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A B S T R A C T

Carbon dioxide (CO2) capture and hydrogen evolution reaction (HER) electrocatalysis represent two pivotal 
technologies addressing the urgent global challenges of carbon mitigation and sustainable energy transition. 
Rationally designing porous organic materials with high surface area, tunable pores, and accessible active sites 
enhances both adsorption and catalytic performance. In this work, we report a tailored conjugated microporous 
polymer (CMP), PF-CN CMP, synthesized via the introduction of cyano groups into the monomer 2-(2,7-dibromo- 
9H-fluoren-9-ylidene)malononitrile (FL-2CN-2Br), followed by coupling with 1,3,6,8-tetraethynylpyrene (Py-T) 
through a Sonogashira cross-coupling reaction. The resulting CMP was subsequently transformed into covalent 
triazine frameworks (CTFs) with well-defined triazine rings through an ionothermal reaction with anhydrous 
ZnCl2. By tuning the PF-CN CMP/ZnCl2 weight ratios [1:5 and 1:10] and reaction temperature [400 and 500 ◦C] 
to afford PFCTF materials exhibiting high specific surface areas (up to 1204.8 m2 g− 1) and exceptional thermal 
stability (Td10 up to 660 ◦C). Among them, PFCTF-10-500 displayed CO2 uptake of 5.73 mmol g− 1 at 273 K and 1 
bar, with excellent reproducibility and selectivity. Furthermore, HER activity under alkaline conditions was 
markedly enhanced by coordinating Ru3+ ions to the pyridinic nitrogen sites within the PFCTFs network, 
yielding Ru@PFCTF-10-500 with a low overpotential of just 89 mV and long-term operational stability.

1. Introduction

Rapid industrialization has significantly increased greenhouse gas 
emissions, intensifying global environmental challenges such as climate 
change, sea-level rise, and ecosystem disruption [1–6]. CO2 is the 
dominant contributor, accounting for over 76% of total emissions ac
cording to the IPCC [7–8]. In response, global CO2 capture, utilization, 
and storage (CCUS) efforts aim to exceed 100 million tons of annual CO2 
storage by 2030 [9–11], while the European Union has committed to 
reducing greenhouse gas emissions by at least 55% relative to 1990 
levels by 2030 in line with the Paris Agreement [12–15]. Achieving 
these targets requires the transition to clean and sustainable energy 
systems. Hydrogen (H2) is a promising energy carrier due to its zero CO2 

emissions upon combustion and high gravimetric energy density 
(120–140 MJ kg− 1), making it particularly suitable for hard-to-electrify 
sectors such as transportation and heavy industry [16–18]. Among 
available production routes, water electrolysis is regarded as an effective 
strategy for sustainable H2 generation [19–20]. However, its large-scale 
implementation is hindered by the reliance on costly noble-metal elec
trocatalysts [21–22], motivating the development of efficient alterna
tives such as transition metal compounds [23–25], carbon-based 
materials [26–27], CMPs [28–34], and MOF-derived catalysts [35–37].

Simultaneously, solid-state CO2 capture using porous adsorbents has 
emerged as a reversible and cost-effective approach to mitigate emis
sions, while electrochemical hydrogen evolution reaction (HER) enables 
clean energy conversion [38–44]. Both processes critically depend on 
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advanced porous materials with high surface area, tunable porosity, and 
accessible active sites [45,46]. Conjugated microporous polymers 
(CMPs) have attracted growing interest due to their structural diversity 
and potential in gas adsorption and electrocatalysis [47–52]. Never
theless, challenges such as limited CO2 uptake at low pressures, insuf
ficient selectivity, poor electrical conductivity, and restricted active-site 
accessibility remain [43–47]. Addressing these limitations requires the 
rational design of next-generation CMP-based frameworks with 
enhanced stability, charge transport, and tailored surface chemistry to 
enable efficient dual functionality in CO2 capture and H2 evolution.

Previous studies on CMPs have shown that their pores primarily 
originate from the gaps between crosslinking points and the voids 
created by the stacking of conjugated planar units [47–52]. This 
arrangement produces an unordered yet stable microporous network, 
whose properties can vary depending on the degree of monomer cross
linking and the steric hindrance imposed by rigid structural motifs 
[47–52]. For instance, in earlier work, a CMP synthesized from pyrene 
(Py) and fluorene (FL) via a Sonogashira coupling reaction exhibited a 
relatively low specific surface area [53]. Building on this, the present 
study exploits the tunability of the 9,9-position of the FL unit by intro
ducing cyano groups into the monomer, which is subsequently poly
merized into a cyano-functionalized CMP. Under ionothermal 
conditions, the C–––N groups undergo cyclotrimerization, converting the 
CMP into a covalent triazine frameworks (CTFs). In ionothermal syn
thesis, the high temperatures required can induce partial carbonization; 
therefore, a pre-crosslinked CMP precursor is employed here to mitigate 
carbonization during the thermal conversion process. CTFs have found 
wide applications in gas storage, heterogeneous catalysis, oxygen 
reduction reaction (ORR) electrocatalysis, CO2 capture and conversion, 
and energy storage [53–57]. Their excellent CO2 adsorption capabilities 
are attributed to the synergistic effect of heteroatoms within the triazine 
ring and the high surface area afforded by their crosslinked frameworks. 
For example, Chen et al. synthesized four Py-based CTFs that achieved 
CO2 uptakes of up to 104.9 cm3 g− 1 at 273 K [58]. Similarly, Zhao et al. 
reported a sp2 carbon-conjugated covalent organic framework (COF) 
with a triazine core, which was coordinated with ruthenium ions to yield 
Ru@COF-1. This material exhibited a large specific surface area and 
well-defined porous channels, promoting efficient interaction between 
reactants and active sites, and delivered an overpotential of approxi
mately 200 mV at a current density of 10 mA cm− 2 [59].

Building upon prior advancements in CTFs synthesis via ionothermal 
methods, this study utilizes Py–CN CMP synthesized through the Sono
gashira coupling of Py-T with FL-2CN-2Br—as a precursor to fabricate 
novel PFCTF materials. These frameworks were synthesized under high- 
temperature conditions of 400 ◦C and 500 ◦C, employing molten ZnCl2 
at two distinct weight ratios (1:5 and 1:10). At these elevated temper
atures, ZnCl2 remains in a molten state, allowing deep infiltration into 
the polymer matrix, activation of intermolecular C–––N bonds, and co
ordination with nitrile groups to drive efficient cyclotrimerization into 
triazine rings. This process concurrently induces secondary cross-linking 
within the polymer network, markedly enhancing the structural integ
rity and elevating the specific surface area of the resulting PFCTF ma
terials. The synthesized PFCTFs were thoroughly characterized to 
elucidate their chemical composition, elemental distribution, thermal 
stability, crystallinity, surface area, and pore morphology. Their per
formance in CO2 adsorption was rigorously evaluated. To further 
augment their functionality for electrocatalytic H2 evolution reactions 
(HER), Ru3+ ions were incorporated into the PFCTF framework. The 
strong metal–ligand coordination introduced additional catalytically 
active sites, significantly boosting the electrocatalytic efficiency.

2. Experimental section

2.1. Materials

Bromine (Br2, 98%), triethylamine (Et3N, 99.5%), tetrakis 

(triphenylphosphine)palladium(0) (Pd(PPh3)4, 99%), sodium sulfite 
(Na2SO3, 98%), 2,7-dibromofluorene [2,7-FL-2Br, 97%], ruthenium (III) 
acetate [Ru(CH3COO)3, 95%], dimethyl sulfoxide (DMSO), malononi
trile (99%), acetonitrile, ethanol (EtOH), toluene, triphenylphosphine 
(PPh₃, 99%), copper(I) iodide (CuI, ≥99.5%), trimethylsilylacetylene 
(TMSA, 99%), dichloromethane (DCM), methanol, potassium carbonate 
(K2CO3, ≥99%), dimethylformamide (DMF), zinc chloride (ZnCl2, 
≥98%), hydrogen chloride (HCl, 37%) were received from Alfa Aesar, 
Acros and Sigma-Aldrich. Py-T was prepared following the methods 
described in previous studies [60–63].

2.2. Synthesis of FL-2CN-2Br

A solution of chromium oxide (Cr2O3, 10%) in CH3COOH (60 mL) 
was added slowly to a solution of 2,7-FL-2Br (6 g, 18.6 mmol) in 
CH3COOH (60 mL), and the reaction mixture was stirred for 8 h. The 
reaction mixture was brought to neutral pH using aqueous NaHCO3 
(500 mL). The formed yellow solid was isolated, rinsed with water, and 
recrystallized from a mixture of ethanol and toluene to obtain 2,7-dibro
mofluoren-9-one [2,7-FO-2Br, 5.14 g, 86%] as a yellow solid. FTIR 
[cm− 1, Fig. S1]: 3083, 1721 (C=O), 1591(C=C), 681. 1H NMR (600 
MHz, CHCl3-d, δ, ppm, Fig. S2): 7.72 (2H) 7.59 (2H) 7.35 (2H). 13C NMR 
(125 MHz, CHCl3-d, δ, ppm, Fig. S3): 190.74, 142.04, 137.71, 135.34, 
127.63, 123.62,121.57. 2,7-FO-2Br (4.16 g, 12.3 mmol) was dissolved in 
DMSO (50 mL), and malononitrile (1.76 g, 26.64 mmol) was added and 
reacted at 110 ◦C for 12 h. After reaction, the original yellow color will 
change to red, filtered and washed with acetonitrile, THF, and acetone, 
and dried to obtain red powder [3.5 g, 84.13%]. FTIR [cm− 1]: 3092, 
2225 (C–––N), 1565, 585. 1H NMR (600 MHz, CHCl3-d, δ, ppm, Fig. S4): 
8.5 (2H) 7.66 (2H) 7.42 (2H).

2.3. Synthesis of PF-CN CMP

A mixture of Py-T (0.17 g, 0.57 mmol), FL-2CN-2Br (0.44 g, 1.14 
mmol), CuI (0.011 g, 0.06 mmol), PPh3 (0.015 g, 0.06 mmol), and Pd 
(PPh3)4 (0.07 g, 0.06 mmol) was placed in a round-bottom flask, fol
lowed by the addition of DMF (10 mL) and Et3N (10 mL) under an inert 
atmosphere. The reaction mixture was stirred at 90 ◦C for 72 h. Upon 
completion, the resulting precipitate was collected by filtration and 
thoroughly washed with THF, methanol, and acetone to afford a red 
solid [0.14 g, 82.4%].

2.4. Synthesis of PFCTFs [PFCTF-5-400, PFCTF-10-400, PFCTF-5-500 
and PFCTF-10-500]

Four PFCTF samples were prepared by mixing the as-synthesized PF- 
CN CMP with anhydrous ZnCl2 at weight ratios of 1:5 [PF-CN CMP (0.1 
g): ZnCl2 (0.5 g)] or 1:10 [PF-CN CMP (0.1 g): ZnCl2 (1 g)]. The mixtures 
were sealed under a nitrogen (N2) atmosphere and subjected to ion
othermal treatment at either 400 or 500 ◦C for 72 h. After cooling to 
room temperature, the resulting black solids were ground into a fine 
powder and subjected to sequential soaking in 1 M HCl (400 mL), 
deionized water, and acetone for 1 day to remove residual salts and 
impurities. The purified products were obtained as black, powdery 
PFCTFs.

2.5. Preparation of Ru@PFCTFs

PFCTFs (0.10 g) were dispersed in anhydrous methanol (10 mL), 
followed by the addition of Ru(CH3COO)3 (0.05 g). The suspension was 
stirred continuously at room temperature for 12 h to allow sufficient 
incorporation of Ru species into the framework. After the treatment, the 
solid product was collected, thoroughly rinsed with methanol and 
acetone to remove residual precursors, and then dried in an oven to yield 
the Ru@PFCTFs composite. The loading amount of Ru in PFCTF-5-400, 
PFCTF-10-400, PFCTF-5-500, and PFCTF-10-500 was quantified by ICP- 
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OES to be 8.52, 9.31, 8.74, and 9.67 wt%, respectively. 3. Results and discussion

3.1. Synthesis and structural characterization of PF-CN CMP

To achieve CTFs with a high crosslinking density and high surface 
area, PF-CN CMP was employed as the precursor. The synthesis route for 

Fig. 1. (a) The preparation of PF-CN CMP, (b) FTIR, (c) 13C NMR, (d) TGA of FL-2CN-2Br, Py-T and PF-CN CMP, (e) BET isotherm (inset: pore size distributions) and 
(f) XRD of PF-CN CMP.
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PF-CN CMP, illustrated in Fig. 1(a), involves a palladium-catalyzed 
coupling reaction between Py-T and FL-2CN-2Br monomers in a DMF/ 
Et3N solvent system, yielding a red solid with excellent efficiency. To 
unequivocally confirm the successful formation of PF-CN CMP, Fourier 
transform infrared (FT-IR) and solid-state 13C nuclear magnetic reso
nance (NMR) spectroscopy were conducted. These analyses were used to 
detect the transformation of functional groups from the individual 
monomers (Py-T and FL-2CN-2Br) to the polymerized PF-CN CMP, 
thereby verifying the progression and completion of the polymerization 
process. As shown in Fig. 1(b), the FTIR spectrum of FL-2CN-2Br dis
plays characteristic absorption bands at 3092, 2225, 1565, and 585 
cm− 1, corresponding to sp2 aromatic C–H, nitrile (C–––N), aromatic 
C––C, and C–Br stretching vibrations, respectively [64]. In contrast, the 
Py-T monomer exhibits distinct peaks at 3279, 3052, and 2106 cm− 1, 
attributable to alkyne C–H, aromatic C–H, and C–––C bonds [60–63]. 
The FTIR spectrum of the synthesized PF-CN CMP reveals a prominent 
peak at 2190 cm− 1, assigned to the stretching vibrations of both C–––N 
and C–––C bonds, confirming their incorporation within the polymer 
framework. Additionally, the absorption band at 1599 cm− 1 is attributed 
to aromatic C––C stretching, while the peak at 3058 cm− 1 corresponds to 
aromatic C–H stretching. Notably, the significant reduction of the 
C–Br stretching band at 582 cm− 1, alongside the retention of aromatic 
C–H, nitrile, and alkyne signals, demonstrates the successful coupling 
reaction and corroborates the structural integrity of the PF-CN CMP. 
Furthermore, the solution 13C NMR spectra of the FL-2CN-2Br and Py-T 
monomers, presented in Fig. 1(c), display aromatic carbon resonances 
ranging from 157.33 to 110.63 ppm and 131.97 to 126.9 ppm, respec
tively. Additional signals appear at 77.02 ppm in FL-2CN-2Br, corre
sponding to the C=C-(CN)2 unit, and at 84.77 and 83.94 ppm in Py-T, 
attributed to the internal and external alkyne carbons. In the solid- 
state 13C NMR spectrum of PF-CN CMP (Fig. 1(c)), the peaks between 
142 and 121 ppm are assigned to aromatic C––C carbons, while the 
resonance at 81 ppm corresponds to the C–––C moiety. Moreover, the 
signal at 119 ppm confirms the presence of the nitrile (C–––N) functional 
group within the PF-CN CMP framework. As illustrated in Fig. 1(d), 
thermogravimetric analysis (TGA) was performed to evaluate the ther
mal stability of FL-2CN-2Br, Py-T monomers, and the synthesized PF-CN 
CMP. The decomposition temperature at 10% weight loss (Td10) was 
found to be 323 ◦C for FL-2CN-2Br, 351 ◦C for Py-T, and significantly 
higher at 372 ◦C for Py-FL-2CN CMP. This progressive increase in Td10 
highlights the superior thermal robustness imparted by the covalent 
polymer network in the PF-CN CMP structure compared to the indi
vidual monomers. Moreover, carbon residue yields measured at 800 ◦C 
were markedly different: FL-2CN-2Br showed an extremely low carbon 
yield of 0.56%, while Py-T and PF-CN CMP retained substantial carbon 
contents of 65% and 64%, respectively.

Following confirmation of the PF-CN CMP's successful synthesis, 
detailed pore structure analysis of PF-CN CMP was conducted using 
nitrogen adsorption-desorption isotherms, as shown in Fig. 1(e). The 
isotherm exhibited a type II adsorption profile, characteristic of non- 
porous or macroporous materials with limited microporosity. The spe
cific surface area, calculated via the BET method, was relatively modest 
at 51.36 m2 g− 1. Pore size distribution analysis revealed pores pre
dominantly in the mesoporous range, spanning 2.03 to 3.92 nm, with a 
total pore volume of 0.13 cm3 g− 1. Furthermore, the crystallinity of the 
PF-CN CMP was investigated by X-ray diffraction (XRD) analysis, pre
sented in Fig. 1(f). The broad, featureless diffraction pattern indicates an 
amorphous structure lacking long-range order. The surface morphology 
of PF-CN CMP, as revealed by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) images (Fig. S5), is charac
terized by aggregated spherical particles with an irregular and disor
dered arrangement. These micrographs highlight the lack of uniformity 
in shape and organization, indicating a complex, non-crystalline 
network structure typical of the synthesized PF-CN CMP.

3.2. Synthesis and characterization of PFCTFs [PFCTF-5-400, PFCTF- 
10-400, PFCTF-5-500 and PFCTF-10-500]

The synthesis of PFCTF materials—namely PFCTF-5-400, PFCTF-10- 
400, PFCTF-5-500, and PFCTF-10-500 was achieved via an ionothermal 
process, where PF-CN CMP was reacted with molten ZnCl2 at two 
distinct temperatures, 400 ◦C and 500 ◦C under N2 gas, as depicted in 
Fig. 2(a). To verify the formation of triazine rings following the ion
othermal treatment of PF-CN CMP, FTIR spectroscopy was performed, as 
presented in Fig. 2(b). The FTIR spectra of the PFCTF samples reveal a 
gradual diminution and eventual disappearance of the cyano (C–––N) 
stretching peak around 2220 cm− 1 with increasing thermal treatment, 
confirming the effective consumption of nitrile groups via cyclo
trimerization. Simultaneously, new absorption bands emerge at 1485 
and 1374 cm− 1, attributed to the C––N and C–N stretching vibrations 
characteristic of the triazine ring, thereby unequivocally confirming the 
successful transformation of C–––N functionalities into a triazine frame
work [65–67]. The relatively weak and broad nature of these signals 
likely results from partial carbonization at elevated.

temperatures and the restricted vibrational freedom imposed by the 
highly crosslinked polymer network. Complementary solid-state 13C 
NMR analysis (Fig. 2(c)) further supports this transformation, showing a 
distinct resonance at approximately 174.5 ppm assigned to the carbon 
atoms within the triazine rings, alongside a broad peak at 129.33 ppm 
corresponding to aromatic carbons in the PFCTF frameworks. TGA 
analysis (Fig. 2(d)) demonstrates a marked enhancement in thermal 
stability after ionothermal treatment for the resulting PFCTF materials. 
Notably, the PFCTF-10-500 sample exhibits exceptional thermal resil
ience, with Td5 occurring at 453 ◦C and Td10 at 660 ◦C, accompanied by a 
high char yield of 84 wt%. These thermal properties reflect a highly 
robust, heat-resistant structure. Moreover, the increased degree of cross- 
linking and incorporation of triazine rings contributes significantly to 
the improved chemical stability and structural integrity of the PFCTFs. 
The PXRD patterns (Fig. S6) reveal a broad diffraction peak at 2θ ≈ 23◦, 
characteristic of the (002) plane and indicative of π–π stacking in
teractions between aromatic layers. In the samples PFCTF-5-500 and 
PFCTF-10-500, additional sharp peaks emerge around 41–43◦, which 
can be attributed to the (100) and (101) planes, signifying the devel
opment of short-range ordered or graphitic-like domains [65–67]. The 
pronounced increase in peak intensity and sharpness with higher ZnCl2 
loading, particularly evident in PFCTF-10-500, demonstrates enhanced 
structural ordering facilitated by the combined effects of elevated syn
thesis temperature and ZnCl2 concentration during ionothermal treat
ment. Fig. S7 displays the Raman spectra of the PFCTF samples within 
the 1000–2600 cm− 1. All four PFCTFs feature two dominant peaks near 
1350 cm− 1 (D band) and 1596 cm− 1 (G band), characteristic of graphitic 
structures. Notably, PFCTF-10-500 displays the highest ID/IG ratio of 
0.87, indicating the richest presence of condensed aromatic domains 
and superior graphitization [66–67]. Following the successful synthesis 
of the PFCTFs, their porosity was rigorously assessed via nitrogen 
adsorption–desorption measurements conducted at 77 K, with results 
illustrated in Figs. 3(a–d). According to IUPAC classification, all four 
PFCTFs display type I isotherms, characteristic of predominantly 
microporous architectures. The materials PFCTF-5-400, PFCTF-10-400, 
PFCTF-5-500, and PFCTF-10-500 exhibited impressive specific surface 
areas [SBET] of 821, 1127, 871, and 1205 m2 g− 1, respectively. Notably, 
increasing the ZnCl2 ratio during ionothermal synthesis markedly 
enhanced the surface area, reflecting ZnCl2's dual functionality as both a 
catalyst and templating agent. At elevated concentrations, ZnCl2 facili
tates the development of well-defined microporous networks and 
simultaneously stabilizes the framework during high-temperature 
polymerization, effectively preventing pore collapse and preserving 
structural integrity [65,68,69]. Furthermore, the pore diameters of 
PFCTF-5-400, PFCTF-10-400, PFCTF-5-500, and PFCTF-10-500 were 
1.32–1.75, 0.99–1.94, 1.32–1.74, and 1.04–1.82 nm, with microporous 
characteristics, respectively. The chemical composition of the PFCTFs 
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was further elucidated by X-ray photoelectron spectroscopy (XPS), with 
high-resolution N 1 s spectra presented in Figs. 3(e–h). Peak deconvo
lution identified three distinct nitrogen species at binding energies near 
398.0 eV, 399.5 eV, and 401.0 eV, assigned to pyridinic nitrogen, pyr
rolic nitrogen, and graphitic (quaternary) nitrogen, respectively, and the 
percentage of pyridinic nitrogen, pyrrolic nitrogen, and graphitic 
(quaternary) nitrogen in all PFCTFs is summarized in Table S1. 
Table S1 revealed that PFCTF-10-500 possesses the highest pyridinic 
nitrogen content among the PFCTF samples, underscoring its unique 
chemical environment and potential functional advantages. The surface 
morphologies of the PFCTFs were investigated using SEM, as depicted in 
Figs. 3(i–l). In comparison to the PF-CN CMP precursor (Fig. S5), 
PFCTF-5-400 and PFCTF-10-400 maintain relatively similar spherical 
particle morphologies. Conversely, PFCTF-5-500 and PFCTF-10-500 
exhibit distinctly more pronounced localized layered arrangements, 
resulting from carbonization induced by high-temperature treatment. 
PFCTF-5-500 exhibits a loosely arranged layered structure with smooth 
surfaces and indistinct pore features, suggesting insufficient pore 
development during synthesis. Conversely, PFCTF-10-500, synthesized 

with an increased ZnCl2 content, presents a more compact and rugged 
morphology, characterized by a clearly discernible porous framework. 
SEM-EDS analysis [Fig. S8] confirmed the presence of carbon (C, yellow 
color) and nitrogen (N, green color) atoms in PF-CN CMP and all PFCTF 
samples, with their respective atomic percentages summarized in 
Table S2. Furthermore, TEM images (Figs. 3(m–p)) corroborate that the 
PFCTFs possess amorphous structural characteristics.

3.3. CO2 adsorption performance of PFCTFs

Given the high specific surface area of the PFCTFs combined with 
nitrogen sites in the triazine rings that facilitate strong interactions with 
CO2 (Fig. 4(a)), their CO2 adsorption capacities were systematically 
evaluated. As illustrated in the adsorption isotherms (Figs. 4(b) and (c)), 
the obtained PFCTF framework samples with the greatest surface areas 
demonstrated superior CO2 uptake. Notably, PFCTF-10-500 achieved an 
exceptional CO2 adsorption capacity of 5.73 mmol g− 1 at 273 K and 1 
bar, positioning it among the top-performing CTFs reported under 
similar conditions [Fig. S9 and Table S3]. Remarkably, this material 

Fig. 2. (a) Preparation of PFCTF materials via the reaction of PF–CN CMP with anhydrous ZnCl2 at 400 ◦C and 500 ◦C, (b) FTIR, (c) solid-state 13C nuclear magnetic 
resonance (NMR) spectroscopy, and (d) TGA of PFCTF materials.
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also maintained impressive CO2 capture efficiency at ambient temper
ature (298 K), with an uptake of 3.74 mmol g− 1. The superior CO2 
adsorption performance of PFCTF-10-500 relative to other PFCTF ma
terials can be ascribed to its higher nitrogen content, particularly pyr
idinic nitrogen, which enhances specific interactions with CO2, together 
with its large surface area [70–72]. Consistent with this interpretation, 
Vidal et al. demonstrated using nitrogen-doped nanorings that 
increasing nitrogen content raises the electron density of the framework, 
thereby strengthening the interaction between the adsorbent and CO2 
molecules [73].

To further elucidate the interactions governing CO2 adsorption, the 
Clausius–Clapeyron equation was applied to the adsorption isotherms at 
273 K and 298 K to determine the isosteric heat of adsorption (Qst). As 
shown in Fig. 4(d), the Qst values for the PFCTF materials at low 
coverage fall within the range of 25.3–27.1 kJ mol− 1, reflecting strong 
dipole–quadrupole electrostatic interactions between the polarizable 
CO2 molecules and the nitrogen-rich PFCTF framework. The adsorption 
mechanism is predominantly physisorption, which offers the significant 
advantage of reversibility. Given that reusability is a key factor for 
practical deployment, the cycling performance of PFCTF-10-500 was 
evaluated over five consecutive adsorption–desorption cycles (Fig. 4(i)). 

The results reveal that the CO2 uptake remained essentially unchanged, 
confirming the material's excellent stability and regeneration capability. 
Beyond CO2 uptake and structural characteristics of the synthesized 
PFCTFs, the CO2/N2 adsorption selectivity is a critical parameter for 
assessing the performance of porous adsorbents. Using CO2 and N2 
adsorption isotherms measured at identical temperatures, the CO2/N2 
selectivity was calculated via the ideal adsorption solution theory (IAST) 
model (Figs. 4(e–h)). The evaluation was performed under simulated 
flue gas conditions (15% CO2 and 85% N2 at ~0.15 bar). As summarized 
in Table S3, the four PFCTFs exhibit comparable selectivity values, with 
noticeably higher selectivity at 273 K compared to 298 K. This tem
perature dependence reflects the predominance of physisorption in 
these PFCTF frameworks, as previously discussed. To assess perfor
mance under low-pressure conditions (≤ 0.1 bar), relevant to atmo
spheric CO2 concentrations, the Henry's law model was applied 
(Fig. S10). The calculated selectivities, along with corresponding nu
merical comparisons, are listed in Table S3. While the selectivity values 
of PFCTFs are not exceptionally high, the combination of reasonable 
CO2/N2 selectivity and substantial CO2 adsorption capacity highlights 
their potential as viable materials for CO2 capture and mitigation 
technologies.

Fig. 3. (a-d) BET isotherm (inset: pore size distributions), (e-h) XPS spectra N1s, (i-l) SEM images, and (m-p) TEM images of (a, e, i, m) PFCTF-5-400, (b, f, j, n) 
PFCTF-10-400, (c, g, k, o) PFCTF-5-500 and (d, h, l, p) PFCTF-10-500.
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3.4. Synthesis, characterization, and electrocatalytic HER of Ru3+

coordinated PFCTFs (Ru@PFCTFs)

To boost the electrocatalytic activity of PFCTF materials, Ru3+ metal 
ions were incorporated into the nitrogen-rich carbon framework con
taining triazine units, enabling coordination interactions (Fig. 5(a)). To 
elucidate the elemental composition and electronic states of the fabri
cated Ru@PFCTF-10-500 electrocatalyst, X-ray photoelectron spectros
copy (XPS) measurements were carried out. As shown in Fig. S11, the 
survey spectrum confirms the presence of C, N, O, and Ru elements in 
the composite. The high-resolution C 1 s, Ru 3d, Ru 3p and N 1 s spectra 
of Ru@PFCTF-10-500 are presented in Figs. 5(b-d). The high-resolution 
C 1 s spectrum [Fig. 5(b)] can be deconvoluted into three components at 
binding energies of 283.65, 285.20, and 286.89 eV, which are assigned 
to C=C/C–C, C–N, and C–O species, respectively. In addition, two 
peaks located at 280.95 and 284.78 eV are attributed to the Ru 3d5/2 and 
Ru 3d3/2 levels, respectively, which partially overlap with the C 1 s 

region. To clearly identify the oxidation state of Ru without interference 
from the C 1 s signal, the Ru 3p core-level spectrum was further 
analyzed. As shown in Fig. 5(c), the Ru 3p spectrum exhibits two well- 
resolved peaks at 462.05 and 484.33 eV, corresponding to the Ru3+

3p3/2 and Ru3+ 3p1/2 states, respectively, confirming the +3-oxidation 
state of Ru in Ru@PFCTF-10-500. Furthermore, the deconvoluted N 1 s 
spectrum (Fig. 5(d)) displays peaks at 397.43, 399.58, and 401.78 eV, 
which are assigned to pyridinic N, pyrrolic N, and quarternary N species, 
respectively. Notably, an additional peak observed at 398.63 eV is 
attributed to Ru–N coordination. Collectively, these XPS results provide 
clear evidence for the successful coordination of Ru species with the 
pyridinic nitrogen atoms of the triazine framework in Ru@PFCTF-10- 
500. XRD analysis revealed that both PFCTF-5-500 and PFCTF-10-500 
exhibit amorphous characteristics [Fig. S12], which is consistent with 
the observations from the TEM image [Fig. 5(e)]. Morphological anal
ysis by SEM, combined with EDS elemental mapping (Fig. 5(f)), dem
onstrates that Ru is homogeneously distributed alongside C and N across 

Fig. 4. (a) Proposed interaction mechanism between PFCTFs and CO2 molecules. CO2 and N2 adsorption isotherms of PFCTFs at (a) 273 K and (c) 298 K. (d) Qst 
values of PFCTFs. IAST selectivity (SCO2/N2) of CO2 /N2 at 273 K and 298 K for (e) PFCTF-5-400, (f) PFCTF-10-400, (g) PFCTF-5-500, (h) PFCTF-10-500, and (i) five- 
cycle CO2 adsorption performance of CTF-10-500 at 298 K.
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Fig. 5. (a) Synthetic method of Ru@PFCTFs from their corresponding PFCTF precursors, XPS analysis fitting of (b) Ru 3d, (c) Ru 3p, (d) N 1 s, (e) the TEM image, and 
(f) the SEM image and SEM-EDS elemental mapping images of Ru@PFCTF-10-500.

Fig. 6. (a) LSV curves toward electrocatalytic HER of PFCTFs and Ru@PFCTFs, (b) Tafel slope of PFCTFs and Ru@PFCTFs, (c) Linear fitting of Δj (Δj = ja − jc) vs. 
scan rate at a potential of +0.6 V (vs. RHE). (d) Raw and Fitted Nyquist plots of PFCTFs and Ru@PFCTFs (inset: equivalent Randles circuit, Fitting Error: 2%), (e) 
Chronopotentiometry measurement of the HER at about 10 mA cm− 2 for 18 h in 1 M KOH, and (f) LSV curves for Ru@PFCTF-10-500 before and after 3000 CV cycles 
in 1.0 M KOH solution.
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the PFCTF material's surface, with no signs of particle aggregation, 
underscoring the uniform integration of Ru3+ within the PFCTF 
framework.

The electrocatalytic HER activity of the Ru@PFCTF materials in 1 M 
KOH was evaluated via linear sweep voltammetry (LSV). As shown in 
Fig. 6(a), the obtained PFCTFs required overpotentials (η) exceeding 
300 mV to achieve a current density of − 10 mA cm− 2, reflecting poor 
intrinsic catalytic activity. In sharp contrast, Ru@PFCTF-10-500 deliv
ered an exceptionally low overpotential of 89 mV, highlighting its su
perior HER activity. In comparison, Ru@PFCTF-5-400, Ru@PFCTF-10- 
400, and Ru@PFCTF-5-500 exhibited higher overpotentials of 197, 131, 
and 120 mV, respectively. Moreover, by comparing the LSV data of Pt/C, 
the Ru@PFCTF-10-500 needed 49 mV more overpotential to deliver 
− 10 mA cm− 2 current density than that of Pt/C (η10 = 40 mV) 
[Fig. S13]. Additionally, the overpotential (η₁₀) of Ru@PFCTF-10-500 is 
lower than or comparable to those of previously reported metal- 
coordinated POP-based electrocatalysts, including COFs, CMPs, and 
MOFs (Table S4). Ni@PFCTF-10-500 and Co@PFCTF-10-500 were 
synthesized using the same procedure as that for Ru@PFCTF-10-500. 
Their electrocatalytic HER performances were then evaluated in a 
three-electrode system. As shown in the LSV curves [Fig. S14], 
Ni@PFCTF-10-500 and Co@PFCTF-10-500 require overpotentials of 
537 and 502 mV, respectively, to achieve a current density of − 10 mA 
cm− 2. In contrast, Ru@PFCTF-10-500 reaches the same current density 
at a much lower overpotential of only 89 mV. These findings elucidate 
that Ru is a more effective active site for HER than Co and Ni. Tafel slope 
analysis (Fig. 6(b)) further revealed the sluggish reaction kinetics of the 
synthesized PFCTF-5-400, PFCTF-10-400, PFCTF-5-500, and PFCTF-10- 
500 with slopes of 230.8, 234.8, 232.8, and 490 mV dec− 1. In compar
ison, Ru@PFCTF-5-400, Ru@PFCTF-10-400, Ru@PFCTF-5-500, and 
Ru@PFCTF-10-500 achieved a slope of 198.6, 162.2, 138.8, and 127.3 
mV dec− 1, indicative of faster charge-transfer kinetics and consistent 
with Volmer-dominated rate-determining step (r.d.s) [74]. The lower 
Tafel slope observed for Ru@PFCTF-10-500 (127.3 mV dec− 1) suggests 
improved electron transfer efficiency and a more favorable HER 
response [74–77]. Cyclic voltammetry (CV) experiments on PFCTFs and 
Ru@PFCTFs were carried out in the non-faradaic potential range across 
various scan rates [Figs. S15 and S16]. The double-layer capacitance 
(Cdl) was obtained by determining the slope of the graph plotting the 
change in current density (ΔJ) against the scan rate. The electrochemical 
double-layer capacitance (Cdl), a proxy for electrochemically active 
surface area, is shown in Fig. 6(c). Ru@PFCTF-10-400 and Ru@PFCTF- 
10-500 samples displayed markedly higher Cdl values [37.5 and 35.8 mF 
cm− 2; respectively] than their pristine PFCTF counterparts, confirming a 
substantial increase in active site density for HER. In addition, the Cdl, 
the turnover frequency (TOF), and mass activity were evaluated to 
provide a more comprehensive assessment of the HER performance. The 
TOF values were calculated under alkaline conditions to quantify the 
intrinsic catalytic activity, as detailed in the Supporting Information. As 
shown in Fig. S17(a), PFCTF-10-500 exhibits a TOF of 0.92 s− 1 at an 
overpotential of 150 mV in a basic electrolyte. Upon Ru ions incorpo
ration, Ru@PFCTF-10-500 delivers a markedly higher TOF of 3.98 s− 1 

under identical conditions, representing an approximately fourfold 
enhancement compared to the Ru-free counterpart. Furthermore, all Ru- 
based catalysts (Ru@PFCTF-5-400, Ru@PFCTF-10-400, Ru@PFCTF-5- 
500, and Ru@PFCTF-10-500) consistently exhibit higher TOF values 
than their corresponding Ru-free samples (PFCTF-5-400, PFCTF-10-400, 
PFCTF-5-500, and PFCTF-10-500). These results clearly indicate that Ru 
incorporation significantly enhances the intrinsic catalytic activity to
ward HER. To further evaluate the practical catalytic performance, the 
current density was normalized to the catalyst loading on the glassy 
carbon electrode (GCE) to determine the mass activity.

As presented in Fig. S17(b), Ru@PFCTF-10-500 achieves a mass 
activity of 150 A g− 1 at an overpotential of 190 mV, whereas PFCTF-10- 
500 requires a substantially higher overpotential of 638 mV to reach the 
same mass activity. This pronounced enhancement in mass activity 

demonstrates that Ru incorporation markedly improves the catalytic 
efficiency per unit mass, underscoring its effectiveness in promoting 
HER performance. To elucidate the charge-transfer resistance (Rct) at 
the electrode–electrolyte interface, electrochemical impedance spec
troscopy (EIS) measurements were performed for all electrocatalysts at 
the overpotential of 100 mV. The Nyquist plots were fitted using the 
Randles equivalent circuit model. As shown in Fig. 6(d), the extracted 
charge-transfer resistance (Rct) values for PFCTF-5-400, PFCTF-10-400, 
PFCTF-5-500, PFCTF-10-500, Ru@PFCTF-5-400, Ru@PFCTF-10-400, 
Ru@PFCTF-5-500, and Ru@PFCTF-10-500 were 270.7, 87.5, 264.2, 
175.0, 44.2, 48.4, 52.1, and 41.9 Ω, respectively. The corresponding 
solution resistance (Rs) values were determined to be 48.5, 44.4, 19.1, 
37.9, 40.3, 46.6, 18.8, and 23.9 Ω, respectively. Notably, the 
Ru@PFCTF-10-500 electrode exhibits the lowest Rct value among all 
samples, indicating markedly enhanced charge-transfer kinetics at the 
electrode–electrolyte interface. This improved interfacial electron 
transport is attributed to the synergistic effect of Ru incorporation and 
optimized thermal treatment, which collectively facilitate rapid elec
trochemical reactions. Beyond achieving high HER activity, long-term 
operational stability is a critical criterion for evaluating the practical 
reliability of electrocatalysts. Accordingly, the durability of Ru@PFCTF- 
10-500 was assessed via chronoamperometric (i–t) stability measure
ments. An 18 h test conducted at a constant overpotential of 130 mV (vs. 
RHE) revealed that Ru@PFCTF-10-500 retained approximately 77% of 
its initial current density, indicating good steady-state catalytic dura
bility [Fig. 6(e)] [78]. Furthermore, extended i–t stability testing for up 
to 100 h at a constant potential of − 0.23 V (vs. RHE) demonstrated a 
nearly constant current response, further confirming the excellent long- 
term electrochemical stability of Ru@PFCTF-10-500 [Fig. S18]. To 
further examine the structural and electrochemical robustness of the 
catalyst, linear sweep voltammetry (LSV) curves were recorded before 
and after 3000 CV cycles [Fig. 6(f)]. After cycling, only a modest in
crease of 33 mV in the overpotential required to achieve a current 
density of − 10 mA cm− 2 was observed, underscoring the strong elec
trochemical durability and robustness of Ru@PFCTF-10-500. Addi
tionally, to verify the stability of Ru during long-term electrochemical 
operation, inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) analysis was performed on the electrolyte after the stability 
test. The ICP-OES results of the electrolyte after a 100 h chro
noamperometric stability test of Ru@PFCTF10–500 revealed no 
detectable Ru leaching, confirming the excellent coordination stability 
of Ru within the PFCTF framework. Following the 100 h chro
noamperometric stability test, the structural and morphological integ
rity of Ru@PFCTF-10-500 was further investigated using SEM and TEM 
[Fig. S19]. The TEM analysis reveals that Ru@PFCTF-10-500 preserves 
its amorphous structural characteristics even after prolonged electro
chemical operation for 100 h, indicating excellent structural stability 
under alkaline HER conditions. In addition, the SEM images [Fig. S19] 
confirm that the characteristic spherical aggregate morphology of 
Ru@PFCTF-10-500 remains essentially unchanged after extended alka
line HER testing, demonstrating the robust morphological durability of 
the catalyst during long-term electrochemical operation. These results 
collectively confirm the exceptional structural robustness and enduring 
HER activity of the catalyst under prolonged alkaline operation. 
Fig. S20 and Table S4 present a comprehensive comparison of the HER 
performance of Ru@PFCTF catalysts with various benchmark materials. 
The results highlight Ru@PFCTF-10-500 as a top-performing electro
catalyst for HER, which can be attributed to a combination of favorable 
structural, electronic, and interfacial properties. First, the relatively high 
specific surface area of Ru@PFCTF-10-500 provides abundant accessible 
active sites, thereby increasing the number of electrochemically avail
able Ru centers and facilitating efficient contact between the catalyst 
surface and the electrolyte. This structural advantage significantly en
hances the intrinsic catalytic activity by promoting rapid adsorption of 
reactant species. In addition, the elevated content of pyridinic nitrogen 
within the Ru@PFCTF-10-500 framework plays a crucial role in 
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modulating the electronic structure of the anchored Ru species. Pyr
idinic N atoms can act as strong coordination sites, stabilizing Ru atoms 
and clusters through Ru–N interactions while simultaneously tuning 
the local electron density. This electronic modulation improves 
hydrogen adsorption energetics and accelerates interfacial charge 
transfer during HER. Moreover, the strong coupling between Ru species 
and the nitrogen-rich carbon framework contributes to the excellent 
electrochemical stability of the catalyst under alkaline conditions. 
Electrochemical impedance spectroscopy further supports this inter
pretation, as Ru@PFCTF-10-500 exhibits a low Rct, indicating fast 
electron transport across the catalyst–electrolyte interface. The reduced 
Rct reflects enhanced electrical conductivity and efficient electron de
livery to the active sites, which is essential for sustaining high HER rates. 
Furthermore, the relatively low Tafel slope observed for Ru@PFCTF-10- 
500 (127.3 mV dec− 1) suggests improved HER kinetics and a more 
favorable reaction pathway. Such a Tafel slope is indicative of a Volmer 
step–limited process, implying that the initial electrochemical discharge 
of water molecules is the rate-determining step. This behavior is 
consistent with enhanced electron transfer efficiency and optimized 
surface energetics for hydrogen adsorption. Furthermore, the catalytic 
HER activity of all samples was evaluated in a 0.5 M H2SO4 electrolyte. 
The corresponding LSV curves are presented in Fig. S21. The results 
demonstrate that the incorporation of Ru significantly lowers the over
potentials of the PFCTF-based catalysts compared with the pristine 
PFCTFs, indicating enhanced proton reduction efficiency. Among the 
catalysts, Ru@PFCTF-10-500 exhibits the best performance, requiring 
an overpotential of only 143 mV to achieve a current density of − 10 mA 
cm− 2 [Fig. S21]. In contrast, Ru@PFCTF-5-400, Ru@PFCTF-10-400, 
and Ru@PFCTF-5-500 require higher overpotentials of 271, 262, and 
229 mV, respectively. Notably, the Ru-free PFCTF-5-400, PFCTF-10- 
400, PFCTF-5-500, and PFCTF-10-500 display much higher over
potentials of 736, 560, 622, and 383 mV, respectively, at a current 
density of − 10 mA cm− 2.

4. Conclusion

The malononitrile-functionalized CMP [PF-CN CMP] was success
fully transformed into PFCTFs featuring triazine rings via ionothermal 
reactions at 400 ◦C and 500 ◦C. The resulting materials show great 
promise as adsorbents and catalysts for gas capture and electrocatalytic 
H2 production, respectively. BET and TGA analyses confirmed signifi
cant improvements in pore structure and thermal stability, attributed to 
the combined effects of high surface area, nanoporous architecture, and 
nitrogen-containing functionalities. Notably, PFCTF-10-500 exhibited 
excellent CO2 adsorption, reaching a maximum uptake of 5.73 mmol g− 1 

at 1 bar and 273 K. Moreover, the electrocatalytic performance was 
markedly enhanced by nitrogen atoms in the PFCTF frameworks coor
dinating with Ru3+ metal ions. The Ru@PFCTF-10-500 catalyst exhibi
ted HER activity, achieving a low overpotential of 89 mV, a Tafel slope 
of 127.3 mV dec− 1, and a higher electrochemical Cdl of 35.8 mF cm− 2, 
indicative of faster charge-transfer kinetics and a more favorable HER 
mechanism. This innovative approach for synthesizing CTF materials 
from CMP precursors not only delivers exceptional CO2 capture and 
enhanced HER performance but also provides a powerful strategy to 
finely tune the pore architecture of porous organic polymers (POPs), 
thereby advancing the development of next-generation nanoporous 
materials with tailored functionalities.
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