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A B S T R A C T

The development of earth-abundant, metal-organic electrocatalysts for the oxygen evolution reaction (OER) is 
crucial for sustainable hydrogen production. Herein, we report a series of conjugated microporous polymers 
(CMPs) derived from 1,1,2,2-tetrakis(4-ethynylphenyl) ethane (TPE-T) and phenylenebis(azaneylylidene))bis 
(methaneylylidene))bis(3-bromophenol) [OPDI-2Br] using a simple and efficient Sonogashira alkyne coupling 
reaction, either non-coordinated and pre-coordinated with ferrous (Fe2+), cobalt(II) (Co2+), and nickel(II) (Ni2+) 
ions. N2 adsorption–desorption analyses demonstrate that metal coordination induces torsional strain in the 
OPDI backbone, disrupting π–π stacking, generating nonplanar architectures, and producing hierarchical micro/ 
mesoporosity. Electrochemical evaluation in aqueous potassium hydroxide (KOH, 1.0 M) shows that the Co- 
coordinated CMP (TPE-OPDI-Co) achieves a low overpotential of 400 mV at 10 mA cm− 2, a Tafel slope of 74 
mV dec− 1, and a charge-transfer resistance of79.4 Ω. Its electrochemical surface area (4.47 cm2) and long-term 
durability (Δ E < 7 mV after 1000 cycles) rival those of benchmark Ruthenium(IV) oxide (RuO2) and Iridium(IV) 
oxide (IrO2)/C catalysts. This work highlights metal coordination as a versatile strategy for tailoring the porosity 
and electronic structure of CMPs to achieve high-performance OER electrocatalysis.

1. Introduction

The rapid depletion of fossil fuels and the escalating energy demands 
of modern society necessitate the development of sustainable and 
renewable energy sources [1–3]. In this context, electrochemical water 
splitting, which involves the hydrogen evolution reaction (HER) and the 
OER, has emerged as a promising route for the production of clean 
hydrogen [4–7]. Despite its potential, the overall efficiency of water 
splitting is significantly hindered by the sluggish kinetics of the OER, a 
process that involves a complex four-electron transfer mechanism 
[8–16]. Traditionally, precious metal-based catalysts, such as RuO2 and 

IrO2, have been regarded as benchmark electrocatalysts for the oxygen 
evolution reaction (OER) due to their exceptional activity. However, 
their scarcity and high cost severely restrict their large-scale application, 
prompting researchers to seek earth-abundant alternatives [17–30]. 
First-row transition metals such as Fe, Co, and Ni are desirable for this 
study due to their natural abundance, low cost, and demonstrated cat
alytic activity in alkaline media. Their multiple accessible oxidation 
states and favorable coordination chemistry enable the formation of 
stable complexes with organic ligands while maintaining structural 
integrity under electrochemical conditions [30,31]. In addition, these 
metals are highly compatible with conjugated polymer frameworks, 
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allowing for uniform dispersion of active sites and efficient electronic 
communication throughout the porous network. Collectively, these 
properties make Fe, Co, and Ni ideal candidates for designing robust, 
efficient, and scalable oxygen evolution catalysts based on organ
ic–inorganic hybrid materials.

Porous organic polymers (POPs) have recently garnered attention 
due to their tunable porosity, high surface area, and versatile chemical 
functionality [31–38]. Among the different classes of POPs, including 
metal-organic frameworks (MOFs) [39], covalent organic frameworks 
(COFs) [40–42], and conjugated microporous polymers (CMPs) 
[43–45],CMPs are particularly attractive since they offer superior hy
drothermal stability and can be synthesized via robust covalent bonding 
strategies [46–56]. Unlike MOFs and COFs, CMPs can easily incorporate 
functional building blocks, which is crucial for designing materials with 
enhanced catalytic performance [57–61]. The integration of the transi
tion of metal species into a conjugated organic framework is an effective 
strategy to improve catalytic activity. The incorporation not only facil
itates efficient charge transfer but also provides abundant active sites for 
the catalytic reaction [62–66]. This approach is especially promising for 
the development of advanced OER electrocatalysts.

Building upon this platform, transition metal complexes incorpo
rating salen ligands have attracted considerable interest due to their 
strong chelating ability and exceptional capacity to stabilize metal ions. 
The tetradentate nature of salen ligands, featuring two nitrogen and two 
oxygen donor atoms, enables the formation of highly stable coordination 
complexes with a wide range of transition metals. These complexes 
exhibit well-defined geometries and electronic properties, making them 
valuable in various fields, including catalysis and coordination chem
istry [20,67]. Salen-type metal complexes have demonstrated excellent 
redox and electrochemical properties, making them appealing candi
dates for various electrocatalytic applications [20,67]. Although these 
complexes have been extensively studied in the context of organic 
transformations [68,69], their potential in OER catalysis remains 
underexplored. By grafting transition metals such as Fe, Co, and Ni onto 
TPE-OPDI-based CMPs, one can harness the benefits of both the intrinsic 
catalytic activity of the metal centers and the robust, highly conjugated 
porous structure of CMPs [70]. Recent studies have shown that 
metal-modified porous frameworks, including metal-grafted COFs and 
MOFs, exhibit promising catalytic activity for water splitting. However, 
these materials often suffer from low hydrothermal stability and syn
thetic challenges that limit their practical applications. In contrast, 
CMPs offer a robust platform with high thermal and chemical stability, 
making them ideal for long-term electrocatalytic applications [71]. 
Furthermore, hybrid materials, such as metal-doped carbon nano
structures including graphene and carbon nanotubes (CNTs), have been 
investigated to further enhance catalytic efficiency [72].

We prepared a series of OPDI-2Br Schiff-base monomers bearing 
salen moieties in four variants, non-coordinated, Fe2+-, Co2+-, and Ni2+- 
coordinated (OPDI-M-2Br), and then subjected each to Sonogashira 
coupling with TPE-T. This strategy yielded four CMPs, TPE-OPDI, TPE- 
OPDI-Fe, TPE-OPDI-Co, and TPE-OPDI-Ni, collectively referred to as the 
TPE-based CMP series. Covalent integration of the OPDI units produced 
highly conjugated, amorphous networks with accessible metal coordi
nation sites, as supported by evidence from various analytical ap
proaches. Nitrogen sorption analysis revealed that metal coordination 
induces backbone torsion and generating hierarchical micro/meso
porosity with Brunauer–Emmett–Teller surface areas rising from 4 m2 

g− 1 (TPE-OPDI CMP) to 60, 154, and 281 m2 g− 1 for the TPE-OPDI-Fe, 
TPE-OPDI-Co, and TPE-OPDI-Ni CMPs, respectively. Electrochemical 
testing in 1.0 M KOH demonstrated that all three TPE-OPDI-M CMPs 
dramatically outperform the metal-free polymer in the oxygen evolution 
reaction (OER): TPE-OPDI-Co CMP achieves the lowest overpotential of 
400 mV at 10 mA cm− 2, a Tafel slope of 74 mV dec− 1, a high electro
chemical surface area (4.47 cm2), and a minimal overpotential increase 
(<7 mV) after 1000 cycles, rivaling benchmark RuO2. These results 
clearly illustrate that pre-metalation of the OPDI building blocks is a 

powerful strategy to tune CMP porosity, electronic structure, and cata
lytic accessibility, yielding highly active and durable OER 
electrocatalysts.

2. Experimental section

2.1. Materials

1,2-Diaminobenzene (98 %), cobalt(II) acetate anhydrous [Co 
(CH3COO)2, 98 %], nickel(II) acetate tetrahydrate [Ni(CH3COO)2⋅4H2O, 
99 %], triphenylphosphine (PPh3, 99 %), and ethanol (99.5 %) were 
purchased from Alfa Aesar. Pd(PPh3)4 (99 %) was obtained from Leyan, 
while N,N-dimethylformamide (DMF, 99.9 %) was sourced from DUK
SAN. 4-Bromo-2-hydroxybenzaldehyde (99.5 %) and copper(I) iodide 
(CuI, 98 %) were acquired from Sigma-Aldrich. Iron(II) acetate anhy
drous [Fe(CH3COO)2, 98 %] was supplied by Combi-Block. Hexane (95 
%), N, N-diethylethanamine (Et3N), and tetrahydrofuran (THF, 99.9 %) 
were obtained from Merck. Additionally, in our previous study [73–76], 
the synthesis of 1,1,2,2-tetrakis(4-ethynylphenyl)ethene (TPE-T) was 
successfully achieved and characterized.

2.2. Synthesis of OPDI-2Br

In a 100 mL round-bottom flask, 0.50 g (4.63 mmol) of 1,2-diamino
benzene, 1.86 g (9.25 mmol) of 4-bromo-2-hydroxybenzaldehyde, and 
50 mL of ethanol were combined. The mixture was refluxed for 24 h and 
then allowed to cool to room temperature. The light-yellow product was 
obtained via filtration and treated with ethanol to remove residual 
monomers [Yield: 70 %] [Scheme S1].

2.3. Synthesis of OPDI-M-2Br

OPDI-2Br (0.45 g, 0.95 mmol) was individually combined with 
either Fe(CH3COO)2 (0.33 g, 1.89 mmol), Co(CH3COO)2 (0.336 g, 1.89 
mmol), or Ni(CH3COO)2⋅4H2O (0.47 g, 1.88 mmol) in 80 mL of THF 
using a 150 mL flask. The mixtures were stirred at 70 ◦C for 24 h at 600 
rpm. After cooling to room temperature, 500 mL of hexane was added to 
induce precipitation, and the solid products were collected by filtration 
and further purified by washing the obtained solid by hot methanol. The 
isolated products were obtained as follows: OPDI-Fe-2Br as an orange 
solid (yield: 36 %), OPDI-Co-2Br as a brown solid (yield: 40 %), and 
OPDI-Ni-2Br as a red solid (yield: 58 %) [Scheme S2].

2.4. Synthesis of TPE-OPDI and TPE-OPDI-M CMPs

In separate reactions, OPDI-2Br (0.332 g, 0.70 mmol), OPDI-Co-2Br 
(0.415 g, 0.70 mmol), OPDI-Fe-2Br (0.41 g, 0.70 mmol), or OPDI-Ni-2Br 
(0.414 g, 0.70 mmol) was combined with TPE-T (0.15 g, 0.35 mmol), 
CuI (0.035 mmol), PPh3 (0.034 mmol), and Pd(PPh3)4 (0.035 mmol) in a 
mixed solvent of DMF (18 mL) and Et3N (18 mL). The reaction mixtures 
were refluxed at 90 ◦C for 72 h. After cooling to room temperature, the 
resulting solids were collected by filtration and washed several times 
with DMF and THF. The products were then further purified by Soxhlet 
extraction with DMF for three days. The isolated products were as fol
lows: TPE-OPDI CMP as a dark brown solid (yield: 36 %), TPE-OPDI-Fe 
CMP as an amber-colored solid (yield: 36 %), TPE-OPDI-Co CMP as a 
brown solid (yield: 40 %), and TPE-OPDI-Ni CMP as a carrot-colored 
solid (yield: 58 %) [Fig. 1(a) and (b)].

3. Results and discussion

3.1. Synthesis and structural characterization of OPDI-2Br and OPDI-M- 
2Br monomers

We synthesized four monomers, OPDI-2Br, OPDI-Fe-2Br, OPDI-Co- 
2Br, and OPDI-Ni-2Br, and confirmed their chemical structures using 
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FTIR and NMR analyses, as shown in Fig. S1–S5. For the OPDI-2Br series, 
which shares similar structural features, the FTIR spectrum revealed 
absorption bands centered around 1604 to 1616 cm− 1, corresponding to 
the C––N stretching vibrations formed during the Schiff base reaction. 
Additionally, distinct O–H st̄ıretching bands were observed at approxi
mately 3500 and 3200 cm− 1, as illustrated in Fig. S1. Fig. S2(a) unveiled 
the 1H NMR spectrum of OPDI-2Br, displaying proton signals at 13.25, 
8.94, 7.62, 7.47, 7.42, 7.19, and 7.17 ppm, which can be attributed to 
hydroxyl groups, imine units, and aromatic protons. The impact of metal 
coordination on the 1H NMR spectra of OPDI-2Br derivatives is sum
marized in Fig. S3–S5. As shown in Fig. S3(a), the spectrum of OPDI-Fe- 
2Br exhibited no observable proton resonances. This complete signal 
quenching is ascribed to extreme paramagnetic broadening induced by 
high-spin Fe2+ centers (d6 configuration, four unpaired electrons; 
Scheme S3). By contrast, the lower paramagnetism of high-spin Co2+

(d7, three unpaired electrons; Scheme S4) and high-spin Ni2+ (d8, two 
unpaired electrons [Scheme S5] allows for well-resolved spectra. OPDI- 
Co-2Br displays sharp resonances at 9.03, 8.88, 8.40, 8.28, 7.63, 7.53, 
7.47, 7.38, and 7.18 ppm [Fig. S4(a)], which are assignable to imine 
(C––N), hydroxyl (O–H), and aromatic protons. Likewise, OPDI-Ni-2Br 
exhibits signals at 10.93, 8.11, 7.55, 7.54, 7.43, 7.42, and 7.07 ppm 
[Fig. S5(a)]. The preservation of narrow line widths in the Co2+ and Ni2+

complexes, compared to the fully broadened Fe2+ system, directly cor
relates with an unpaired electron count of each metal and resulting 
paramagnetism. These findings conclusively demonstrate that metal 
incorporation modulates the local electronic environment of the OPDI 
scaffold, with the degree of NMR signal suppression serving as a probe of 
the metal center’s spin state. Complementary insights were provided by 
unveiling the 13C NMR spectrum in Fig. S2(b). Imine and aromatic 
carbon signals of OPDI-2Br are disposed at 162, 161, 141, 133, 128, 126, 
123, 122, 119, and 118 ppm. With metal incorporation, the 13C NMR 
spectra of the metal-coordinated monomers also exhibited significant 
shifts. Specifically, OPDI-Fe-2Br showed no signals due to paramagnetic 
properties [Fig. S3(b)]; OPDI-Co-2Br displayed signals at 168, 158, 144, 
137, 129, 128, 124, 119, 117, and 116 ppm [Fig. S4(b)]; and OPDI-Ni- 
2Br exhibited signals at 166, 157, 140, 135, 130, 128, 120, 118, and 117 

ppm [Fig. S5(b)]. Overall, the combined 1H NMR and 13C NMR data 
confirm that metal incorporation into the OPDI-2Br structure leads to 
changes in the electronic environment and hybridization of the mono
mers, which is indicative of successful coordination between the OPDI 
structure and the metal species.

3.2. Synthesis and structural characterization of TPE-OPDI and TPE- 
OPDI-M CMPs

As depicted in Fig. 1(a)–1(b), TPE-T underwent Sonogashira 
coupling reactions with OPDI-2Br and its metal-coordinated derivatives, 
OPDI-Fe-2Br, OPDI-Co-2Br, and OPDI-Ni-2Br, yielding four CMPs, 
namely TPE-OPDI, TPE-OPDI-Fe, TPE-OPDI-Co, and TPE-OPDI-Ni 
CMPs. These materials, collectively referred to as TPE-based CMPs, 
were thoroughly characterized using FTIR, solid-state 13C NMR, XRD, 
XPS, TGA, and spectroscopy to validate their structures. The FTIR 
spectra, presented in Fig. 1(c), revealed key characteristic peaks com
mon to all TPE-based CMPs. A broad absorption in the range of 
3083–3693 cm− 1 was attributed to the O–H stretching vibrations from 
phenolic groups in the OPDI units, as shown in Scheme S2. A distinct 
peak near 2200 cm− 1 indicated the presence of C–––C bonds, confirming 
the formation of alkynyl linkages between TPE and OPDI moieties 
[77–79]. Additionally, the absorption band observed around 1668 cm− 1 

corresponds to the C––N stretching vibration, indicating the formation 
of a Schiff base during the synthesis of OPDI-2Br and OPDI-M-2Br. The 
Raman spectra presented in Fig. S6 exhibit characteristic vibrational 
features observed across all TPE-OPDI CMP and TPE-OPDI-M CMP 
samples. Notably, a sharp peak at approximately 2205 cm− 1 is assigned 
to the C–––C stretching vibration, confirming the presence of alkynyl 
linkages connecting the TPE and OPDI units, in agreement with the FTIR 
analysis.

Furthermore, a series of bands in the 1545-1650 cm− 1 range can be 
attributed to the C––C stretching vibrations of aromatic rings, as well as 
C––N stretching associated with the imine groups, reflecting the integ
rity of the conjugated frameworks in both TPE-OPDI CMP and TPE- 
OPDI-M CMP materials. The solid-state 13C NMR spectra further 

Fig. 1. Synthesis of (a) TPE-OPDI CMP and (b) TPE-OPDI-M CMPs by the Sonogashira coupling reaction and the corresponding (c) FTIR spectra, (d) XRD spectra, (e) 
XPS spectra, and (f) TGA profiles of TPE-OPDI CMP and TPE-OPDI-M CMPs.
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supported the structural features of these CMPs. Carbon signals in the 
100–200 ppm region were mainly attributed to aromatic carbon atoms, 
while peaks in the 90–100 ppm region were assigned to acetylenic 
carbons. Specifically, TPE-OPDI CMP exhibited signals at 143 ppm 
(C––C of TPE), 153 ppm (aromatic C–OH), and 161 ppm (C––N), as 
shown in Fig. S7. TPE-OPDI-Fe CMP displayed peaks at 139 ppm (C––C 
of TPE), 156 ppm (aromatic C–OH), and 161 ppm (C––N), as illustrated 
in Fig. S8. TPE-OPDI-Co CMP showed shifts to 140 ppm (C––C of TPE), 
157 ppm (aromatic C–OH), and 163 ppm (C––N), as demonstrated in 
Fig. S9. TPE-OPDI-Ni CMP featured peaks at 143 ppm (C––C of TPE), 
156 ppm (aromatic C–OH), and 161 ppm (C––N), as depicted in Fig. S10. 
X-ray diffraction (XRD) analysis, shown in Fig. 1(d), revealed broad, 
diffuse peaks across all samples, indicating their amorphous nature [80,
81]. A detailed structural analysis of the TPE-based CMPs was performed 
by X-ray photoelectron spectroscopy (XPS) to elucidate the bonding 
environments of carbon, nitrogen, oxygen, and the metal centers [Fig. 1
(e)]. The high-resolution C 1s spectra [Fig. S11(a)] reveal three main 
components: one at 283.6–284.2 eV, corresponding to C–C, C═C, and 
C–––C bonds; a second at 284.9–285.5 eV, attributable to C–N and C═N 
species; and a third at 285.6–286.5 eV, corresponding to C–O bonds. The 
N 1s region [Fig. S11(b)] can be deconvoluted into two peaks: 
398.6–400.3 eV, assigned to imine (C═N) and (C–N) functionalities; and 
398.7–398.9 eV, arising from metal-nitrogen coordination (Fe–N, Co–N, 
or Ni–N) in the corresponding CMPs. Likewise, the O 1s spectra [Fig. S11 
(c)] features two components at 531.2–532.6 eV (phenolic C–O) and 
529.7–531.3 eV, which we assign to metal-oxygen bonds (Fe–O, Co–O, 
or Ni–O). In Fig. 2, the high-resolution M 2p XPS spectra (M: Fe, Co, Ni) 
confirm the presence of divalent metal centers in the CMPs. The 
non-coordinated TPE-OPDI CMP [Fig. 2(a)] shows no discernible M 2p 
peaks, whereas TPE-OPDI-Fe CMP [Fig. 2(b)] exhibits Fe 2p3/2 and Fe 
2p1/2 peaks at 710.7 eV and 724.3 eV, respectively, along with their 
characteristic satellite features, consistent with Fe2+. TPE-OPDI-Co CMP 
[Fig. 2(c)] displays Co 2p3/2 and Co 2p1/2 signals at 781.3 eV and 797.2 
eV, respectively, confirming Co2+ incorporation. TPE-OPDI-Ni CMP 
[Fig. 2(d)] shows Ni 2p3/2 and Ni 2p1/2 peaks at 856.5 eV and 874.2 eV, 
respectively, together with their satellites, indicative of Ni2+. These 

well-defined doublets and satellite structures unambiguously verify the 
+2-oxidation state of Fe, Co, and Ni within the corresponding CMP 
networks [82].

Thermal stability of the TPE-based CMPs was evaluated by ther
mogravimetric analysis (TGA) under a nitrogen atmosphere in Fig. 1(f). 
The temperatures at 10 % weight loss (Td10) for TPE-OPDI, TPE-OPDI- 
Fe, TPE-OPDI-Co, and TPE-OPDI-Ni were 300 ◦C, 387 ◦C, 363 ◦C, and 
379 ◦C, respectively, as summarized in Fig. S12. Their corresponding 
char yields at 800 ◦C were 42.8, 46.8, 58.0, and 53.5 wt%. These data 
demonstrate that coordinating Fe, Co, or Ni to the conjugated structure 
significantly enhances both Td10 and the residual carbonaceous content. 
In particular, TPE-OPDI-Fe CMP exhibits the highest Td10 (387 ◦C), 
whereas TPE-OPDI-Co CMP affords the greatest char yield (58.0 wt%). 
This improvement in thermal robustness upon metal coordination un
derscores the stabilizing effect of Fe, Co, and Ni within the CMP 
network. Scanning electron microscopy (SEM) was used to elucidate the 
hierarchical, porous morphology of the TPE-OPDI CMP and TPE-OPDI- 
M CMP [Fig. 3]. In Fig. 3(a), TPE-OPDI appears as loosely packed, 
micron-scale aggregates with highly irregular, rough surfaces and pro
nounced interparticle voids, indicative of a three-dimensional porous 
network. Upon incorporating iron, the TPE-OPDI-Fe CMP resolves into 
densely interconnected nanoscale clusters with a characteristic sphere 
aggregate-like morphology, reflecting a dramatic increase in external 
surface area [Fig. 3(b)]. Cobalt coordination yields a similar nanocluster 
architecture in TPE-OPDI-Co CMP [Fig. 3(c)], but here plate-like sub
units interweave among the clusters, producing a more pronounced 
mesoporous framework as evidenced by sharp edges and layered 
stacking. Finally, TPE-OPDI-Ni CMP exhibits larger aggregate networks 
punctuated by sponge-like channels and cavities on the order of hun
dreds of nanometers, confirming the presence of multiscale porosity 
throughout the polymer matrix [Fig. 3(d)]. Collectively, these SEM 
images demonstrate that all TPE-OPDI-M CMPs possess a robust, hier
archical pore structure, spanning micron-scale voids down to nanoscale 
clusters, which is ideally suited to facilitate rapid mass transport and 
maximize the exposure of catalytically active sites. Furthermore, 
transmission electron microscopy (TEM) analysis provided additional 

Fig. 2. (a) High-resolution XPS spectrum of TPE-OPDI CMP in the 700–900 eV range, Core-level XPS spectra of (b) TPE-OPDI-Fe CMP, (c) TPE-OPDI-Co CMP, and (d) 
TPE-OPDI-Ni CMP.

Y. Kao et al.                                                                                                                                                                                                                                     International Journal of Hydrogen Energy 173 (2025) 151390 

4 



evidence for the hierarchical and porous architecture of the TPE-based 
CMPs, as shown in Fig. S13–S16. The TEM images of TPE-OPDI CMP 
[Fig. S13(a)–(c)] reveal loosely packed, micron-scale aggregates 
composed of irregular nanoparticles with rough surfaces and interpar
ticle voids. This morphology suggests the formation of a lightly 

agglomerated network of nanoparticles that collectively construct the 
bulk polymer structure.

In the case of TPE-OPDI-Fe CMP [Fig. S14(a) and 14(b)], the TEM 
images display more compact, hierarchical clusters in which numerous 
nanoparticles have fused to form larger, rounded aggregates. By 

Fig. 3. SEM images of (a) TPE-OPDI, (b) TPE-OPDI-Fe, (c) TPE-OPDI-Co and (d) TPE-OPDI-Ni CMPs.

Fig. 4. N2 adsorption/desorption isotherms and pore size distribution profiles of (a) TPE-OPDI, (b) TPE-OPDI-Fe, (c) TPE-OPDI-Co, and (d) TPE-OPDI-Ni CMPs.
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contrast, TPE-OPDI-Co CMP [Fig. S15(a) and 15(b)] exhibits a distinc
tive nanocluster morphology, characterized by the presence of plate-like 
subunits and a pronounced mesoporous character, resulting in a layered 
and highly porous microstructure. TPE-OPDI-Ni CMP [Fig. S16(a) and 
16(b)] shows more massive, blob-like polymer aggregates, which appear 
larger and denser than those observed for the Fe- or Co-based CMPs. 
Notably, the TPE-OPDI-Ni CMP structure features a network of bright 
regions and internal channels within the darker polymer matrix, indi
cating the presence of significant internal porosity. In addition, TEM- 
energy-dispersive X-ray spectroscopy (TEM-EDX) elemental mapping 
confirms the homogeneous distribution of carbon, nitrogen, oxygen, and 
the respective metal centers throughout the TPE-OPDI CMP and TPE- 
OPDI-M CMPs structures, further supporting the successful incorpora
tion of metal ions into the polymer network [Fig. S13–S16]. The surface 
topology and porosity of the TPE-OPDI CMP and TPE-OPDI-M CMPs 
were investigated through nitrogen adsorption-desorption isotherm 
analysis. As depicted in Fig. 4(a)–4(d), TPE-OPDI CMP displayed a type 
III isotherm, characteristic of weak adsorbate-adsorbent interactions 
and indicative of predominantly macroporous or non-porous features. In 
contrast, TPE-OPDI-Fe CMP exhibited a type V isotherm similar to type 
IV behavior, suggestive of the presence of both microporous and mes
oporous domains. Meanwhile, the isotherms of TPE-OPDI-Co and TPE- 
OPDI-Ni CMPs were classified as type IV with pronounced desorption 
hysteresis loops, reflecting typical mesoporous structures with capillary 
condensation effects. The Brunauer–Emmett–Teller (BET) analysis 
revealed that the specific surface areas of TPE-OPDI, TPE-OPDI-Fe, TPE- 
OPDI-Co, and TPE-OPDI-Ni CMPs were 4, 60, 154, and 281 m2 g− 1, 
respectively, demonstrating a substantial increase in surface area upon 
metal incorporation, particularly with Co and Ni coordination. 
Furthermore, pore size distribution was evaluated using non-local den
sity functional theory (NLDFT), which confirmed the coexistence of 
micropores and mesopores across all samples. The dominant pore sizes 
were determined to be 2.01 nm for TPE-OPDI, 1.9 nm for TPE-OPDI-Fe, 
1.6 nm for TPE-OPDI-Co, and 1.7 nm for TPE-OPDI-Ni, thereby 
corroborating the structural diversity introduced by different metal 
centers. These results stipulate that the particularly low surface area of 
the parent TPE-OPDI CMP network arises from its relatively planar, 
densely cross-linked architecture formed during the Sonogashira 
coupling of TPE-T and OPDI-2Br, which limits pore generation. In 
contrast, coordination of metal ions to the OPDI units introduces 
torsional strain into the backbone. When the distorted OPDI-M-2Br 
motifs undergo Sonogashira coupling with TPE-T to form the TPE-OPDI- 
M CMP networks, the resulting structures adopt a nonplanar configu
ration due to the torsional strain introduced by metal coordination.

This deviation from planarity disrupts the dense packing typically 
observed in the metal-free analogues and promotes the formation of a 
more open, porous architecture. Consequently, the metal-containing 
CMPs exhibit significantly increased surface areas and altered pore- 
size distributions relative to the pristine TPE-OPDI CMP network. This 
observation highlights a clear structure-property relationship, demon
strating that metal coordination serves as an effective strategy to 
modulate the porosity and enhance the catalytic accessibility of conju
gated microporous polymers.

3.3. Electrocatalytic performance of TPE-OPDI and TPE-OPDI-M CMPs 
for oxygen evolution reaction

The intrinsic electrocatalytic activity towards the oxygen evolution 
reaction (OER) is achieved using a conventional three-electrode setup in 
1 M KOH electrolyte. To fabricate a working electrode, the slurry of each 
sample was first prepared (details in the Supporting Information) and 
then drop-cast onto a Glassy Carbon Electrode (GCE). We initially con
ducted Linear Sweep Voltammetry (LSV) on both TPE-OPDI and TPE- 
OPDI-M CMPs (M = Fe2+, Co2+, and Ni2+). As seen in Fig. 5(a), even 
with large overpotentials, TPE-OPDI CMP was unable to reach a current 
density of 10 mA cm− 2. But a noticeable reduction in overpotential to 

reach 10 mA cm− 2 (η10) was observed in the metal-coordinated CMPs 
[Fig. 5(b)]. TPE-OPDI-Co CMP required the lowest overpotential (η10) of 
400 mV, followed by TPE-OPDI-Fe CMP (467 mV) and TPE-OPDI-Ni 
CMP (502 mV), indicating that adding a transition metal into POPs 
can improve the catalytic OER activity [83]. In addition, TPE-OPDI-Co 
CMP has possessed an overpotential of only 80 and 40 mV higher than 
state-of-the-art catalysts like RuO2 (~320 mV) [84,85] and IrO2/C 
(~360 mV) [84], respectively. For further validation, the OER activity of 
each CMP was evaluated using the catalyst ink prepared without using 
carbon black. As shown in Fig. S17, the TPE-OPDI-Co CMP still exhibited 
higher OER catalytic activity. Consistently, the trend in OER catalytic 
activity was observed as TPE-OPDI-Co CMP > TPE-OPDI-Fe CMP >
TPE-OPDI-Ni CMP > TPE-OPDI CMP. Moreover, the value of over
potential (η10) for TPE-OPDI-Co CMP is lower or comparable with pre
viously reported metal-coordinated POPs-based electrocatalysts, 
including COFs, CMPs, and MOFs (Table S1). To gain more under
standing about OER kinetics, Tafel slopes of each electrocatalyst were 
calculated from LSV plots [Fig. 5(c)]. The lowest Tafel slope of 
TPE-OPDI-Co CMP (74 mV dec− 1) indicates better driving OER catalytic 
performance than TPE-OPDI-Fe CMP (117 mV dec− 1), TPE-OPDI-Ni 
CMP (183 mV dec− 1), and TPE-OPDI CMP (435 mV dec− 1). Remark
ably, the Tafel slope of TPE-OPDI-Co CMP is lower than that of the 
state-of-the-art catalyst RuO2 (115 mV dec− 1) [84]. Further, Cyclic 
voltammetry (CV) of each electrocatalyst was measured in the 
non-faradaic region as shown in Figures S18(a-d). From that, the slope of 
the Δ i/2 versus scan rate graphs was used to compute the double-layer 
capacitance (Cdl) [Fig. 5(d)]. The calculated Cdl values of TPE-OPDI-Co 
CMP, TPE-OPDI-Fe CMP, TPE-OPDI-Ni CMP, and TPE-OPDI-CMP were 
0.179, 0.055, 0.015, and 0.013 mF, respectively.

To get deep knowledge about the accessibility of active sites at the 
electrode surface for OER intermediates, the electrochemical active 
surface area (ECSA) has been measured for each electrocatalyst. The 
detailed derivation of ECSA has been discussed in the Supporting In
formation. As shown in Fig. S19, the TPE-OPDI-Co CMP demonstrated a 
high ECSA value of 4.47 cm2. Whereas TPE-OPDI-Fe CMP, TPE-OPDI-Ni 
CMP, and TPE-OPDI CMP exhibited ECSA values of 1.37, 0.37, and 0.32 
cm2, respectively. These findings proved that TPE-OPDI-Co CMP 
possessed a superior OER activity among all prepared CMPs. Further, 
turnover frequency (TOF) was calculated for the TPE-OPDI-Co CMP at 
different overpotentials to evaluate the intrinsic electrocatalytic activ
ity. The calculated TOF values for TPE-OPDI-Co CMP were found to be 
1.7, 3.5, 7.6, 16.7, and 36.7 s− 1 at 370, 395, 420, 445, and 470 mV, 
respectively (Fig. S20). Moreover, the observed current was normalized 
by the amount of catalyst loading onto the GCE to determine the mass 
activity. As shown in Fig. S21, the TPE-OPDI-Co CMP exhibited mass 
activity of 160 mA gm− 1 at an overpotential of 450 mV. In contrast, the 
mass activity of TPE-OPDI-Fe CMP and TPE-OPDI-Ni CMP shows only 25 
and 17 mA gm− 1 at the same overpotential, respectively. In addition, we 
performed the catalytic activity of the TPE-OPDI CMP and TPE-OPDI-M 
CMPs for HER in alkaline and acidic electrolytes. The LSV was carried 
out to inspect the HER catalytic performance. It displayed that the TPE- 
OPDI-Co CMP needed the lowest overpotential values of 606, and 467 
mV to reach a current density of 10 mA cm− 2 in alkaline and acidic 
electrolytes, respectively [Fig. S22(a) and S22(b)]. Furthermore, to 
understand charge transfer resistance (Rct) at the interface of electrode- 
electrolyte, an electrochemical impedance spectroscopy (EIS) study was 
conducted of all the electrocatalysts under OER conditions. The Randle 
equivalent circuit model was used to fit Nyquist plots. From the Nyquist 
plots [Fig. 5(e) and S23], it is depicted that Rct values of TPE-OPDI-Co 
CMP, TPE-OPDI-Fe CMP, TPE-OPDI-Ni CMP, and TPE-OPDI CMP are 
79.4, 159, 364.3, and 15450 Ω, respectively. These findings underscore 
that TPE-OPDI-Co CMP has fast kinetics at the electrode-electrolyte 
interface. Further, to check the stability of TPE-OPDI-Co CMP, the LSV 
was taken before and after 1000 CV cycles [Fig. 5(f)]. TPE-OPDI-Co CMP 
exhibited only a 7 mV change in overpotential (at 10 mA cm− 2), which 
showed the superior electrochemical stability of the catalyst. Along with 
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the long-term stability of TPE-OPDI-CO CMP was further assessed using 
chronoamperometric (CA) measurements. As depicted in Fig. S24, the 
current density exhibited negligible decay after 15 h of continuous OER 
performance at three constant potentials (Eapp = 1.60, 1.65, and 1.69 V 
vs. RHE) [Fig. S24(a)]. Furthermore, the retention of stable current 
density even after 50 h of CA testing highlights the excellent electro
chemical steadiness of TPE-OPDI-Co CMP [Fig. S24(b)]. FTIR and SEM 
characterizations of TPE-OPDI-Co CMP were conducted before and after 
the stability test to evaluate potential chemical and morphological 
changes. The FTIR spectra show that the characteristic bands corre
sponding to aromatic C–H, alkyne C–––C, C––C, and C––N units remain 
intact after the stability test, indicating preservation of the chemical 
structure [Fig. S25]. SEM images further reveal that the overall porous 
architecture and surface morphology are largely retained following 
prolonged OER operation, demonstrating the material’s structural 
integrity [Fig. S26]. As shown in Scheme S6, the OER in alkaline media 
follows the conventional adsorbate evolution mechanism (AEM), pro
ceeding through sequential electron–proton transfers involving *OH, 
*O, and *OOH intermediates at the metal coordination sites (A-M, where 
M = Fe2+, Co2+, Ni2+). These active sites originate from the well-defined 
salen-type chelation environment within the CMP framework, which 
ensures both electronic interaction and structural stability during 
catalysis. In addition to the M–OOH pathway, O2 formation may also 
occur through M − O recombination. Among the three metals studied, 
TPE-OPDI-Co CMP exhibited the highest activity, which can be ascribed 
to two main factors: (i) the optimized electronic structure of Co2+ that 
provides favorable binding energies for OER intermediates, lowering the 

reaction barrier, and (ii) the efficient redox flexibility of Co2+/Co3+/ 
Co4+, enabling the generation of highly active Co–O species under 
alkaline conditions.

3.4. Density functional theory (DFT) study

Molecular electrostatic potential (MESP) analysis mapping serves as 
a valuable approach for visualizing the spatial distribution of electro
static potential within a molecule, thereby offering insights into how 
molecular interactions may occur. As presented in Fig. S27, the MESP 
surfaces of TPE-OPDI CMP and its metal-coordinated analogues, TPE- 
OPDI-Fe, TPE-OPDI-Co, and TPE-OPDI-Ni CMPs, highlight significant 
regions of moderate electrostatic potential, shown in green. Regions of 
high electron density, visualized in red, are predominantly localized 
near oxygen atoms in all investigated structures, indicating potential 
electron-donating sites. In the case of pristine TPE-OPDI CMP, electron- 
deficient zones (depicted in blue) are limited to the hydroxyl-substituted 
segments attached to the peripheral aromatic units. In contrast, for the 
TPE-OPDI-M CMPs, electron-deficient areas are concentrated around the 
transition metal centers. These electrophilic regions are well-suited to 
interact with nucleophilic species, enhancing the adsorption of reaction 
intermediates involved in the OER, as seen in Fig. S27. Among TPE- 
OPDI-M CMPs, the regions surrounding the Fe and Ni are moderately 
nucleophilic, which hinders the interaction of incoming nucleophiles or 
the electron-rich species (*O, *OH, and *OOH), thus affecting the OER 
performance in comparison to the TPE-OPDI-Co CMP. This is because of 
the fact that TPE-OPDI-Co CMP has balanced potential (as shown in 

Fig. 5. Electrocatalytic OER performances of TPE-OPDI and TPE-OPDI-M based CMPs in 1 M KOH electrolyte. (a) OER polarization curve (LSV), (b) summarized 
values of overpotentials required to achieve 10 mA cm− 2 current density, (c) Tafel plots, (d) Δ i/2 versus scan rate plot for evaluating Cdl, (e) Nyquist plots of TPE- 
OPDI and TPE-OPDI-M based CMPs, and (f) LSV of TPE-OPDI-Co CMP before and after 1000 CV cycles.
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Fig. S27) across the surface, offering a favorable environment to the 
incoming species.

The electronic characteristics of materials, especially the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied mo
lecular orbital (LUMO) are deeply influenced by their atomic arrange
ments and molecular frameworks. HOMO orbitals are primarily 
concerned with the capacity to deliver electrons, whereas LUMO orbitals 
are concerned solely with the affinity to accept electrons. Fig. 6 depicts 
the HOMO–LUMO distributions and corresponding energy levels for 
TPE-OPDI, TPE-OPDI-Fe, TPE-OPDI-Co, and TPE-OPDI-Ni CMPs. In the 
undoped TPE-OPDI CMP, the HOMO is extensively delocalized, span
ning the molecular core and extending to the side arms, including het
eroatomic regions. A comparable localization is evident in the metal- 
containing derivatives, with the HOMO concentrated in electron-rich 
domains, aligning well with findings from MESP analysis. This central 
electron density suggests improved donor characteristics, which can be 
advantageous in photocatalytic systems. On the other hand, LUMO 
distributions in TPE-OPDI-Fe, TPE-OPDI-Co, and TPE-OPDI-Ni CMPs 
deviate from that of pristine TPE-OPDI CMP. In the TPE-OPDI-M CMPs, 
the LUMOs are primarily localized around the transition metal sites, 
forming electron-deficient centers. These regions are likely to serve as 
binding sites for nucleophiles or adsorbed intermediates, enhancing 
molecular interactions during catalytic processes. The position of 
computed HOMO-LUMO suggests the overall behavior of investigated 
complexes towards the OER pathway as follows: 

TPE-OPDI-Co CMP > TPE-OPDI-Fe CMP > TPE-OPDI-Ni CMP

> TPE-OPDI CMP 

3.5. The OER performance of TPE-OPDI-Co CMP

The activity of TPE-OPDI-Co CMP towards OER was assessed based 
on the value of ηOER. The high values of ηOER correspond to the lower 
activity and vice versa. Thus, for the lower value of ηOER, usually less 
amount of energy is required, and keeping this thing, the ηOER value was 
evaluated by considering the OER mechanism in the alkaline conditions. 
According to the OER mechanism, the geometries of three OER in
termediates (*OH, *O, and *OOH) were optimized by placing them onto 
the surface of the TPE-OPDI-Co CMP. Based on these geometries, the 
Gibbs free energy of each PCET step for TPE-OPDI-Co was determined 
and displayed in Fig. S28 and Table S2. The first step, * + OH− → *OH, is 
moderately endergonic (ΔG1 = 1.10 eV), indicating feasible hydroxyl 
adsorption. This is necessary since OER is an endergonic process overall 

(ΔGOER = 4.92 eV), so to have ΔG1 as endergonic is usually desired. The 
subsequent oxidation steps proceed through *O and *OOH in
termediates, with the *O → *OOH step (ΔG3 = 1.80 eV) being the most 
energetically demanding and thus identified as the potential- 
determining step (PDS). Based on this value, the ηOER was calculated 
to be 0.57 V. It’s generally considered that the DFT predicted OER cat
alysts with overpotentials in the range of 0.60 V [86] possess significant 
OER activities, which align well with the experimentally observed OER 
onset of 1.63 V maximum among all the synthesized CMPs. This 
agreement supports the Co2+ site as the active center and confirms the 
reliability of the computational model. The exergonic final step (*OOH 
→ * + O2) further supports efficient O2 desorption and catalyst 
regeneration.

4. Conclusions

We have demonstrated that pre-coordination of Fe2+, Co2+, and Ni2+

to OPDI-2Br monomers before Sonogashira coupling with TPE-T affords 
salen TPE-OPDI-Fe CMP, TPE-OPDI-Co CMP, and TPE-OPDI-Ni CMP 
networks as outstanding contenders for use as advanced electrocatalysts 
in high-efficiency OER with tunable backbone torsion, hierarchical 
porosity, and enhanced thermal robustness, based on TGA and BET 
measurements. Electrochemical measurements revealed that the TPE- 
OPDI-Co CMP exhibits the highest OER catalytic activity compared to 
TPE-OPDI-Fe CMP, TPE-OPDI-Ni CMP, and the pristine TPE-OPDI CMP. 
In particular, TPE-OPDI-Co CMP exhibits exceptional OER activity, 
which achieves 400 mV at 10 mA cm− 2, a 74 mV dec− 1 Tafel slope, low 
charge-transfer resistance of 79.4 Ω, and excellent cycling stability, 
closely approaching the performance of precious-metal benchmarks. 
These findings establish a clear structure-property relationship whereby 
metal coordination introduces nonplanarity and free volume into CMPs, 
thereby maximizing accessible active sites and accelerating interfacial 
kinetics. This metal-templating approach offers a general platform for 
designing next-generation, earth-abundant electrocatalysts in water 
splitting and beyond.
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electrolysis: from textbook knowledge to the latest scientific strategies and 
industrial developments. Chem Soc Rev 2022;51:4583–762. https://doi.org/ 
10.1039/D0CS01079K.

[5] Qian Q, Zhu Y, Ahmad N, Feng Y, Zhang H, Cheng M, Liu H, Xiao C, Zhang G, Xie Y. 
Recent advancements in electrochemical hydrogen production via hybrid water 
splitting. Adv Mater 2024;36:2306108. https://doi.org/10.1039/D0CS01079K.

[6] Deng R, Zhang B, Zhang Q. Electrochemical water splitting for scale hydrogen 
production: from the laboratory to industrial applications. ChemCatChem 2024;16: 
e202301165. https://doi.org/10.1002/cctc.202301165.

[7] Abdullah H, Shuwanto H, Lie J, Sillanpää M. Evaluation metrics and essential 
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