlighting the catalytic role of
Co-CorCOFs (Figure S22, Supporting Information). Although
Co-CorCOF-3@CNT shows a slightly higher overpotential than
RuO2 at 10 mA cm−2, it outperforms RuO2 at higher current
densities, requiring only 408 mV at 50 mA cm−2 compared to
492 mV for RuO2 (Figure 4b). Notably, Co-CorCOF-3@CNT
achieves a maximum current density of 668 mA cm−2, corre-
sponding to a mass activity of 2226.7 A g−1, which represents
a 1.65-fold increase over Co-CorCOF-2@CNT (404 mA cm−2)
and exceeds the performance of other reported COF-based
catalysts (Figure 4c,d; Table S3, Supporting Information). Tafel
analysis, derived from the LSV curves, provides insights into
the OER electrocatalytic kinetics. Co-CorCOF-3@CNT exhibits
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Figure 3. a) Co K-edge XANES and b) FT-EXAFS spectra of Co-CorCOF-3@CNT, Co2O3, CoO, and Co foil. c) EXAFS fitting of Co-CorCOF-3@CNT in R
space. (The inset shows the corresponding structure.) d) WT-EXAFS plots of Co-CorCOF-3@CNT, Co2O3, CoO, and Co foil, respectively.

the lowest Tafel slope of 62 mV dec−1 (Figure 4e), indicating
exceptional catalytic kinetics. These results highlight that Co-
CorCOF-3@CNT performs comparably to commercial RuO2,
underscoring its potential for electrocatalytic water oxidation.
Furthermore, the enhanced activity of Co-CorCOF-3 over Co-
Cor emphasizes the importance of heterogenizing molecular
catalysts. The improved performance of Co-CorCOF-3@CNT
relative to pristine Co-CorCOF-3 can be attributed to the in-
corporation of conductive substrates, which facilitate electron
transfer. More importantly, the comparative results for both
Co-CorCOF@CNTs unequivocally indicate that precise control
over the chemical microenvironment significantly enhances
electrochemical performance.
To further elucidate the microenvironment effects, the electro-

chemical surface area of Co-CorCOF-2@CNT and Co-CorCOF-
3@CNT was evaluated by calculating the double-layer capaci-
tance (Cdl) (Figure S23, Supporting Information). The Cdl values
for Co-CorCOF-2@CNT and Co-CorCOF-3@CNT are 2.4 and 3.1
mF cm−2, respectively (Figure 4f), indicating similar densities
of exposed active sites. This suggests that the observed differ-
ences in catalytic performance are not due to variations in active
site availability. Turnover frequency (TOF) calculations based on
Co site loading further reveal that Co-CorCOF-3@CNT exhibits
higher TOF values across the tested potential range, reaching
8.2 s−1 at an overpotential of 520 mV, compared to 4.0 s−1 for
Co-CorCOF-2@CNT (Figure 4g). This significant difference in
TOF underscores the superior catalytic activity of Co-CorCOF-
3@CNT. Additionally, water-vapor sorption curves (Figure 4h) in-
dicate comparable hydrophilicity for both materials, ruling out
surface wettability as a contributing factor to the enhanced per-

formance of Co-CorCOF-3@CNT. Overall, these results mani-
fest that microenvironment modulation enhances the intrinsic
activity of single Co sites, leading to higher TOF and improved
catalytic efficiency despite similar active site densities and hy-
drophilic properties.
Electrochemical impedance spectroscopy (EIS) was employed

to investigate the electronic transport capabilities of Co-CorCOF-
2@CNT and Co-CorCOF-3@CNT (Figure 4i). The Nyquist
plots show that Co-CorCOF-3@CNT exhibits significantly lower
charge transfer resistance (Rct) than Co-CorCOF-2@CNT, con-
sistent with its faster electron transfer kinetics as inferred from
Tafel analysis. This further corroborates the superior OER perfor-
mance of Co-CorCOF-3@CNT. Both materials exhibit Faradaic
efficiencies exceeding 98%, indicating high selectivity for the
oxygen evolution process (Figure S24, Supporting Informa-
tion). The stabilities of Co-CorCOF-3@CNT and Co-CorCOF-
2@CNT were also examined. Long-term chronopotentiometric
testing at a constant current density of 10 mA cm−2 over 18
h further confirms the Co-CorCOF-3@CNT’s durability (Figure
S25, Supporting Information), while Co-CorCOF-2@CNT un-
dergoes severe OER performance decay. Specifically, for Co-
CorCOF-3@CNT, after 1000 cyclicvoltammetry cycles, the over-
potential at 10 mA cm−2 increases by less than 10 mV (Figure
S26, Supporting Information). Postcatalytic characterizations, in-
cluding XRD, FTIR, XPS, XANES, FT-EXAFS, and SEM in-
dicate that the crystallinity, chemical structure, and morphol-
ogy of Co-CorCOF-3@CNT remain intact after OER cycling
(Figure S27). These results collectively demonstrate the robust
catalytic stability of Co-CorCOF-3@CNT under electrochemical
conditions.

Adv. Funct. Mater. 2025, e11972 © 2025 Wiley-VCH GmbHe11972 (7 of 11)
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Figure 4. a) LSV polarization curves, b) overpotentials at 10 and 50 mA cm−2, c) current densities at 1.8 V versus RHE, and e) Tafel plots of Co-Cor,
Co-CorCOF-3, Co-CorCOF-3@CNT, Co-CorCOF-2@CNT, and RuO2. d) Comparison of current density for Co-CorCOF-3@CNT with the reported repre-
sentative COF-based OER electrocatalysts (see refs. S14–S24 in Supporting Information). f) The Cdl values, g) TOFs versus various overpotentials, h)
water-vapor sorption curves, and i) EIS Nyquist plots of Co-CorCOF-3@CNT and Co-CorCOF-2@CNT.

2.5. Electrocatalytic Mechanism

To gain a comprehensive understanding of the microenviron-
ment modulation effect in Co-CorCOF@CNTs, we conducted
DFT calculations to investigate the electronic properties and
the electrocatalytic OER mechanism. Given the significant in-
fluence of linkage functionalization on the OER activity of Co-
CorCOF@CNTs, we constructed two theoretical models, Co-Cor-
2 and Co-Cor-3, featuring distinct linkages, to analyze their elec-
trocatalytic processes (Figure 5a; Figure S28, Supporting Infor-
mation). The adsorption of three OER intermediates (*OH, *O,
and *OOH) on the Co sites was optimized to determine the corre-
spondingGibbs free energy values atU= 0V. A comparative anal-
ysis of the OER processes for Co-Cor-2 and Co-Cor-3 (Figure 5b)
reveals that the RDS for Co-Cor-3 occurs during the transition

from *OH to *O, with a theoretical overpotential of 0.37 V and a
corresponding free energy change (∆G) of 1.60 eV. This overpo-
tential is notably lower than that of Co-Cor-2 (0.50 V), indicating
that the linkage functionalization in Co-CorCOF-3@CNT acti-
vates the isolated single Co site and regulates its binding strength
of OER intermediates.[52] This optimization generates more effi-
cient catalytic active sites, thereby enhancing the overall catalytic
performance, which aligns well with our experimental observa-
tions (Figure 4a,b).
Furthermore, we analyzed the projected density of states

(PDOS) of the Co-d orbitals for Co-CorCOF-2 and Co-CorCOF-
3 (Figure 5c; Figure S29, Supporting Information). The d-band
center of the Co atom in Co-CorCOF-3 (−1.145 eV) is shifted
closer to the Fermi level compared to that of Co-CorCOF-
2 (−1.896 eV). This shift positively influences the catalytic

Adv. Funct. Mater. 2025, e11972 © 2025 Wiley-VCH GmbHe11972 (8 of 11)
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Figure 5. a) Proposed catalytic OER mechanism of the Co-CorCOF-3@CNT model. b) Gibbs free energy diagrams of the Co-CorCOF-3@CNT and Co-
CorCOF-2@CNTmodels for OER reaction atU= 0 V. c) PDOS of single Co active sites in Co-CorCOF-3 and Co-CorCOF-2; the d-band centers are labeled.
d) Charge density difference and Bader charge analysis of the catalyst models with the intermediate *OH. Schematic illustration of the OER reaction
processes for e) Co-CorCOF-2@CNT and f) Co-CorCOF-3@CNT.
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process by strengthening the adsorption of oxygenated inter-
mediates, thereby accelerating reaction kinetics and improving
electrocatalytic efficiency.[55,56] Additionally, charge density differ-
ence andBader charge calculationswere performed to investigate
the interaction between the catalysts and the key intermediate
*OH (Figure 5d). The results demonstrate that Co-Cor-3 trans-
fers more charge to *OH than Co-Cor-2, indicating a stronger
binding strength between Co-Cor-3 and *OH, which contributes
to the enhancement of OER activity.[54]

Overall, modulating the remote microenvironment of sin-
gle Co active sites enhances the adsorption of reaction sub-
strates and oxygen-containing intermediates, leading to im-
proved catalytic activity for OER. Compared to Co-CorCOF-
2@CNT, the quinoline-functionalized Co-CorCOF-3@CNT ef-
fectively regulates the free energy of reaction intermediates, re-
sulting in a lower OER overpotential and superior catalytic per-
formance. This confirms that the Co-CorCOF-3@CNT struc-
ture is more favorable for electrocatalytic OER. As illustrated
in the schematic diagrams of the OER reaction processes for
Co-CorCOF-2@CNT and Co-CorCOF-3@CNT (Figure 5e,f), Co-
CorCOF-3@CNT modifies the RDS of the OER from the *OH
formation to the *OH deprotonation, accompanied by a signif-
icant reduction in the energy barrier. This microenvironment
modulation strategy presents a promising approach for optimiz-
ing electrocatalytic processes.

3. Conclusion

In summary, this work clearly demonstrates the tunability of
OER activity and electrocatalytic behavior by tailoring the remote
microenvironment of catalytic centers through functionalizing
COF linkages. To achieve this, we developed and modeled cova-
lently integrated structures with well-defined Co-CorCOFs as the
shell and carbon nanotubes as the core, and these hybrids fea-
ture highly accessible single Co sites and favorable conductivity.
Notably, quinoline modifications to the COF linkage disrupt the
electronic equilibrium between the COF backbone and the active
Co centers in Co-CorCOF-3@CNT, optimizing the intrinsic ac-
tivity of Co sites. It, therefore, leads to a substantial promotion
in the electrocatalytic performance toward OER, as evidenced by
a low overpotential (357 mV at 10 mA cm−2), a small Tafel slope
(62 mV dec−1), and high current density (668 mA cm−2) and TOF
(8.2 s−1), outperforming Co-CorCOF-2@CNT. DFT calculations
have revealed that precise modulation of the microenvironment
around active sites positively regulates the d-band center of Co
atoms, optimizes the binding energy between the Co sites and
reaction intermediates, and modifies the RDS of the reaction ki-
netics, thereby enhancing OER performance. This study not only
represents the first exploration of metallocorrole-based COFs for
electrochemical applications, but also provides a molecular-level
microenvironment modulation strategy as a versatile paradigm
for designing high-performance catalysts, which could be readily
extended to other catalytic systems and applications.
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