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A novel naphthalene diimide-based covalent organic framework (NDI-COF) has been synthesized and successfully exfoliated into COF nanosheets (CONs). Electrochemical measurements reveal that the naphthalene diimide units incorporated into NDI-CONs act as efficient electrocatalysts for oxygen reduction in alkaline media, showing its potential for the development of metal-free fuel cells.
Platinum and platinum-containing compounds have long been regarded as the best catalysts for the oxygen reduction reaction (ORR), the key electrochemical process in fuel cells,1, 2 since they allow the reaction mechanism to occur via a 4-electron pathway.3 However, the growing energy demands and the limited reserves of Pt in nature, together with its high cost, have led to the development of a new generation of fuel cells based on other transition metals or organic materials.4 Initially, non-noble metal-based catalysts were explored to replace Pt based materials. Thus, transition-metal-coordinated nitrogen-doped carbon catalysts have attracted great attention as ORR electrocatalyst in alkaline electrolytes.5 More recently, metal-free porous materials including nitrogen-doped carbon materials such as porous polymers,6 covalent triazine frameworks (CTFs),7 N-doped graphene8 and N-doped ordered mesoporous graphitic arrays,6 have been explored, owing to their high catalytic activity and good durability.
	Nowadays, covalent organic frameworks (COFs) have come forth as alternative nanometer-scale porous frameworks with promising properties in several fields.9, 10 COFs offer predictive design criteria to organize redox-active groups into crystalline and high surface-area polymer networks that adopt two-dimensional (2D) layered structures.11 Chemically robust COFs have been obtained using linkages such as imines,12 β-ketoenamines13 and imides.14 In this sense, imide-based polymers are known for their high thermal stability, good chemical resistance, and outstanding electrochemical properties.15 Among imide derivatives, naphthalene diimides (NDI) have been considered as promising electron acceptors in organic field-effect transistors (OFETs)16 and complex supramolecular structures.17 Nevertheless, reports of naphthalene diimide-based COFs are still very scarce in the literature and to the best of our knowledge limited to only three examples.18-20


Scheme 1 Schematic representation of the synthesis of NDI-COF.
	In this work, a new 2D imide-based COF containing electrochemically active NDI units in its structure, NDI-COF, has been synthesized and further exfoliated into COF nanosheets (CONs). Incorporating NDI as an electron-poor building block makes the material energetically favourable to accept electrons from oxygen. This allows the direct use of NDI-COF as a suitable ORR catalyst, unlike previously studied COFs which require a combination with metal species and/or an additional pyrolysis process.21-23
[bookmark: _Hlk15041578]	NDI-COF was synthetized by condensation reaction between 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA) and 1,3,5-tris(4-aminophenyl)benzene (TAPB) under solvothermal conditions by heating the mixture at 120 °C for 4 days (Scheme 1). The resulting solid was washed and activated with supercritical CO2 to give a light brown solid of NDI-COF (see the ESI for details). Fourier-transform infrared spectroscopy (FTIR) analysis of NDI-COF showed the presence of the characteristic bands from the six-membered imide ring. Thus, the bands at 1715 and 1675 cm-1 correspond to the asymmetric and symmetric stretching vibrations of the C=O group, while the band at 1340 cm-1 is assigned to the C-N-C stretching vibration.18, 20 Furthermore, the spectrum does not show the presence of the N-H or C=O bands from the amino and anhydride monomers, nor the intermediate amic amid C=O band around 1650 cm-1 (Fig. S1 and S2). The solid state 13C cross-polarization magic angle spinning NMR (13C-CP/MAS-NMR) spectrum of NDI-COF shows a signal at 164.4 ppm corresponding to the carbonyl carbon of the six-membered imide ring (Fig. 1a). Two additional overlapping signals centered at 143.3 and 129.5 ppm were assigned to the aromatic carbons from the naphthalenyl and phenyl moieties. The formation of a crystalline material was confirmed by powder X-ray diffraction (PXRD) and in silico experiments performed using the Gaussian09,24 and CASTEP25 software packages. Four structural models, the eclipsed stacking (AA), the staggered stacking (AB), and two intermediate situations with partial layer offsets were modelled (see ESI for details). PXRD of NDI-COF shows three diffraction peaks at 3.0°, 5.7° and 7.3°, which correspond to the (100), (200) and (210) facets, respectively (Fig. 1b). The experimental data agrees best with the simulated eclipsed model with a 1/6 layer offset and Pawley refinement produced a hexagonal unit cell with a = b = 36.019 Å, c = 7.086 Å, α = β = 90° and γ = 120°, with refinement results of Rwp = 6.05 % and Rp = 4.00 %. The porosity of NDI-COF was investigated by N2 sorption isotherms at 77 K (Fig. 1c), from which a Brunauer-Emmett-Teller (BET) surface area of 1138 m2g‑1 and a total pore volume of 0.777 cm3g-1 were derived. The pore size distribution calculated by non-local density functional theory (NLDFT) is centered at 2.5 nm, which agrees with the expected value from the layer offset model. Finally, the thermal stability of NDI-COF was studied by thermogravimetric analysis (TGA) revealing that the material is stable up to 500 °C (Fig. S4).
	The presence of the electroactive NDI moiety in the NDI-COF structure prompted us to study it as ORR electrocatalyst. To this end, we first addressed the issue of the COF processability to get a suitable material dispersion in the electrode. In that sense, liquid phase exfoliation (LPE) assisted by sonication is an easy and scalable method to disrupt the non-covalent interactions between COF layers and produce COF nanosheets (CONs).26 In fact, by simple varying the processing conditions (solvent, power, time, etc.), different 2D-COFs have been successfully exfoliated,27 even in water.28 Thus, the LPE conditions for water based NDI-CONs colloids were optimized (see the ESI for details). The colloidal character of the resulting suspension was corroborated by the Tyndall effect upon irradiation with a laser beam (inset Fig. 2a). The hydrodynamic sizes of the NDI-CONs were determined by dynamic light scattering (DLS) measurements showing mainly a monomodal size distribution of ca. 690 nm (Fig. 2a). Transmission electron microscopy (TEM) (Fig. 2b and S5) evidenced the formation of thin transparent layers and their selected area electron diffraction (SAED) pattern (inset Fig. 2b) gave further evidence of the crystallinity of NDI-CONs. Fig. 2c shows an atomic force microscopy (AFM) topographic image of water NDI-COF colloids deposited by drop-casting onto SiO2 in which nanosheets with lateral dimensions of hundreds of nanometers and an average apparent height of 6-7 nm are observed (Fig. S6).
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Fig. 1 a) 13C-CP/MAS-NMR spectrum of NDI-COF. Asterisks indicate spinning side bands. b) PXRD analysis of NDI-COF: experimental (black), Pawley refined (red), difference (blue), simulated using AA stacking mode with a 1/6 layer offset (pink). Reflection positions are shown by tick marks. c) N2 sorption isotherms for NDI-COF. Inset shows the pore size distribution calculated by NLDFT.
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Fig. 2 Characterization of NDI-CONs: a) DLS measurement and Tyndall effect (inset). b) TEM image and SAED analysis (inset). c) AFM topography image of several NDI-CONs deposited on SiO2 and their height profiles (insets).
	The NDI-CONs colloids were then drop-casted onto glassy carbon electrodes (GC) and used to test the ORR electrocatalytic activity of this nanomaterial, hereafter termed NDI-CON/GC. For this purpose, static and hydrodynamic electrochemical measurements were carried out using 0.1 M NaOH as supporting electrolyte. As a first step, we characterized the electrochemical behaviour of NDI-CON/GC in the absence of oxygen (Fig. S13a, red curve), in order to ascertain the electrochemical processes that are taking place at the nanomaterial-modified electrode during the applied scan potential. As can be observed, in the first cathodic scan a reduction peak appears at -0.38 V vs. SCE. This process is ascribed to the electrochemical reduction of the electroactive NDI moiety. A small oxidation peak is detected in the backward anodic scan, which corresponds to the oxidation of the reduced specie generated in the cathodic scan in a quasi-reversible redox process. The lack of total reversibility can be a consequence of the modest electrically conducting behaviour of COF materials.29 It can also be observed how the capacitance current increases compared with the bare GC electrode’s cyclic voltammetry (Fig. S13, black curve). This fact is a clear consequence of the electroactive area increase due to the 2D structure of the exfoliated NDI-COF.30, 31 
[bookmark: _Hlk25914645]	Once the electrochemical behaviour of NDI-CON/GC had been established, we proceeded to study its response in the presence of oxygen (saturated O2 0.1 M NaOH solution). As can be seen in Fig. 3a, red curve, the potential of the O2 reduction wave clearly shifts towards more positive values compared with the bare GC electrode. The oxygen reduction in this case takes place at the same potential at which the NDI moiety is reduced, as has been proved with the modification of a bare GC electrode with the NDI-monomer (Fig. 3a, blue curve). The good redox activity and semiconducting nature of the NDI motive32 may facilitate the electron transfer to oxygen speeding up the sluggish kinetics of oxygen reduction and therefore catalyzing the ORR.33 As consequence, the current intensity increases compared to the bare GC electrode, which confirms the great trend of NDI-CONs to assist the ORR. SEM (Fig. S14) and AFM images (Fig. S15) revealed that NDI-CON did not suffer any morphological changes after catalysis.
	In order to determine the number of electrons involved in the electrochemical process the hydrodynamic electrochemical response of an NDI-CONs modified electrode was studied at a GC disk-Pt ring electrode (Fig. 3b). The calculated value of near 3.6 is significantly higher to that calculated for the bare GC electrode, ca. 2.4 (Fig. S16). Based on the described mechanism for ORR in basic medium, the value of 3.6 indicates that the process has two contributions but with a clear preference for the desired 4-electron pathway.34 This fact makes NDI-CON an attractive material for anion-exchange membrane fuel cells (AEMFCs).
[image: ]
Fig. 3 a) Cyclic Voltammetry of GC electrode (black), NDI-CON/GC electrode (red) and NDI-monomer/GC electrode (blue) in 0.1 M NaOH O2 saturated solution. b) Hydrodynamic linear sweep voltammetry of NDI-CON/GC in  0.1 M NaOH O2 saturated solution at different rotation rates and 10 mV/s. c) Hydrodynamic linear sweep voltammetry of GC (black), NDI-CON/GC (red), NDI-polymer/GC (green), NDI-monomer/GC (blue) and 10% Pt C/GC (cyan) electrodes in 0.1 M NaOH O2 saturated solution at 1500 rpm and 10 mV/s. d) Current intensity stability of NDI-CON/GC electrode operating in 0.1 M NaOH O2 saturated solution at a constant potential (- 0.5 V vs. SCE).
[bookmark: _Hlk17104147]	Intrigued by the potential influence of the NDI-COF ordered structure in these results we prepared and evaluated the electrochemical response of a GC electrode modified with the same amount of an equivalent amorphous NDI-polymer (see the ESI for details). In this case, the material does not present a two-dimensional layered structure, and therefore the porosity is really low compared to that of NDI-COF. The hydrodynamic electrochemical behaviour of the NDI-CON/GC disk electrode was compared with those of the bare GC electrode, the NDI-polymer-modified GC electrode and a 10% Pt supported on carbon modified GC electrode (Fig. 3c). The effect of NDI-CONs on ORR is clearly demonstrated if we compare the onset potential of the bare GC (-0.37 V vs. SCE) and NDI-CON/GC (‑0.25 V vs. SCE) electrodes. A potential shift of 120 mV toward positive potential clearly improves the electrochemical process with respect to the unmodified GC electrode. In contrast, NDI-polymer/GC performs worse as ORR electrocatalyst, as can be observed in Fig. 3c. In this sense, the lack of well-defined pores in NDI-polymer avoids O2 diffusion and its insulating properties, compared to the bare GC electrode, determine its poor electrocatalytic performance. This result shows how a change in the microstructure of the material dramatically affects its electrocatalytic activity towards the ORR and the relevant role that the COF’s ordered structure plays in the electrochemical process.
	To complete the electrochemical characterization of the NDI-CON/GC electrode, the stability of the current intensity in operational conditions was tested. Fig. 3d shows that during the first seconds, the current decreases down to 83 % of its initial value as consequence of the discharge of the double layer generated by the electrode polarization and the reduction of O2 molecules that initially are adsorbed on the electrode. Nevertheless, after ca. 3000 seconds almost 100 % of the initial current is recovered, due to the NDI-CON activation during the electrocatalyst process. Therefore, NDI-CON requires ca. 3000 seconds to activate itself in the best operational conditions. Then, the current keeps almost constant for 10000 s, which is the maximum time assayed, losing only ca. 3 % of its initial value. It is also worth mentioning that the material has a strong tolerance to methanol crossover (Fig. S17), which represents an important advantage over platinum-based ORR electrocatalysts.
	In summary, it should be highlighted that although there are some materials that cause a potential shift of the ORR process towards more positive values than that described in this work, either they contain metals in their structure,22 require an additional pyrolysis step before being applied,23 or in some cases are used in combination with other conductive nanomaterials.35 Therefore, some important benefits of the new NDI-COF synthesized here are that it is not only metal free, but also no additional pyrolysis process has to be applied before its use. Instead, the electrocatalytic activity is a consequence of the specific electroactive moiety selected for the design of this new COF electrocatalyst. Even more, as far as we know, in this work we describe for the first time that the electroactive moiety of a COF is responsible of its ORR electrocatalytic activity. This finding opens a new research field on how the electrochemical properties of COF precursors may affect the electrocatalytic behaviour of the final material for different applications.
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