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Made-to-order porous electrodes for supercapacitors: MOFs embedded with redox-active centers as a case study

 

Energy storage nowadays is considered a key element in most renewable energy systems. Existing technologies, such as wind turbines and solar photovoltaics are intermittent in nature. 1,2 Thus, energy storage technologies (like batteries and supercapacitors) have the potential to mitigate this intermittency problem via storing the generated energy for later use upon demand. 1 Supercapacitors are an important storage technology due to their charge storage mechanism, which does not involve irreversible chemical reactions. 3,[START_REF] Be ´guin | Supercapacitors: Materials, Systems, and Applications[END_REF] Therefore, stable porous materials are attractive electrode materials for capacitive energy storage applications due to their high surface areas, and open structures that enhance rapid ion transport. [START_REF] Chen | [END_REF] Commercial supercapacitors use porous carbon that operate at a very high charge/discharge rate and have a long life cycle; however, new applications demand higher capacitances. In contrast, pseudocapacitive materials with redox-active metal centers have higher capacitance, but shorter cycle life. 6,7 Hence, there is a need for the development of electrodes that combine both redox and electric double layer capacitances (EDLC), which can provide high capacitance and long cycle life. In this context, metal-organic frameworks (MOFs), a new class of porous materials, are promising candidates as electrodes due to their unique properties like hybrid nature, high surface area, uniform porosity and chemical stability. 8,9 Additionally, their tunability allows the integration of diverse functionalities such as redox centers in their structure using strategically predesigned organic linkers, with the targeted functionality. [10][11][12] Organic redox center-based pseudocapacitors are known in polymeric materials; however, they exhibit low performance due to their low surface area and absence of uniform porosity. 13,14 Recently, a few studies reported the application of MOFs and covalent-organic frameworks (COFs) as supercapacitor electrodes. Dinca ˘et al. reported a 2-periodic conducting MOF-based supercapacitor having a 0.018 mF cm À2 capacitance. 15 Yaghi et al. reported a series of MOFs, where nMOF-867 had a maximum capacitance of 5.09 mF cm À2 . 16 Dichtel et al. reported a 2-periodic COF with an organic redox core having a capacity of 3 mF cm À2 . 11 Wang et al. reported ZIF-8 with a capacitance of 1.48 mF cm À2 . 17 However, less effort was dedicated to designing MOFs with redox active centers that can be specifically used for this application. [18][19][20][21] Here we report the design and synthesis of a series of MOFs, by strategically incorporating a redox core in the organic linker and judiciously choosing a metal node to construct a porous and stable 3-periodic MOF (Fig. 1a). The N,N 0 -bis(terphenyl-4,4 00 -di-carboxylic acid)naphthalenediimide (H 4 BTD-NDI) linker with the NDI redoxactive center (Fig. S1-S6, ESI †), which is known to have two characteristic electron redox processes was synthesized (Fig. 1b). 22,23 It is important to notice that the requirement of long cycle life for the supercapacitor performance necessitates the use of a material combining both large porosity and high chemical and structural stability. 24 Accordingly, we chose the [Zr 6 O 8 (H 2 O) 8 ] 8+ cluster as a metal node to generate the targeted 3-periodic MOF porous structure with the aforesaid features. The requirement in terms of surface area is expected to increase the EDLC, while the porosity is expected to facilitate rapid ion transport through the MOF channels (Fig. 1a).

The optimized synthetic conditions (see the ESI † Section S2) led to the synthesis of a needle shape like single crystal of the Zr-NDI-scu-MOF. The single crystal X-ray diffraction study shows that Zr-NDI-scu-MOF crystallizes in the orthorhombic S1, ESI †). Zr-NDI-scu-MOF possesses a neutral framework with octahedral [Zr 6 O 8 (H 2 O) 8 ] 8+ clusters, 25 bridged by eight BTD-NDI ligands, leaving four pairs of terminal H 2 Ogroupsatthe equatorial plane suitable for further modification (Fig. 1 and Fig. S7, S8, ESI †). The crystal structure analysis pinpoints to the presence of four types of interconnected channels. Two of them are parallel to the crystallographic a-axis and restricted by the apertures of 10.8 and 5.0 Å formed by opposite pairs of NDI and extended isophthalic moieties, respectively (Fig. S8b, ESI †). The channel with the smallest aperture of 2.7 Å (distance between the NDI cores) is parallel to the crystallographic b-axis (Fig. S8c,ESI †). Finally, the channel width parallel to the crystallographic direction c is restricted by water molecules coordinated by two opposite Zr 6 -clusters with a waterÁÁÁwater distance of 10.3 Å (Fig. S8d, ESI †). The NDI cores are arranged parallel to the last channel direction, which favors faster diffusion of incoming guest molecules. 26 Fig. 1 displays the MOF topological analysis of the 8-connected hexanuclear Zr(IV)molecular building block, that can be viewed as a cubic secondary building unit (SBU), while the organic ligand can be rationalized as a 4-connected building unit to give a (4,8)-c scu-a net or can be viewed as a 3-c SBU resulting in a (3,8)-c derived tty-a net. 27,28 The phase purity of Zr-NDI-scu-MOF was confirmed by matching the experimental powder X-ray diffraction (PXRD) pattern with that calculated from the crystal structure (Fig. S9, ESI †). Interestingly, we observed a phase change from the PXRD pattern upon activation or solvent exchange (Fig. S10, ESI †),withaclearshiftofthe PXRDpeak from 4.7 to 5.11. This shift is due to the flexibility of the framework upon solvent removal, which was further confirmed by variable temperature PXRD (VT-PXRD) (Fig. S11, ESI †). The permanent porosity of Zr-NDI-scu-MOF was confirmed by the porosity analysis from the Ar sorption isotherm measured at 87 K (Fig. S12a, ESI †). Zr-NDIscu-MOF shows a surface area of 810 m 2 g À1 ; however the framework does not show the optimum pore volume compared to the calculated one (ESI, † Section S8), which could be due to the flexible nature of Zr-NDI-scu-MOF.

The electrochemical measurements on Zr-NDI-scu-MOF were performed using a three-electrode configuration in a 1 M H 2 SO 4 electrolyte. The working electrode was prepared by drop-casting Zr-NDI-scu-MOF, carbon black, and polyvinylidene fluoride binder (8 : 1 : 1 weight ratio) mixture onto a carbon cloth electrode (the typical mass loading is 1.5-2 mg cm À2 ). These electrochemical measurements were performed using a Ag/AgCl electrode and a Pt wire, which were used as the reference and the counter electrode, respectively. Fig. 2a shows the cyclic voltammetry (CV) curve for Zr-NDI-scu-MOF collected at a scan rate of 50 mV s À1 . Owing to the Zr-NDI-scu-MOF high surface area, an EDLC dominated behavior was observed, resulting from the adsorption of ions during the electrochemical process. Moreover, the NDI-core within Zr-NDI-scu-MOF undergoes a reversible redox process, which is demonstrated by the exhibited well-defined electrochemical response. 19 The CV curve exhibits a quasi-rectangular shape with distinct redox peaks, indicative of typical hybrid capacitive behavior. 16,17 In particular, two anodic peaks located at around 0.4 and 0.6 V vs. Ag/AgCl (Fig. S13a,ESI †) are observed, corresponding to the two-step redox reaction for the NDI-core (Fig. 1b). 17 The nonlinear galvanostatic charge-discharge (GCD) profile further suggests the occurrence of a faradaic process (Fig. 2b). Overall, the combination of EDLC and pseudocapacitive behavior was perceived. The capacitance calculated from the CV curves of Zr-NDI-scu-MOF electrode showed a capacitance of 16.8 F g À1 at a scan rate of 10 mV s À1 .

An interesting feature of the Zr-NDI-scu-MOF structure is the flexible behavior (as attested by PXRD studies; Fig. S9 andS10, ESI †) driven by the removal/uptake of solvent, which could affect its performance as a supercapacitor electrode, as a result of surface area variation. 26 Therefore we explored an alternative strategy to enhance the rigidity of the MOF structure, which will help in maintaining the open structure and the optimal/fixed surface area. enhancement in the surface area (1820 m 2 g À1 ) of Zr-NDI-BPy-sco-MOF with respect to Zr-NDI-scu-MOF (810 m 2 g À1 ) (Fig. S12b,ESI †). A narrowing of the average pore size with a much higher degree of uniformity after post-installation of the BPy linker was observed (inset in Fig. S12b, ESI †), supporting the formation of a relatively more rigid structure.

The increase in the surface area is expected to further boost the supercapacitor performance, 32 and indeed, the CV area of the Zr-NDI-BPy-sco-MOF (Fig. 2a) has significantly increased as compared to that of Zr-NDI-scu-MOF. Note that for both MOFs, the CV curves show similar shapes and redox peaks (Fig. S13b, ESI †). The storage mechanism of Zr-NDI-scu-MOF and Zr-NDI-BPy-sco-MOF materials was determined by the b-values, which can be obtained by plotting the peak current against scan rate (see Methods in the ESI †). For both MOFs, the b-values are within 0.5-0.8 (Fig. S19, ESI †), which implies that the charge storage is mostly dominated by the diffusion controlled process. These results suggest that the capacitance can be greatly enhanced by decreasing the flexibility of the structure by simply installing the BPy linker. The GCD curve again confirms this enhancement (Fig. 2b) and the calculated capacitance of Zr-NDI-BPy-sco-MOF was 30.75 F g À1 (Fig. 2c), i.e. twice that of Zr-NDI-scu-MOF, which is in good agreement with the enhancement in the surface area. On the other hand, the potential window could be extended to 1.0 V (Fig. 2a and Fig. S20, ESI †), which indicates that the oxygen evolution reaction on Zr-NDI-BPy-sco-MOF was restricted to some degree. 20 Such widened potential window is preferred as it can improve the energy and power density of the devices. 33 The pronounced potential plateaus observed in the GCD profile (Fig. 2b) are related to the faradaic reactions of the NDI core, which is in agreement with the CV measurements. These results further confirm the efficacy of our strategy by rigidifying the MOF structure to boost the electrochemical performance.

The two types of MOFs were highly stable during CV measurements in 1 M H 2 SO 4 (Fig. 2d), and did not show a significant decay for at least 5000 cycles even under a relatively high current density (5 A g À1 ).

Encouraged by these promising results, the best performing Zr-NDI-BPy-sco-MOF was further investigated by constructing a symmetrical two-electrode device using two nearly identical electrodes from this MOF and graphite. 35 The preparation of the MOF on graphite electrodes was carried out in the same way as in the 3-electrode measurements and they were used as the positive and negative electrodes, respectively. The electrolyte used in these measurements was 1 M H 2 SO 4 and based on the three electrode measurements, these devices were tested in a voltage window of 0-1.0 V. Fig. 4a shows the typical CVs collected at different scan rates, which exhibit a quasi-rectangular mirror-symmetric shape even at high scan rates (e.g. 200 mV s À1 ), indicating the highly reversible charge/discharge response of the device. 34,35 The triangular symmetric GCD curves are shown in Fig. 4b and indicate a high coulombic efficiency. The cell capacitance was calculated based on the CV curves and the device can deliver a capacitance of 5.7 F g À1 at 10 mV s À1 . Fig. 4 shows the cycling stability of our Zr-NDI-BPy-sco-MOF devices in 1 M H 2 SO 4 for up to 10 000 cycles. These MOF-based devices showed the capacity retention of 99.9% after 10 K cycles, while most of the reported MOF-based supercapacitors retain less than 80% of the initial capacitance after 10 K cycles. 30 This is due to enhanced structure rigidity, which hinders the structural collapse during the charge/discharge process. The XRD A careful examination of the Zr-NDI-scu-MOF crystal structure shows that the windows of the channels parallel to the c-axis are formed by four Zr-clusters and four extended isophthalic moieties of the ligands. Such ligand coordination allows the MOF flexibility via changing the angles between carboxylates and Zr-clusters towards more deformed rhombic or the perfect square windows; elongation or shortening of the unit cell parameters a and b; shown in Fig. 3. Since each window lying outside the ab-plane is formed by two Zr-clusters and two ligands, any MOF deformation demands a ligand shape change, whichinthiscaseismuchlesslabilethan the Zr-coordination sphere. As a result of the framework flexibility, a partial rupture of the framework occurs upon solvent removal. Additionally, each Zrcluster contains eight water molecules, with four molecules facing the a-axis and the other four along the c-axis (Fig. 3). Therefore these open sites offer the opportunity to install another linker by replacing the water molecules and linking the Zr-clusters along the a-axis. Thus the flexible Zr-NDI-scu-MOF can be transformed into a more rigid Zr-NDI-BPy-sco-MOF via thisstrategy(Fig. 3andFig.S14,ESI †). 29,30 The post-synthetic linker installation was carried out using a 2,2 0 -bipyridine-5,5 0 -dicarboxylic acid (BPy) organic linker as the pillar as described in the ESI, † since the distance between the two opposite water molecules along the a-axis is about 12.36 Å, which allows the BPy ligand of 11.1 Å length to be accommodated. Also, it is worth mentioning that it has been reported that the sp 2 nitrogen has effective interaction with the electrolyte and thus enhances the capacity. 16 Theamountoflinkerinstalledwasestimatedbymeansof nuclear magnetic resonance (NMR) studies on the digested MOF in HCl, which was found to be 85% of the available binding sites (Fig. S15, ESI †). The post-installation of the linkers was also confirmed by PXRD, Infrared spectroscopy (IR), thermal gravimetrical analysis (TGA), elemental analysis, and surface area analysis (Fig. S16-S18 and S12b, ESI †). The obtained Zr-NDI-BPy-sco-MOF was fully characterized using PXRD (Fig. S16,ESI †), which showed that the framework maintained its crystallinity and proved the formation of the expected geometry optimized structure that was simulated using materials studio software (more details about the employed simulation method are described in the ESI †). 31 The experimental PXRD has an excellent matching with the simulated pattern of the Zr-NDI-BPy-sco-MOF (Fig. S16,ESI †). Additionally, Ar sorption measurement showed about two-fold and SEM characterization of the electrodes before and after 10 K cycles of charge/discharge process (Fig. 4d-f and Fig. S20, ESI †) shows no significant changes in the PXRD or crystal morphology. Notably, we achieved an areal capacitance of 5.48 mF cm À2 in aqueous medium with a voltage window of 0.0-1.0 V, which is higher than most of the reported values achieved in much more expensive organic electrolytes for MOF materials (see Table S2, ESI †),wherearealcapacitancewas used for comparison with other MOFs reported in the literature. 36,37 The energy density and the power density were further examined for the Zr-NDI-BPy-sco-MOF, which was found to be able to deliver an energy density of 472 mW h kg À1 at a power density of 250 W kg À1 , which is one of the best performing among the 3D MOF-based supercapacitor materials.

In conclusion, we have successfully synthesized a 3-periodic Zr-based MOF, namely Zr-NDI-scu-MOF, having an organic linker with a redox active core. This newly developed platform possesses tunable and high surface area combined with a redox active core. It can be applied as a supercapacitor electrode, that provides both EDLC and pseudocapacitance. The post-synthetic modification of the pristine structure by BPy resulted in Zr-NDI-BPy-sco-MOF increased rigidity and enhanced surface area, and improved its capacitance performance (by a factor of 2). This work reveals a new rational strategy for designing made-to-order MOFs for capacitive energy storage applications. Work is in progress to extend this 
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  space group with a formula unit of [Zr 6 O 8 (BTD-NDI) 2 ]Áx(solv) and cell parameters of a = 20.7974(9) Å; b = 34.320(1) Å and c = 24.2844(9) Å (Table

Fig. 1

 1 Fig. 1 (a) Schematic representation for the synthesis of Zr-NDI-scu-MOF and the different derived topologies. (b) The NDI core in the linker with the two electron redox process.

Fig. 2

 2 Fig. 2 (a) Zr-NDI-scu-MOF (red) and Zr-NDI-BPy-sco-MOF (black) electrodes tested as supercapacitors in 1 M H 2 SO 4 . (b) CV curves collected at 50 mV s À1 , (c) GCD profiles at 1 A g À1 capacity, and (d) stability tests performed at 5 A g À1 .

Fig. 3

 3 Fig. 3 Schematic representation of the synthesis of Zr-NDI-BPy-sco-MOF via insertion of the 2,2 0 -bipyridine-5,5 0 -dicarboxylic acid (BPy) pillar along the a-axes of Zr-NDI-scu-MOF.

Fig. 4

 4 Fig. 4 (a) CV curves measured at different scan rates for Zr-NDI-BPy-sco-MOF symmetric devices. (b) GCD curve measured at different current densities for Zr-NDI-BPy-sco-MOF. (c) Cyclic stability performed at 2 A g À1 up to 10 000 cycles for Zr-NDI-scu-MOF (black) and Zr-NDI-BPy-sco-MOF (blue). (d) PXRD pattern before and after the electrochemical measurements for Zr-NDI-BPy-sco-MOF. SEM images for the Zr-NDI-BPy-sco-MOF electrode before (e) and after (f) electrochemical measurements.
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