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Abstract 

Metal-free electrocatalysts play a crucial role in enabling practical water 

splitting for future clean energy production by facilitating the oxygen evolution 

reaction (OER). However, the preparation of such electrocatalysts presents 

significant challenges due to the limitations of the kinetically sluggish anodic 

half-cell reaction, which restricts the attainment of high energy inputs. In this 

study, we present a metal- and pyrolysis-free ionic covalent organic framework 

(COF) nanosheet, denoted as JUC-627-NS, and investigate its potential as an 

efficient electrocatalyst for OER by introducing cationic-π interactions. Notably, 

through the utilization of positively charged JUC-627-NS as cationic donors 

and π-conjugated graphene as electron donors for the first time, the 

JUC-627-NS@G-2 composite exhibits an exceptional ultralow overpotential of 

275 mV at a current density of 10 mA cm-2, ranking among the top-performing 

metal- and pyrolysis-free electrocatalysts reported thus far. Combining 

theoretical calculations with in-situ infrared spectroscopy, we validate that the 

imidazolium salt moiety of JUC-627-NS serves as the active center of the 

electrocatalyst, while the robust cation-π interaction within the complex brings 

the reaction site closer to graphene, acting as a conductive agent. These 

findings highlight a novel strategy for advancing the development of metal-free 

OER electrocatalysts based on ionic COF materials, with promising 

applications in energy conversion and storage devices. 
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1. Introduction 

Over the past few decades, hydrogen has emerged as a clean and promising 

energy carrier, offering a potential solution to the energy crisis and 

environmental pollution caused by fossil fuels. [1,2] Electrocatalytic water 

splitting has emerged as a prospective method for hydrogen production. 

However, the oxygen evolution reaction (OER) has been identified as a 

bottleneck in efficient water splitting due to its high energy requirements. The 

limited energy conversion efficiency is attributed to the kinetically slow anodic 

half-cell reaction, which involves the transfer of four electrons. [3,4] Although 

noble transition metal oxides, such as RuO2 and IrO2, have demonstrated 

effectiveness as electrocatalysts for OER, their large-scale application is 

hindered by their scarcity in nature and associated environmental concerns 

regarding extraction processes. [5-7] In recent years, metal-free materials have 

gained attention as they offer environmental friendliness and abundant 

resources for electrocatalytic OER.[8,9] Notably, Zhao et al. discovered a highly 

efficient metal-free electrocatalyst for OER in 2013, showcasing an 

overpotential of 380 mV at a current density of 10 mA cm-2, closing to 

commercial IrO2 catalyst (~320 mV).[10] Similarly, Peng et al. developed a 

metal-free mesoporous N-doped carbon through wood pyrolysis as an OER 

catalyst, exhibiting an overpotential of 380 mV at a current density of 10 mA 

cm-2.[11] Additionally, several metal-free carbon-based materials have 

demonstrated comparable OER performance to noble-metal-containing 

benchmarks. However, these materials often require pyrolysis, resulting in 

unpredictability and poorly defined active sites, limiting the understanding of 

structure-activity relationships.[3,12] Therefore, the development of efficient 

OER catalysts that are both metal-free and pyrolysis-free with well-defined 

active sites and tunable structures, remains an urgent priority. 

Covalent organic frameworks (COFs) have garnered significant interest 

as nonmetallic nanomaterials due to their tunable structures and excellent 
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stability. [13-18] However, the number of COFs reported as metal-free catalysts 

for the OER remains limited. For example, Zhang et al. developed a novel 

phenazine-linked 2D COF with exceptional OER activity, achieving an 

overpotential of 349 mV at 10 mA cm-2.[19] Likewise, Bhaumik et al. reported a 

metal-free thiadiazole-based COF exhibiting remarkable OER performance, 

including an onset potential of 270 mV and an overpotential of 320 mV at a 

current density of 10 mA cm-2.[20] Nonetheless, due to the inherently low 

conductivity of COFs, additional carbon materials were introduced to enhance 

electrical conductivity.[21,22] Moreover, the accumulation of COF in the catalyst 

ink due to π-π interactions hindered full exposure of the reaction sites, while 

the conductive particles' agglomeration limited their effectiveness in promoting 

conductivity.[23,24] Introducing an interaction force between the active 

substance and the conductive particles was found to be beneficial in inhibiting 

agglomeration and enhancing electron transfer efficiency.[25,26] Among these 

interaction forces, cation-π interactions, formed when graphene serves as the 

π electron donor, have attracted extensive attention in electrochemistry due to 

their remarkable strength.[27,28] Interestingly, although metal-free ionic COF 

nanosheets offer the potential to improve cation-π interactions between the 

active framewrok and the conductive agent, their application as 

electrocatalysts for OER remains unexplored. 

Herein, we present a metal- and pyrolysis-free ionic COF nanosheet, 

named JUC-627-NS, and firstly investigate its potential as an electrocatalyst 

for the OER through the utilization of cation-π interactions. By introducing the 

interaction between COF nanosheets and graphene, JUC-627-NS@G-2 

demonstrates a remarkably low OER overpotential of only 275 mV at a current 

density of 10 mA cm-2. To the best of our knowledge, this value stands as one 

of the lowest among all previously reported metal- and pyrolysis-free 

electrocatalytic materials, including COFs, hydrogen-bonded organic 

frameworks (HOFs), and pyrolysis-free carbon materials. Furthermore, it 
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surpasses the performance of commercial noble metal-based catalysts such 

as Pt/C, IrO2, and RuO2. Additionally, through a combination of experimental 

results and theoretical analysis, we elucidate that the cation-π interaction 

between JUC-627-NS and graphene facilitates smooth conductive pathways 

and excellent charge and electrolyte transfer channels, thereby contributing to 

its exceptional OER activity. Consequently, this work presents a novel 

approach to the development of efficient metal-free OER electrocatalysts by 

utilizing ionic COF matrix composites based on cation-π interactions. 

2. Experimental Section 

2.1. Synthesis of JUC-626  

[1,1’-Biphenyl]-4,4’-dicarboxylic acid, dihydrazide (20.27 mg) and 

2,4,6-trihydroxy-1,3,5-ben-zenetricarboxaldehyde (10.51 mg) were loaded into 

a pyrex tube, and 1.4 mL mesitylene, 0.6 mL dimethylacetamide and 0.2 mL of 

acetic acid (6 M) was added. The liquid nitrogen bath was used to flashly freeze 

the pyrex tube, which was evacuated to an interior pressure of ca. 19.0 mbar 

and flame-sealed, decreasing the whole length by ca. 10.0 cm. The tube was 

placed in an oven at 85 °C for 7 d after the temperature increasing to room 

temperature. The resulting precipitate was filtered, exhaustively washed with 

acetone for 5 times. The obtained powder was immersed in anhydrous acetone, 

and the solvent was exchanged with fresh acetone for several times. The 

sample was then transferred to vacuum chamber and evacuated to 20 mTorr 

under room temperature, yielding white powder for N2 adsorption 

measurements. 

2.2. Synthesis of JUC-627 

1-((4,4'-di(hydrazinecarbonyl)-[1,1'-biphenyl]-2-yl) methyl)- 3-ethyl-1H 

-imidazol-3- bromi dedium (20.6 mg) and 2,4,6-Trihydroxy-1,3,5-ben- 

-zenetricarboxaldehyde (6.3 mg) were loaded into a Pyrex tube, and 1.8 mL 
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mesitylene, 0.2 mL dimethylacetamide and 0.2 mL of acetic acid (6 M) was 

added. The liquid nitrogen bath was used to flashly freeze the pyrex tube, which 

was evacuated to an interior pressure of ca. 19.0 mbar and flame-sealed, 

decreasing the whole length by ca. 10.0 cm. The tube was placed in an oven at 

80 °C for 7 d after the temperature increasing to room temperature. The 

resulting precipitate was filtered, exhaustively washed with acetone for 5 times. 

The obtained powder was immersed in anhydrous acetone, and the solvent 

was exchanged with fresh acetone for several times. The sample was then 

transferred to vacuum chamber and evacuated to 20 mTorr under room 

temperature, yielding white powder for N2 adsorption measurements. 

2.3. Synthesis of COF nanosheets 

JUC-626 was placed in a mortar and ground for 40 mins. The powder was 

collected and milled in a ball mill at 6000 rpm for 20 mins. Then the powder was 

collected and dispersed in ethanol at a concentration of 10 mg/mL, sonicated 

for 18 hours, and the supernatant was collected after standing, and dried to 

obtain JUC-626-NS. JUC-627-NS were obtained in the same way.  

2.4. Synthesis of COF nanosheet and graphene complexes 

5 mg of JUC-626-NS or JUC-627-NS and different proportions of graphene 5.0 

mg, 10.0 mg, 15.0 mg were added to the mortar grinding 20 mins. After that, 

remove the complex and add it to the ampoule, adding 0.8 mL of DMAC. The 

liquid nitrogen bath was used to flashly freeze the pyrex tube, which was 

evacuated to an interior pressure of ca. 19.0 mbar and flame-sealed, 

decreasing the whole length by ca. 8.0 cm. The tube was placed in an oven at 

80 °C for 3 d after the temperature increasing to room temperature. The 

resulting precipitate was filtered, exhaustively washed with acetone for 5 times. 

The obtained powder was immersed in anhydrous acetone, and the solvent 

was exchanged with fresh acetone for several times. The sample was then 
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transferred to vacuum chamber and evacuated to 20 mTorr under room 

temperature, yielding white powder for N2 adsorption measurements. The 

products were named JUC-626-NS@G-1 or JUC-627-NS@G-1 (5.0 mg), 

JUC-626-NS@G-2 or JUC-627-NS@G-2 (10.0 mg), JUC-626-NS@G-3 or 

JUC-627-NS@G-3 (15.0 mg). 

3. Results 

3.1. Synthesis and characterizations of COFs 

The implementation of the metal-free ionic COF strategy involved the design of 

a hydrazide-based building unit functionalized with a quaternary ammonium 

(QA, an ionic salt) group, namely 

1-((4,4'-di(hydrazinecarbonyl)-[1,1'-biphenyl]-2-yl)methyl)-3-ethyl-1H-imidazol-

3-bromidedium (DBMEI, Scheme 1). The condensation of DBMEI with 

2,4,6-trihydroxy-1,3,5-benzenetricarboxaldehyde (TP) resulted in an expanded 

[2+3] connected network called JUC-627. Typically, JUC-627 was synthesized 

via a solvothermal reaction of TP and DBMEI in a mixture of N, 

N-dimethylacetamide (DMAC) and mesitylene (Mes) in the presence of 6 M 

acetic acid (AcOH) at 80 °C for 7 days (see the Supporting Information for the 

synthesis method). As a comparison, a metal-free neutral counterpart named 

JUC-626 was also synthesized using [1,1′-biphenyl]-4,4′-dicarboxylicacid 

dihydrazide (BDZ) and TP (see the Supporting Information for the synthesis 

method). 

Fourier transform infrared (FT-IR) spectroscopy revealed peaks at 1274 

cm−1 for JUC-626 and 1268 cm-1 for JUC-627, indicating the emergence of 

new C-N stretching bands. The presence of the C=C moiety was confirmed by 

new vibrational peaks at 1574 cm−1 for JUC-626 and 1572 cm-1 for JUC-627 

(see Figures S1 and S2). The successful polymerization of amine and 

aldehyde groups was evidenced by the disappearance of peaks at 1668 cm−1 

(C=O band of TP) and 3198 cm−1 (N−H band of BDZ or BDMEI).[29,30] 
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Solid-state 13C cross-polarization/magic-angle spinning (CP/MAS) NMR 

spectra exhibited peaks at 143 ppm for JUC-626 and 144 ppm for JUC-627, 

further confirming the presence of the characteristic ethylene-forming carbon 

(see Figures S3 and S4).[31,32] Notably, the appearance of a peak at 52 ppm 

indicated the presence of the QA group in JUC-627 after synthesis (see Figure 

S4).[33] Elemental analysis confirmed the presence of carbon, hydrogen, 

oxygen, and nitrogen as determined in Table S1. X-ray photoelectron 

spectroscopy (XPS) was conducted to analyze the chemical composition of 

JUC-626 and JUC-627, revealing the absence of any metal elements and the 

presence of carbon (C), oxygen (O), and nitrogen (N) elements in the COFs 

(see Figures S5a and S6a). The different nitrogen functionalities were 

confirmed by examining the high-resolution N 1s spectra (see Figures S5c and 

S6c). In the case of JUC-626, the N 1s spectrum exhibited peaks 

corresponding to NH-CH2 (at 399.3 eV) and O=C-NH (at 400.2 eV).[34,35] 

Similarly, for JUC-627, the N 1s spectrum displayed peaks corresponding to 

C-N (at 398.6 eV), NH-CH2 (at 399.4 eV), O=C-NH (at 400.2 eV), and C=N (at 

401.3 eV), further confirming the presence of the QA group.[36-38] 

Powder X-ray diffraction (PXRD) measurements, along with structural 

simulations, were carried out to confirm the high crystallinity of JUC-626 and 

JUC-627. Geometrical energy minimization using Materials Studio based on 

eclipsed 2D hexagonal close-packed (hcb) nets revealed that    -626 

crystallized in space group  6  m (No. 1  , see  able  2), while    -62  

crystallized in space group  6  (No. 174, see Table S3). Both COFs were 

simulated with AAstacking and AB stacking, respectively, with clear 

confirmation of the AA stacking mode (see Figures S7 and S8). The 

corresponding unit cell parameters were calculated as follows: for JUC-626, a 

= b = 38.5726 Å, c = 3.4267 Å, α = β = 90°, and γ = 120 °; for JUC-627, a = b = 

37.5857 Å, c = 3.2267 Å, α = β = 90°, and γ = 120°. The simulated PXRD 

patterns exhibited excellent agreement with the experimental results. 
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Additionally, full profile pattern matching (Pawley) refinements were conducted.  

As shown in Figure 1a, the peaks observed at 2θ = 2.65, 4.58, 7.01, 8.16 and 

26.01° for JUC-626 corresponded to the (100), (110), (200), (220) and (001) 

planes, respectively. Similarly, in the case of JUC-627, the peaks observed at 

2θ = 2.71, 4.70, 7.19, 8.44, and 27.69° corresponded to the (100), (110), (200), 

(220) and (001) planes, respectively (see Figure 1c). The refinement process 

yielded PXRD patterns that closely matched the experimental ones, with 

excellent agreement factors (Rwp = 5.20% and Rp = 6.58% for JUC-626, Rwp = 

3.34% and Rp = 4.26% for JUC-627). 

The permanent porosity and specific surface areas of JUC-626 and 

JUC-627 were examined through nitrogen (N2) adsorption-desorption analysis 

conducted at 77 K (see Figures S9 and S10). The N2 adsorption-desorption 

isotherms displayed a rapid uptake at a low pressure of P/P0 < 0.1, followed by 

a distinct step at P/P0 = 0.15 or 0.25. These isotherms exhibited a typical IV 

pattern, characteristic of mesoporous materials, as described in the 

literature.[39-42] The Brunauer-Emmett-Teller (BET) surface areas of JUC-626 

and JUC-627 were determined to be 398 and 244 m2 g−1, respectively (see 

Figures S11 and S12). It is worth noting that the lower BET surface area of 

JUC-627 can be attributed to the space occupied by the QA group and its 

comparatively lower crystallinity.[43] The pore size distributions were analyzed 

using the Barret-Joyner-Halenda (BJH) method, which revealed pore sizes of 

38.2 Å for JUC-626 and 30.8 Å for JUC-627, respectively (see Figures S13 

and S14). These results were found to align well with the values obtained from 

the proposed models (40 Å for JUC-626 and 34.6 Å for JUC-627). Additionally, 

thermalgravimetric analysis (TGA) demonstrated minimal weight loss below 

250 °C under N2 conditions (see Figure S15). Furthermore, JUC-626 and 

JUC-627 were subjected to various chemical environments for 3 days, 

including exposure to different organic solvents such as tetrahydrofuran, 

acetone, and n-hexane. The results indicated that the crystallinity of both 
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JUC-626 and JUC-627 remained unchanged (see Figures S16 and S17). 

Moreover, when exposed to a 1 M KOH (aq) solution for 3 days, both COFs 

exhibited retained crystal and framework structures, showcasing excellent 

chemical stability for OER (see Figures S18 and S19).  

3.2. Synthesis and supramolecular assembly of nanosheets 

The exfoliation of layered crystals into nanosheets effectively enhances the 

number of active sites available for catalytic reactions in 2D materials, as 

previously reported.[44-46] Therefore, we proceeded to process these materials 

into nanosheets using the method depicted in Figure S20. Two COFs (see 

Figures S21 and S22) were initially ground into smaller particles using a mortar, 

followed by further grinding with a planetary ball mill. Subsequently, ultrasonic 

waves were employed to exfoliate thematerials into 2D nanosheets. The 

resulting nanosheets were designated as JUC-626-NS and JUC-627-NS, 

respectively. Upon obtaining the nanosheets, their PXRD patterns were 

assessed, revealing the disappearance of peaks after exfoliation, indicating 

the destruction of the original crystal structure, consistent with previous 

findings (see Figures S23 and S24).[47,48] Additionally, their FT-IR spectra were 

examined, and as demonstrated in Figures S25 and S26, the positions of the 

absorption bands corresponding to the features C=C and C-N remained 

relatively unchanged, suggesting the preservation of the chemical bonds 

linking the monomer units. The morphology of the nanosheets was 

investigated using transmission electron microscopy (TEM, see Figures S29 

and S31). The morphology of the nanosheets was further observed by SEM 

and AFM, which was consistent with those observed by TEM (see Figures S33 

and S34). Energy-dispersive spectrometer (EDS) images displayed uniform 

distribution of C, N, and O atoms in JUC-626-NS and JUC-627-NS (see 

Figures S30 and S32). For comparison, the TEM observation also captured 

the intact laminar structure of graphene (see Figure S27), with EDS 

spectroscopy confirming the presence of only C atoms and no additional 
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elements (see Figure S28). Moving forward, JUC-626-NS or JUC-627-NS, 

along with varying proportions of graphene, were assembled using 

supramolecular interactions, denoted as JUC-626-NS@G-X or 

JUC-627-NS@G-X, where X = 1, 2, or 3, as depicted in Figure 2g. The 

morphology of these assemblies is presented in Figures S35-S40. It is evident 

that JUC-627-NS@G-X exhibits a more homogeneous distribution compared 

to JUC-626-NS@G-X, which is extremely beneficial for electrocatalytic 

OER.[49,50] 

In order to validate the presence of cation-π interaction between ionic 

JUC-627-NS and graphene, we conducted Zeta potential measurements on 

JUC-626-NS, JUC-627-NS, BDZ, and DBMEI. As shown in Figure 2a, the Zeta 

potential of JUC-627-NS showed a much higher value than that of 

JUC-626-NS. Meanwhile, the Zeta potential of DBMEI was much higher than 

that of BDZ, which indicates that the surface of JUC-627-NS carries a large 

amount of positive charge. To provide further confirmation, quartz crystal 

microbalance (QCM) analysis was employed to study the robust cation-π 

interactions between JUC-627-NS and graphene. However, due to the 

insolubility of COFs, we utilized BDZ and DBMEI as model molecules for these 

investigations (see Figure 2b). The QCM sensors were coated with graphene 

and subsequently immersed in varying solutions containing BDZ or DBMEI, 

enabling the measurement of mass loading. Notably, the interaction between 

DBMEI and graphene involved both π-π stacking and cation-π interactions, 

while BDZ and graphene were solely engaged in π-π stacking.  ation-π 

interactions are known to exhibit considerable strength relative to other 

non-covalent interactions such as π-π stacking, surpassing them by several 

magnitudes.[51,52] The QCM results demonstrated significantly higher mass 

loading value for DBMEI compared to BDZ, serving as evidence for the 

existence of cation-π interaction between DBMEI and graphene.  o gain 

deeper insights into the interaction between JUC-627-NS and graphene, we 



12 

 

performed calculations to assess the electrostatic potential of the molecular 

fragments of JUC-627-NS and the junction system formed between 

JUC-627-NS and graphene, respectively. The results indicated the presence of 

positive charges surrounding the imidazole ring (see Figures 2c and S41). 

When the positive charge on the imidazole ring approached the graphene 

surface, the positive region tended to be in closer proximity to the graphene, 

thereby establishing a cation-π interaction.  onsequently, this led to 

alterations in the surface electrostatic potential of the imidazole ring (see 

Figures 2d, 2e, S42-S45). Furthermore, we conducted calculations to 

determine the crystal orbital overlap population (COOP) between the two 

nitrogen atoms on the imidazole ring and the carbon atom or graphene. The 

analysis of COOP provided valuable insights into the bonding characteristics, 

including bonding and antibonding interactions represented by positive and 

negative values, respectively. These values indicate the changes in electron 

density within the interatomic regions due to interactions. Figure 2f illustrates 

the shifting of electron density in atoms located near the graphene side, 

indicating the occurrence of cation-π interactions between the molecular 

fragments and graphene. 

3.3. Electrochemical characterization 

Building upon the promising results obtained previously, we further 

investigated the electrocatalytic OER activity of JUC-626-NS and JUC-627-NS 

through the recording of linear sweep voltammetry (LSV) curves. All LSV plots 

were presented after iR compensation. The electrocatalytic performance of the 

JUC-626-NS@G-X series was found to be favorable, as indicated by the 

potentials ranging from 1.47 to 1.512 V vs. RHE at a current density of 1 mA 

cm-2, from 1.715 to 1.777 V vs. RHE at a current density of 10 mA cm−2, and 

from 1.82 to 2.073 V vs. RHE at a current density of 100 mA cm-2 (see Table 

S4 and Figure 3a).  
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As anticipated, the JUC-627-NS@G-X series exhibited superior 

electrocatalytic activity compared to JUC-626-NS@G-X, owing to the 

presence of the nitrogen-rich charged moiety. The JUC-627-NS@G-X series 

displayed lower potentials, ranging from 1.35 to 1.437 V vs. RHE at a current 

density of 1 mA cm-2, 1.505 to 1.593 V vs. RHE at a current density of 10 mA 

cm−2, and 1.67 to 1.788 V vs. RHE at a current density of 100 mA cm-2 (see 

Figure 3b). For comparison purposes, pristine graphene was also prepared for 

OER tests and relative to JUC-627@G-X, its potentials is 1.930 V at a current 

density of 10 mA cm−2, demonstrated significantly lower electrocatalytic activity 

compared to the COF nanosheets combined with graphene (Table S4). This 

revealed that pristine graphene has limited catalytic activity, and only plays the 

role of improving the conductivity of the catalyst rather than as an active center 

(Figure S50). 

Additionally, the LSV curves of three commonly used noble 

metal-basedcatalysts, namely RuO2 and IrO2, were also measured (see Figure 

S46). To gauge electrocatalytic performance, the overpotentials at a current 

density of 10 mA cm-2 (η10) were collected for all samples (see Figure 3c). 

Notably, JUC-627-NS@G-2 exhibited a significantly high η10 of 275 mV vs. 

RHE, outperforming noble metal-based catalysts, such as IrO2 (325 mV vs. 

RHE) and RuO2 (288 mV vs. RHE). Furthermore, the mass activity of 

JUC-627-NS@G-2 was calculated to be an impressive value of 243.06 A g−1, 

surpassing that of Pt/C, IrO2, and RuO2, which was 11.76, 66.87, and 242.13 A 

g−1, respectively (Table S6). Notably, JUC-627-NS@G-2 demonstrated a 

lower overpotential compared to the electrocatalysts mentioned in Figure 3d 

and Table S7, including COFs (e.g., C4-SHz COF, 320 mV),[19] HOFs (e.g., 

S@HOF-H2BDC, 358 mV),[53] pyrolysis-free carbon materials such as carbon 

nanotube composites (e.g., PEMAc@CNTs90, 298 mV),[54] graphene 

composites (e.g., EBP@NG (1:8), 310 mV),[55] C3N4 materials (e.g., g-CN1.5, 

316 mV),[56] hydrogel materials (e.g., GH-BGQD2, 330 mV),[57] and black 
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phosphorus materials (e.g., RP-BP/EG-0.5, 328 mV).[58] Consequently, the 

successful synthesis of metal-free ionic COF nanosheets with exceptionally 

low overpotential (η10 = 275 mV) holds substantial promise for advancing the 

field of OER electrocatalysis. 

The optical bandgap diagrams of JUC-626-NS and JUC-627-NS were 

determined utilizing the Kubelka-Munk function. A comparison of the two 

materials revealed that JUC-627-NS exhibited a lower optical bandgap (2.32 

eV) as opposed to JUC-626-NS (2.56 eV), as depicted in Figure S47. 

Furthermore, the highest occupied molecular orbital (HOMO) energy level and 

the lowest unoccupied molecular orbital (LUMO) energy level were calculated. 

The LUMO energy level, determined by cyclic voltammetry (CV), was found to 

be -3.59 eV, while the HOMO energy level was approximately -5.91 eV, 

indicating the semiconducting properties of JUC-627-NS (see Figures S48 and 

S49). To assess the reasons for the lower overpotential exhibited by JUC-626 

(or 627)-NS@G-2 compared to other ratios, measurements were taken for 

contact angle and conductivity. Figures S50 and S51 display the initial contact 

angle of graphene at approximately 40.02°. As the proportion of COFs 

increases, the contact angle of the nanosheet decreases due to the hydrophilic 

structure of the hydrazone group.[80,81] The introduction of QA groups results in 

a smaller contact angle for JUC-627-NS@G-X compared to 

JUC-626-NS@G-2, owing to the enhanced hydrophilicity of ionic salts. A more 

hydrophilic structure undoubtedly offers significant advantages in the 

development of efficient OER electrocatalysts.[59-61] Conversely, the addition of 

COF nanosheets leads to a decrease in the conductivity of the composite 

material as the proportion of graphene decreases (see Figure S52). The lower 

overpotential observed in JUC-626 (or 627)-NS@G-2 compared to other ratios 

may be attributed to the delicate balance between hydrophilicity and intrinsic 

conductivity of the catalyst.  

Tafel plots were generated based on the LSV measurements to analyze 
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the correlation between the potential and the logarithm of the current density. 

JUC-626-NS@G-2 demonstrated a Tafel slope of 137.35 mV decade-1 with 

linear characteristics (see Figure S53), which is lower than both 

JUC-626-NS@G-1 (237 mV decade-1) and JUC-626@G-3 (214 mV decade-1). 

While JUC-627-NS@G-2 exhibited a Tafel slope of 132.94 mV decade-1(see 

Figure S54), which is also lower than both JUC-627-NS@G-1 (156 mV 

decade-1) and JUC-627@G-3 (164 mV decade-1) and is consistent with that of 

metal-free catalysts.[62-64] Additionally, electrochemical impedance 

spectroscopy (EIS) measurements were conducted under OER conditions to 

evaluate the materials. The results indicated that JUC-627-NS@G-2 had 

significantly lower interfacial charge transfer resistance compared to 

JUC-626-NS@G-2 (see Figure 3e). The simulated equivalent circuit diagram 

based on the EIS results is shown in the inset of Figure 3e. Durability is a 

crucial aspect for practical applications, thus, the durability of 

JUC-626-NS@G-2 and JUC-627-NS@G-2 were assessed at a current density 

of 10 mA cm-2 for 12 hours.  he corresponding potential−time 

chronoamperometric responses displayed a minimal potential rise 7% for 

JUC-626-NS@G-2 and 9% for JUC-627-NS@G-2, indicating excellent stability 

in alkaline solution (see Figure 3f). The electrochemically active surface areas 

(ECSAs) of a series of catalysts for OER were determined by measuring the 

electrochemical double layer capacitance (Cdl) utilizing the CV method, with 

non-faradic regions ranging from 0.92 to 1.12 V vs. RHE at a scan rate of 

10−80 mV s-1 in 1 M KOH (see Figures S55 and S56). The Cdl of the 

JUC-626-NS@G-X series indicated the capacitance ranging from 0.93 to 1.76 

mF cm-2. It is clear that the JUC-627-NS@G-X has higher Cdl than the 

JUC-626-NS@G-X (Figure S57 and Table S5). The JUC-627-NS@G-X series 

exhibited superior Cdl compared to JUC-626-NS@G-X, which displayed 

higher Cdl, ranging from 2.97 to 7.36 mF cm-2. Remarkably, the Cdl of 

JUC-627-NS@G-2 reached 7.36 mF cm-2, four times higher than that of 

mailto:JUC-626-NS@G-X.(Table
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JUC-626-NS@G-2 (1.76 mF cm-2). In addition, the original JUC-626-NS (0.07 

mF cm-2) has a lower Cdl than the JUC-627-NS (0.11 mF cm-2). Due to the 

lower conductivity, the Cdl of the original nanosheets is lower than that after 

compounding with graphene. The substantial specific surface area and large 

pore structure effectively enhance the electrolyte diffusion, enabling more 

reactant intermediates to accumulate on the electrode surface and ultimately 

improving the OER performance.[19] The Faraday efficiency of 

JUC-627-NS@G-2 was also measured, and as shown in Figure S58, the 

Faraday efficiency remained above 98.6% for one hour. In addition, the XPS 

after the OER test (Figures S59-S61, S63 and S65) was obtained by further 

comparing the XPS before the OER test (Figure S5-S6, S59, S62 and S64), no 

new peaks were observed, indicating that the OER test shift for electron 

density on the COF was not noticeable before and after. It is worth noting that 

some new peaks of carbon, oxygen, and fluorine will appear on the spectra 

after the OER test, which is typical of nifion adhesives.[66] 

3.4. Analysis of OER mechanism 

The mechanism underlying the OER facilitated by JUC-627-NS is 

elucidated through computational simulations employing the CP2K simulation 

package.[65] In Figure 4a, the active sites for metal-free materials are identified 

as the unconjugated QA group and the carbon atom adjacent to the nitrogen 

atom.[67] Three potential locations are selected to evaluate the adsorption of 

OH- on the surface of JUC-627-NS (see Figures 4a and S66). The C1 site 

demonstrated the most favorable OH- adsorption, with an adsorption energy of 

2.13 eV (see Figure S67 and Table S8), thus establishing the C1 atom as the 

active site for the reaction. The catalytic efficiency of the OER process can be 

determined by calculating the free energy changes of various adsorbed 

intermediates (i.e., OH*, O*, and OOH*) on the C1 atom of the surface.[68] The 

distribution of free energies for the OER pathways at U = 0 V and 1.23 V is 

obtained by analyzing the free energy changes of the adsorbed intermediates 
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(see Figure 4b). As depicted in Figure 4b, the rate-determining step for 

JUC-627-NS in the OER process is determined by the highest free energy 

associated with OH* adsorption. The free energies of OH* adsorption on the 

surface of JUC-627-NS are determined to be 2.17 eV and 0.94 eV at U = 0 V 

and 1.23 V, respectively. In-situ FT-IR spectroscopy is employed to further 

probe the active sites of the catalyst. As shown in Figure S69, the in-situ FT-IR 

spectra are measured before and during the catalytic process. The peak at 

1582 cm-1 corresponds to the C=N stretching band[69], indicating a stronger 

signal during the reaction and confirming the C1 atom as the active site. With 

time going, the imine bond signal became weaker, and the catalyst activity 

gradually decreases, which correlates well with the stability of 

JUC-627-NS@G-2 (see Figure 3f). The decline in activity may be attributed to 

the prolonged interaction between the oxygen produced and the imidazolium 

salt, which is not readily removed. The occurrence of ion-dipole interactions is 

confirmed by the observed blue shift in the in-situ FT-IR spectra as the reaction 

progresses.[70,71] Furthermore, the in-situ infrared curves of JUC-627 at 

different voltages were measured as shown in Figure 4c. As the voltage 

increases, its OER activity increases, and in addition to the original imine bond 

peak, there is an additional peak of 1708 cm-1, which is considered to be an 

OOH* intermediate adsorbed by the catalyst. Subsequently, the turnover 

frequency (TOF) of JUC-627-NS@G-X is calculated to determine its catalytic 

activity (see Figure S68). Notably, JUC-627-NS@G-2 exhibited a higher TOF 

value of 0.093 at an overpotential of 300 mV compared to JUC-627-NS@G-1 

and JUC-627-NS@G-3. 

The influence of graphene in augmenting the catalytic activity of ionic 

COFs was further investigated. For comparison, LSV curves were measured 

for JUC-626-NS and JUC-627-NS without being bound to graphene. Given the 

absence of a conductive agent, these samples exhibited poor OER 

performance, with the current density of JUC-626-NS and JUC-627-NS 
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reaching only 10 mA cm-2 at 2.26 V and 2.42 V, respectively (see Figure S70). 

Graphene exhibits exceptional properties in supporting a highly conductive 

network and facilitating interactions with nanosheets, resulting in improved 

conductivity and reduced charge transfer resistance (see Figures 3e and S71). 

The reduction in charge transfer resistance can be attributed to the presence 

of cationic-π interactions between JUC-627-NS and graphene.[72-74] In order to 

further investigate this phenomenon, in-situ Raman spectra of graphene, 

JUC-626-NS@G-2, and JUC-627-NS@G-2 were measured at a current 

density of 10 mA cm-2 (Figure 4d). Interestingly, the Raman spectrum of 

JUC-627-NS@G-2 displayed a distinct blue shift compared to the original 

graphene spectrum, indicating the persistent presence of cation-π interactions 

even at 10 mA cm-2.[75-76] Furthermore, the defect degree of carbon networks in 

graphene, JUC-626@G-2 and JUC-627@G-2 was calculated according to 

in-situ Raman spectroscopy. Among them, the carbon network defects of G, 

JUC-626@G-2 and JUC-627@G-2 were 1.023, 1.002 and 0.995, respectively, 

indicating that the carbon network basically did not have any defective 

changes in the process of OER catalysis. In addition, pore defects in catalyst 

may give rise to the change of the OER. Considering the similar structures of 

JUC-626 and JUC-627, it is expected that the defects in JUC-627@G-2 and 

JUC-626@G-2 would be approximately equivalent. However, it is noteworthy 

that the overpotential of JUC-627@G-2 is considerably lower than that of 

JUC-626@G-2. This suggests that the superior performance of JUC-627@G-2 

can be attributed to the imidazolium salt moiety of JUC-627, which acts as the 

active center for electrocatalysis, rather than being solely influenced by the 

presence of defects. This strong cation-π interaction can be attributed to the 

proximity of the imidazole functional group, located at the C1 atom containing 

the active site, to graphene. Consequently, this proximity facilitates the transfer 

of electrons from graphene to the active site, as illustrated in Figure 4e. 

4. Conclusions 
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In summary, we have successfully designed and synthesized JUC-627-NS, an 

ionic COF nanosheet, without the use of metals or pyrolysis. We have also 

investigated its potential as an electrocatalyst for the OER by incorporating 

cationic-π interactions with graphene, which is a novel approach. Interestingly, 

the composite material JUC-627-NS@G-2, formed by combining positively 

charged JUC-627-N  as cationic donors and π-conjugated graphene as 

electron donors, exhibited the lowest overpotential (275 mV at a current 

density of 10 mA cm-2) among metal-free materials and even commercial noble 

metal catalysts. Through theoretical calculations and in-situ infrared 

spectroscopy, we have elucidated that the introduced cation-π interactions 

with graphene contribute to the superior OER performance observed and we 

demonstrate that the active site is located on the imidazole salt of JUC-627, 

but not on graphene, which is introduced only as a conductive particle. This 

work presents a promising strategy for the development of highly efficient OER 

electrocatalysts, which can significantly impact the field of energy conversion 

and storage devices. 
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Figures and Captions: 

 

Scheme 1. Syntheses and structures of JUC-626 and JUC-627.  
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Figure 1. PXRD patterns of (a) JUC-626 and (c) JUC-627. Observed (black), 

Pawley-refined (red) ， difference between observed and refined profiles 

(yellow) and brag position (pink). Partial structures of JUC-626 (b) and 

JUC-627 (d) viewed along the c-axis and parallel to the ab plane (gray, blue, 

red and white spheres represent C, N, O and H atoms, respectively). 
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Figure 2. (a) Zeta potential of BDZ, JUC-626-NS, DBMEI, JUC-627-NS and 

graphene (G). (b) QCM measurement of mass change for model molecules. 

Inset: Schematic diagram of cation-π interaction and π-π interaction. (c) 

Electrostatic potential of JUC-627-NS molecular fragment. (d) Electrostatic 

potential of JUC-627-NS molecular fragment and graphene. (e) Optimized 

structures of JUC-627-NS molecular fragment and graphene. (f) Crystal orbital 

overlap population between molecular fragment of JUC-627-NS and graphene. 
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(g) Synthesis schematic of JUC-626-NS@G-X (X = 1, 2, 3) or 

JUC-627-NS@G-X (X = 1, 2, 3).  

 

 

 

 

Figure 3.  LSV curves of (a) JUC-626-NS@G-X and (b) JUC-627-NS@G-X 

in O2-saturated 1 M KOH electrolyte. (c) Comparison of overpotential for the 

obtained composites with commercial precious metal catalysts. (d) 

Comparison of overpotential for the obtained composites with the reported 

metal- and pyrolysis-free catalysts for OER. (e) The impedance for 

JUC-626-NS@G-2 and JUC-627-NS@G-2. Inset: the equivalent electric circuit. 

(f) Time-dependent potential curves for JUC-626-NS@G-2 and 
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JUC-627-NS@G-2 at current density of 10 mA cm-2. (g) Double-layer 

capacitance (Cdl) measurements of JUC-626-NS@G-2 and 

JUC-627-NS@G-2. 

 

 

 

Figure 4. (a) Adsorption of OH- on C1 atom of JUC-627-NS molecular 

fragment. (b) Free energy diagram for JUC-627-NS at U = 0 V (black) and U = 

1.23 V (red). (c) In-Situ FT-IR spectra of JUC-627-NS at 1.23 V-2.13 V. (d) 

In-Situ Raman spectra of graphene (G), JUC-626-NS@G-2 and 

JUC-627-NS@G-2. (e) Schematic diagram of cation-π interactions promoting 

charge transfer. 

 


