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ARTICLE INFO ABSTRACT

Keywords: The development of stable, efficient, and cost-effective electrocatalysts for the oxygen evolution reaction (OER)
Porous Organic Polymers (POPs) is critically important due to the intrinsically sluggish kinetics of this process, which significantly limit the ef-
Ferrocene ficiency of water splitting and related electrochemical energy systems. Porous organic polymers (POPs) have
Triazine : s . : s e .

Schiff-base condensation recently emerged as a versatile platform for the design of heterogeneous catalysts; however, their application in
Electrocatalysis water-splitting electrocatalysis, particularly for the OER, remains largely unexplored. In this work, two novel

ferrocene-based porous POP electrodes were designed, synthesized, and subsequently supported on nickel foam
(NF) for evaluation as OER electrocatalysts. The resulting electrodes exhibit remarkable electrocatalytic activity
and excellent operational stability under alkaline OER conditions. Notably, in 1.0 M KOH, the most active
catalyst, Fc-PBTD POP, achieves a low overpotential of approximately 291 mV at a current density of 10 mA
ecm~2, along with a small Tafel slope of 86 mV dec”. Furthermore, the catalyst demonstrates outstanding
durability, retaining its activity with negligible performance degradation over 15 h of continuous chro-
noamperometric operation. Electrochemical analyses reveal that the superior OER performance originates from
the incorporation of ferrocene units, which act as efficient electron-transfer mediators, facilitating rapid charge
transport and enhancing overall catalytic activity. This study represents a significant advancement in the design
of ferrocene-functionalized porous POP electrocatalysts and contributes new insights into their potential for
energy-related electrocatalytic applications.

Oxygen Evolution

1. Introduction of highly efficient OER electrocatalysts is essential for advancing not

only water-splitting technologies [8] but also related energy-conversion

The increasing dependence on fossil fuel resources has led to severe
environmental pollution, driving the urgent need for cleaner and
renewable energy alternatives to meet global energy demands in a
sustainable manner [1-3]. In recent decades, electrochemical water
splitting has emerged as a key technology for sustainable energy con-
version, providing a clean and efficient route for hydrogen production
from water [4]. This process involves two half-reactions: the hydrogen
evolution reaction (HER) at the cathode and the oxygen evolution re-
action (OER) at the anode, both of which critically influence the overall
efficiency of water splitting [5]. Among them, the OER is widely
recognized as the rate-limiting step due to its intrinsically sluggish ki-
netics compared with the HER, thereby representing a major bottleneck
in improving system performance [6,7]. Consequently, the development
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systems such as fuel cells [9] and metal-air batteries, where oxygen
evolution strongly affects device efficiency and durability [10].

Noble metal oxides, including RuO; and IrO,, are benchmark OER
catalysts owing to their outstanding catalytic activity [11,12]. However,
their high cost and limited natural abundance severely hinder large-
scale industrial deployment, necessitating the exploration of more
economical and sustainable alternatives [13,14]. In this context, a va-
riety of earth-abundant transition metal-based materials—such as ox-
ides [15], carbides [16,17], phosphides [18,19], nitrides [20,21], and
chalcogenides [22,23] have been extensively investigated as potential
OER electrocatalysts. Although these materials often exhibit promising
catalytic activity, many still suffer from critical drawbacks, including
insufficient long-term stability, limited selectivity, and vulnerability to
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surface poisoning, which impede their practical application in OER and
other electrochemical systems [24]. As a result, increasing attention has
been directed toward the design of stable transition metal-based cata-
lysts integrated within large organic frameworks featuring low metal
loading and abundant electrochemically active sites. Such hybrid ar-
chitectures are expected to enhance durability, selectivity, and resis-
tance to deactivation, offering a more sustainable and efficient strategy
for OER catalysis [25,26].

Recent reviews have highlighted the persistent challenges and
emerging strategies in advancing electrocatalytic water splitting,
particularly at the OER half-cell. Zhang et al. provided a comprehensive
overview of asymmetric catalyst design strategies, with a focus on non-
precious metal systems for water electrolysis and related energy-
conversion technologies, emphasizing the inherent trade-offs among
catalytic activity, stability, and scalability [27]. In addition to activity
optimization, long-term durability has been identified as a critical
consideration in catalyst design. Recent studies have systematically
summarized the key factors governing OER stability, including
morphological evolution, phase transformation, and catalyst dissolu-
tion, as well as effective mitigation strategies such as structural regu-
lation and protective surface coatings [28]. These reviews underscore
the need for catalysts that combine high activity with structural
robustness, which exhibit both low overpotential and strong stability
under OER conditions.

Porous organic polymers (POPs) are multidimensional porous
frameworks constructed from diverse organic building blocks with
various topologies and geometries, interconnected through strong co-
valent bonds. This structural versatility endows POPs with high thermal
and chemical stability, along with tunable porosity suitable for a wide
range of applications [29,30]. Based on the degree of long-range struc-
tural order, POPs can be broadly classified into amorphous POPs, which
lack long-range periodicity—such as porous aromatic frameworks
(PAFs), conjugated microporous polymers (CMPs), and hyper-
crosslinked polymers (HCPs)—and crystalline POPs, which exhibit well-
defined periodic structures, most notably covalent organic frameworks
(COFs) [31-45]. Owing to their high surface areas, tunable architec-
tures, abundant exposed active sites, and adjustable pore sizes, POPs
have attracted increasing attention in electrocatalysis. Moreover, the
wide selection of organic building blocks allows facile incorporation of
heteroatoms and metal species into the porous frameworks, enabling the
rational design of catalysts with enhanced activity, selectivity, and sta-
bility [46,47]. To date, only a limited number of studies have explored
POPs as electrocatalysts for OER. For example, Yang’s research group
synthesized a phenazine-linked COF [48], Mondal’s group developed a
thiadiazole-based COF [49], and Das’s team reported a POP incorpo-
rating pyrene and benzothiadiazole units [50], all of which demon-
strated promising OER activity. In addition, metal doping has been
widely employed to further improve the electrocatalytic performance of
POPs, as incorporated metal species can enhance electrical conductivity,
increase active-site density, and facilitate electron-transfer processes
[51]. all of which demonstrated promising OER activity. In addition,
metal doping has been widely employed to further improve the elec-
trocatalytic performance of POPs, as incorporated metal species can
enhance electrical conductivity, increase active-site density, and facili-
tate electron-transfer processes.

Ferrocene (Fc) is a prototypical “sandwich-type” organometallic
complex renowned for its unique redox properties and chemical stabil-
ity. Its exceptional redox behavior arises from the aromatic nature of the
two cyclopentadienyl rings symmetrically coordinated to the central
iron atom, which enables efficient electron delocalization and highly
reversible Fe(II)/Fe(IIl) redox transitions. Recent studies have shown
that incorporating Fc motifs into porous frameworks, such as metal-
—organic frameworks (MOFs) and COFs, can significantly enhance OER
activity by improving electron-transfer pathways and enabling redox
mediation. For instance, a cobalt-ferrocene MOF constructed using 1,1'-
ferrocenedicarboxylic acid (FcDA) has been reported to undergo
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structural reconstruction under OER conditions, highlighting the role of
Fc-containing frameworks as effective precatalysts [52]. Similarly,
immobilization of Fc derivatives within MOF hosts, such as ZIF-8, has
demonstrated competitive OER performance, further supporting the
ability of Fc units to modulate catalytic behavior [53]. In addition,
Budnikova and co-workers reported the use of Fc-based compounds as
catalysts for HER, employing Fc diphosphonate and 4,4-bipyridine li-
gands in MOF synthesis [54]. Edmund’s group also explored Fc-
containing compounds as OER precatalysts, where nickel species were
shown to play a crucial role in enhancing electrocatalytic activity [55].
Together with broader electrocatalyst design principles summarized in
recent reviews [27]. These studies motivate the development of Fc-
functionalized POPs for OER applications. Although several pioneering
works have investigated Fc-based materials as electrocatalysts, their
utilization in OER remains relatively underexplored. The distinctive
molecular structure of Fc, characterized by its stable and redox-active
sandwich configuration, therefore offers significant yet underutilized
potential for advancing OER electrocatalysis.

Motivated by the excellent electronic properties of the Fc moiety, we
successfully designed and synthesized two POPs via a straightforward
and efficient condensation reaction between Fc-2COCHj3 and either
melamine or PBTD-4NH,, targeting their application in OER (Scheme 1).
The incorporation of nitrogen-rich, electron-deficient triazine units with
robust C=N linkages, together with the Fe center and unique redox
characteristics of the Fc moiety, provides a versatile platform for het-
erogeneous catalysis. This synergistic structural and electronic integra-
tion enhances both framework stability and charge transport, making
the resulting polymers particularly suitable for OER electrocatalysis.
Notably, extended n—n stacking interactions between the aromatic Fc
units along the polymer backbone promote the formation of nanosheet-
like morphologies with high surface area, which significantly improve
catalytic performance by increasing the exposure of electroactive sites
and facilitating efficient electron transfer throughout the material.
Benefiting from their high surface area and improved electrical con-
ductivity, the as-synthesized polymers exhibit excellent OER activity,
achieving a low overpotential of 291 mV at a current density of 10 mA
cm 2 (vs. RHE) in alkaline electrolyte. This performance is comparable
to that of commercial OER catalysts, highlighting the strong potential of
these materials for practical electrochemical energy-conversion appli-
cations. Overall, this work provides valuable insights into the rational
design of N-rich, Fec-functionalized polymeric catalysts, offering a
promising strategy for developing efficient and sustainable electro-
catalysts for OER and related energy applications.

2. Experimental section
2.1. Materials

Ferrocene (Fc), aluminum chloride (AICl3), acetyl chloride (AcCl),
melamine (Mel), dichloromethane (DCM), chloroform (CHClg), 2-cyano-
guanidine, potassium hydroxide (KOH), dimethyl formamide (DMF),
dimethyl sulphoxide (DMSO), 1,4-dicyanobenzene, tetrahydrofuran
(THF), acetone, ethanol (EtOH) and methanol (MeOH) were gained from
different trade resources, including Sigma-Aldrich (Louis, USA), Acros
(New Jersey, USA), and Alfa-Aesar (Lancashire, UK).

2.2. Synthesis of Fc-Mel POP

Fc-2Ac (0.44 g, 1.42 mmol) and Mel-3NH; (0.14 g, 1.11 mmol) have
been added to a round-bottomed flask and refluxed at 180 °C in 50 mL of
DMSO under N, atmosphere for 72 h. After completion of the reaction,
the mixture was allowed to cool to room temperature, yielding a black
precipitate that was collected by filtration and subsequently purified by
Soxhlet extraction using THF, CHCl3, MeOH, and acetone. Finally, the
black polymer obtained was dried at 110 °C for 24 h (Scheme S3). FTIR
(KBr, cm’l, Fig. S5): 3128 (C-H aromatic), 2920 (C-H aliphatic), 1637
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Scheme 1. Synthesis of the Fc-Mel and Fc-PBTD POPs.

(C=N), 1371, 1200 (C-N), 1032 (C=C of Fc).

2.3. Synthesis of Fc-PBTD POP

Fc-2Ac (0.44 g, 1.42 mmol) and PBTD-4NH; (0.24 g, 0.81 mmol)
have been added to a round-bottomed flask and refluxed at 180 °C in 50
mL of DMSO under Ny atmosphere for 72 h. After completion of the
reaction, the mixture was allowed to cool to room temperature, yielding
a black precipitate that was collected by filtration and subsequently
purified by Soxhlet extraction using THF, CHCl3, MeOH, and acetone.
Finally, the obtained black polymer was dried at 110 °C for 24 h
(Scheme S4). FTIR (KBr, cm’l, Fig. S6): 3049 (C-H aromatic), 2923
(C-H stretching), 1653 (C=N), 1371, 1204 (C-N), 1044 (C=C of Fc).

2.4. Electrochemical measurements

The working electrode was fabricated by drop-casting catalyst ink
onto a nickel foam (NF) with an area of 1.0 cm?. The catalyst ink was
prepared by adding 2 mg of the prepared sample and 1 mg of carbon
black to a solution containing 400 L of ethanol, 380 uL of deionized
water, and 20 pL of Nafion. The mixture was sonicated for 45 min to
make a homogeneous catalyst ink. To prepare the working electrode,
10 uL of the catalyst ink was drop-casted onto NF and dried in an oven at
70 °C for 15 min. The electrochemical tests were carried out in a typical
three-electrode system connected to a computer-controlled potentiostat
INTERFACE 1010 E at room temperature. Platinum wire was used as a
counter electrode. Ag/AgCl was utilized as a reference electrode for
alkaline electrolytes. The polarization curve of OER was obtained in 1.0

M KOH electrolyte at a scan rate of 100 mV s ! for all samples. All po-
tentials are converted to reversible hydrogen electrodes (RHE) based on
the Nernst equation:

EruE = Eag/agal + Egg/AgCl + 0.059 pH.

The EIS spectra were recorded in the frequency range of 1 Hz to 100
kHz by applying an amplitude of 5 mV at 280 mV versus RHE.

The overpotential (1)) can be estimated from the following equation:

n= ERHE — 1.23.

The Tafel slope can be estimated from the LSV curve using the
following relationship:

n=>blogj+a.

in which “b” refers to the Tafel slope and the term “a” is a constant.

3. Results and discussion
3.1. Structural design, preparation, and characterization

The N-rich composition, degree of n-conjugation, and incorporation
of metal centers in the building monomers play a decisive role in
determining the electrocatalytic OER performance of POPs. Nitrogen
atoms enhance intrinsic electronic conductivity through electron-
donating effects and provide active coordination sites that facilitate
charge transfer and stabilize reaction intermediates. Meanwhile, a
higher degree of n-conjugation promotes efficient electron delocaliza-
tion along the polymer backbone, thereby improving charge mobility
and redox activity. Collectively, these structural features synergistically
enhance catalytic efficiency, reduce the overpotential, and improve the
long-term stability of POP-based OER electrocatalysts.
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Based on these considerations, N-rich Fc-based POPs, namely Fc-Mel
POP and Fc-PBTD POP, were synthesized via a Schiff-base condensation
reaction between 1,1-diacetylferrocene (Fc-2Ac) and the monomers
Mel-3NH; or PBTD-4NH,, respectively, in DMSO at 180 °C under a ni-
trogen atmosphere (Schemes S3 and S4). The resulting polymers
(Scheme 1) were characterized using Fourier transform infrared spec-
troscopy (FTIR), solid-state 13¢ nuclear magnetic resonance (SS 3¢
NMR), and X-ray photoelectron spectroscopy (XPS).

Successful polymerization was first confirmed by FTIR and SS 3C
NMR analyses. As shown in Fig. 1a, Fc-Mel POP and Fc-PBTD POP
exhibit characteristic absorption bands at 1023 and 1044 cm™?,
respectively, corresponding to the C=C stretching vibrations of the Fc
unit. In addition, Fc-Mel POP displays absorption bands at approxi-
mately 1632 and 1371 cm ™%, assigned to C=N and C-N stretching vi-
brations, respectively, while the corresponding peaks for Fc-PBTD POP
appear at 1653 and 1371 em ™. Furthermore, absorption bands at 2920
and 2923 cm™!, attributed to aliphatic C-H stretching vibrations from
the acetyl groups of Fc, are observed for Fc-Mel and Fc-PBTD POPs,
respectively.

The SS 13C NMR spectra (Fig. 1b) further support the successful
formation of the polymer frameworks. Fc-Mel POP exhibits signals in the
range of 76-89 ppm, assigned to Fc carbons, while Fc-PBTD POP shows
corresponding signals between 73 and 92 ppm. Broad resonances in the
114-142 ppm region for Fc-PBTD POP are attributed to aromatic car-
bons. Signals at 165 and 166 ppm correspond to triazine carbons in Fc-
Mel and Fc-PBTD POPs, respectively, whereas additional peaks at 184
and 178 ppm are assigned to the C=N carbons of the Schiff-base
linkages.

Thermal stability was evaluated by thermogravimetric analysis
(TGA) under a nitrogen atmosphere. Both polymers exhibit high thermal
stability, with Fc-PBTD POP displaying a slightly higher decomposition
temperature (291 °C) compared to Fc-Mel POP (258 °C). The char yields
of Fc-Mel and Fc-PBTD POPs were determined to be 51% and 50%,
respectively (Fig. S7 and Table S1), confirming the robust nature of the
polymer frameworks.

X-ray photoelectron spectroscopy (XPS) was employed to investigate
the surface chemical composition and bonding environments of Fc-Mel
POP and Fc-PBTD POP. Survey spectrum confirms the presence of C,
N, and Fe, consistent with the proposed Schiff’s base polymer structures
(Fig. S8). In the high-resolution C 1s spectra, dominant peaks at
approximately 283.9 and 284.4 eV are attributed to C-C/C=C bonds
from the aromatic backbone and Fc units in Fc-Mel and Fc-PBTD POPs,
respectively. Peaks at higher binding energies (~286.0-286.4 eV)
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correspond to C-N and C=N species, confirming the formation of imine
linkages. The N 1s spectrum of Fc-Mel POP can be deconvoluted into
components assigned to triazine C=N (~398.7 eV), triazine C-N
(~399.9 eV), and Schiff-base C=N (~400.9 eV). Similarly, Fc-PBTD POP
exhibits N 1s peaks at 397.8, 398.8, and 399.6 eV, corresponding to
triazine C=N, triazine C-N, and Schiff’s base C=N, respectively (Fig. 2).
The high-resolution Fe 2p spectra provide insight into the oxidation
state and local chemical environment of Fe centers within the polymers
(Fig. 2c and 2f). For Fc-Mel POP, Fe 2ps,, and Fe 2p;,, peaks at
approximately 709.3 and 722.8 eV are assigned to Fe(II) species origi-
nating from the ferrocene units. Weak satellite features at higher binding
energies (~717.2 and 731.8 eV) are characteristic of shake-up processes
associated with oxidized iron species, confirming the non-metallic na-
ture of the Fe centers. Importantly, no Fe(0)-related peaks are observed,
indicating that the Fc units remain chemically bound within the polymer
framework.

In comparison, Fc-PBTD POP exhibits a similar Fe 2p doublet but
with a noticeable shift toward higher binding energies and an increased
contribution from Fe(III) species. Deconvolution reveals Fe(IlI) 2ps, 2
and 2p; /5 peaks at approximately 711.8 and 725.5 eV, along with Fe(I)-
related components and pronounced satellite features around 717 and
730.3 eV. This higher Fe(IIl) contribution suggests stronger electronic
interactions between the Fc units and the more conjugated, N-rich PBTD
linker, facilitating partial oxidation of Fe centers and enhancing redox-
mediated electrocatalytic activity [56].

Notably, no FeOx-related features or broad multiplet structures
characteristic of iron oxide phases are detected for either polymer,
indicating that the Fe centers remain atomically dispersed and chemi-
cally stable within the polymer matrix. The higher Fe(IIl)/Fe(II) ratio
observed for Fc-PBTD POP correlates well with its superior OER per-
formance [52]. Overall, Fe 2p XPS analysis confirms the successful
incorporation of Fc moieties and highlights the critical role of the PBTD
linker in tuning the electronic structure of the Fe active sites.

X-ray diffraction (XRD) patterns of Fc-Mel POP and Fc-PBTD POP
(Fig. S9) are dominated by broad diffraction features, confirming their
largely amorphous nature, which is typical for POPs [57-59]. Fc-PBTD
POP shows a broad hump in the 20-30° (20) region, indicative of
short-range ordering and n—n stacking within the conjugated framework,
whereas Fc-Mel POP exhibits additional weak reflections (e.g., near ~
30° and ~ 35°), suggesting the presence of minor crystalline impurities.
These weak peaks are attributed to residual unreacted species or small
crystallites formed during synthesis, rather than the polymer framework
itself.
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Fig. 1. (a) FTIR spectra; and (b) solid-state 13¢ NMR spectra of the Fc-Mel POP, and Fc-PBTD POP.
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Raman spectroscopy further elucidates differences in backbone
conjugation and local ordering (Fig. S10). Both polymers display broad
Raman features, consistent with their amorphous structures. Notably,
Fc-PBTD POP exhibits stronger Raman intensities and more pronounced
bands in the ~ 1000-1200 cm ™' and ~ 1500-1600 cm™! regions,
associated with aromatic ring and C-N/C=N stretching vibrations in
conjugated N-containing frameworks. In contrast, Fc-Mel POP shows
weaker and less defined bands, indicating a less extended n-conjugated
network. These results suggest that the rigid and n-delocalized PBTD
linker enhances electronic coupling between Fc units and the polymer
backbone, improving charge transport and stabilizing redox-active sites
during OER. Overall, the Raman analysis supports the formation of
robust POP frameworks and further explains the superior OER activity
and stability of Fc-PBTD POP.

3.2. Porosity and morphology

Nitrogen sorption measurements were performed at 77 K to evaluate
the porosity of the synthesized polymers. Among the two materials, Fc-
PBTD POP exhibits the highest Brunauer-Emmett-Teller (BET) surface
area (Sggr) of 428 m?> g’l, whereas Fc-Mel POP shows a lower Sggt of
293 m2 g~! (Fig. 3a and b). The pore size distributions were calculated
using non-local density functional theory (NLDFT), revealing that both
polymers are predominantly microporous in nature. Specifically, Fc-Mel
POP displays a dominant pore width of 1.07 nm, while Fc-PBTD POP
exhibits slightly larger micropores centered at 1.15 nm. Correspond-
ingly, the total pore volumes were determined to be 0.14 cm® g~! for Fc-
Mel POP and 0.23 cm® g~! for Fe-PBTD POP (Fig. 3c and d, Table 1).

Scanning electron microscopy (SEM) was employed to investigate
the morphological differences between Fc-Mel POP and Fc-PBTD POP
(Fig. S11). As shown in Figs. Sl1la and b, Fc-Mel POP exhibits an
irregular and highly aggregated morphology composed of plate-like and
fragmented particles with rough surfaces. At higher magnification
(Fig. S11b), the material appears densely packed with non-uniform
granules and agglomerates, indicating limited control over particle
growth and reduced exposure of internal surfaces. Such compact ag-
gregation may hinder electrolyte diffusion and restrict the accessibility
of electroactive sites during electrocatalytic operation.

In contrast, Fc-PBTD POP shows a markedly different morphology
(Figs. S11c and d). The polymer consists of more uniformly shaped,
loosely packed particles with a relatively open and porous surface
texture. High-magnification SEM images (Fig. S11d) reveal a well-
distributed nanoscale granular structure with abundant surface pro-
trusions, reflecting improved dispersion of polymer domains and
increased surface roughness. This hierarchical morphology is advanta-
geous for facilitating electrolyte penetration and maximizing the expo-
sure of Fc active sites.

The pronounced morphological differences between the two poly-
mers can be attributed to the distinct structural characteristics of their
linkers. The rigid, extended, and n-conjugated PBTD linker promotes
more homogeneous polymerization and suppresses excessive particle
aggregation, resulting in a more open microstructure. In contrast, the
smaller and more compact melamine linker favors denser packing and
irregular particle growth. These morphological advantages of Fc-PBTD
POP are consistent with its superior OER performance, as enhanced
surface accessibility and improved mass transport are crucial for effi-
cient electrocatalysis.

Transmission electron microscopy (TEM) was further used to
examine the microstructural features of the polymers. TEM images

Table 1
BET parameters of the as-synthesized POPs.

Material SBET (m? g’l) Pore Size (nm) Pore Volume (cm® g’l)
Fc-Mel POP 293 1.07 0.14
Fc-PBTD POP 428 1.15 0.23

Fuel 416 (2026) 138533

confirm the microarchitectures of both materials and verify the suc-
cessful incorporation of Fc units containing iron within the polymer
frameworks (Fig. 4a and e), indicating preserved structural integrity.
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping reveals
a homogeneous distribution of C, N, and Fe elements across the polymer
surfaces (Fig. 4b-d and 4f-h), further supporting uniform metal incor-
poration throughout the frameworks.

3.3. Electrochemical oxygen evolution

The OER activity of the POP catalysts supported on nickel foam
(POP@NF) was evaluated in 1.0 M KOH electrolyte. Initial cyclic vol-
tammetry (CV) measurements were performed within a potential win-
dow of 0.0-1.0 V vs. RHE to probe the current-voltage behavior and
electrochemical stability of the catalysts. These preliminary CV studies
provide important insight into catalyst activation under operating con-
ditions. Previous reports have shown that repeated CV cycling can
promote the formation of highly oxidative electroactive species on
catalyst surfaces, particularly for Ni-based systems, thereby enhancing
OER kinetics and overall catalytic performance [60,61].

Ferrocene is known to undergo highly reversible Fe(II)/Fe(III) redox
transitions with minimal energetic barriers, making it an effective
electron-transfer mediator and a widely used electrochemical internal
standard [62,63]. As shown in the CV profiles (Fig. S12), the Fc-PBTD
POP@NF electrode exhibits a distinct anodic peak at approximately
0.46 V vs. RHE, followed by a sharp increase in catalytic current, which
is attributed to the oxidation of Fe(II) to Fe(Ill). During the cathodic
sweep, a broad reduction peak centered at approximately 0.35 V vs. RHE
is observed, corresponding to the reduction of Fe(IIl) species to Fe(Il).
This reversible redox behavior is consistent with previous reports [64]
and reflects the efficient redox activity of the Fc units, supporting their
role in facilitating OER catalysis. The Fc-Mel POP@NF electrode also
displays redox features, albeit with comparatively weaker activity,
highlighting the superior electrocatalytic behavior of the Fc-PBTD POP.

Subsequently, linear sweep voltammetry (LSV) was conducted at a
scan rate of 50 mV s~! in 1.0 M KOH to assess the OER performance of
pristine NF, Fc-Mel POP@NF, and Fc-PBTD POP@NF. As shown in
Fig. 5a, Fc-PBTD POP@NF exhibits the most pronounced catalytic ac-
tivity, with a notably lower onset potential of approximately 0.49 V vs.
RHE, compared to 0.55 V vs. RHE for Fc-Mel POP@NF. A rapid increase
in current density is observed, reaching ~ 340 mA cm 2, indicative of
fast electron-transfer kinetics. Such behavior is very favorable for OER
applications, as it indicates a fast heterogeneous electron transportation
process at the active surface sites of the electrocatalyst [65]. In contrast,
pristine NF shows only a modest current response, confirming that the
enhanced OER activity arises primarily from the POP catalyst layer
rather than the substrate. To achieve a benchmark current density of 10
mA cm™2, Fe-PBTD POP@NF requires a low overpotential of 291 mV,
which is comparable to that of commercial RuO5 (320 mV) [66]. Fc-Mel
POP@NF, by comparison, requires a higher overpotential of ~ 359 mV,
reflecting its lower catalytic efficiency.

At higher current densities of 25, 50, and 100 mA cm 2, Fe-PBTD
POP@NF consistently outperforms Fc-Mel POP@NF, requiring over-
potentials of 336, 389, and 484 mV, respectively, whereas Fc-Mel
POP@NF requires 398, 442, and 511 mV under identical conditions
(Fig. 5b). These results clearly demonstrate the superior OER perfor-
mance of the Fc-PBTD system.

Tafel analysis was performed to evaluate intrinsic reaction kinetics
and charge-transfer characteristics. As shown in Fig. 5c, Fc-PBTD
POP@NF exhibits a low Tafel slope of 86 mV dec’, significantly
smaller than those of Fc-Mel POP@NF (110 mV dec) and pristine NF
(128 mV dec™), indicating faster OER kinetics. Notably, the Tafel slope
of Fc-PBTD POP@NF is also lower than those reported for several
polymer-based OER catalysts and even commercial RuO, (98 mV dec™),
highlighting its competitive catalytic efficiency [66].

Electrochemical impedance spectroscopy (EIS) was employed to
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Fig. 4. TEM images of (a) Fc-Mel POP and (e) Fc-PBTD POP.

probe interfacial charge-transfer resistance. Nyquist plots (Fig. 5d)
reveal that Fc-PBTD POP@NF possesses a significantly lower charge-
transfer resistance (R = 125 Q) than Fc-Mel POP@NF (Rq; = 244 Q),
confirming more efficient charge transport and improved electrical
conductivity, which directly contribute to enhanced OER activity.

Long-term stability was evaluated via chronopotentiometry at a
constant current density of 20 mA cm ™2 over 15 h. Both catalysts exhibit
stable potential profiles throughout the test, with Fc-PBTD POP@NF
displaying the highest stability (Fig. 6a). Post-stability LSV measure-
ments show negligible deviation from the initial polarization curve
(Fig. 6b), confirming excellent structural and catalytic durability under
prolonged OER conditions.

The electrochemically active surface area (ECSA) was estimated from
the double-layer capacitance (Cq)) obtained from CV measurements at
scan rates ranging from 25 to 150 mV s! (Fig. S13). The calculated Cg
values for pristine NF, Fc-Mel POP@NF, and Fc-PBTD POP@NF are 0.9,
1.3, and 1.85 mF cm ™2, respectively, indicating a significantly larger
ECSA for Fc-PBTD POP@NF [67]. ECSA-normalized LSV curves
(Fig. S14) show that Fc-PBTD POP@NF maintains superior activity at
lower potentials, while Fc-Mel POP@NF exhibits higher currents only at
higher overpotentials.

The Faradaic efficiency (FE) for oxygen evolution was determined by
quantifying evolved Oy using gas chromatography (GC-BID) and
normalizing against the total charge passed. The Fc-PBTD POP@NF
electrode exhibits a high FE of 96.2%, confirming efficient charge uti-
lization for OER [68].

Structural stability after OER was further confirmed by XRD and XPS
analyses. XRD patterns before and after OER show no new crystalline
peaks or loss of amorphous features (Fig. S15a), indicating structural
integrity of the polymer framework. XPS spectra reveal no new FeOx-
related features or significant binding-energy shifts, confirming that Fe
centers do not undergo irreversible oxidation (Fig. S15b) [52]. Impor-
tantly, Fe 2p spectra show an increased contribution from Fe(III) species
after OER, consistent with reversible Fe(I)/Fe(III) redox cycling during
catalysis. Together with the CV results, these observations support the
role of Fc moieties as stable electron-transfer mediators rather than
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sacrificial species.

The superior OER performance of Fc-PBTD POP@NF can be attrib-
uted to its larger BET surface area (428 m? g~ vs. 293 m? g~ for Fc-Mel
POP), higher ECSA, and more favorable microstructure, which together
enhance OH™ adsorption, active-site exposure, and reaction kinetics.
Beyond surface area effects, the intrinsic molecular structure of the
PBTD linker plays a crucial role. Its extended n-conjugation improves
charge delocalization and electron mobility, while alternating benzene
and triazine units create a rigid, electronically modulated framework
that stabilizes redox-active Fc centers and reaction intermediates. The
bulkier and more linear PBTD linker also generates larger pore channels
and a more open architecture, improving mass transport and active-site
accessibility. Additionally, the higher nitrogen content enhances sub-
strate binding and electronic interactions with OER intermediates.
Collectively, these features account for the markedly enhanced OER
activity and stability of Fc-PBTD POP@NF relative to Fc-Mel POP@NF
[69-71].

The OER performance of the synthesized POP catalysts was evalu-
ated in comparison with other reported polymeric electrocatalysts and
commercially available noble metal catalysts, including IrO2 and RuOs,
as detailed in Table S2. Among these, the Fc-PBTD catalyst stands out for
its ability to achieve 10 mA cm 2 at lower overpotential, while also
demonstrating the capacity to sustain a high current density of 340 mA
cm 2. These results highlight its exceptional catalytic efficiency and
underscore its promise as a competitive alternative to conventional OER
catalysts.

The excellent OER performance of Fc-PBTD POP is attributed to the
synergistic interaction between its conjugated PBTD linker and Fc active
centers. Under anodic polarization, Fc units can undergo reversible Fe
(II)/Fe(IlI) oxidation, enhancing electron extraction from OH™ and
facilitating OER intermediate formation. The electron-deficient triazine
fragments within the PBTD linker further promote charge delocalization
and stabilize high-valent Fe species. Literature reports suggest that
ferrocene-based frameworks can partially reconstruct into FeOOH-like
domains under OER conditions, which serve as the true catalytic cen-
ters [52]. It is plausible that Fc-PBTD POP undergoes a similar surface
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transformation, where the conjugated aromatic backbone maintains improves charge mobility through the framework, resulting in faster
structural stability while the Fc moieties participate in forming Fe-OOH electron transfer and lower overpotential. Collectively, these structural
intermediates. Moreover, the extended n-conjugation of the PBTD unit features rationalize the observed low overpotential, small Tafel slope,
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and strong stability.

Raman spectroscopy provides additional mechanistic insight into the
differing OER activities of the catalysts (Fig. S10). Fc-PBTD POP exhibits
significantly stronger Raman bands in the 1000-1200 cm™' region,
which are assigned to aromatic C-C and C=N stretching vibrations,
indicating a more rigid and highly n-conjugated framework compared
with Fe-Mel POP. This enhanced conjugation is consistent with more
efficient charge transport and improved stabilization of high-valent
Fe-O intermediates during OER. Furthermore, more pronounced
vibrational features in the low-frequency region (100-150 cm 1),
associated with Fc-Fe ring modes, are observed for Fc-PBTD POP, sug-
gesting stronger electronic coupling between the Fc units and the
polymer backbone. Collectively, these Raman features confirm that Fc-
PBTD POP provides a more electronically delocalized and structurally
robust catalytic platform, accounting for its lower overpotential and
superior stability. Although post-OER or in situ Raman measurements
would offer deeper insight into structural evolution under operating
conditions, the present Raman analysis already provides compelling
mechanistic evidence for the enhanced OER performance of Fc-PBTD
POP.

4. Conclusion

In summary, two ferrocene-based porous organic polymer materials
have been synthesized via a conventional solvothermal process
involving a Schiff-base polymerization reaction. These POPs were sup-
ported on nickel foam as potential catalysts for the OER application.
Among them, the Fc-PBTD POP@NF catalyst achieved 10 mA cm ™2
current density at a lower overpotential of 291 mV with a smaller Tafel
slope of 86 mV dec, which is significantly better than the corre-
sponding catalytic performance of the Fc-Mel POP@NF counterpart.
Besides that, it showed OER stability up to 15 h without significant
changes in electrochemical performance and a reduced charge transfer
resistance of 125 Q, which is significantly lower than that observed for
the other catalyst examined in this study, indicating faster reaction ki-
netics and more efficient charge transport. The larger surface area and
accessible morphology of the Fc-PBTD POP compared to the Fc-Mel POP
electrocatalyst promote more active sites and facile electron transfer,
and hence greater OER activity. Our study highlights one useful example
for the development of efficient ferrocene-based POP materials as OER
electrocatalysts.
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