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1 Introduction

Highly conjugated 2D COF/MOF composites for
bifunctional electrocatalytic alkaline HER and OER
with enhanced activity and stability

*2 Rui Zhang,? Yingchao Lai,?

a

Yang Liu,®® Zhao-Di Yang,
Yu Zhang*® and Guiling Zhang

Electrocatalytic water splitting, consisting of the anodic oxygen evolution reaction (OER) and cathodic
hydrogen evolution reaction (HER), represents a promising renewable energy technology for producing
ultra-high purity hydrogen through efficient energy conversion and storage. However, the practical
implementation of this technology in an alkaline environment is hindered by the sluggish kinetics of both
the HER and OER, which significantly limit the water splitting efficiency. Thus, the development of highly
active and stable alkaline HER/OER electrocatalysts is urgently needed but remains challenging. In this work,
we synthesized a novel two-dimensional (2D) highly conjugated COF/MOF composite (COF-C4N/THQ-M)
through a post-synthesis method. This method enables the controlled growth of a part of COF-C4N at the
edges of THQ-M MOF to prevent the structural disintegration of THQ-M, consequently enhancing the
surface charge transfer efficiency and further improving the catalytic activity and stability of the composite.
By regulating the metal sites, COF-C4N/THQ-Co and COF-C4N/THQ-Co,Fe; are proposed to be the
optimal alkaline HER electrocatalysts with an overpotential of 58 mV at =10 mA cm 2 and the alkaline OER
electrocatalysts with 314 mV at 10 mA cm™2, respectively, which are superior to most of the reported non-
precious metal electrocatalysts. The charge transfer characteristics and the alkaline HER and OER pathways
were calculated based on DFT calculations to reveal the synergistic mechanism between COF-C4N and
THQ-M. This work provides a novel idea for developing high-performance bifunctional electrocatalysts for
alkaline water splitting applications based on hybrid highly conjugated COF/MOF systems.

Keywords: Two-dimensional covalent organic framework; Metal-organic framework; COF/MOF composite;
Electrocatalytic oxygen evolution reaction; Electrocatalytic hydrogen evolution reaction.

Electrocatalytic alkaline HER has also been extensively
studied due to its favorable reaction kinetics for water

Hydrogen energy, as an environmentally friendly fuel with a
high energy density and non-polluting combustion products,
is regarded as an ideal energy resource to replace fossil
fuels."® Electrocatalytic water splitting, consisting of the
anodic OER and cathodic HER, is a promising renewable
energy conversion and storage technology to produce ultra-
high purity hydrogen, which has attracted much attention.*””
The OER process requires a complex multi-step electron/
proton reaction, and its slow kinetics constrains the overall
performance of electrochemical energy conversion devices.®
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splitting, which is the cathode half-reaction.”™" However, the
kinetic steps of the HER under alkaline conditions are
relatively more complicated than the acidic HER." In the
alkaline HER process, the dissociation of water provides a
source of protons, and the breaking of the OH-H bond of the
water molecule introduces additional energy barriers that
greatly hinder the alkaline HER reaction rate.">'* Even the
HER rate on Pt catalysts in alkaline media is several orders of
magnitude lower than in acidic media.’> Therefore, the
splitting of water molecules needs to be promoted to
accelerate the slow kinetics of the alkaline HER. It was shown
that the adsorption and desorption of water during the
electrocatalytic alkaline HER correspond exactly to the
adsorption and  desorption of  hydroxyl groups,
respectively.'®'” The stronger OH binding ability of catalysts
facilitates the polarization of water molecules and lengthens
the OH-H bond, thus greatly facilitating water splitting.'®*°
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Currently, the employed OER and HER electrocatalysts are
still noble metal Ir/Ru-based and Pt-based materials, but
their high cost and scarce resources limit their large-scale
applications.?”*" It was found that transition metal iron-,
cobalt-, and nickel-based materials** exhibit excellent OER
catalytic activities in alkaline media. The low-coordinated
metal sites on the surface of these compounds are suitable
for the chemisorption and dissociation of the intermediates
(OH* and OOH*), which are essential for alkaline HER and
OER, respectively. However, it remains challenging to explore
highly active and stable OER and HER electrocatalysts in
alkaline media.

MOFs have attracted increasing attention due to their high
specific surface area, homogeneous pore size distribution,
and diverse structures,” and have had a wide range of
applications.>**® In recent years, MOFs with high catalytic
activity have been designed and constructed in the field of
catalysis by selecting different metal centers and specific
organic ligands. They have been widely applied in different
types of electrocatalytic reactions, such as HER, hydrogen
oxidation reaction (HOR), oxygen reduction reaction (ORR),
and OER.***° However, most MOFs exhibit poor electrical
conductivity, low intrinsic activity, and limited mass transfer
due to their microporous structures.* The MX, family (M is
a transition metal; X = NH, O, S) is commonly applied to
build 2D semiconductive MOF materials. The orbital
interactions can be significantly modulated by changing the
metal and the coordinating atoms (X), thus effectively tuning
the electronic structures of the framework.*"™** Most of the
reported MX, MOFs are coordinated to metals via NH or S,
whereas extending the coordinating atoms to oxygen analogs
is synthetically challenging. In 2018, Bao et al utilized a
Cu(u) salt and tetrahydroxy-1,4-quinone (THQ) to generate a
highly conjugated conductive 2D MOF (Cuj;(C¢Og),), which
possessed high conductivity.** In 2020, Chen et al
synthesized a redox-active 2D copper-benzoquinone (Cu-
THQ) MOF using a simple solvothermal method, which
exhibited good electrochemical activity, high reversible
capacity, and good cycling stability.>> These studies on the
structure-property relationship of MOF materials provide
new opportunities for electronics, sensing, and energy-related
applications.

Furthermore, the electrocatalytic performance of MOFs
was enhanced by applying the strategy of forming composites
with other catalytically active materials. Zeng et al. reported
the synthesis of core-shell Co-COF and MIL-88A-MOF-based
composite catalysts for OER. The synergistic interaction
between the COF-shell and MOF-core resulted in higher
catalytic activity than the single COF and MOF.*® Xu et al.
similarly designed COF and MOF heterostructures and
realized core-shell structure carbon frameworks via the direct
pyrolysis of TP-BPY-COF@ZIP-67.>” The COF shell layer
prevented the collapse and aggregation of ZIF-67 and
improved its electrical conductivity, realizing a bifunctional
ORR and HER catalytic performance. These works provide
ideas for the design and preparation of novel COF/MOF

Ind. Chem. Mater.

View Article Online

Industrial Chemistry & Materials

composite electrocatalysts. The current methods for
preparing COF/MOF composites include direct condensation,
post-synthesis modification, in situ synthesis, and =n-n
stacking.”®*° Li et al. achieved a highly matching COF/MOF-
5 composite through a “plug-socket anchoring” strategy. After
grafting -NH, on the surface of MOF-5, a homogeneous and
stable COF shell was constructed, while maintaining the
crystallinity of MOF.*' Co-COF@MOF was obtained by
growing TP-BPY-COF on the surface of MIL-88A-MOF via an
in situ strategy utilizing the bipyridine unit in the COF shell
to anchor the Co ions. This catalyst exhibited only OER
activity (overpotential of 328 mV in 1 M KOH).*® Most COF/
MOF composites are prepared by introducing MOFs
containing -NH, groups on their surface during the synthesis
of COFs via Schiff base reaction. However, the limited
number of MOFs containing -NH, groups or are capable of
undergoing amino-functionalization hinders the preparation
of MOF and COF composites. Gao et al constructed
structurally stable core-shell MOF@COF composites via m-n
stacking interactions.*> Employing PCN-222-Co as the core,
p-phenylenediamine (Pa) was homogeneously dispersed on
its surface by ultrasonication, and then 1,3,5-
tricarbonylresorcinol (Tp) was added to react with Pa to
prepare the shell of COF. However, COF/MOF composites
prepared via m-n stacking interactions also exhibit some
drawbacks, such as uneven distribution of COF on the
surface of MOF. Consequently, although currently, COF/MOF
composite electrocatalysts have made initial progress in some
fields, those with simultaneous bifunctional OER/HER
activity under alkaline conditions are still relatively scarce
and need to be further investigated and improved.

In 2019, our group successfully synthesized COF-C,N via
the solvothermal reaction of 2,3,6,7,10,11-
triphenylenehexamine  hexahydrochloride (TPHA) and
hexaketocyclohexane octahydrate (HKH). The synthesized
highly conjugated COF-C,N displayed moderate OER activity
(overpotential of 349 mV at 10 mA cm>).** Its good
crystallinity and conductivity, as well as high stability under
alkaline conditions, are the main reasons for its OER
performance. In this work, we designed a novel highly
conjugated 2D COF/MOF composite by synthesizing COF-
C,N using THQ-M as the substrate (M = Co, Fe, and
bimetallic Co,Fe,) via a post-synthesis strategy, and it was
observed that COF-C,N/THQ-M displayed bifunctional
catalytic activity in alkaline HER/OER and has higher
catalytic activity for HER/OER than single THQ-M and COF-
C,N. The HER and OER overpotentials of COF-C,N/THQ-Co
in alkaline media were 58 mV (@ -10 mA cm ) and 339
mV (@ 10 mA cm ), respectively, which are superior to that
of most non-precious metal catalysts. COF-C,N/THQ-Co,Fe;
also shows good bifunctional HER/OER activity, with HER
and OER overpotentials of 132 mV (@ -10 mA c¢cm™>) and
314 mV (@ 10 mA cm?). Density functional theory (DFT)
calculations were carried out to reveal the synergistic
mechanism in the catalytic reaction pathways and charge
transfer for HER and OER.

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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2 Results and discussion

2.1 Characterization of structures and morphologies

The COF-C,N/THQ-Co composite catalyst was synthesized as
depicted in Fig. 1a. THQ-Co was prepared via hydrothermal
reaction using THQ and CoCl,-6H,0 at 85 °C for 12 h.***®
Then, the COF-C,N/THQ-Co composite was obtained by
placing TPHA and HKH in a Schlenk tube containing THQ-Co
via the solvothermal method. In addition, we also prepared
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THQ-M (M = Fe, Ni, Cu) as well as bimetallic THQ-Co,Fe,
and THQ-Co,Fe; MOF materials, and then mono/bimetallic
COF-C,N/THQ-M composites.

The crystalline structures of the synthesized COF-C,N,
THQ-M, and COF-C,N/THQ-M composites were characterized
using powder X-ray diffraction (PXRD) measurements
combined with simulation. As shown in Fig. 1b and S1, the
AA stacking pattern of THQ-Co matches well with the
experimental results, and THQ-Co showed diffraction peaks
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Fig. 1 (a) Schematic of the procedure for the synthesis of the COF-C4N/THQ-Co composite catalysts; (b) PXRD patterns; (c) FT-IR spectra; (d) N
1s spectra of COF-C4N/THQ-Co; and (e) Co 2p, (f) C 1s, and (g) O 1s spectra of THQ-Co and COF-C4N/THQ-Co.
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at 8.23°, 16.62°, and 24.99°, corresponding to the (100),
(200), and (300) lattice planes, respectively. By altering the
metal, the THQ-Fe, THQ-Cu, and THQ-Ni samples were
prepared. The measured XRD patterns of THQ-Fe, THQ-Cu
and THQ-Ni also showed their good crystallinity, indicating
their suitable preparation methods and reaction conditions
(Fig. $1)."° The peaks of the COF-C,N at 26 = 7.1° and 26.6°
correspond to the (100) and (001) lattice planes, respectively
(Fig. 1b, blue curve).** The XRD pattern of the COF-C4N/
THQ-Co composite showed that the interaction between the
two materials reduces the lattice order in the composite
sample. This results in weakened XRD characteristic peak
intensities and decreased ecrystallinity. However, its XRD
pattern showed all the characteristic peaks of THQ-Co and
the peak at 26.6° corresponding to the (001) lattice plane of
COF-C,yN, indicating that the crystalline structure of THQ-Co
was well preserved (Fig. 1b, red curve) and COF-C,N
maintained a good interlayer structure.

The Fourier transform infrared (FT-IR) spectra of the
TPHA, HKH, THQ, THQ-M (M = Co, Fe, Ni, Cu), bimetallic
THQ-Co,Fe,, THQ-Co,Fe;, and COF-C,N/THQ-M composite
samples are shown in Fig. 1c and S2 and S3. Compared to THQ,
the OH peaks at 3538 cm ™" and 3366 cm ™" disappeared in the
FT-IR spectrum of THQ-Co. The C=0 absorption peak at 1635
em ™" in the spectrum of THQ (Fig. 1c, green curve) shifted
toward a lower wavenumber (1609 cm™), which confirmed the
efficient coordination between Co and O (Fig. 1c, black curve).
In the FT-IR spectrum of COF-C,N/THQ-Co, all the peaks for
THQ-Co were still present, where the C=0 absorption peak
blue-shifted to 1616 cm™', while new peaks appeared at 1560
em™, 1508 ecm™’, and 1458 cm™, corresponding to the
characteristic peaks of the phenazine bond (Fig. 1c, red curve).
The FT-IR spectra of the other THQ-M (M = Fe, Ni, Cu),
bimetallic THQ-Co,Fe,, THQ-Co,Fe;, and COF-C,N/THQ-M
composite samples likewise demonstrate their successful
preparation.

The chemical and electronic states of the catalysts were
analyzed by X-ray photoelectron spectroscopy (XPS). The XPS
spectra revealed the presence of five elements, C, N, O, Co,
and Cl, in COF-C,N/THQ-Co (Fig. S4a). The N 1s spectrum of
the COF-C,N/THQ-Co sample exhibits two characteristic peaks
at 400.78 and 399.28 eV, corresponding to the Co-N bond and
C=N bond, respectively (Fig. 1d). Considering the method for
the preparation of the COF-C,N/THQ-Co sample, two NH,
groups of some TPHA molecules may coordinate with Co, and
then form the COF-C,N structure at the THQ-Co edge with a
phenazine bond (Fig. 1a). Compared to the C=N binding
energy for COF-C,N (400.0 eV), the binding energy for C=N in
COF-C,N/THQ-Co (399.28 eV) exhibits a negative shift by 0.72
eV, suggesting that THQ-Co interacts with COF-C,N (Fig. S4).
The Co 2p XPS spectra of THQ-Co and COF-C,N/THQ-Co
could be deconvoluted into four peaks (Fig. 1e). The peaks at
781.03 €V (2ps) and 796.89 eV (2py,,) in THQ-Co, together
with the satellite peaks at the binding energies of 785.48 and
801.27 eV can be attributed to the Co 2p of oxidized Co*"
species. The Co 2p spectrum of COF-C,N/THQ-Co showed
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peaks at 780.74 and 796.58 eV, where their negative shifts by
0.29 and 0.31 eV, respectively, relative to THQ-Co indicate the
existence of electron transport between COF-C,N and THQ-Co
on the surface of COF-C,N/THQ-Co, which further proves that
COF-CyN grew at the edge of THQ-Co via Co-N. The C 1s
spectrum of THQ-Co also reveals two characteristic peaks at
287.84 and 284.80 eV, which are attributed to C-O and C=C/
C-C, respectively (Fig. 1f). Compared to THQ-Co, the C 1s
spectrum of COF-C,N/THQ-Co exhibits a new characteristic
peak at 285.25 eV, which is assigned to the C=N bond and is
negatively shifted by 0.15 eV relative to COF-C,N (Fig. S4b).
The shifts of the C=N peaks in both the N 1s and C 1s spectra
verify that COF-C,N grew at the edge of THQ-Co through
phenazine bonding during the post-synthesis process, as
shown in Fig. 1a. The peak at 532.08 eV in the O 1s spectrum
corresponds to the O atom bonded to the metal (Co-O) from
THQ-Co, indicating that the metal in THQ-Co is effectively
coordinated with oxygen (Fig. 1g). In the O 1s spectrum of
COF-C4,N/THQ-Co, the Co-O peak at 532.28 eV exhibits a
positive shift of 0.20 eV relative to THQ-Co. This indicates that
the NH, functional groups of COF-C,N may coordinate with
the Co sites to form Co-N bonds, enhancing bond polarity,
and consequently increasing the binding energy. In short, the
valence state of Co in both the THQ-Co and COF-C,N/THQ-Co
samples is +2. COF-C,N grows at the edges of THQ-Co via both
phenazine and Co-N bonds. Furthermore, the electron
transfer capability between COF-C,N and THQ-Co provides
significant advantages for subsequent electrocatalytic
reactions.

To further confirm the chemical composition and catalytic
active sites in the prepared samples, we performed Raman
measurements on THQ-Co, COF-C,N, and COF-C,N/THQ-Co,
as shown in Fig. S5. In the Raman spectrum of THQ-Co, the
peaks at 1292, 1337, 1447, 1510, and 1553 cm " are assigned
to the stretching vibrations of the benzene rings in the
organic binder and the Co-O coordination bonds formed
between Co and the THQ ligands (black curve). In the
spectrum of COF-C4N, the different characteristic peaks
appearing near ~1500 cm ™ correspond to the vibration of
the C=N/C-N bonds in the phenazine structure, which is a
signature structural signal of COF-C,N (blue curve). After the
formation of the composite, the Raman spectrum of COF-
C,N/THQ-Co exhibits peaks corresponding to the C-N bonds
of COF-C,;N and Co-O/Co-N bonds of THQ-Co. The Co-N
bonds originate from the coordination between the amino
groups of TPHA and Co, indicating that COF-C,N grew at the
edges of THQ-Co via phenazine bonds and Co-N bonds (red
curve). The Co-O/Co-N bonds can also serve as active sites
for subsequent HER. Additionally, the Raman spectra of
THQ-Co and COF-C,N/THQ-Co exhibit a peak near
approximately 450 cm™, which corresponds to the
characteristic phase of Co(OH),. The Co(OH), phase and the
N sites adjacent to C in COF-C,N synergistically act as active
sites for the OER.

The Tauc plots from ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis) were used to study the band gaps of the

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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samples. The band gaps of THQ-Co, COF-C4N, and COF-C,N/
THQ-Co are 2.83, 2.55, and 2.75 eV, respectively (Fig. S6). Fig.
S7 and S8 show the flat-band potential (Eg,), which was
obtained from the Mott-Schottky plot, and the conduction-
band potentials were obtained using the following formula:
Ecp nuE,pH=7 = Efbagiagcipu=7 + 0.197. The conduction band
(CB) values of THQ-Co, COF-C,N, and COF-C,N/THQ-Co are
-0.78, —0.35, and —0.74 eV, respectively (Fig. S9, the Mott-
Schottky results of THQ-M and COF-C,N/THQ-M are also
given in the SI). Based on the results derived from the UV-vis
spectra and Mott-Schottky plots, the valence band energy
level (VB) of THQ-M, COF-C,N, and COF-C,N/THQ-M could
be obtained. According to Fig. S9, it can be found that the
introduction of Fe in COF-C,N/THQ-Fe, COF-C,N/THQ-Co;-
Fe,, and COF-C,N/THQ-Co,Fe; caused their CB to be closer
to 0.0 eV(NHE), which confirms that the HER activities of
COF-C,N/THQ-Fe, COF-C,N/THQ-Co,Fe,, and COF-C,N/THQ-
Co,Fe; would be lower than that of COF-C,N/THQ-Co. The
VB level for all the synthesized electrocatalysts is more
positive than the OER electrical potential, and thus they are
favorable for OER.

To confirm the sample morphology, we performed
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) measurements on THQ-Co, COF-
C,N, and COF-C4,N/THQ-Co. The SEM images showed that
THQ-Co presented nanosheet-like structures with smaller
nanosheets or agglomerated particles dispersed on their
surface, and COF-C,N also showed nanosheet-like structures
with the agglomeration of the nanosheets (Fig. 2a and b,
respectively), and EDS analysis of THQ-Co displayed that the
C, O, and Co elements were uniformly distributed on its
surface, and the content of Co was 10.68% (Fig. S10). It was
also observed that the morphology of THQ-Co,Fe; was
similar to that of THQ-Co with a nanosheet-like structure,
and its mass fraction ratio of Co to Fe wt% = 10.37:5.92,
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which was consistent with the mass ratio of the initial feed
(Fig. S10). The SEM image of the COF-C,N/THQ-Co samples
also displayed a nanosheet-like structure with COF-C,N
dispersed on the surface and edges of THQ-Co and lamellar
agglomeration, which is mainly due to the high plane
conjugation of single-layer THQ-Co and COF-C,N (Fig. 2c).
The EDS elemental analysis in Fig. 2d indicated that C, N, O,
and Co were uniformly dispersed in COF-C,N/THQ-Co.
According to inductively coupled plasma-optical emission
spectrometry (ICP-OES), the content of Co(u) in THQ-Co and
COF-C4,N/THQ-Co was determined to be 27.1 wt% and 15.6
wt%, respectively (Table S1). The TEM images further
confirmed their morphologies. According to the TEM images
in Fig. 2e and f, THQ-Co presents a flimsy nanosheet
structure, and COF-C,N/THQ-Co is clearly composed of two
flimsy layered materials, in which COF-C,N is regularly
dispersed on their surface and at the edges of THQ-Co. This
provides evidence from another perspective that COF-C,N
may grow at the edges of THQ-Co, leading to an increase in
the number of exposed active sites in COF-C,N/THQ-Co.

The porosity of THQ-Co, COF-C4N, and COF-C,N/THQ-Co
was assessed by N, sorption isotherms at 77.3 K, as shown in
Fig. S11. The Brunauer-Emmett-Teller (BET) surface areas of
THQ-Co, COF-C,N, and COF-C,N/THQ-Co are 101.8, 71.8,
and 50.4 m* g, respectively. The average pore sizes of THQ-
Co, COF-CyN, and COF-C,N/THQ-Co determined using the
BJH desorption data were 14.78 nm, 8.47 nm, and 14.19 nm,
respectively. The pore volumes of the micropores and
mesopores were determined using the HK and BJH methods,
and their volume fractions were calculated, as shown in Table
S2. All the samples exhibited mesopore-dominant structures.
The results demonstrated that after the formation of the
COF-C,N composite, the BET specific surface area of the
COF-C,N/THQ-Co sample decreased. COF-C,N likely partially
filled the pore channels within and around THQ-Co, reducing

Fig. 2 SEM images of (a) THQ-Co, (b) COF-C4N, and (c) COF-C4N/THQ-Co; (d) EDS mappings of COF-C4N/THQ-Co; and TEM images of (e) THQ-

Co and (f) COF-C4N/THQ-Co.

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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the effective pore volume available for nitrogen adsorption.
The weak interactions between the two components at the
interface led to locally denser structural packing, further
diminishing the BET specific surface area of the composite
samples. The average pore size of the composite samples was
close to that of THQ-Co, indicating that the main pore
structure of THQ-Co remained largely unchanged during the
composite formation process.

2.2 Alkaline HER and OER

The electrocatalytic HER activities of the THQ-M and COF-
C,N/THQ-M catalysts were investigated using a typical three-
electrode system in 1 M KOH alkaline solution with carbon
cloth as the catalyst carrier. Linear sweep voltammetry (LSV)
curves were recorded for the different catalysts. In 1 M KOH,
the HER overpotential of THQ-Co is 89 mV at -10 mA cm 2,
whereas THQ-Ni and THQ-Cu did not display HER activity.
THQ-Fe, = THQ-Co,Fe,, and THQ-Co,Fe, exhibited
overpotentials of 237, 203, and 189 mV at -10 mA cm 2,
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respectively. The test results suggest that Co serves as the
best alkaline HER active site for THQ-M, and bimetal sites
did not increase the alkaline HER activity of the catalysts
(Fig. 3a). In contrast, for the composite catalyst, COF-C,N/
THQ-Co required only 58 mV to reach 10 mA cm >, and its
alkaline HER activity was significantly enhanced. COF-C,N/
THQ-Fe, COF-C,N/THQ-Co,Fe,, and COF-C,N/THQ-Co,Fe,
with overpotentials of 188, 176, and 132 mV at -10 mA ¢cm >,
respectively, all exhibited improved HER activity compared to
the single THQ-M MOF materials. Notably, even at a high
current density of ~100 mA cm™, COF-C,N/THQ-Co still has
a lower overpotential than the other catalysts, further
validating its excellent alkaline HER activity (Fig. 3b). To
further explore the HER reaction kinetics, the Tafel slopes of
the catalysts were plotted by fitting the LSV curves to the
linear regions of the Tafel plot (7 = blog|j| + a, where b is the
Tafel slope, and j is the current density, with 100% iR
compensation) (Fig. 3c and S12a). The Tafel slope of COF-
C,N/THQ-Co is 94.29 mV dec !, which is much smaller than
that of THQ-Co (124.07 mV dec '), suggesting that the
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Fig. 3 (a) LSV curves of different metal THQ-M for the alkaline HER; (b) LSV curves of COF-C4N/THQ-M; (c) Tafel slopes of COF-C4N/THQ-M; (d)
the exchange current density derived from the Tafel plot by an extrapolation method; (e) Cq values of COF-C4N/THQ-M; (f) the ECSA-normalized

polarization curves of COF-C4N/THQ-M; (g) comparison of TOF values
chronopotentiometric curves of COF-C4N/THQ-Co at -0.11 V vs. RHE for
THQ-CoyFe; at —0.18 V vs. RHE for 12 h).

for HER at n = 0.5 V; (h) EIS spectra of COF-C4N/THQ-M; and (i)
30 h (the insets are the chronopotentiometric curves of THQ-Co and
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composite catalyst has faster HER kinetics. Moreover, the
Tafel slopes of 162.3, 152.45, and 131.77 mV dec * for COF-C,N/
THQ-Fe, COF-C,N/THQ-Co,Fe,, and COF-C,N/THQ-Co,Fe, are
lower than that of the corresponding THQ-M samples,
respectively, which demonstrates that the formation of COF-
C,N/THQ-M is helpful to improve the kinetics of alkaline
HER.

In general, the mechanism of HER in alkaline electrolyte
is divided into two parts.”” The first part is the Volmer
reaction (H,O+ e~ — Higs + OH™), where H,O dissociates
into H adsorbed on the catalyst surface. Subsequently, the
second part has two pathways: (1) the Heyrovsky step
(H%4s + H,O+e~ — OH™ + H,), where H* combines with
electrons and H,O to form hydrogen molecules; and (2) the
Tafel step (Hiqs + Hias — Hz), where two H* atoms combine
directly to form a hydrogen molecule. The Tafel slopes for
the Volmer, Heyrovsky, and Tafel steps are usually considered
to be 120, 40, and 30 mV dec™", respectively.*® A smaller Tafel
slope implies a faster kinetic process, suggesting that a lower
overpotential is required for the catalyst to achieve the
desired current. Thus, our synthesized COF-C,N/THQ-Co
composite catalysts follow the effective HER Volmer-
Heyrovsky mechanism. The Heyrovsky reaction is the rate-
determining step, and a larger electrode reaction area results
in a faster electrolysis rate.*® In addition, the exchange
current density (j,), which is proportional to the intrinsic
HER activity of the electrocatalyst, can be derived from the
Tafel plot by an extrapolation method.**° In particular, after
being normalized by the relative surface area, the j, obtained
for COF-C4,N/THQ-Co was 1.77 x 10> mA cm?, which is
much larger than that of COF-C,N/THQ-Fe (0.62 x 10~ mA
cm™?), COF-C,N/THQ-Co;Fe, (0.65 x 10> mA cm™?), and COF-
C,N/THQ-Co,Fe; (0.74 x 10~ mA ¢m™>) (Fig. 3d). Thus, the j,
data also indicate that COF-C,N/THQ-Co shows the highest
HER activity.

To better explore the origin of the enhanced HER activity,
the electrode area involved in the electrochemical process
was revealed by the electrochemical surface area (ECSA). The
ECSA was determined by measuring the double-layer
capacitance (Cq;). The C4; was obtained and calculated using
the cyclic voltammetry (CV) curves recorded at different scan
rates in 1 M KOH (Fig. 3e and S12b, S13, and S14). The
calculated Cy value of the COF-C,N/THQ-Co was estimated to
be 96.3 mF cm™2, which is larger than that of THQ-Co (82.6
mF c¢cm ™) and the COF-C,N/THQ-Fe (65.8 mF cm ), COF-
C,N/THQ-Co,Fe, (78.7 mF cm_z) and COF-C,N/THQ-Co,Fe;
(80.1 mF cm™>) composite catalysts, indicating that COF-C4N/
THQ-Co can expose more catalytically active sites, and a
larger ECSA corresponds to enhanced HER catalytic activity
(Fig. 3e). The ECSA-normalized LSV polarization curves
(Fig. 3f) show that COF-C,N/THQ-Co has higher current
densities. Its overpotential is also lower than that of THQ-Co
and the other mono/bimetallic composite catalysts. This also
indicates that the HER activity was enhanced by constructing
the composite catalyst, and the Co site mainly served as the
active site for the alkaline HER.
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To further elucidate the inherent HER activity of the
catalysts, their turnover frequency (TOF) data were calculated.
The number of active sites was determined by first
performing CV in phosphate buffer (pH = 7) at a scan rate of
50 mV s™', as reported by Chen et al.>® The TOF for HER was
calculated using the following equation: TOF (s™) = (j x A)/(2
x n x F), where j, n, F, and A are the current density of the
electrocatalyst, the number of active sites on the synthesized
electrodes, the Faraday constant, and the cathode surface
area, respectively. Fig. 3g shows the TOF data for THQ-M and
COF-C,N/THQ-M. COF-C,N/THQ-Co requires lower
overpotentials than the other catalysts. A TOF of 0.776 s
was obtained for the COF-C,N/THQ-Co composite catalyst at
an overpotential of # = 0.5 V, which is significantly higher
than that of THQ-Co (0.47 s™') and the other composite
catalysts (Fig. S15). Hence, the intrinsic HER activities of the
composite catalysts follow the order of COF-C,N/THQ-Co >
THQ-Co > COF-C,N/THQ-Co,Fe; > COF-C,N/THQ-Co,Fe, >
COF-C,N/THQ-Fe > THQ-M (except for Co), confirming that
the Co metal sites have higher HER activity, and that the
synergistic effect between COF-C,N and THQ-Co resulted in
an increase in the HER activity of COF-C,N/THQ-Co.
Moreover, electrochemical impedance spectroscopy (EIS)
analysis was performed to study the HER kinetics of the
catalysts. The Nyquist plots (Fig. 3h and S11c) indicated that
the charge transfer resistance (R.) of all the composite
catalysts is lower than that of THQ-M. The R. of COF-C,N/
THQ-Co is 7.12 Q em 2, which is lower than that of THQ-Co
(8.90 Q cm™), COF-C,N/THQ-Fe (16.4 Q cm?), COF-C,N/
THQ-Co,Fe, (15.3 Q cm™>), and COF-C,N/THQ-Co,Fe; (10.2
Q cm™). This suggests that the charge transfer kinetics of
COF-C,N/THQ-Co is faster than single THQ-Co during the
HER process.

In addition to catalytic activity, stability is crucial for the
practical application of catalysts. The long-term stability of
the catalysts was further evaluated by continuous CV
scanning for 500 cycles, and chronoamperometric tests were
carried out under a constant overpotential in 1 M KOH. Fig.
S16 presents the LSV polarization curves of the COF-C,N/
THQ-Co composite before and after 500 CV cycles. The LSV
polarization curves show little change, and the current
density decay of COF-C,N/THQ-Co was negligible after the
500 CV cycles, indicating its robust stability for alkaline HER.
Furthermore, = COF-C,N/THQ-Co  displayed  obviously
enhanced stability in the chronoamperometry test in
comparison with THQ-Co (85.3% for 12 h), THQ-Co,Fe,
(78.3% for 12 h), and COF-C,N/THQ-Co (95.7% for 12 h, Fig.
S17), maintaining a current density of 94.9% under a
constant potential test for 30 h. Therefore, the composite of
COF-CyN and THQ-Co not only exhibits enhanced HER
activity but also improved catalytic stability in alkaline
solution (Fig. 3i).

The electrocatalytic OER performance of the samples was
also tested in alkaline medium. The LSV curves of THQ-M for
OER in 1 M KOH are presented in Fig. 4a. It can be observed
that the overpotential of THQ-Co is 357 mV at 10 mA cm 2,
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Fig. 4 (a) LSV curves of different metal THQ-M for the alkaline OER; (b) chronopotentiometric curves of THQ-Co and THQ-Co,Fe; at 1.58 V vs.

RHE for 12 h and (inset) chronopotentiometric curves of COF-C4N/THQ-Co for 30 h; (c) LSV curves of COF-C4N/THQ-M; (d) Tafel slopes of COF-
C4N/THQ-M; (e) Cq values of COF-C4,N/THQ-M for the OER in alkaline medium; (f) comparison of TOF values for OER at 7 = 300 mV; (g) EIS
spectra of COF-C4N/THQ-M; (h) the ECSA-normalized polarization curves; and (i) the exchange current density derived from the Tafel plot by an

extrapolation method.

and the overpotentials of THQ-Fe and THQ-Cu are larger (405
mV and 465 mV at 10 mA cm ?). THQ-Ni displays an
oxidation peak, although negative sweeping caused its
overpotential to reach 308 mV at 10 mA cm > The stability
test of THQ-Co shows that the current density of the sample
decreased significantly under a continuous constant potential
test for 12 h, only 49.5% of its current density was
maintained, and its catalytic activity decreased dramatically,
which indicates its poor electrocatalytic OER stability
(Fig. 4b). The XRD spectra of THQ-Co before and after
electrocatalysis varied considerably, as shown in Fig. S18,
and the diffraction peaks of THQ-Co disappeared after
electrocatalysis. This result indicates that its structural
instability led to poor electrocatalytic OER stability. Its
structure underwent obvious changes, probably due to Co**
dislodging from its structure during prolonged testing, which
led to the continuous disintegration of its structure and
gradual degradation of OER performance. In comparison, the
bimetallic THQ-Co,Fe; exhibited enhanced OER activity and
moderate stability (322 mV at 10 mA cm™?, 78.5%) (Fig. 4b).

Ind. Chem. Mater.

The smaller R, of the bimetallic catalysts also indicates their
enhanced charge transfer kinetics, accelerated electron
transfer process, and enhanced catalytic OER performance
(Fig. $19).

The COF-C,N/THQ-M composites were constructed and
synthesized to further enhance the OER activity and stability.
As observed in the LSV curves in Fig. 4c, the OER
overpotentials of COF-C,N/THQ-Co, COF-C,N/THQ-Fe, COF-
C,4N/THQ-Co,Fe,, and COF-C,N/THQ-Co,Fe; at 10 mA cm >
are 339, 322, 325, and 314 mV, respectively. The OER
overpotentials of all the COF-C,N/THQ-M composites are
lower than that of the corresponding single THQ-M. Also, the
Tafel slopes of the composites are all smaller than that of the
THQ-M samples (Fig. 4d and S19a). The Tafel slope of COF-
C,4N/THQ-Co,Fe; is 53.54 mV dec ', which indicates that it
has a relatively faster charge transfer rate in the OER process
(Fig. 4d). The calculated Cy4; of all COF-C,N/THQ-M is found
to be higher than the corresponding single THQ-M,
indicating that the COF-C,N/THQ-M composites have larger
electrochemically active areas and can expose more active
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sites compared to THQ-M (Fig. 4e and S19-S21). Among
them, COF-C,N/THQ-Co,Fe; has the largest Cy; value and
displays the optimal OER activity. The TOF of COF-C,N/THQ-
Co,Fe; is also higher than all the other composite catalysts
and THQ-M, as given in Fig. 4f. For example, at an
overpotential of 300 mV, COF-C,N/THQ-Co,Fe; achieved a
TOF of 0.19 s, which is slightly higher than that of COF-
C,N/THQ-Co (0.078 s™*), COF-C,N/THQ-Fe (0.145 s '), COF-
C,N/THQ-Co,Fe, (0.117 s™"), THQ-Co (0.066 s '), and THQ-Fe
(0.024 s7) (Fig. 4f and S$22). The enhanced activity of COF-
C,N/THQ-Co,Fe; may be attributed to the synergistic
interaction between Co and Fe. In addition, the R values of
COF-C,N/THQ-Co, COF-C,N/THQ-Fe, COF-C,N/THQ-Co,Fe,,
and COF-C,N/THQ-Co,Fe; are all smaller than that of the
corresponding THQ-M according to their Nyquist curves
(Fig. 4g and S19c). Among the composite catalysts, COF-C,N/
THQ-Co,Fe; displays the smallest R, and the best
conductivity owing to its superior charge transfer. Moreover,
the ECSA-normalized LSV polarization curves in Fig. 4h
indicate that COF-C4,N/THQ-Co,Fe; has the highest current
density. Fig. 4i shows the exchange current density obtained
from the Tafel plot by an extrapolation method, indicating
that COF-C,N/THQ-Co,Fe, displays the highest value. All
these data demonstrate that COF-C,N/THQ-Co,Fe; exhibits
the optimal OER activity.

LSV tests were performed before and after 500 CV cycles for
COF-C,N/THQ-Co, COF-C,N/THQ-Fe, COF-C,N/THQ-Co,Fe,,
and COF-C,N/THQ-Co,Fe; (Fig. S23). It was observed that the
current density decay of COF-C,N/THQ-Co was negligible
after 500 CV cycles. A chronoamperometric test was
subsequently performed at a constant potential to evaluate
the OER stability of COF-C,N/THQ-Co in 1 M KOH. The
results show that 81.7% of the current density was
maintained after 30 h (Fig. 4b). Thus, the results confirmed
that forming composite catalysts is beneficial for further
enhancing the alkaline OER stability.

To further investigate the catalytic stability of the COF-
C,N/THQ-Co sample, we performed ICP testing on its Co(u)
content after 500 cycles CV. Its Co elemental content after the
HER and OER cycles was 13.54 wt% and 11.69 wt%,
respectively (Table S3). The results revealed slight leaching of
Co during the electrocatalytic cycle, which is presumed to
originate from the dissociation and dissolution of the active
sites during the reaction process. The strong oxidative
environment of the OER exacerbates Co leaching, consistent
with the results from the 30 h chronopotentiometric curve of
COF-C4N/THQ-Co (Fig. 4b). This indicates that Co leaching
may be one of reasons leading to the slight decrease in the
OER stability. Combined with the LSV curves of COF-C,N/
THQ-Co after 500 cycles of OER and HER (Fig. S16 and S23)
and the chronopotentiometric curves after 30 h, the catalytic
activity did not decrease much after cycling on the whole.
Therefore, although a small amount of Co leaching occurs in
the COF-C,N/THQ-Co sample, its activity and stability were
not significantly affected. COF-C,N/THQ-Co after a 30 h
chronoamperometric test for HER and OER was characterized
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by XRD, IR, SEM, and TEM (Fig. S24-S26). The results
demonstrate that the morphology and crystal structure of
COF-C,N/THQ-Co after the stability test slightly varied in
alkaline medium compared with the pristine COF-C,N/THQ-
Co. Subsequently, XPS analysis was performed on the COF-
C,N/THQ-Co sample before and after HER/OER catalysis to
determine their composition. The Co 2p spectrum after HER
revealed a slight shift in the Co 2p;, peak toward a lower
binding energy without broadening, indicating the good
structural stability of the catalyst during HER and no
significant dissolution or loss of Co (Fig. S27a). As shown in
Fig. S27b, following the OER stability test, two primary peaks
appear at 780.03 and 782.19 eV in its Co 2p;/, spectrum. The
peak at 782.19 eV corresponds to Co®" 2p;,, while the
satellite peak at 788.27 eV exhibits a reduced intensity and a
shift, confirming the presence of a small amount of residual
Co*". This indicates that Co undergoes oxidation during the
OER process, with the low-valent Co®>" being oxidized to
higher oxidation states. Additionally, the reduced intensity of
the Co 2p peak after the reaction suggests that some Co
dissolved and was lost under the high-potential and strongly
alkaline OER conditions, leading to a decrease in Co content
on the catalyst surface. This finding is consistent with the
ICP test results.

Based on the discussion above, all four highly conjugated
composites COF-C,N/THQ-Co, COF-C,N/THQ-Fe, COF-C,N/
THQ-Co,Fe,, and COF-C,N/THQ-Co,Fe; display efficient
electrocatalytic bifunctional HER and OER activity under
alkaline conditions. According to the comparison of their
alkaline HER and OER activity with other works, as shown in
Fig. 5a and b, the alkaline HER activity of COF-C,N/THQ-Co
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Fig. 5 Comparison of the (a) OER and (b) HER activities of our
catalysts with those of recently reported electrocatalysts on various
substrates in an alkaline medium. (c) Comparison of the HER and OER
activities of the different catalysts we prepared in alkaline medium.
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reaches the current optimal level (Table S4), and the OER
activities of COF-C,N/THQ-Co and COF-C,N/THQ-Co,Fe, are
comparable to that of other non-noble metal OER catalysts
(Table S5). Fig. 5c¢ displays a comparison of the OER and
HER overpotentials at 10 mA cm > and —10 mA cm > for the
different catalysts in this work, where COF-C,N/THQ-Co and
COF-C,4N/THQ-Co,Fe; are proposed to be the optimal alkaline
HER and OER electrocatalysts, respectively, in this work.

To further reveal the influence of the synthesis method
and composition mode on the electrocatalytic HER/OER
activity and stability of these catalysts, we prepared COF-C,N
+ THQ-M catalysts by simply mixing the COF-C,N samples
and THQ-M samples at a mass ratio of 1:1, and then
subjecting them to ultrasonically dispersion. The OER and
HER activity of COF-C4,N + THQ-M in 1 M KOH was also
tested. Fig. S28 and S29 show that the HER overpotentials of
the four COF-C,N + THQ-M samples are 83, 246, 187, and
173 mV at 10 mA cm™> and their Tafel slopes are 120, 283,
178, and 159 mV dec ', respectively. The HER activities all
decreased relative to COF-C,N/THQ-M. The HER stability test
for COF-CyN + THQ-Co was performed as shown in Fig. S28d,
where the current density was only maintained at 71.1%
under a 12 h constant potential test. The OER activity tests in
Fig. S30 and S31 indicate that the OER overpotentials of COF-
C,N + THQ-Co, COF-C,N + THQ-Fe, COF-C,N + THQ-Co,Fe,,
and COF-C,N + THQ-Co,Fe; at 10 mA cm 2 are 346, 422, 337,
and 321 mV, respectively. The current density for COF-C,N +
THQ-Co,Fe; remained 79.1% under a 12 h constant potential
test, as shown in Fig. S30d. Overall, the activity and stability
of COF-C4,N + THQ-M are not as good as that of COF-C,N/
THQ-M, regardless of HER or OER. Fig. S32 compares the
HER/OER LSV polarization curves of COF-C,N/THQ-Co,Fe;
and COF-C,N + THQ-Co,Fe; prepared by two different
methods. The HER activity of COF-C,N + THQ-Co,Fe; could
not reach that of COF-C,N/THQ-Co,Fe, prepared via the post-
synthesis method. The difference in OER activity between
COF-C,N/THQ-Co,Fe; and COF-C,N + THQ-Co,Fe; is
relatively small. The comparison of the activity results
combined with the characterization analysis of COF-C,N/
THQ-M indicates that the post-synthesis method perhaps
allows a portion of COF-C,N to grow at the edges of THQ-M
via Co-N or phenazine bonding, thereby preventing the
disintegration of the THQ-M structures, exposing more metal
sites of THQ-M for HER/OER, and effectively promoting
charge transfer and separation to realize enhanced activity
and stability for HER/OER.

2.3 Mechanism

The HER process in alkaline media requires the dissociation
of H,O at the catalyst surface to obtain protons. Thus, the HER
process in alkaline media involves two steps (Fig. 6a), the
Volmer step (H,O + e — *H + OH ) and the Heyrovsky step
(H,O + *H + e~ — H, + OH). In the alkaline HER, the first step
requires the appropriate adsorption of H,O molecules on the
catalyst surface. The H,O adsorption step on COF-C4N requires
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Fig. 6 Mechanisms of THQ-Co and COF-C4N for the OER and HER in
alkaline media. (a) Schematic of the proposed HER pathway on the
surface of the THQ-Co catalyst in alkaline media; (b) the free energy
profiles for the HER process for THQ-Co and COF-C4N catalysts in
alkaline media; (c) the free energy profiles for the OER process at the
Co sites for THQ-Co and C4 sites for COF-C4N at applied potential
bias and U = 0 V (pH = 14); (d) charge density difference (Ap) for a
model structure of COF-C4N growing at the edge of THQ-Co
(isovalue, 0.0025 e A™3), Ap = pag — pa — ps, Where set AB is the total
model structure, set A is the metal atoms, and set B is the residual part
after subtracting the metal atoms; and (e) charge density difference for
a model structure of COF-C4N interacting with THQ-Co with n-n
interaction, Ap = p(total) - p(THQ-Co) - p(COF-C4N). The yellow and
blue isosurfaces indicate charge accumulation and charge depletion in
space, respectively.

an overcoming energy barrier of 0.108 eV, but H,O adsorption
on the Co site of THQ-Co is very easy and is an
thermodynamically favorable process (AGy,o = -0.563 eV, as
shown in Fig. 6b). Although H,O dissociation to generate *H
requires overcoming an energy barrier of about 0.2 eV for
THQ-Co, H, desorption from the Co site of THQ-Co is easier
than from the N site of COF-C,N according to that comparison
of |AG+y| at the Co site and N site in Fig. S33. The alkaline
HER overpotential of COF-C,N measured experimentally is 253
mV at 10 mA cm > (Fig. S34), further verifying that COF-C4N
exhibits poor activity for HER. Therefore, the above-mentioned
results demonstrate that Co sites are the main HER active
centers for both THQ-Co and the COF-C,N/THQ-Co composite
catalyst. The further enhancement in the HER activity of the
COF-C,N/THQ-Co composite catalysts should be attributed to
the increased charge transfer between COF-C,N and THQ-Co.
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To gain insight into the OER activity, we calculated the
free energy profiles of the OER pathways for THQ-Co and
COF-C,N at U = 0 V and experimentally applied bias,
respectively, as shown in Fig. 6¢c, in which the OER active
sites are the Co sites for THQ-Co and C4 sites for COF-C,N
(ref. 43) (the intermediate configurations in the OER pathway
for THQ-Co are shown in Fig. S35). The energy barriers of the
rate-determining step *O — *OOH for both THQ-Co and
COF-CyN are 0.83 eV and 1.28 eV, respectively. When the
applied bias of THQ-Co and COF-C,N is considered, they
both show a spontaneous downhill tendency at the actual
applied bias of 1.587 V and 1.579 V, respectively, which
proves that they display similar OER activity at a small
applied bias. The electrocatalytic OER stability of the separate
THQ-Co is very poor, and therefore the composite of THQ-Co
and COF-C,N not only exhibited improved stability but also
further improved OER activity because COF-C,N could
increase the number of OER active sites and accelerate the
charge transfer.

As shown in Fig. 6d and e, we calculated the charge
density differences for COF-C,N/THQ-Co. It is clear that
electrons are more accumulated on the Co sites in the model
structure of COF-C,N growing at the edge of THQ-Co, as
shown in Fig. 6d. As shown in Fig. 6e, the electrons are
locally accumulated at the interface region of COF-C,N and
THQ-Co for the model structure of COF-C,N on the surface
of THQ-Co by n-n interaction, which significantly regulated
the electronic structure of the COF-C,N/THQ-Co composites,
and the electrons transferred from the COF-C,N layer to the
surface of THQ-Co with 0.153 e. The charge density
differences verified that the charge transfer abilities are
enhanced and the electrons will migrate to the surface of
THQ-Co to produce H, at the Co sites.

3 Conclusions

In conclusion, two highly conjugated 2D materials, COF-C,N
and THQ-M, were chosen for the first time to prepare COF/
MOF composite electrocatalysts, COF-C,N/THQ-M, via a post-
synthesis strategy. The characterization and tests showed that
a part of COF-C,N may grow at the edge of THQ-M, besides
its uniform dispersion on the surface of THQ-M. Their HER
and OER activity and stability in alkaline media were
systematically studied and compared. The results indicate
that the composite of THQ-M and COF-C,N not only
exhibited improved stability, but also further enhanced HER/
OER activity compared to the corresponding single THQ-M
and COF-C4N. Based on the regulation of their metal sites,
COF-C,N/THQ-Co and COF-C,N/THQ-Co,Fe; are proposed to
be the optimal alkaline HER and OER electrocatalysts,
respectively, in this work. DFT calculations revealed that both
THQ-Co and COF-C4N can act as OER catalysts, and COF-C,N
in the composite catalysts COF-C,N/THQ-Co mainly solved
the instability of THQ-Co in alkaline media. THQ-Co can act
as an HER catalyst alone, but its composite with COF-C,N
realizes more effective HER activity and stability in alkaline
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media. The charge density difference was also calculated to
verify the charge transfer in COF-C,N/THQ-M. This study
provides a new proposal for the design of highly efficient
bifunctional COF/MOF composite electrocatalysts.

4 Experimental section
4.1 Chemicals and materials

All reagents were directly obtained from commercial sources
and used as received without further purification. Cobalt
chloride  hexahydrate (CoCl,-6H,0), ferrous sulfate
heptahydrate (FeSO,-7H,0), nickel acetate tetrahydrate
(Ni(OAc),-4H,0), copper(u) acetate monohydrate
(Cu(OAc),-H,0), Nafion solution (5.0 wt%), sodium hydroxide,
potassium hydroxide, and acetic acid were purchased from
Shanghai Rinn Technology Development Co., Ltd. Iron(m)
chloride hexahydrate was purchased from Tianjing HengXing
Chemical Reagent Co., Ltd. Tetrahydroxyquinone was
purchased from Shandong Xiya Reagent Co., Ltd.
2,3,6,7,10,11-Triphenylenehexamine hexahydrochloride and
hexaketocyclohexane octahydrate were purchased from Jilin
Chinese Academy of Sciences-Yanshen Technology Co., Ltd.
1,3,5-Trimethylbenzene (3 mL) was purchased from Nanning
Chemical Group Co., Ltd. 1,4-Dioxane was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Carbon
cloth was purchased from Suzhou Sinero Technology Co., Ltd.
A graphite rod and Ag/AgCl (3.5 M KCl) electrode were
purchased from AIDA Science-Technology Development Co.,
Ltd. All aqueous solutions were prepared using ultrapure
water.

4.2 Synthesis of catalysts

Synthesis of THQ-M: the THQ-M samples were synthesized
according to a reported procedure with minor
modifications.***> In a typical synthesis of THQ-Co, 0.135
mmol of CoCl,-6H,0 was completely dissolved in 16 mL of
deionized water, and then 40 pL of ethylenediamine was
injected into the above-mentioned solution using a pipette
gun. Then, 0.29 mmol of tetrahydroxy-1,4-quinone (THQ) was
completely dissolved in 16 mL of deionized water, and then
transferred to the above-mentioned water/ethylenediamine
solution under ultrasonic vibration. The mixed solution was
poured into a sealed glass vial and heated at 85 °C for 12 h.
After cooling naturally to room temperature, the precipitate
was collected and washed with water and ethanol for 30 min
in an ultrasonic ice bath, and then left to settle. After, it was
filtered and washed three times with water and acetone,
respectively. Finally, it was vacuum dried at 60 °C for 24 h to
obtain THQ-Co. THQ-Fe, THQ-Ni, THQ-Cu, THQ-Co,Fe,, and
THQ-Co,Fe; were synthesized in a similar way using different
Ni(OAc),-4H,0, Cu(OAc),-H,0, and FeSO,7H,0, with the
total amount of metal ions fixed at 0.27 mmol.

Synthesis of COF-C,N/THQ-Co: 2,3,6,7,10,11-
triphenylenehexamine  hexahydrochloride (TPHA) and
hexaketocyclohexane octahydrate (HKH) were weighed in a
mass ratio of 25.5 mg:25.0 mg. The above-mentioned
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samples were dissolved in a mixture of 1.5 mL of 1,4-dioxane
and 1.5 mL of 1,3,5-trimethylbenzene in a 10 mL tube, and
50 mg of the THQ-Co sample was added. It was dispersed by
sonication at 25 °C for 30 min, and then 4 M acetic acid (0.5
mL) added to the test tube and shaken well. Next, three
freeze-pump-thaw cycles were performed. After degassing
and confinement, the reaction was carried out in a blower
oven at 150 °C for 3 days, and then cooled naturally to room
temperature.  The  precipitate =~ was  washed  with
tetrahydrofuran and acetone (30 mL x 3), and thoroughly
cleaned by Soxhlet extraction with tetrahydrofuran for 10 h.
Finally, it was vacuum-dried at 120 °C under reduced
pressure (-0.09 MPa) for 12 h to obtain the final product
COF-C,N/THQ-Co in black solid form. COF-C,N/THQ-Fe,
COF-C4,N/THQ-Co,Fe,, and COF-C,N/THQ-Co,Fe; were
synthesized using the same procedure.

Synthesis of COF-C,N + THQ-M: the prepared COF-C,N
samples were mixed with the THQ-M samples at a mass ratio
of 1:1 and ultrasonically dispersed by adding ethanol for 30
min, followed by stirring for 24 h. At the end of the reaction,
filtration-washing-drying were carried out to obtain the
simple COF-C,;N + THQ-M composite catalyst.

4.3 Materials characterization

The structure, composition, and texture properties of the
materials were studied via powder X-ray (PXRD) diffraction
(TD-3700 X-ray diffractometer), Fourier transform infrared
(FT-IR) spectroscopy (Equinox 55), scanning electron
microscopy (SEM) (EVO18), and transmission electron
microscopy (TEM) (JEM-2100 electron microscope). X-ray
photoelectron  spectroscopy (XPS) measurements were
performed using a Thermo Scientific K-Alpha and the C 1s
peak at 284.6 eV as the internal standard. Inductively coupled
plasma-optical emission spectrometry (ICP-OES) was carried
out using an Agilent ICP-OES 725 ES. The nitrogen
adsorption/desorption isotherms were evaluated at 77.3 K on
Autosorb-1Q3, and the methods of Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) were applied to get
specific surface area and pore size distribution.

4.4 Electrochemical measurements

All electrochemical measurements were conducted at room
temperature using a standard three-electrode CHI660E
(Shanghai Chenhua) electrochemical workstation. Ag/AgCl
and a graphite rod were used as the reference and counter
electrodes, respectively, and conductive carbon cloth fibers
with deposited catalysts were used as the working electrodes
for evaluating the HER and OER activity of the various
catalysts. Electrochemical experiments were carried out on
HER and OER in 1.0 M KOH solution. Before the
electrochemical measurements, the 1.0 M KOH alkaline
electrolyte was purged with N, gas for 30 min. All potentials
at the reversible hydrogen electrode (RHE) were reported and
converted using the following equation (eqn (1)):
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Eys. vk = Eys. agiagal + 0.2046 V + 0.059 V x pH (1)

In the cyclic voltammetry (CV) tests, the potential range was
circularly scanned at the OER potential range of 0-1.0 V (vs.
Ag/AgCl) and the HER potential range of -1--1.82 V (vs. Ag/
AgCl) at a scan rate of 50 mV s '. After 20 CV cycles, the
linear sweep voltammetry (LSV) test was conducted at a scan
rate of 5 mV s~" over the same potential range. The HER and
OER overpotentials () were calculated according to eqn (2)
and (3), as follows:

NoEr = Evs. g — 1.23 V (2)

Nuer = Evs. RUE [3)

The Tafel slope was estimated by linear fitting of the
polarization curves according to Tafel eqn (4).

n=a+ blog(j) (4)

where j is the current density and b is the Tafel slope.

To evaluate the double-layer capacitance (Cq;), CV was
performed by applying different scan rates over a specific
voltage range, and the difference in current density at the
midpoint of the voltage range was selected for processing,
which is linearly related to the corresponding scan rate,
where the slope is the Cq4 value. The active surface area of
the catalyst can be inferred by comparing the Cgq size of
several samples.

Electrochemical impedance spectroscopy (EIS), with
potential conditions corresponding to a current density of 10
mA cm >, was performed in the frequency range of 0.01 Hz to
105 Hz, and data such as the internal resistance and charge
transfer resistance of the different samples were compared by
analyzing  their  test Chronoamperometric
measurement at constant potentials of 1.58 V (vs. RHE) and
-0.18 V (vs. RHE) was performed to test the HER and OER
stability of the samples.

Mott-Schottky tests were performed in a three-electrode
cell using the Ag/AgCl electrode as the reference electrode at
500, 700, and 900 Hz to record the curves.

TOF calculation. The turnover frequency (TOF) for each
active site was determined by employing previously reported
methods. Firstly, we recorded cyclic voltammograms in
phosphate buffer (pH = 7) at a scan rate of 50 mV s ' to
examine the number of active sites (n). Then, the number of
voltammetric charges (Q) can be obtained after the blank
value has been deducted. Therefore, n (mol) and TOF (s)
can be determined toward HER using eqn (5) and (6), as
follows:

curves.

Q
TOF = jxﬂ (6)
2xnxF
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Toward OER, the n (mol) and TOF (s™') can be determined
using the following equations:

Q

n=1F 7)
TOF = @ (8)
4XnxXF

where j is the measured current density, Sgeo (1.0 cm?) is
the surface area of CFC, and F is the Faraday constant
(96485.3 C mol™).

4.5 Calculation methods

Density functional theory (DFT) was used to calculate all
geometrical and electron structures. The interaction between
the core and valence electrons is described using the
frozen-core projector augmented wave (PAW) approach.”’>?
The generalized gradient approximation of the Perdew-
Burke-Ernzerhof (PBE) functional was used.”® The energy
cutoff was set to be 500 eV. A I-centered mesh of 3 x 3 x 1
k-points was used to sample the two-dimensional Brillouin
zone. The van der Waals (vdW) correction proposed by
Grimme was adopted to describe long-range vdwW
interactions. A vacuum space greater than 15 A
perpendicular to the sheet was applied so that the
interaction between neighboring slabs was negligible. All
geometry structures were fully relaxed until the convergence
criteria of energy and force are less than 1 x 107> eV and
0.01 eV A™, respectively.

The binding energies of H, OH, and H,O were calculated
using eqn (9)-(11), respectively.

AE} = Eys — Ex = 0.5Ey, (9)
AEy,o = En,o0+ ~E+ ~En,o (10)
AE®y; = Eous — Ex — Eyo + 0.5Ey, (11)

where Eyx, Eon+, and Ey o+ are the energies of H, OH, and
H,O absorbed on the catalyst surface, respectively. Ey o is
the energy of the H,O molecule in the gaseous phase.
Calculation of free energy difference: the free energy
difference for OER was calculated according to eqn (12)
based on the computational hydrogen electrode model
originally proposed by Narskov and coworkers.”*>
AG = AE + AEzpg — TAS + AGpy + AGy (12)
where AE is the difference in electronic energy before and
after adsorption, and AEzpg, 7, and AS represent the zero-
point energy correction, temperature, and entropy change of
the adsorption system, respectively. To compute the
thermodynamic properties, the thermodynamic conditions
were set to be 1 atmosphere and 298 K. The pH dependence
of the reduction potential is given by AG,y = 0.059 x pH,
which stems from the dependence of the entropy on the H"
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concentration. AGy is the contribution of the applied
electrode potential (U) to AG.>*7

OER involves four electron steps, which can be written as
step (1)-(4) oxidation reaction equations, as follows:

*+OH = *OH +e” (step 1)

*OH + OH = *O+ H,0 +e (step 2)
*O+ OH = *OOH + e~ (step 3)
*OOH + OH = *+ 0, + H,O + e~ (step 4)

Meanwhile, HER involves two-electron steps under alkaline
conditions, which can be written as step (5)-(7) reduction
reaction equations, as follows:

*+H,0+e = *H,0 (step 5)
*H,O = *H + OH~ (step 6)
*H+H,0+e = *+H,+OH" (step 7)

where * denotes the adsorption site and *(radical) denotes
the intermediate species adsorbed on the surface.

Considering the contribution from the zero-point energy,
the entropy, the pH dependence of the redox potential, and
the external potential supplied by the carrier, the free-energy
changes along the reaction pathway for OER can be expressed
as eqn (13)-(16).>®

AGron = Gron + 112Gy, = G« = Guo -~ AGp — €U (13)
AG+g = Geo + Gy, = Gx = G0 — 2AGpy — 2eU (14)
AGroom = Groon + 3/2Gn, = G« — 26y 0 — 3AGyy — 3eU  (15)
AGeo, = 2Gy, + Go, = 2Ga,0 — 4AGpy — 4eU (16)

The free-energy changes along the reaction pathway for HER
can be expressed as eqn (17)-(19).

AGu11,0 = Gesro — G0 — Gs + AGpy — €U (17)
AG*H = Gy — :I./ZGH2 -G« + AGpH -eU (18)
AGeyy, = 2AGy - 2eU (19)
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