Covalent organic frameworks based on electroactive naphthalenediimide as active electrocatalysts toward oxygen reduction reaction
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Abstract
Developing organic electrocatalysts toward the oxygen reduction reaction (ORR) that avoid heteroatom doping processes and high-temperature carbonization is of great significance for the maturing of fuel cell applications. Herein, a series of two-dimensional imide-based covalent organic framework (COFs) electrocatalysts toward the ORR is reported. The hydrodynamic electrochemical study reveals that 3.5 electrons are exchanged during the ORR indicating that the process catalyzed by these COFs has a clear preference for the 4-electron reduction pathway. The COFs contain conjugated electroactive napthalenediimide (NDI) moieties that provides the active sites for the electrocatalysis and promotes the formation of COFs with face-to-face π-π stacked structures to provide intrinsic porosity and large surface areas. These COFs can be essentially considered as an organized pattern of active sites embedded in the pore walls of the COF. The choice of suitable comonomers with variable distortions from planarity offer the possibility of obtaining these electroactive COFs with similar redox ability but different degrees of porosity and interlaminar spacing. This work evidences a new insight into developing novel families of electrocatalysts from COFs. Structure and stacking fashion of the COF-systems are investigated on the basis of DFT calculations, as well as the photoabsorption spectra of the representative molecular entities and a proof-of-concept rationalization of the intermediate steps of the ORR mechanism
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1. Introduction
Despite the difficulty to break the O=O bond in molecular oxygen because of its high bond energy of 498 kJmol-1 [1], the oxygen reduction reaction (ORR) is a key process not only in hydrogen peroxide generation but mainly in biological respiration and energy conversion. Therefore, the electrochemical reduction of molecular oxygen normally requires the assistance of an electrocatalyst to lower the energy barrier for the bond activation and cleavage. Different electrocatalysts can be used which are often classified attending to the followed pathways [2] which are mainly two in aqueous media: (i) a two-electron pathway is involved in the reduction of O2 into H2O2 and (ii) a four-electron pathway takes place in the direct reduction of O2 into H2O.
A lower energy conversion is obtained in the two-electron reduction pathway that produces incomplete oxygen reduction and generates hydrogen peroxide as reaction product. Although the generation of free radicals and reaction intermediates used to have a negative impact on the activity of electrocatalysts,[3] due to the current interest in the development of methods for the electrochemical generation of H2O2, efficient electrocatalysts for this process are currently under demand.[4] On the other hand, due to the higher electric current obtained in comparison with the two-electron pathway, the four-electron pathway used to be the desired one in energy conversion applications such as air batteries and fuel cells which are receiving a great deal of attention to be used for obtaining clean energy for vehicles, residential applications, and stationary power systems.[5] In the more promising fuel cell devices, the proton exchange membrane fuel cells (PEMFCs), oxygen is reduced at the cathode while hydrogen is oxidized at the anode. Following these redox processes, generated protons are transferred from the anode to the cathode through the electrolyte membrane while the electrons are transported over an external circuit load.[6] The anode hydrogen oxidation reaction as well as the cathode ORR traditionally occur on the surfaces of platinum (Pt)-based catalysts.[7] However, the platinum production and its worldwide reserves are very limited. Furthermore, the cathodes used for ORR in PEMFCs are more than six orders of magnitude slower than the anodes for hydrogen oxidation and therefore high amounts of electrocatalysts must be included in cathode fabrication, thus increasing the costs.[5] In addition, the presence of Pt-based poisons and the generation of stable Pt–OH and Pt–O species slow the ORR kinetics and reduce the energy conversion efficiency.[8]
Despite the use of alternatives of platinum (Pt)-based catalysts that include transition-metal based materials, such as perovskite oxides,[9] transition metal borides/nitrides/oxides[10] layered metal hydroxides [11,12] and metal alloys,[13,14] there is a pressing need for the development of novel non-Pt and metal-free electrocatalysts for the ORR in the production of energy conversion devices.[15-18] Among them, carbon-based materials have stood out as promising alternative electrocatalysts for ORR because of the carbon global abundance and low cost. In this respect, some pure carbons have already shown ORR electrocatalytic activities similar to those of Pt and exhibit great stability, good electrical conductivity and high surface/volume ratio.[19-22] However, heteroatom doping processes and high-temperature carbonization are usually required to prepare these materials for which an accurate confirmation and precise tuning of active sites are still a challenge.[23,24] In order to face these challenges, a rational design followed by a precise synthesis of the electrocatalysts is highly advantageous. Thus, organic materials are receiving increasing attention as electrocatalysts given that the versatility of organic chemistry allow the controllable introduction of heteroatoms (B, P, N, O, S, F) and great structural tunability, paving the way for novel electrocatalytic mechanisms, and for the tuning of the desired two- or four-electron pathways.[23,25-30] In this respect, covalent organic frameworks (COFs) are an emerging class of highly crystalline materials with tunable pore sizes and large surface areas based on frameworks linked by strong covalent bonds with excellent mass transport ability.[31-33] They present a good potential to provide a precise control for the locations of electrochemically active sites. Furthermore, the choice of proper synthesis routes, linkage motifs and building blocks allow the synthesis of programmable COF electrocatalysts[34-36] which have been already used for the hydrogen evolution reaction (HER),[37,38] the oxygen evolution reaction (OER)[39] and the oxygen reduction reaction (ORR).
COFs already used as electrocatalysts for the oxygen reduction reaction include heterometallic macrocycles-containing COFs and their derivatives,[40,41] COF-based nanohybrids [42] or carbonized metal-free COFs.[43-46] Taking into account that (i) the uncontrollable pyrolysis process may cause the structure collapse and result in elusive active sites and (ii) that metal-free organic materials are specially interesting for economic and environmental reasons,[47] the current challenge in the field involves the development of non-carbonized, pristine metal-free COFs as ORR electrocatalysts. Recently, the pioneering work of Jishan Wu and colleagues demonstrated that a low lying LUMO energy level promotes a favorable interaction with oxygen and triggers electrocatalytic activity. [48] Furthermore, inspiration is drawn from heteroatomic-doped graphene and carbon derivatives, which present carbonyl groups (such as carboxylates, anhydrides, quinones or imides) conjugated with an aromatic structure that can serve as electrochemically active centers for catalyzing the ORR process.[49] It can be envisaged that a straightforward strategy to enhance the performance of pristine metal-free COFs as ORR electrocatalysts may involve the introduction of this type of electrocatalytic active units into the framework. As we have recently shown, a low lying LUMO naphthalenediimide-based COF is an efficient metal-free electrocatalyst for the oxygen reduction.[50] This type of COF can be essentially considered as an organized pattern of active sites embedded in the pore walls of the COF. 
[bookmark: _Hlk76727562]For this purpose, in this article we want to further explore the potential of using naphthalenediimide-based COFs as electrocatalysts for the oxygen reduction reaction and we report the electrocatalytic activity of a series of two-dimensional (2D) imide-based COFs containing electroactive napthalenediimide (NDI) units (TAPX-NDI-COFs, Scheme 1). The materials have been designed to have the following characteristics: (i) they must have intrinsic porous structures to facilitate ion transport thus enhancing the reaction rate, (ii) large surface areas are highly desirable to provide enough active sites to be involved in the catalytic reactions and (iii) the presence of π-conjugated NDI moieties may improve the charge carrier transport and serve as electrocatalytic active units for the oxygen reduction reaction. 
Together with the electroactive naphthalenediimide moieties, three different trigonal nodes are incorporated in the COF structure with different degrees of distortion from planarity. In addition to the slightly distorted 1,3,5-triphenylbenzene (TAPB) moiety used as knot in our preliminar study,[50] we incorporate now a planar 2,4,6-trifenil-s-triazine (TAPT), and a triphenylamine (TAPA) which is significantly distorted from planarity. The combination of monomers with C3 and C2 geometries and complementary functionalities provide a series of hexagonal COFs in which the planarity of the nodes is tuned by choice of the three different trigonal systems. A combined UV-vis, electrochemical and theoretical study is carried out to analyze the effect of the different distortion from planarity of the trigonal units on the interlaminar spacing and porosity in the COF. In addition, the suitability of using these electroactive COFs with similar redox ability but different degrees of porosity and interlaminar spacing for electrocatalytic purposes in the ORR is also explored.
2. Materials and methods
2.1. Reagents
The following reagents were commercially available and were used as received: 1,4,5,8- naphthalenetetracarboxylic dianhydride (NDA), p-nitroacetophenone, tris-4-nitrofenilamine, 4-aminebenzonitrile, trifluoromethanesulfonic acid, palladium on carbon (10 wt%), hydrazine hydrate (50-60 wt%), platinum on carbon (10 wt%), N,N’-dimethylformamide (DMF), N-methyl-2-pirrolidone (NMP), mesitylene, tetrahydrofuran (THF), n-hexane, NaOH, tetrabutylammonium perchlorate (TBAP) for electrochemical measurements, chloroform (CHCl3), ethanol (EtOH). TAPA, TAPB and TAPT triamine compounds (TAPX) were synthetized by previously reported literature (supporting information).
2.2. TAPX-NDI-COF synthesis



[bookmark: _Hlk85531676]Scheme 1. Syntheses of TAPX-NDI-COFs under the following solvothermal reaction conditions: TAPA-NDI-COF: 180 °C, 3 days, uncatalyzed; TAPB-NDI-COF: 120 °C, 4 days, 1 % isoquinoline; TAPT-NDI-COF: 150 °C, 4 days, 1 % isoquinoline.
[bookmark: _Hlk85532395]The novel TAPT-NDI-COF (screening conditions are summarized in table S1), as well as the previously reported TAPA-NDI-COF[51] and TAPB-NDI-COF[50] have been synthetized by condensation reactions between 1,4,5,8-naphthalenetetracarboxylic dianhydride NDA and the corresponding TAPX triamine derivative (Scheme 1) under solvothermal reaction conditions by heating the reaction mixtures in a vacuum-sealed Pyrex vessel. TAPX-NDI-COFs were obtained as insoluble powders which were subsequently washed (supporting information) and characterized by powder X-ray diffraction (PXRD), solid state 13C cross-polarization magic angle spinning NMR (13C-CP-/MAS-NMR), Fourier-transform infrared spectroscopy (FTIR), sorption isotherms, thermo-gravimetric analysis (TGA) and elemental analysis.
2.3. TAPX-NDI molecular analogues (TAPX-NDI-A)


Figure 1. Chemical structure of the COFs’ molecular analogues TAPX-NDI-A of the and the NDI-A molecule (R = Alkyl chain) used as molecular systems for comparison purposes.
For comparison purposes, molecular analogues TAPA-NDI-A, TAPB-NDI-A and TAPT-NDI-A (Fig. 1) have been synthetized by condensation reaction between naphthalenemonoimide (NMI) and the corresponding triamine derivatives TAPX (Supporting Information). These molecular systems have been characterized by nuclear magnetic resonance (1H and 13C-NMR), mass spectrometry (MS) and FTIR. Additionally, the basic dialkyl substituted naphthalimide unit NDI-A [52] (Figure 2), as well as the NMI[53], has been obtained by imidation condensation reaction between NDA and the corresponding aliphatic amine compound according to previous reported procedures.[53,54]
2.4. Instrumental
Solids were analysed by FTIR on a Bruker TENSOR 27 on a diamond plate (ATR). PXRD measurements were carried out with X'PERT MPD with conventional Bragg-Brentano geometry using monochromatic Cu Kα1 radiation (λ = 1.5406 Å) in the 2θ = 2° - 40° range. 13C CP/MAS NMR spectra were recorded on a Bruker AVANCE III HD-WB 400 MHz with a rotation frequency of 12 kHz. N2 sorption isotherms. N2 (77 K) adsorption-desorption measurements were carried out on a Micromeritics Tristar 3000. Samples were previously activated for 4 h under high vacuum (<10- 7 bar) at 120 °C. TGA was performed on a TGA-Q50 instrument on a platinum plate, heating the samples under nitrogen atmosphere at a heating rate of 10 °C/min. Solution 1H NMR and 13C NMR spectra were recorded on a Bruker AVIII-300 MHz spectrometer. Chemical shifts were reported in ppm and referenced to the residual non-deuterated solvent frequencies (CDCl3: δ 7.26 ppm for 1H, 77.0 ppm for 13C). Mass spectra were recorded by means of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) or fast atom bombardment (FAB) ionization techniques. Transmission electron microscopy (TEM). TEM micrographs were recorded in a JEOL JEM 1400 TEM at 200 kV. Scanning electron microscopy (SEM) were recorded in a JEOL JSM7600F. Ultraviolet-Visible (UV-vis) spectrums were recorded in a Varian Cary 50 scan spectrometer. Bipotentiostat PGSTAT302N MBA (MetrohmAutolab) and NOVA 1.11 software were used for electrochemical measurements. 

	2.5. Electrochemical measurements
Electrochemical measurements with no-agitation were carried out in a glass and Teflon homemade cell. Glassy Carbon electrodes 0.3 cm of diameter from CH Instruments (GC) were used as working electrodes. As counter electrode a graphite bar electrode was employed. As reference electrode a homemade saturated calomel electrode (SCE) was used. At first, the electrochemical behaviour of TAPX-NDI-As were study in solution of 0.1 M CHCl3 containing 0.7 mM of each analogue. The electrochemical activity of GC electrode modified with TAPX-NDI-COFs were also analysed. For this porpoise, a suspension of each COF materials (1 mg/mL) and Super P carbon (1 mg/mL) in a mixture EtOH/H20 (7/3) were prepared. After 30 min of sonication in a bath, 5 µL of the obtained suspension were drop-casted over GC electrode. The electrodes were dried, and the electrochemical activities were measured in 0.1 M TBAP/CHCl3. Same procedure was employed to modified electrodes and study the electrochemical behaviour of COFs materials in 0.1 M NaOH in the presence and the absence of dissolved O2. In the case of TAPX-NDI-As, Glassy carbon (GC) electrodes were modified by dropcasting an aqueous suspension of the Super P carbon (1 mg/mL) followed by the subsequent drop-casted deposition of the solutions containing the TAPX-NDI-A (0.14 mM) in CHCl3.
Hydrodynamic measurements were made using a glassy carbon disk/platinum ring RRDE electrode from PINE and the same counter and reference electrode as in static measurements were employed. Measures were made in a conventional electrochemical cell adapted to RRDE and the speed rotator rate was modulated using MSR Rotator from PINE Instruments. GC RRDE were modified with COFs material by drop-casting 5 µL of the suspensions previously described. Hydrodynamic Lineal sweep voltammetry (LSV) were carried out in 0.1 M NaOH saturated with O2.
2.6. Theoretical Methods and Computational Details
Molecular fragments. In a first step, molecular fragments (NDA and TAPX) involved in the TAPX-NDI-COFs systems under study were computed within the framework of the density functional theory (DFT) using the Gaussian16 program.[55] It is well-known that calculation of molecular fragments provide important information about the molecular, electronic structure and charge-transport properties of the formed of this kind of conjugated compounds.[50,56] To this end, two different hybrid functionals were used, such as the hybrid generalized gradient approximation (GGA) functional PBE0ra[57] and the long-range corrected hybrid functional CAM-B3LYP[58] together with the 6-31G**[59] and the cc-pVDZ[60] basis sets. All geometrical parameters were allowed to vary independently, and the calculated geometries were confirmed as minima by frequency calculations. Interestingly, PBE0 and CAM-B3LYP functionals, combined with the two different 6-31G** and cc-pVDZ basis sets predict an almost identical description of their molecular structural properties and topologies.
Periodic calculations. In a step forward, we used periodic boundary conditions to perform geometry optimization of a battery of stacked 3D layered TAPX-NDI-COFs models based on their canonical 2D network structures. For that purpose, the preliminary optimized building blocks can be considered as reasonable starting point geometries towards the assembling of the whole 2D network. Once the different models of the periodic system were constructed, they were fully optimized (simultaneous lattice/cell and structure optimizations) with the QUANTUM EXPRESSO plane-wave DFT code [61] Within this implementation, the GGA-PBE functional[62] was used to account for the exchange-correlation (XC) effects, at the same time that we use the Grimme DFT-D3 semi-empirical efficient vdW correction to include dispersion forces and energies in conventional DFT functionals.[63] Ultra-soft pseudopotentials have been used to model the ion-electron interaction within the H, C, N and O.[64,65] Brillouin zones have been sampled by means of optimal [221] and [228] Monkhorst-Pack grids[66] for the 2D layers and 3D crystals, respectively. One-electron wave-functions are expanded in a basis of plane-waves with a kinetic energy cutoff of 42 and 280 Ry for the kinetic energy and electronic density, respectively. The energy cutoff value has been exhaustively studied to achieve sufficient accuracy to guarantee a full convergence in total energy and electronic density. As mentioned, we have performed simultaneous full lattice/cell and structure optimizations for the different canonical layered 3D system models. The atomic relaxations were carried out within a conjugate gradient minimization scheme until the maximum force acting on any atom was below 0.02 eV Å -1. Interlayer distances have been fully-relaxed following the aforementioned simultaneous lattice/structure relaxation protocol. The crystal-bulk models have been analyzed with several intermediate stacking-fashions between their both eclipsed (AA) and staggered (AB) configurations. Theoretical XRD simulations have been carried out by the MERCURY 3.10.3 program[67] on the most energetically stable crystal configurations obtained to make a direct comparison with the experimental evidence.
Topologies of valence and conduction bands. 3D isosurfaces of the orbital electronic densities corresponding to the valence and conduction electronic states of the different COF systems studied here (||condr||2 and ||valr||2) have been plotted by using the VMD 1.9.3 program (isosurface value of 0.0005 e- Å-3).[68] From these figures we can extract information about the spatial localization and delocalization degree of these states, which may directly connect with the transport, catalytic and optical performance of the systems, the homogeneity in the spatial distribution of the states, as well as their orbital character to permit dipolar transitions between them.[69]
Photoabsorption spectra. The photoabsorption excitations of the molecular fragments representative of each COF-system (TAPB-NDI-a, TAPT-NDI-a and TAPA-NDI-a) have been calculated using time-dependent density functional theory (TDDFT),[70,71] implemented in GAUSSIAN16.[55] A treatment of the first order (linear) response of the system to the external electromagnetic field permits obtaining excitation energies and oscillator strengths from TD-DFT. We have introduced an optimal number of unoccupied states in the basis to accurately obtain excitations with energies up to 5 eV (or, equivalently, above 250 nm), including singlet and triplet excitations. This requires including between 80 and 120 unoccupied single-particle states in the basis, depending on each specific cluster. Importantly, in order to achieve an improved description of the excitations within the TD-DFT we have used the long-range exchange-corrected functional CAM-B3LYP,[58] which includes a fraction (19%) of exact exchange at short range, very similar to the 20% fraction in the B3LYP, but tends to a limit of 65% of exact exchange at long range. CAM-B3LYP substantially improves the accuracy in the calculation of the excitations,[72] and appears to provide in some cases a similar accuracy compared to ab initio G0W0 and Bethe-Salpeter equation approaches.[73] It is interesting to remark that the similar short-range implementation of exchange-correlation used in B3LYP and CAM-B3LYP leads to the same ground-state geometries.
3. Results and discussion
3.1. Characterization
[bookmark: _Hlk91700545]The formation of the imidized networks was confirmed by FTIR with the fading of the C=O anhydride and N-H amine bands, and with the emergence of the imide bands (Fig. 2A; Figs. S1-S3).[74,75] Thus, the bands at 1712 and 1665 cm-1 for TAPA-NDI-COF, 1715 and 1675 cm-1 for TAPB-NDI-COF and 1713 and 1671 cm-1 for TAPT-NDI-COF correspond to the symmetric and asymmetric stretching vibrations of the C=O group. The C-N-C imide stretching vibration appears at 1344 cm-1 for TAPA-NDI-COF, 1340 cm-1 for TAPB-NDI-COF and 1333 cm-1 for TAPT-NDI-COF.[50,76]
The solid state 13C-CP/MAS-NMR spectra of NDI-based COFs (Fig. 2B.) show signals at 163.19 ppm for TAPA-NDI-COF, 164.35 ppm for TAPB-NDI-COF and 163.75 ppm for TAPT-NDI-COF corresponding to the carbonyl carbons of the six-membered imide rings.[76] Two additional signals centered at 148.01 and 128.59 ppm for TAPA-NDI-COF, 143.3 and 129.5 ppm for TAPB-NDI-COF, and 138.05 and 130.16 ppm for TAPT-NDI-COF were assigned to the aromatic carbons from the naphthalene and phenyl moieties. Finally, the signal at 171.62 ppm of TAPT-NDI-COF was assigned to the triazine moiety.[76]
[image: ]
Figure 2. A) Comparison between the FTIR spectra of TAPA-NDI-COF (blue), TAPA (red) and NDA (black). B) 13C-CP/MAS-NMR spectra of TAPA-NDI-COF (blue), TAPB-NDI-COF (green) and TAPT-NDI-COF (red). Asterisks indicate spinning side bands. C) N2 sorption isotherms for TAPA-NDI-COF (blue square), TAPB-NDI-COF (red circle) and TAPT-NDI-COF (black diamond).
Comparison between the FTIR and 13C-NMR spectra of the COFs and those of the molecular analogues allows to confirm the existence of an imidized network. The FTIR spectra of the networks are in agreement with those of the respective molecular analogues, showing the characteristic imide group stretching vibrations (Figs. S4-S6.). On the other hand, the 13C-NMR spectra of the molecular analogues fit well with the 13C-CP/MAS-NMR spectra of the respective networks (Figs. S7-S9).
[bookmark: _Hlk67132423]The porosities of the TAPX-NDI-COFs were investigated by N2 sorption isotherms al 77K (Fig. 2C.), from which a Brunauer-Emmett-Teller (BET) surface area of 1283 m2g-1was determined for TAPA-NDI-COF, 1138 m2g-1for TAPB-NDI-COF and 501 m2g-1for TAPT-NDI-COF. The pore volume at 0.95 p/p° of the COFs also decrease with the increase in the planarity of the trigonal node, being 0.839 cm3g-1 for TAPA-NDI-COF, 0.777 cm3g-1 for TAPB-NDI-COF and 0.596 cm3g-1 for TAPT-NDI-COF. Finally, the pore size distribution calculated by non-local density functional theory (NLDFT) is centered at 2.3 nm for TAPA-NDI-COF, 2.6 nm for TAPB-NDI-COF and 2.6 nm for TAPT-NDI-COF which agrees with the expected values (Figs S10-S12).
The powder X-ray diffractions (PXRD) reveal the crystalline nature of the imide polymers. In silico experiments were performed using Gaussian16 and QUAMTUM ESPRESSO software packages to solve the crystalline structure of the TAPX-NDI-COFs (Fig. 3; Figs S13-S15). Diffractograms corresponding to TAPB-NDI-COF and TAPT-NDI-COF show diffractions at 3.01°, 5.71° and 7.31°, corresponding to the (100), (200) and (210) facets while the diffractions observed for TAPA-NDI-COF appear at 3.35°, 6.5° and 8.62° as a consequence of its smaller pore size. The calculated face-to-face π-π stacking of TAPX-NDI-COFs reveal the decrease in the interlaminar spacing with the increasing planarity of the trigonal node, being 3.58 Å for TAPT-NDI-COF, 3.66 Å for TAPB-NDI-COF[50] and 3.67 Å for TAPA-NDI-COF. These values ​​ are smaller than that observed for efficiently packed linear conjugated polymers (3.7 Å[77]) and only slightly higher than those reported for graphite (3.4 Å[78]). Full width at half maximum (FWHM) analysis of the (100) diffraction maxima revealed some differences in the long-range ordering for TAPX-NDI-COFs. The FWHM values are 0.82 for TAPA-NDI-COF, 0.85 for TAPB-NDI-COF and 1.29 for TAPT-NDI-COF suggesting a lower crystallinity for TAPT-NDI-COF, which is in concordance with its lower surface area. We hypothesize that the differences in the nucleophilicity of the triamine compound (TAPA>TAPB>TAPT) plays a crucial role during the networks curing, since the most activated triamine yields the most crystalline COF. In this way, it is worth pointing out that the use of an activated amine favours the production of more crystalline and porous architectures. In addition to the nucleophilicity of the C3 amine, due to the similar FWHM values of TAPA-NDI-COF and TAPB-NDI-COF we can envisage that the distortion of the trigonal knot also has a certain influence in the construction of more porous COFs through the increased interlaminar spacing and a subsequent incremented pore volume. However, due to the presence of a conjugation node at the imide positions, the electronic character of the trigonal knot should not produce any differences during the ORR experiments. In this way, we decided to continue our study to evaluate the oxygen electroreduction in presence of the TAPX-NDI-COFs in terms of their differences in porosity and interlaminar spacing as well as the NDI relative positions. Finally, thermal stabilities of the TAPX-NDI-COFs were tested by TGA (Fig. S16) revealing that the COF networks are stable up to 600°C. 
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Figure 3. Top and side views of the computed DFT-optimized structures and simulated PXRD profiles (as compared with the experimental diffractograms) for the TAPT-NDI-COF (A) and TAPA-NDI-COF (B) in their most stable stacking configurations (AA in both cases). Most representative distances and angles are indicated for both COF-system structures.
[bookmark: _Hlk91857836]To gain insight into the morphology of TAPX-NDI-COFs scanning electron microscopy (SEM) experiments were performed (Fig. 4), revealing a polygranular composition for all the crystalline polymers. This morphology seems to be favourable to properly exfoliate the COFs into covalent organic nanosheets (CONs) and facilitate the dispersivity of the polymers as well as the interaction of the electrode with the electroactive NDI units during the catalysis experiments [79,80]. 
[image: ]
Figure 4. SEM micrographs of A) TAPA-NDI-COF 25.000x (scale bar 1µm), B) TAPA-NDI-COF 60.000x (scale bar 100 nm), C) TAPA-NDI-COF 90.000x (scale bar 100 nm), D) TAPB-NDI-COF 25.000x (scale bar 1µm), E) TAPB-NDI-COF 60.000x (scale bar 100 nm), F) TAPB-NDI-COF 90.000x (scale bar 100 nm), G) TAPT-NDI-COF 25.000x (scale bar 1µm), H) TAPT-NDI-COF 60.000x (scale bar 100 nm) and I) TAPT-NDI-COF 90.000x (scale bar 100 nm).
[bookmark: _Hlk91857846][bookmark: _Hlk91433689]In this way, we performed liquid phase exfoliation (LPE) of the TAPX-NDI-COFs in an ultrasonic bath at 35 kHz for 30 minutes in an EtOH/H2O (7/3) mixture (1 mg of COF/5 mL). Finally, ultracentrifugation at 6000 rpm for 15 minutes allowed to pull apart the non-exfoliated material affording CONs suspension. The colloidal nature of the delaminated COFs was corroborated by Tyndall effect by appreciating the laser beam across the suspensions. Furthermore, the obtained CONs were investigated by SEM revealing a sheet-like morphology with less than approximately 50 nm thickness (Fig. 5A-C). Finally, transmission electronic microscopy (TEM) evidenced the thin layered CONs laminar structure (Fig. 5D-G).
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Figure 5. SEM micrographs of A) TAPA-NDI-CONs 90.000x (scale bar 100 nm), B) TAPB-NDI-CONs 60.000x (scale bar 100 nm) and C) TAPT-NDI-CONs 60.000x (scale bar 100 nm). TEM micrographs of D) TAPA-NDI-CONs, E) TAPB-NDI-CONs and F) TAPT-NDI-CONs.
3.2. Optical and electrochemical properties
[bookmark: _Hlk91702687][bookmark: _Hlk91702660]To gain some insight into the optical properties of the TAPX-NDI-CONs, we have investigated their UV-vis absorption behavior. The characteristic absorption pattern of the naphthalenediimide moiety can be observed between 350 and 400 nm (Fig.6A) in the UV-vis absorption spectra of the exfoliated COFs.[38] The relative intensity of the (0,1) vibronic band with respect to the redshifted (0,0) transition can be used as an indication for the presence of an efficient face-to-face π-type stacking of ryleneimide chromophores. Thus, strong vibronic coupling in the aggregates results in an enhanced (0,1) vibronic band compared to non-aggregated molecules. Therefore, upon aggregation of the NDI moieties, the ratio of the intensities of the (0,0) and the (0,1) transitions decreases and even can be inverted which is often used as an indication of aggregation[81-85] that can be rationalized by the molecular exciton model.[86-88] According to this, the most planar triazine derivative, TAPT-NDI-COF exhibit a significant aggregation with a (0,0)/(0,1) ratio of 0,95 which is inverted in comparison with that observed for the non-aggregated NDI-A model compound in chloroform solutions with a (0,0)/(0,1) ratio of 1.23. For the COF containing the less planar triarylamine derivative, TAPA-NDI-COF a (0,0)/(0,1) ratio of 1.06 is observed which is not very different to that of the non-aggregated NDI-A model compound. Finally, an intermediate situation is observed for the COF with the triphenylbenzene moiety with intermediate planarity for which a (0,0)/(0,1) ratio of 1.01 is observed.
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Figure 6. A) UV-vis absorption spectra of TAPX-NDI-COFs suspended in EtOH/H2O (7/3), B) TAPX-NDI-A suspended in EtOH/H2O (7/3) and C) TAPX-NDI-A solutions in CHCl3.
[bookmark: _Hlk76546661]The UV-vis absorption spectra of the monodisperse molecular analogues TAPX-NDI-A were measured for 10-5 M solutions in CHCl3 and for EtOH/H2O (7/3) suspensions (0.1 mg/mL) (Fig. 6B and 6C). The UV-vis absorption spectra of well dissolved TAPX-NDI-A molecules in chloroform display the characteristic pattern of the non-aggregated NDI-A model compound with no modulation due to the different trigonal systems connected through the imide nitrogen atoms (Fig. 6C) This behavior agrees with the fact that NDI derivatives can be regarded as close chromophoric systems with an S0-S1 transition (polarized along the extended molecular axis) whose intensity and position remain unaltered by the respective imide substituents. Therefore, the imide (nitrogen) positions on NDI are nodes in the π-orbital molecular wavefunction, meaning that modification with different substitutions has a negligible influence on the electronic (light absorption and fluorescence) properties.[89]
Suspended TAPX-NDI-A analogues in EtOH/H2O (7/3) mixtures show UV-vis absorption patterns that resemble that of the corresponding COFs, (Fig. 6B). It is worth pointing out that the absorption corresponding to the TAPX-NDI-A are bathochromically shifted in comparison with that of the NDI-A model compound. In order to analyze this behavior, it must be taken into account that that NDI core derivatives can be involved in aggregates through π–π interactions.[90-94]
To get an idea of the redox ability of the TAPX-NDI-COFs and the parent molecular analogues, TAPX-NDI-A, we have investigated their electrochemical behavior. We first analyzed the electrochemical behavior of the molecular analogues, with the aim of determining which groups are involved in the redox processes. The electrochemical measurements were carried out with the molecular analogues in solution, using chloroform as solvent and tetrabutylammonium perchlorate (TBAP) as supporting electrolyte. As expected, all models present two redox pairs at -0.70 V and -1.15 V (vs SCE), respectively, that are attributed to the NDI moiety reduction (Fig. 7A). The same processes are observed for NDI-A, confirming that the one-electron reduction processes observed are due to the NDI groups.[95] Only the TAPA-NDI-A presents a well-defined oxidation redox pair, which can be ascribed to the electrooxidation of TAPA groups. As it was expected, the NDI-A does not present any oxidation process, as well as the other analogues (TAPT-NDI-A and TAPB-NDI-A), because of the higher potential required for the electrooxidation of TAPT and TAPB groups. The electrochemical behavior of the synthesized TAPX-NDI-COFs materials has also been studied in 0.1 M TBAP/CH3Cl (Fig. 7B). GC electrodes were modified with TAPX-NDI-COF/Super P suspensions, and CV of the modified electrodes were obtained. The characteristic one-electron reduction process due to the NDI moiety is observed for the three COFs, with slightly differences, which indicates that the linking groups do not modify the electrochemical process. Similar results have been reported in the literature, showing the same behavior in covalent polymers.[96] Regarding the oxidation process, as it has been observed with the monodisperse molecular analogues, only TAPA-NDI-COF, the COF endowed with TAPA groups, presents a well-defined redox pair, associated with the oxidation of TAPA linkers in the COF network. Therefore, similarly to that observed for the NDI core, the electrochemical properties of TAPA are not affected by the insertion of this linker in the bi-dimensional covalent network. 
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Figure 7. A) Cyclic voltammograms at a bare GC electrode in a 0.1 M tetrabutylammonium perchlorate /CHCl3 solution containing 0.7 mM of TAPA-NDI-A (blue), TAPT-NDI-A (black), TAPB-NDI-A (red) and NDI-A (green) at 100 mV/s. B) Cyclic voltammograms at GC electrodes modified with TAPA-NDI-COF-SuperP (blue), TAPT-NDI- COF-SuperP (black), TAPB-NDI- COF-SuperP (red) and SuperP (green) in a 0.1 M tetrabutylammonium perchlorate /CHCl3 solution at 10 mV/s.
A large battery of DTF-based calculations has been carried out to rationalize the experimental data obtained from the UV-vis and electrochemical characterization. As stated above, substituents at the imide nitrogen have a negligible influence on the absorption properties of NDI derivatives because of the nodes of the HOMO and LUMO orbitals at the imide nitrogen atoms. This general behavior of the NDI derivatives can be observed also for the TAPX-NDI-COF and the parent monodisperse molecular analogues TAPX-NDI-A. In figure 8 are depicted the topologies of the valence and conduction bands of TAPX-NDI-COFs for which nodes can be observed at the imide nitrogen atoms. Furthermore, a spatial separation of the valence and conduction bands can be observed. Thus, the valence band is mainly located on the trigonal units while the conduction band is spread on the NDI units. As the conduction band is spread on the NDI units, which are identical in the three NDI-based COFs, the reduction potential of the three COFs is quite similar. On the other hand, as the valence band is located on the trigonal unit, different oxidation potentials may be expected for the three COFs. Thus, the stronger donor ability of the triarylamine moiety enables the detection of the oxidation potential of TAPA-NDI-COF while the oxidation process of the weaker electron donor benzene and triazine moieties in TAPB-NDI-COF and TAPT-NDI-COF respectively, lies at more positive potentials outside of the window of the electrochemical measurement and therefore cannot be detected.
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Figure 8. 3D isosurfaces (with values of 0.0005 e- Å-3 for sake of comparison) corresponding to the maximum of the valence band (VBM; blue) and minimum of the conduction band (CBm; red) for TAPB-NDI-COF (A), TAPT-NDI-COF (B) and TAPA-NDI-COF (C).
In addition, due to the particular topology of the valence and conduction band in TAPX-NDI-COFs and TAPX-NDI-As, their UV-vis absorption spectra are the mere superimposition of the absorption spectrum of the napthalenediimide moiety at longer wavelengths and that of the trigonal subunits at shorter wavelengths. The slight differences observed in the UV-vis spectra of these systems are not due to any electronic communication between the naphthalenediimide moiety ant the trigonal units.[81] The effect of the trigonal unit is mainly structural providing different tendency toward aggregation depending on their planarity.
This observation is further reinforced by the TDDFT-computed photoabsorption spectra obtained for the representative TAPB-NDI, TAPT-NDI and TAPA-NDI molecular units (Fig. S17) in EtOH/H2O (7/3). The comparison with the experimental evidence is moderately good for that wavelength range. In the theoretical spectra we can observe two main peaks within the visible range located at around 350 and 400 nm, with the latest one more pronounced than the former, just as in the experiment. It is important to notice that the three spectra are very similar, which reinforces the idea of a non-efficient communication between molecular moieties within the structure. 
3.3. Electrocatalysis in the oxygen reduction reaction 
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Figure 9. Cyclic voltammograms of GC electrodes modified with TAPA-NDI-A-SuperP (blue), TAPT-NDI- A-SuperP (black), TAPB-NDI- A-SuperP (red) and SuperP (green) in a 0.1 M NaOH solution in the absence A) and in the presence B) of O2 at 10 mV/s. Cyclic voltammograms of GC electrodes modified with TAPA-NDI-COF-SuperP (blue), TAPT-NDI- COF-SuperP (black), TAPB-NDI- COF-SuperP (red) and SuperP (green) in a 0.1 M NaOH solution in the absence C) and in the presence D) of O2 at 10 mV/s.
As we have recently shown that incorporating NDI as an electroactive building block makes the material energetically favorable to act as electrocatalyst towards the ORR,[50] we were intrigued about the suitability of using COFs with similar redox ability and different degrees of porosity and interlaminar spacing for electrocatalytic purposes. To analyze the capability of the NDI-based COFs as electrocatalysts in the oxygen reduction reaction (ORR), a preliminary study has been carried out with the monodisperse molecular analogues (Fig.9A and 9B). Glassy carbon (GC) electrodes were modified by drop-casting an aqueous suspension of the carbon conductor carbon Super P followed by the subsequent drop-casted deposition of solutions containing the NDI-based molecular analogues (TAPX-NDI-A). The electrochemical responses of these modified electrodes were studied in aqueous basic media (0.1 M NaOH), both in the absence and in the presence of molecular oxygen. In the absence of oxygen, the two processes ascribed to the electrochemical reduction of NDI in the TAPX-NDI-A molecular analogues (Fig. 9A), are now closer in basic medium. They appear at -0.80 and -0.84 V vs. SCE in the case of TAPA-NDI-A and TAPB-NDI-A, while in the case of TAPT-NDI-A the processes are shifted to -0.88 and -0.97 V vs. SCE. When molecular oxygen is present in solution (Fig. 9B), an electrocatalytic process is observed, even in the case of GC electrode only modified with Super P. There are not significant differences in the peaks ascribed to the NDI reduction in the case of molecular analogues, which suggest that the NDI cores are not involved in the ORR process in these analogues. Despite of this fact, a slight improvement of the onset potential can be observed when NDI molecular analogues are present in comparison with that observed for electrodes modified only with carbon-SuperP. This suggests that the NDI-based molecular analogues play a modest role in the ORR electrocatalysis.
Similar experiments were carried out using GC electrodes modified by drop-casting suspensions containing carbon SuperP and the NDI-based COFs. The electrochemical processes ascribed to the NDI reduction in the absence of oxygen (Fig. 9C) appear at less negative potentials in comparison with those observed for their molecular analogues. This fact illustrates the role played by the incorporation of the NDI core in the COF networks to shift the reduction potential of the NDI-cores in the absence of oxygen. A similar shift to less negative potential scan be also observed during the ORR electroreduction using TAPX-NDI-COFs in the presence of oxygen (Fig. 9D). For all the electrodes modified with the NDI-based COFs, a ca. 50 mV shift is observed for the ORR onset potential in comparison with that observed for the GC electrode modified only with carbon SuperP. In addition, the current intensity improves when GC electrodes are modified with the TAPX-NDI-COF/carbon SuperP suspensions. Although the ORR onset potentials are quite similar for the three different NDI-based COFs under study, best results regarding current intensity are obtained for TAPA-NDI-COF. This behavior cannot be explained in terms of the influence of the trigonal substituents on the electron accepting ability of the naphthalimide moiety considering the negligible influence of the trigonal monomers in the redox ability of the naphthalimide moiety in the model molecular systems. As it was already mentioned, this behavior is characteristic of substituted ryleneimides due to the node in the π-molecular orbital at the imide (nitrogen) position on imide functionality. Thus, the better performance as electrocatalyst observed for TAPA-NDI-COF must be rationalized in terms of the different porosity observed for these COFs which can facilitate the access of oxygen to a larger amount of electroactive NDI moieties. In addition, it must be highlighted that the improvement on the electrocatalytic ability towards the ORR of the TAPX-NDI-COF networks in comparison with that observed for the parent molecular analogues (TAPX-NDI-A), confirms that the COFs’ ordered structures play a key role in facilitating the electrochemical processes. 
Additional Electrochemical impedance spectroscopy (EIS) experiments were carried out to characterize the electrocatalytic ORR process using TAPX-NDI-COF/carbon SuperP/GC electrodes (Fig. S18). According to the Nyquist plots, the modification of GC electrode with TAPX-NDI-COF decreases the resistance to ORR electron transfer, with TAPA-NDI-COF showing the smallest resistance followed by TAPB-NDI-COF and TAPT-NDI-COF. These results suggest that TAPA-NDI-COF would be the best electrocatalyst among the studied COF materials and agree well with those above described related to CV. As comparison GC electrode has also been modified with SuperP. Although a decrease of the resistance is also observed, it is smaller than in the case of TAPX-NDI-COFs.
The response to H2O2 has been studied by static cyclic voltammetry (Fig. S19). As can be observed, the electrocatalytic response to the electroreduction of H2O2 is moderate in the case of TAPT-NDI-COF and TAPA-NDI-COF but is high in the case of TAPB-NDI-COF. However, in the presence of O2 there is almost not response to H2O2 for all TAPX-NDI-COFs. These results suggest that the presence of H2O2 barely affects the ORR electrocatalysis, confirming the high selectivity of TAPX-NDI-COF/carbon SuperP for O2 electrocatalysis. Furthermore, this result also points out a good stability of TAPX-NDI-COF in the presence of high concentrations of H2O2, which is interesting since H2O2 can be formed as a sub-product of the incomplete ORR through a two-electron mechanism.
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Figure 10. A) Hydrodynamic linear sweep voltammetry of GC electrode modified with TAPA-NDI-COF-SuperP (blue), TAPT-NDI-COF-SuperP (black), TAPB-NDI-COF-SuperP (red), 10% Pt-C (cyan) and SuperP (green) in a 0.1 M NaOH solution saturated with O2 at 10 mV/s. B) Number of electrons exchanged in ORR at different potentials using RRDE of GC electrode modified with TAPA-NDI-COF-SuperP (blue), TAPT-NDI-COF-SuperP (black), TAPB-NDI-COF-SuperP (red), 10% Pt-C (cyan) and SuperP (green) in a 0.1 M NaOH solution saturated with O2 at 10 mV/s. C) Tafel slope of ORR electrocatalysis obtain from results obtained with TAPA-NDI-COF-SuperP (blue), TAPT-NDI-COF-SuperP (black), TAPB-NDI-COF-SuperP (red), 10% Pt-C (cyan) and SuperP (green). D) Current intensity stability of TAPT-NDI-COF/carbon SuperP/GC (black) TAPA-NDI-COF/carbon SuperP/GC (blue) and TAPB-NDI-COF/carbon SuperP/GC (red) electrodes operating in O2 saturated 0.1 M NaOH solution at a constant potential (-0.4 V vs. SCE).
GC rotating disc-ring electrodes were modified with NDI-based COFs/Super P carbon or just Super P carbon, used as comparison, and employed to study the ORR in hydrodynamic conditions by lineal sweep voltammetry (Fig. 10A). A shift of the ORR onset potential of at least 66 mV is achieved using the electrodes modified with TAPB-NDI-COF and TAPT-NDI-COF. The improvement reaches 90 mV for the electrodes modified with TAPA-NDI-COF. It is also worth pointing out that the diffusional current increases when TAPX-NDI-COFs are used, exhibiting only small differences among the three different materials. Similarly, the TAPA-NDI-COF exhibits the best values of diffusion current according with that observed in the static CV experiments.
The number of electrons involved in the ORR can be calculated from equation (1):
(1) 
Where n is the number of electrons, N is the collection efficiency of the ring (0.37 for the present geometrical arrangement) and iD and iR are the measured currents for the disk and ring electrodes, respectively. The number of electrons exchanged during the ORR have been plotted versus the potential applied (Fig. 10B). As can be seen, an important improvement in the number of electrons involved in the ORR process is observed, compared to the GC electrode modified only with superP carbon, where the number of electrons is close to 2.5, when the electrodes are modified with the TAPX-NDI-COF/SuperP. Indeed, in this case the number of electrons is near to 3.5, a value really close to the four-electron pathway desired for ORR electrocatalysts in fuel cell or air batteries applications. Tafel slopes have been obtained from the hydrodynamic sweet voltammograms of GC electrodes modified with each TAPX-NDI-COF electrocatalyst, as well as Super P and 10% Pt-C as comparison (Fig. 10C). As one would expect, the lowest Tafel slope absolute value is obtained for the 10% Pt-C electrocatalyst (68.5 mV/dec). The Tafel slope absolute values obtained for TAPX-NDI-COF electrocatalysts are close to that obtained for platinum electrocatalyst (84.2-76.4 mV/dec), pointing out good ORR electrocatalyst features. A clear difference is observed with the value obtained for carbon SuperP electrocatalyst (146.5 mV/dec), being a clear evidence of the role of the TAPX-NDI-COF materials in the ORR electrocatalyzed process.
The stability of the TAPX-NDI-COF electrocatalysts during ORR has been tested applying a fixed potential of -0.4 V vs. SCE for 10k seconds in hydrodynamic conditions in an O2 saturated 0.1 M NaOH solution (Fig. 10D). The best stability was obtained for TAPT-NDI-COF, keeping 75 % of the initial current after 10k seconds of ORR electrocatalysis operation. TAPA-NDI-COF and TAPB-NDI-COF kept 71 % and 63 % of the initial current, respectively.
In a proof-of-concept attempt to propose a viable ORR mechanism for these systems, we have studied the intermediate ORR steps and the associated free energies, in a first approximation, within the representative NDI molecule after its chemically well-known two-electron reduction (Fig. 11A). After this reduction, we have detected different active sites to develop the reaction. Nonetheless, the one able to complete the full reaction is the C atom linked to the O atoms (Fig. 11B). Attempts to anchor the functional groups involved in the ORR on other molecular sites finished with them, after full relaxation, linking to the previously mentioned C atom. Gibbs free energy diagram has been constructed for the site in Fig. 11C in the two-electron reduced NDI molecule according to the formalism shown in [97] (Fig. 11C) at standard conditions (pH=0, T=298.15 K). Since the barriers between the intermediates are not included, the free energy diagram represents a first step towards the complete picture of the reaction path. The effect of liquid water was implicitly considered as we used liquid water as reference. However, the interaction of water with the intermediates at the surfaces has been neglected. Results predict a theoretical overpotential controlling the reaction in this model system of 1.12 eV coming from the first step of the reaction. Interestingly, this metal-free COF-system shows an overpotential value and a free energy diagram trend similar to many transition-metal La-perovskites analyzed in detail in previous literature,[97] which theoretically justifies a moderate ORR catalytic performance. 
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Figure 11. A) 2e- reduction of the in the NDI molecule. B) Optimized intermediate ORR steps: *OOH, *O and *OH adsorption in the most active C-site able to develop the full ORR reaction. C) Gibbs free energy diagram for the ORR mechanism.
4. Summary and Conclusions
In summary, we have developed a family of hexagonal 2D imide-based COFs containing electroactive napthalenediimide (NDI) units that promotes the formation of face-to-face π-π stacked structures with intrinsic porosity and large surface areas. Different suitably functionalized trigonal systems have been used to constitute the nodes of the hexagonal networks and theoretical calculations carried out to solve the crystalline structures of the TAPX-NDI-COFs reveal a decrease in the interlaminar spacing with the increasing planarity of the trigonal nodes. The three COFs have similar reduction potentials due to the lack of electronic communication between the electroactive naphthalenediimide moieties and the trigonal linkers. Therefore, the followed strategy offers the possibility of obtaining electroactive COFs with similar redox ability but different degrees of porosity and interlaminar spacing.
These non-metalated pristine COFs have been tested as electrocatalysts in the oxygen reduction reaction without the need of an additional pyrolysis step. It has been determined that 3.5 electrons are exchanged during the ORR, a value close to the 4-electron pathway desired for ORR electrocatalysts in fuel cells. It must be highlighted that the electrocatalytic ability towards the ORR of the TAPX-NDI-COF networks is significantly higher in comparison with that observed for parent molecular models (TAPX-NDI-A), showing that the COFs’ ordered structures play a key role in facilitating the electrochemical processes. Furthermore, more efficient electrocatalysis is observed for the more porous COF due to the easier access of oxygen to larger amounts of electroactive NDI catalytic centers.
Our work reveals that the incorporation of electroactive naphthalenediimide moieties into a COF is an efficient strategy to develop organic materials with ORR electrocatalytic activity. The fact that interlaminar spacing and porosity play a key role on the ORR catalytic activity provides valuable insights in order to improve the ORR catalytic activity of such electroactive COF-based materials. In fact, the COF-based ORR electrocatalysts described in this work compare well with other previously described metal-free COFs prepared without pyrolysis (table S2). Although for real applications these materials offer performances are far from those offered by metal based electrocatalysts, the results showed in this work point out the relevance of layer stacking, showing a great difference between COFs containing the same electroactive moiety but different linker units that modify their layer stacking. This study opens a great variety of possibilities for future research, giving evidences of the great relevance of choosing both, electroactive groups with good electrocatalytic activity as well as the most suitable linker moieties allowing the arrangement of the electroactive centres in the most favourable disposition for electrocatalysis.
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