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ABSTRACT: Hydrogen (H2) production via electrochemical water (H2O)
splitting relies heavily on the development of cost-effective and durable
electrocatalysts to replace scarce and expensive platinum. Herein, we disclose a
rationally conceived and executed synthesis of a pyrene (Py)- and
phenanthroline (PhN)- tethered conjugated microporous polymer (CMP),
where 1,10-phenanthroline (PhN) ligands (PyBz-PhN CMP) are incorporated
through a C−Br/C−B Suzuki−Miyaura cross-coupling strategy. To enhance
electrocatalytic activity, transition-metal ions (Fe2+, Co2+, Ni2+, and Ru2+) were
coordinated with the PhN sites, affording a series of PyBz-PhN-M CMPs.
Comprehensive characterization techniques, including Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy
(UPS), and scanning electron microscopy/energy-dispersive X-ray spectros-
copy (SEM-EDS), confirmed successful metal coordination, excellent structural stability, and uniform metal dispersion throughout
the framework. Among these catalysts, PyBz-PhN-Ru CMP exhibited the best HER performance, achieving overpotentials of 217
mV at 10 mA cm−2 in alkaline media and 180 mV in acidic conditions, alongside a reduced charge-transfer resistance (Rct) of 89 Ω.
Combined density functional theory (DFT) calculations and experimental results reveal that modulation of the d-band center and
reduced charge-transfer barriers are key to the enhanced catalytic activity. This study demonstrates that phenanthroline-
functionalized CMPs serve as versatile and tunable porous platforms for incorporating transition metals, offering a practical approach
to creating efficient and low-cost HER catalysts for clean H2 production.
KEYWORDS: pyrene, phenanthroline, conjugated microporous polymers, hydrogen evolution reaction, alkaline media,
density functional theory

■ INTRODUCTION
Hydrogen (H2) is a globally important chemical widely used in
key industrial processes such as petroleum refining and
ammonia synthesis; however, its current production predom-
inantly relies on fossil fuels such as natural gas and coal.1,2 As a
promising clean energy carrier, hydrogen has been proposed
for applications ranging from powering vehicles and electronic
devices to residential energy systems.3 Therefore, developing
cost-effective and sustainable methods for hydrogen produc-
tion from renewable sources is essential to reduce dependence
on fossil fuels and mitigate global CO2 emissions.

4−6 In recent
years, extensive research efforts have focused on generating
hydrogen from water through solar-to-hydrogen conversion via
photoelectrochemical or electrolysis routes.7 The HER, a key
half-reaction in water splitting, largely governs the overall
efficiency of H2 production. Achieving maximum energy
efficiency in water electrolysis requires catalysts that can
minimize the additional potential (overpotential) necessary to

initiate the HER.8 Platinum (Pt) is widely regarded as the
benchmark electrocatalyst for the HER due to its excellent
activity and stability. However, the large-scale deployment of
Pt-based catalysts is severely constrained by their high cost and
limited availability.9 To address this challenge, metallic
ruthenium (Ru) has emerged as a promising alternative,
offering a favorable balance between catalytic performance and
cost, along with suitable H2 adsorption energy.10 Moreover,
transition metal-based compounds derived from earth-
abundant elements such as Ni, Co, Fe, and Mo have also
demonstrated encouraging HER activity.11 Various transition-
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metal-based materials, including sulfides, nitrides, carbides,
phosphides, chalcogenides, and their alloys, have been reported
as effective HER electrocatalysts.12 Nevertheless, the catalytic
performance of bulk transition-metal-based materials is often
limited by their low specific surface area and insufficient
exposure of active sites [Figure 1a].13 A practical solution to

these limitations involves incorporating transition metals into
porous frameworks [Figure 1b], which effectively increases the
specific surface area and facilitates the uniform dispersion of
active sites.14 The integration of electrochemically active metal
centers within porous networks not only enhances intrinsic
catalytic activity and selectivity but also ensures efficient metal
utilization, thereby reducing overall material cost.15 Among
various porous organic frameworks, such as covalent organic
frameworks (COFs), metal−organic frameworks (MOFs), and
CMPs have unfolded as highly promising materials for energy
storage and electrocatalytic applications.16−20 This is attributed
to their expanded π-conjugated networks, large surface area,
structural tunability, low density, controllable band config-
uration, and superior thermal and chemical durability.21−30 A
key strategy for achieving strong metal−framework interactions
and uniform dispersion of active sites within CMPs is the
incorporation of electron-donating ligands such as porphyr-
in,31,32 bipyridine,33,34 salen,35,36 and 1,10-phenanthroline
(PhN).37,38 Coordination of transition metals with these
ligands through M−N or M−O bonds can effectively modulate
the electronic structure by tuning the d-band center, thereby
enhancing electrocatalytic activity.39 Owing to these advan-

tages, numerous studies have reported the development of
metal-coordinated CMP-based catalysts for HER. For example,
Das et al. developed Cu(II)- and Ni(II)-grafted porphyrin-
pyrene-based CMPs that achieved an overpotential of 532 and
483 mV, respectively, at 10 mA cm−2 for the HER.40 Likewise,
Jia et al. synthesized a cobalt-embedded porphyrin-based CMP
that reported 360 mV of overpotential to deliver 10 mA
cm−2.41 Despite these advances, most studies have concen-
trated on porphyrin-based ligands as metal coordination
centers. In contrast, other versatile ligands such as 1,10-
phenanthroline (PhN) remain largely unexplored for HER
applications. Moreover, the influence of different transition-
metal coordination environments on the electronic properties
of CMPs, an essential factor in determining catalytic
performance, has not been systematically investigated.
In this study, we report a simple and scalable approach for

synthesizing a pyrene-based CMP incorporating 1,10-phenan-
throline (PhN) units as coordinating ligands, designated as
PyBz-PhN CMP, via a C−Br/C−B Suzuki−Miyaura cross-
coupling reaction. Building on this framework, several metal-
coordinated PyBz-PhN CMPs were prepared through
coordination with transition-metal salts (Fe2+, Co2+, Ni2+,
Ru2+). Comprehensive characterization [including FTIR, TGA,
XPS, UPS, SEM, and EDS mapping] confirmed the successful
synthesis, structural integrity, uniform metal dispersion, and
moderate porosity of the materials. Among the series, PyBz-
PhN-Ru CMP exhibited the most outstanding HER perform-
ance, requiring an overpotential of only 217 mV to achieve 10
mA cm−2 in alkaline medium and 180 mV in acidic conditions.
Additionally, an extremely low Rct of 89 Ω was observed at 200
mV overpotential in alkaline conditions, highlighting its
excellent electron-transfer kinetics. Ultraviolet photoelectron
spectroscopy (UPS) and density functional theory (DFT)
calculations further revealed that the superior catalytic activity
arises from optimized d-band modulation and reduced energy
barriers for charge transfer during hydrogen evolution. This
study conclusively demonstrates that electron-active transition
metals (Fe2+, Co2+, Ni2+, Ru2+), when coordinated within a
1,10-phenanthroline-functionalized CMP framework, can
efficiently promote water reduction reactions. The PyBz-
PhN-based CMPs thus represent a versatile and durable
platform for the rational design of next-generation HER
catalysts, advancing sustainable and cost-effective hydrogen
production technologies.

■ EXPERIMENTAL SECTION

Materials
Potassium carbonate (K2CO3, 99.9%), pyridine, pyrene (Py, 98%), 1-
chlorobutane, 1,10-phenanthroline (PhN), nitrobenzene (C6H5NO2),
disulfur dichloride (S2Cl2), iron(II) acetate [Fe(CH3COO)2],
bromine solution (Br2), cobalt(II) acetate [Co(CH3COO)2], nickel-
(III) acetate [Ni(CH3COO)2], ruthenium(II) acetate [Ru-
(CH3COO)2], pyridine, Pd(PPh3)4, methanol (MeOH) were
purchased from Sigma-Aldrich and Acros. 1,4-Benzenediboronic
acid [Bz-BO, 95%], acetone, and tetrahydrofuran (THF) were
obtained from Alfa Aesar. The compound 1,3,6,8-tetrabromopyrene
(Py-4Br) was obtained using the synthetic route developed in our
previous research.42−46

Synthesis of 3,8-Dibromo-1,10-phenanthroline (PhN-2Br)
In a 1 L three-neck flask, 1-chlorobutane (142 mL), PhN (3.55 g,
19.74 mmol), pyridine (5.33 mL), and S2Cl2 (5.7 mL) were heated at
100 °C. Br2 (4 mL) was then added dropwise, and the system was
subjected to reflux for 12 h. Then, the reaction was quenched with

Figure 1. (a) Highlighting the problem in bulk transition metal-based
catalysts, which suffer from low active surface area. (b) Approaches to
solving the issue by incorporating transition metals into porous
frameworks increase surface area and disperse active sites. By
leveraging the advantages of CMP, ligands, and transition metals,
we propose the metal-coordinated CMP-based catalysts for HER
application. (c) Synthesis route of pristine PyBz-PhN CMP and (d)
synthesis route of metal-coordinated PyBz-PhN-M CMPs (M = Fe2+,
Co2+, Ni2+, and Ru2+).
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saturated NaOH (aq, 50 mL). the crude solid product was washed
with water and extracted with CH2Cl2 to afford a pure white product
(1.8 g, 52%). 1H NMR (DMSO-d6, ppm): 9.16 (2H), 8.86 (2H), 8.03
(2H). 13C NMR (DMSO-d6, ppm): 150.75, 143.64, 137.94, 129.73,
126.86, 119.47.

Synthesis of PyBz-PhN CMP and PyBz-PhN-M CMPs
In a 25 mL Pyrex tube, a mixture of Py-4Br (0.33 g, 0.64 mmol), Bz-
BO (0.32 g, 1.93 mmol), PhN-2Br (0.22 g, 0.64 mmol), and
Pd(PPh3)4 (0. 04 g, 0.032 mmol) was added 20 mL of DMF and 5
mL of 2 M K2CO3. The mixture was purged of gases by performing
three freeze−pump−thaw cycles under nitrogen. Then, the reaction
mixture was heated up to 110 °C for 5 days. The obtained solid was
separated by filtration, thoroughly rinsed with THF, Water, DMF,
MeOH, and acetone to produce PyBz-PhN CMP as a yellow powder
[0.26 g, 79%]. An analogous synthetic route to that of PyBz-PhN
CMP was adopted for preparing PyBz-PhN-M CMPs, a mixture was
prepared by combining Ru(CH3COO)2 (0.64 mmol), Fe-
(CH3COO)2 (0.64 mmol), Co(CH3COO)2 (0.64 mmol), or
Ni(CH3COO)2 (0.64 mmol) with Py-4Br (0.33 g, 0.64 mmol), Bz-
2BO (0.32 g, 1.93 mmol), PhN-2Br (0.22 g, 0.64 mmol), and
Pd(PPh3)4 (0.04g, 0.032 mmol) to produce a dark brown powder for
PyBz-PhN-Fe CMP, PyBz-PhN-Co CMP, PyBz-PhN-Ni CMP, and a
dark blackish brown for PyBz-PhN-Ru CMP; respectively.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of PyBz-PhN CMP and
PyBz-PhN-M CMPs

The presence of N,N′-chelating sites in 1,10-phenanthroline
(PhN) makes it an ideal monomer for coordinating metal
centers, enabling the formation of robust coordination
complexes with highly active catalytic sites for enhanced
electrocatalytic performance. The precursor PhN-2Br, which
employed a ligand capable of forming coordination bonds with

metal ions in this study, was synthesized via the reaction of
PhN with S2Cl2 and Br2 in the presence of pyridine, yielding a
white solid [Scheme S1]. The chemical structure of PhN-2Br
was confirmed by 1H and 13C NMR analyses. The 1H NMR
spectrum exhibited three characteristic aromatic proton signals
at 9.16, 8.86, and 8.03 ppm, corresponding to the protons in
the PhN moiety [Figure S1]. Additionally, the 13C NMR
spectrum displayed aromatic carbon resonances in the range of
150.75−119.47 ppm, further verifying the formation and
structure of the desired compound [Figure S2]. To synthesize
the PyBz-PhN CMP, Py-4Br, Bz-BO, and PhN-2Br were used
as the main building blocks. These monomers underwent a
Suzuki−Miyaura cross-coupling reaction in a DMF/2 M
K2CO3 solvent mixture under continuous stirring and steady
heating for 3 days, yielding PyBz-PhN CMP as a yellow
powder [Figure 1c]. Figure 2a displays the three-dimensional
(3D) structural model of PyBz-PhN CMP. The structural
evolution of PyBz-PhN CMP from its monomeric precursors,
Py-4Br and PhN-2Br, was confirmed by Fourier-transform
infrared (FT-IR) spectroscopy. As shown in Figure 2b, the
absorption peaks observed at 3077−3067 cm−1 correspond to
the sp2 (aromatic) C−H stretching vibrations. A C�C
stretching band appears at 1600−1586 cm−1 for Py-4Br,
PhN-2Br, and PyBz-PhN CMP, while both PhN-2Br and
PyBz-PhN CMP exhibit a C�N absorption peak at 1632
cm−1. The disappearance of the characteristic C−Br absorption
bands in the FT-IR spectrum of PyBz-PhN CMP further
confirms the successful incorporation of pyrene and PhN units
into the polymer framework. Solid-state 13C NMR spectros-
copy [Figure 2c] revealed broad resonances between 105 and
146 ppm, attributable to aromatic carbons of the pyrene,
benzene, and phenanthroline moieties. A distinct resonance at

Figure 2. (a) 3D structure image of PyBz-PhN CMP, (b) FTIR spectrum of Py-4Br, PhN-2Br, and PyBz-PhN CMP. (c) Solid-state 13C NMR and
(d) TGA thermogram of PyBz-PhN CMP.
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176 ppm corresponds to the C�N carbons of the
phenanthroline ligands, confirming the formation of PyBz-
PhN CMP. Thermogravimetric analysis (TGA) [Figure 2d]
demonstrated remarkable thermal stability, with decomposi-
tion temperatures (T5% and T10%) of 362 and 376 °C,
respectively, and a char yield of 8 wt % under N2, indicating
excellent structural integrity.
A family of metal-coordinated PyBz-PhN CMPs frameworks

(PyBz-PhN-M, where M = Fe2+, Co2+, Ni2+, Ru2+) was
subsequently synthesized via a one-pot Suzuki−Miyaura
coupling in DMF/2 M K2CO3 containing Fe(CH3COO)2,
Co(CH3COO)2, Ni(CH3COO)2 and Ru(CH3COO)2 salts.
The reaction mixture was stirred continuously for 5 days to
yield the corresponding PyBz-PhN-M CMPs. Due to their
intrinsic insolubility in both polar and nonpolar solvents, the
resulting products were isolated as solid powders [Figure 1d].
FT-IR spectra [Figure 3a] of all PyBz-PhN-M CMPs samples
displayed distinct bands at 3000−3100 and 1600−1586 cm−1,
signifying the vibrational modes of aromatic C−H and C�C

groups. Notably, a new absorption band at approximately 1467
cm−1, assigned to C�N vibrations linked to M−N
coordination, confirmed the successful integration of Ru, Fe,
Co, and Ni ions into the polymeric network.47 TGA analysis
[Figure 3b] demonstrated that all PyBz-PhN-M CMPs possess
outstanding thermal stability, with T10% values of 377 °C (Fe),
375 °C (Co), 383 °C (Ni) and 355 °C (Ru), The respective
char yields were 19 wt % (Fe), 17 wt % (Co), 12 wt % (Ni),
and 33 wt % (Ru), reflecting their excellent structural
robustness at elevated temperatures.
To elucidate the chemical environment of the C, N, and

metal centers, X-ray photoelectron spectroscopy (XPS) was
performed. XPS survey spectra (Figure S3) confirmed the
presence of C and N in all samples. In addition, distinct metal-
related peaks for Ru, Fe, Co, and Ni were clearly detected in
the corresponding PyBz-PhN-M CMPs spectra, verifying
successful incorporation of each metal into the respective
framework. The presence of a minor oxygen peak was
attributed to moisture adsorption from the environment.48

Figure 3. (a) FTIR spectra and (b) TGA traces of PyBz-PhN CMP, and PyBz-PhN-M (M = Fe2+, Co2+, Ni2+, and Ru2+) CMP.

Figure 4. High-resolution spectra of (a) C 1s, and (b) N 1s of PyBz-PhN and PyBz-PhN-M CMPs catalysts, (c) high-resolution spectra of Ru 3p,
and (d) ultraviolet photoelectron spectroscopy data of PyBz-PhN-Ru CMP.
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The high-resolution C 1s spectrum of PyBz-PhN CMP [Figure
4a] displayed peaks at 284.8 and 286.0 eV, corresponding to
C−C/C�C and C�N bonds, respectively. Upon metal
coordination, the C�N peak shifted to higher binding energy,
indicating metal-to-ligand charge transfer (MLCT) between
the transition-metal centers and phenanthroline ligands.49,50

The N 1s spectrum of PyBz-PhN CMP [Figure 4b] showed a
single peak characteristic of C�N in the phenanthroline unit,
which acts as a chelating site for metal coordination.50−53 In
PyBz-PhN-M CMPs, the N 1s peak shifted to higher binding
energy and exhibited an additional component at 399.2 eV,
confirming M−N bond formation. The calculated N 1s peak
area percentages of the PyBz-PhN-M CMPs, derived from N
1s XPS deconvolution, are listed in Table S2. High-resolution
XPS spectra of the metal centers further verified their oxidation
states [Figures 4c and S4]: Ru 3p (461.9 and 484.1 eV,
Ru2+),54 Fe 2p (710.9 eV/723.1 eV for Fe2+ and 713.0 eV/
725.3 eV for Fe3+),55,56 Co 2p (781.3 and 797.5 eV, Co2+),57

and Ni 2p (855.4 and 872.9 eV, Ni2+).54 These findings
confirm the successful coordination of the respective metal
ions within the PyBz-PhN CMP polymer framework. To
further understand the surface electronic properties, ultraviolet
photoemission spectroscopy (UPS) was used to analyze the
electron modulation behavior of the catalysts. The work
function (Φ), which estimates the minimum energy an
electron must possess to escape from the Fermi level to the
vacuum, was evaluated using eq 1:58

= h w (1)

where hν is the photon energy (21.22 eV for He I radiation)
and w is the spectral width determined by the difference
between the valence band maximum (Ev) and secondary
electron cutoff (Ecutoff). As shown in Figure 4d and Figure
S5(a−d), PyBz-PhN-Ru CMP exhibited the lowest work
function (9.25 eV) compared to PyBz-PhN-Fe CMP (9.44
eV), PyBz-PhN-Co CMP (9.36 eV), PyBz-PhN-Ni CMP (9.31
eV), and pristine PyBz-PhN CMP(9.74 eV), indicating a
reduced energy barrier for electron transfer during redox
processes.
Porosity and surface area were examined using N2

adsorption−desorption isotherms at 77 K [Figure S6 and
Table S1]. The Brunauer−Emmett−Teller (BET) surface
areas were determined as 32.5, 3.02, 12.6, 5.54, and 8.42 m2

g−1 for PyBz-PhN, PyBz-PhN-Fe, PyBz-PhN-Co, PyBz-PhN-
Ni, and PyBz-PhN-Ru CMPs. The nonlocal density functional
theory (NLDFT) pore size distribution revealed an average
pore diameter of 2.67 nm for PyBz-PhN CMP, while metal
coordination led to reduced pore sizes, 2.23 nm (Fe), 1.96 nm
(Co), 1.87 nm (Ni), and 1.78 nm (Ru), attributed to partial
pore occupation by metal centers, thereby reducing overall
porosity.59 Morphological analysis via field-emission scanning
electron microscopy (FESEM) revealed that pristine PyBz-
PhN CMP exhibits a rod-like morphology, whereas its metal-
coordinated derivatives (PyBz-PhN-M CMPs) display aggre-
gated spherical particles intertwined with rod-like structures
[Figures S7−S10]. In particular, PyBz-PhN-Ru CMP exhibited
a higher degree of spherical aggregation [Figure S11], likely
enhancing active site exposure for HER. Transmission electron

Figure 5. (a) HER polarization curves of all prepared PyBz-PhN and PyBz-PhN-M CMPs catalysts in 1 M KOH electrolytes, (b) comparison bar
charts of overpotentials at different current densities of PyBz-PhN and PyBz-PhN-M CMPs catalysts, (c) corresponding Tafel slopes, (d) Nyquist
plots (inset: the equivalent circuit), (e) Cdl, and (f) chronoamperometry graph of PyBz-PhN-Ru CMP [recorded in 1 M KOH].
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microscopy (TEM) images confirmed a layered stacking
structure and amorphous character in all synthesized PyBz-
PhN and PyBz-PhN-M CMPs [Figures S12−S16], while
TEM-EDS elemental mapping demonstrated uniform distri-
butions of C and N in PyBz-PhN, and homogeneous
dispersion of Ru, Fe, Co, and Ni in their respective metal-
coordinated frameworks, verifying successful and uniform
metal incorporation [Figures S17−S21]. Moreover, the metal
content of PyBz-PhN-Fe, PyBz-PhN-Co, PyBz-PhN-Ni, and
PyBz-PhN-Ru CMPs is determined by the inductively coupled
plasma optical emission spectroscopy (ICP-OES), and the
metal content of 10.93, 9.39, 9.81, and 11.38 wt % of Fe, Co,
Ni, and Ru, respectively are present in their respective metal-
coordinated CMP network.
Electrocatalytic Activity of PyBz-PhN CMP and
PyBz-PhN-M CMPs toward the Hydrogen Evolution
Reaction (HER) under Both Alkaline and Acidic Conditions

To assess the electrocatalytic activities of the synthesized PyBz-
PhN CMP and PyBz-PhN-M CMPs, hydrogen evolution
reaction (HER) measurements were carried out implementing
a standard three-electrode system in 1 M KOH. While Hg/
HgO and Pt wire behaved as the reference and counter
electrodes, respectively. As illustrated in Figure 5a,b, the linear
sweep voltammetry (LSV) profiles reveal that the pristine
PyBz-PhN CMP catalyst exhibits the lowest HER activity,
requiring large overpotentials of 730 and 930 mV to achieve
current densities of 10 and 50 mA cm−2 (η10 and η50,
respectively) in alkaline medium. In contrast, the metal-
coordinated PyBz-PhN CMPs catalysts displayed markedly
improved activity, delivering higher current densities at
significantly lower overpotentials. The overpotentials at η10,
and η50 follow the order: PyBz-PhN-Ru CMP (217, 370 mV) >
PyBz-PhN-Ni CMP (531, 660 mV) > PyBz-PhN-Co CMP
(555, 666 mV) > PyBz-PhN-Fe CMP(570, 740 mV). The
enhanced HER performance of the metal-coordinated catalysts
clearly demonstrates the beneficial role of metal incorporation
in facilitating charge transfer and lowering the energy barrier
for H2 evolution.

60 By comparing the LSV data of Pt/C, the
PyBz-PhN-Ru CMP needed 177 mV more overpotential to
deliver 10 mA cm−2 current density than that of Pt/C (η10 =
40 mV) [Figure S22]. Notably, PyBz-PhN-Ru CMP exhibits
the best catalytic activity among all metal-coordinated
synthesized samples, requiring the smallest overpotential
(513 mV) to reach a large current density of 100 mA cm−2

[Figure S23]. The Tafel slope, a key descriptor of HER
catalytic kinetics, was obtained from the linear region of the
Tafel plots, which were derived from the corresponding LSV
polarization curves. A lower Tafel slope indicates more
favorable HER kinetics, reflecting a steeper rise in catalytic
current with smaller overpotential increments. As shown in
Figure 5c, the Tafel slopes are 127, 207, 129, 171, and 254 mV
dec−1 for PyBz-PhN-Ru, PyBz-PhN-Fe, PyBz-PhN-Co, PyBz-
PhN-Ni, and pristine PyBz-PhN CMP, respectively. Among all
catalysts, PyBz-PhN-Ru CMP exhibits the lowest Tafel slope,
demonstrating the fastest reaction kinetics for HER. The Tafel
slope values of all CMP-based catalysts fall within the regime
characteristic of alkaline HER governed by water dissociation,
indicating that the Volmer step (H2O dissociation and initial
proton discharge) is the rate-determining step (r.d.s.).
Importantly, the significantly reduced Tafel slope of PyBz-
PhN-Ru CMP compared to PyBz-PhN-Fe, PyBz-PhN-Co, and
PyBz-PhN-Ni CMPs confirms that Ru coordination effectively

promotes the Volmer step by accelerating proton discharge
and enhancing electron-transfer efficiency. This suggests that
Ru incorporation lowers the kinetic barrier associated with
water dissociation and improves interfacial charge transport,
leading to more efficient catalytic turnover during HER.61 This
synergistic effect accounts for the enhanced HER kinetics and
superior overall catalytic activity of PyBz-PhN-Ru CMP.
Electrochemical impedance spectroscopy (EIS) was performed
at an overpotential of 200 mV to further assess the charge
transfer characteristics of the catalysts [Figures S24 and 5d].
The Nyquist plots reveal that PyBz-PhN-Ru CMP exhibits the
smallest semicircular diameter in the low-frequency region,
indicating a lower charge transfer resistance (Rct). By fitting the
Nyquist plot with the equivalent circuit model shown in the
inset of Figure 5d, the Rct value for PyBz-PhN-Ru CMP was
determined to be 89 Ω. This remarkably low Rct confirms that
Ru coordination effectively enhances electron transport across
the electrode−electrolyte interface, thereby facilitating faster
charge transfer and promoting superior HER kinetics.62 Table
S3 Summarized Rct values of all synthesized PyBz-PhN CMP
and PyBz-PhN-M CMPs electrocatalysts at an overpotential of
200 mV in 1 M KOH electrolyte. The exchange current
density (jo) serves as a fundamental parameter for character-
izing the intrinsic kinetic activity of electrocatalysts at
equilibrium. It quantifies the bidirectional charge (electron)
transfer rate across the electrode−electrolyte interface under
equilibrium conditions. Typically, jo is determined using the
Tafel extrapolation method, wherein the linear portion of the
Tafel plot is extrapolated to zero overpotential. PyBz-PhN-Ru
CMP exhibits an exceptional jo value of 209 mA cm−2, which is
significantly higher than those of PyBz-PhN-Fe CMP (17 mA
cm−2), PyBz-PhN-Co CMP (0.49 mA cm−2), PyBz-PhN-Ni
CMP (7.49 mA cm−2), and the pristine PyBz-PhN CMP (13.3
mA cm−2). This remarkable enhancement clearly demonstrates
that Ru coordination markedly accelerates the charge transfer
process at the electrode−electrolyte interface, thereby endow-
ing PyBz-PhN-Ru CMP with the highest intrinsic catalytic
activity among the investigated materials. Overall, PyBz-PhN-
Ru outperforms most previously reported CMP-, COF-, and
POP-based catalysts (Table S4), highlighting its strong
potential as an efficient and robust electrocatalyst for alkaline
HER applications. The improved interfacial conductivity of
PyBz-PhN-Ru CMP is crucial to its outstanding electro-
catalytic performance. The enhanced electrocatalytic perform-
ance of the catalysts can be attributed to the increased
electrochemically accessible surface area (ECSA) and the
abundance of inherent active sites. To assess these factors, the
double-layer capacitance (Cdl) was extracted based on CV
measurements conducted at various scan rates in the
nonfaradaic region. The corresponding CV curves for all
catalysts are presented in Figure S25.
As shown in Figure 5e, the PyBz-PhN-Ru CMP catalyst

exhibits the highest Cdl value of 0.206 mF, followed by PyBz-
PhN-Ni CMP (0.193 mF), PyBz-PhN-Co CMP (0.098 mF),
PyBz-PhN-Fe CMP (0.075 mF), and PyBz-PhN CMP (0.043
mF). The higher Cdl value of PyBz-PhN-Ru suggests a
substantially larger electrochemically active surface area,
which enhances the availability of catalytic sites for the H2
evolution reaction. As depicted in Figure 5f, PyBz-PhN-Ru
CMP retained approximately 86% of its initial current density
after 18 h of continuous operation, demonstrating excellent
steady-state catalytic stability. Furthermore, the HER polar-
ization curves recorded before and after 2000 continuous CV
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cycles [Figure S27] exhibited negligible loss in cathodic
current, confirming the superior dynamic stability and robust
structural integrity of the PyBz-PhN-Ru CMP catalyst under
prolonged electrochemical conditions. Moreover, the PyBz-
PhN-Ru CMP maintained approximately 70% retention of
initial current density even after prolonged 50 h of
chronoamperometric testing, further confirming its noticeable
electrochemical stability [Figure S28]. Additionally, SEM
images further reveal that the overall porous architecture and
surface morphology of PyBz-PhN-Ru CMP are largely retained
following prolonged HER operation, demonstrating the
material’s structural integrity [Figure S29]. Moreover,
chronoamperometric tests of PyBz-PhN CMP and its Fe-,
Co-, and Ni-coordinated derivatives were performed in 1 M
KOH. As shown in Figure S30, the PyBz-PhN CMP
demonstrates poor stability for prolonged HER operation. In
contrast, the PyBz-PhN-M CMPs (M = Fe2+, Co2+, Ni2+)
maintains nearly constant current densities over 18 h,
confirming their robust operational stability toward HER.
Furthermore, the ECSA values, which are calculated from the
respective Cdl data (detail is provided in Supporting
Information), are 5.15, 1.87, 2.45, 4.82, and 1.07 cm2 for
PyBz-PhN-Ru, PyBz-PhN-Fe, PyBz-PhN-Co, PyBz-PhN-Ni,
and PyBz-PhN CMPs, respectively [Figure 6a]. These findings
confirm that the PyBz-PhN-Ru CMP holds the largest number
of accessible catalytic sites, which play a pivotal role in its
superior HER performance by facilitating efficient electron and
proton transfer during the reaction process. In addition to the
Cdl and ECSA values, other critical parameters, such as specific
activity, mass activity, and turnover frequency (TOF), were
evaluated to gain a deeper understanding of the HER
performance. The specific activity was obtained by normalizing
the LSV curves with respect to the ECSA of each catalyst,

thereby reflecting the intrinsic catalytic activity independent of
surface area effects. As reported in Figure 6b, PyBz-PhN-Ru
CMP shows a substantially higher specific activity across a
wide potential range compared to the pristine PyBz-PhN and
its metal-coordinated counterparts PyBz-PhN-M (M = Fe2+,
Co2+, Ni2+).
Specifically, at overpotentials of 200, 300, and 400 mV,

PyBz-PhN-Ru CMP demonstrates approximately 2.3, 7.0, and
10.2 fold higher specific activity, respectively, than the pristine
PyBz-PhN CMP catalyst [Figure 6c]. Furthermore, the mass
activity, derived by normalizing the polarization curves to the
mass of the loaded catalyst, also highlights the superior
performance of PyBz-PhN-Ru CMP. As depicted in Figure 6d,
PyBz-PhN-Ru achieves a mass activity exceeding 100 mA mg−1

at an overpotential of 370 mV, whereas the pristine PyBz-PhN
CMP and PyBz-PhN-M (M = Fe2+, Co2+, Ni2+) catalysts
exhibit mass activities below 6 mA mg−1 under the same
conditions. Notably, PyBz-PhN-M catalysts (M = Fe2+, Co2+,
Ni2+) still outperform the pristine PyBz-PhN CMP in the
higher overpotential region, confirming the beneficial role of
metal coordination. To further assess the intrinsic catalytic
efficiency, the TOF values were calculated under alkaline
conditions, as described in the Supporting Information. As
shown in Figure S26, PyBz-PhN-Ru CMP exhibits an
impressive TOF of 65.2 s−1 at 450 mV, far exceeding those
of the other synthesized catalysts. Overall, the outstanding
electrocatalytic performance of PyBz-PhN-Ru CMP can be
attributed to its combination of high specific and mass
activities, low charge-transfer resistance, and superior intrinsic
reaction kinetics (high TOF). These results underscore the
effectiveness of Ru coordination in enhancing the catalytic
properties of CMP-based frameworks, making PyBz-PhN-Ru
CMP a highly active and cost-efficient electrocatalyst for the

Figure 6. (a) Summarized electrochemical surface area (ECSA) values, (b) calculated specific activity of pristine PyBz-PhN CMP and PyBz-PhN-
M CMPs (M = Fe2+, Co2+, Ni2+, Ru2) across a range of overpotentials in 1 M KOH, (c) comparison of specific activity for Pristine PyBz-PhN CMP
and PyBz-PhN-Ru CMP at overpotentials of 200, 300, and 400 mV, and (d) Mass activity comparison between pristine PyBz-PhN CMP and PyBz-
PhN-M CMPs (M = Fe2+, Co2+, Ni2+, Ru2+) across a range of overpotentials.
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H2 evolution reaction. In addition to its outstanding HER
activity, long-term operational stability is a critical parameter
for evaluating the overall catalytic performance. The durability
of the PyBz-PhN-Ru CMP catalyst was examined using
chronoamperometric measurements at a fixed potential of
−0.220 V vs RHE, corresponding to a current density of 10
mA cm−2. To further evaluate the catalytic versatility, the HER
activity of the synthesized materials was also investigated in an
acidic electrolyte (0.5 M H2SO4). The corresponding LSV
profiles of all catalysts are shown in Figure 7a. The metal-
coordinated catalysts (PyBz-PhN-Ru, PyBz-PhN-Fe, PyBz-
PhN-Co, and PyBz-PhN-Ni CMPs) exhibit significantly lower
overpotentials compared to the pristine PyBz-PhN CMP,
indicating enhanced proton reduction capability. Specifically,
PyBz-PhN-Ru CMP requires only 178 mV to achieve a current
density of 10 mA cm−2 [Figure 7b], outperforming its
counterparts PyBz-PhN-Fe CMP (293 mV), PyBz-PhN-Co
CMP (309 mV), and PyBz-PhN-Ni CMP (202 mV).
Remarkably, even the pristine PyBz-PhN CMP exhibits a
relatively low overpotential of 314 mV at 10 mA cm−2,
surpassing many previously reported metal-free electrocatalysts
[Table S3]. Moreover, at a higher current density of 100 mA
cm−2, the PyBz-PhN-Ru CMP required less overpotential of
413 mV [Figure S31]. As illustrated in Figure 7c, the
corresponding Tafel slopes further corroborate the superior
catalytic kinetics of PyBz-PhN-Ru CMP, which records a slope
of 131 mV dec−1, the smallest among all tested catalysts. In
comparison, the Tafel slopes for PyBz-PhN-Fe, PyBz-PhN-Co,
PyBz-PhN-Ni, and pristine PyBz-PhN CMPs are 141, 163,
184, and 177 mV dec−1, respectively. These findings
collectively demonstrate that PyBz-PhN-Ru CMP not only
delivers exceptional HER performance in alkaline media but
also maintains excellent catalytic efficiency and stability under
acidic conditions, underscoring its potential as a robust and
versatile electrocatalyst for H2 evolution.
Exploring the Intrinsic Electrochemical Mechanism of
PyBz-PhN CMP and PyBz-PhN-M CMPs for HER

DFT calculations were carried out to elucidate the underlying
hydrogen evolution reaction (HER) mechanism of the
catalysts in an alkaline medium. Atomic models of the pristine
PyBz-PhN CMP and PyBz-PhN-M CMPs (M = Fe2+, Co2+,
Ni2+, and Ru2+), were constructed and fully optimized, as
depicted in Figures 8a,b, respectively. The calculated binding

energies of the PyBz-PhN-M systems, obtained using eq S3,
were all negative, confirming that metal incorporation into the
CMP framework is thermodynamically favorable. The
corresponding binding energy values are provided in Figure
S32. Bader charge analysis reveals that, upon metal
coordination, electron transfer occurs from the metal ion
centers (M) to the CMP framework, following the order: Ru
(0.30 e−) < Ni (0.40 e−) < Co (0.43 e−) < Fe (0.46 e−). This
gradual increase in electron depletion on the metal centers
suggests that the coordination of metal atoms effectively
modulates the electronic structure of the CMP, thereby
enhancing the intrinsic catalytic activity toward HER by
facilitating charge redistribution and improving the adsorp-
tion−desorption kinetics of hydrogen intermediates. For
alkaline HER, the dissociation of H2O is a pivotal step, as
water serves as the primary proton source in such media,
commonly referred to as the Volmer step.63,64 To prove this
process, the adsorption energy of H2O molecules was first
calculated, and the results are shown in Figure 8c. The pristine
PyBz-PhN CMP exhibits weak physisorption of H2O with an
adsorption energy of −0.16 eV, whereas the metal-coordinated
PyBz-PhN-M CMPs display strong chemisorption of H2O
molecules. The calculated H2O dissociation barriers, presented
in Figure 8d, reveal that pristine PyBz-PhN CMP possesses the
highest barrier (1.09 eV), indicating sluggish H−OH bond
cleavage and limited formation of H* intermediates, thus
accounting for its poor HER kinetics under alkaline conditions.
In contrast, the PyBz-PhN-M CMPs catalysts exhibit
substantially reduced dissociation barriers of 0.34, 0.24, 0.22,
and 0.17 eV for Fe, Co, Ni, and Ru, respectively. Among these,
PyBz-PhN-Ru CMP demonstrates the lowest energy barrier,
signifying its superior ability to facilitate water dissociation and
hydrogen generation. Additionally, the free energy of hydrogen
adsorption (ΔGH*) was calculated to assess the thermody-
namics of hydrogen intermediate formation.
The DFT results show that PyBz-PhN-Ru CMP possesses

the smallest ΔGH*, indicating optimal hydrogen adsorption−
desorption balance and enhanced catalytic efficiency. Combin-
ing insights from both the H2O dissociation and hydrogen
adsorption steps, PyBz-PhN-Ru clearly offers the most
favorable energetics for alkaline HER.65 Consequently, the
predicted activity trend follows the order: PyBz-PhN-Ru CMP
> PyBz-PhN-Ni CMP > PyBz-PhN-Co CMP > PyBz-PhN-Fe

Figure 7. (a) Polarization characteristics of HER and (b) bar representations of overpotentials at 10 and 50 mA cm−2 and (c) corresponding Tafel
slopes of all prepared PyBz-PhN CMP and PyBz-PhN-M CMPs (M = Fe2+, Co2+, Ni2+, and Ru2+) catalysts in 0.5 M H2SO4 electrolyte.
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CMP > PyBz-PhN CMP, which aligns well with the
experimental results. These findings confirm that the improved
HER activity of the PyBz-PhN-M CMPs series, particularly the
Ru-based catalyst, stems from the reduced energy barriers and
more favorable free energies associated with H2O* and H*
intermediates during the reaction process. To gain deeper
insight into the electronic behavior of PyBz-PhN and PyBz-
PhN-Ru CMPs during the water dissociation process, differ-
ential charge density (DCD) and Bader charge analyses were

performed for the H2O-adsorbed configurations. The DCD
plots, presented in Figure S33, reveal distinct charge transfer
from the metal atom to the adsorbed H2O molecule.
Quantitative Bader analysis indicates that approximately
0.073 e− is transferred in the PyBz-PhN-Ru system, compared
to only 0.028 e− in the pristine PyBz-PhN. This enhanced
electron transfer in PyBz-PhN-Ru weakens the O−H bond of
the adsorbed H2O molecule, resulting in a longer bond length
of 0.977 Å. The elongation of the O−H bond signifies easier

Figure 8. (a) Optimized configuration of pristine PyBz-PhN CMP, (b) PyBz-PhN-M CMPs (M = Fe2+, Co2+, Ni2+, and Ru2+), (c) adsorption
energies of H2O for various surfaces, (d) free energy diagram of HER (ΔGH*) for various surfaces, and (e) PDOS of various Ms in PyBz-PhN-M
CMPs.
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water dissociation, thereby facilitating the Volmer step during
HER under alkaline conditions. The projected density of states
(PDOS) plots for the various metal-coordinated CMPs are
shown in Figure 8e. The pristine PyBz-PhN CMP exhibits a
HOMO−LUMO gap of approximately 0.80 eV. Upon metal
incorporation, additional metal d-states appear near the Fermi
level, enhancing the density of available electronic states and
promoting stronger interaction with HER intermediates. To
further elucidate the hydrogen adsorption behavior, the d-band
center (εd) relative to the Fermi level was calculated from the
PDOS, as the binding strength of adsorbed hydrogen (H*) is
intimately linked to the electronic structure of the active site.66

A higher d-band εd value indicates more unoccupied
antibonding states, typically resulting in stronger adsorption
of reaction intermediates.67 The spin-down d-band centers
(εd↓) for each metal-incorporated CMP are summarized in
Figure 8e. Notably, a strong linear correlation between εd↓ and
ΔGH* (R2 = 0.87) is observed, as shown in Figure S34,
consistent with previous literature reports.68 This correlation
confirms that the d-band center is a key descriptor governing
HER activity. Specifically, the upward shift of εd↓ in PyBz-PhN-
Co CMP accounts for its stronger H* adsorption, while the
downward shift of εd↓ in PyBz-PhN-Ru CMP weakens the H*
adsorption to an optimal level. Such moderate binding strength
is highly favorable for efficient HER kinetics, as it optimizes the
adsorption and release of H* intermediates, thereby improving
the overall hydrogen evolution activity.

■ CONCLUSIONS
In essence, we have demonstrated the successful fabrication of
PyBz-PhN CMP and its metal-coordinated derivatives (PyBz-
PhN-M CMPs; M = Fe2+, Co2+, Ni2+, Ru2+) via a one-pot
Suzuki−Miyaura cross-coupling reaction. Comprehensive
experimental investigations, combined with DFT calculations,
confirm that metal coordination within the CMP framework
significantly enhances catalytic activity for the HER. In
particular, Ru incorporation effectively promotes key steps in
the alkaline HER process, including water dissociation, H2
adsorption, and H2 generation, thereby improving overall
reaction kinetics. As a result, PyBz-PhN-Ru CMP demon-
strates notable electrocatalytic efficacy, exhibiting small
overpotential requirements of 217 and 370 mV required to
achieve 10 and 50 mA cm−2, respectively. In addition, it
exhibits a small Tafel slope of 127 mV dec−1, a high Cdl of
0.206 mF, and a low Rct of 89 Ω, confirming its superior HER
activity compared with the other metal-coordinated analogues.
Furthermore, enhanced HER behavior observed in Fe-, Co-,
and Ni-modified CMPs, as opposed to PyBz-PhN CMP,
underscores the critical role of metal coordination in tuning
the electronic structure and optimizing catalytic properties.
These results uncover critical aspects of the rational design of
metal-coordinated CMPs as efficient and robust electro-
catalysts for sustainable H2 production.
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