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Electronic charge transport through crystalline metal-organic frameworks (MOFs) can be accomplished by site-to-site electron (or hole) hopping, provided that redox-active sites, such as easily reducible or oxidizable MOF linkers, are present. If the framework itself is redox-inert, solvent-assisted ligand incorporation of redox-active moieties can serve to enable hopping-based charge transport. Here we have studied the redox hopping process within Ru-bpy@NU-1008, where Ru-bpy is a carboxylate-functionalized derivative, i.e., a node-ligating derivative, of the well-known chromophore Ru(2,2′-bipyridine)32+, and NU-1008 is a redox-inert MOF featuring hierarchical porosity and csq topology. Chronoamperometry experiments with electrode-supported thin films of Ru-bpy@NU-1008 show that charge transport is feasible through portions of the MOF, with other portions being inaccessible. Possible confounding features are the undersized c-pores that cross-connect 1D mesoporous channels, as ingress and egress of charge-compensating anions is believed to accompany the net oxidation of Ru(II) to Ru(III) and the reduction of Ru(III) to Ru(II). Phenomenologically, transport through the electroactive portion of the films is diffusion-like, with the magnitude of the apparent diffusion coefficient being 6 × 10−12 cm2/s.
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INTRODUCTION
The increasingly compelling demand for renewable, carbon-neutral sources of energy offers an incentive to develop catalytic materials that can seamlessly execute reactions analogous to those comprising naturally occurring photosynthesis, e.g., water oxidation and chemical-energy-storing reduction of carbon dioxide. Compared to homogeneous catalysts, heterogeneous forms offer advantages in terms of (1) recyclability of the catalyst, (2) removing catalyst solubility as a design requirement, and (3) concentration and consolidation immediately proximal to an electrode or photoelectrode interface with a reactant-containing solution (Lieber and Lewis, 1984; Yoshida et al., 1993; Chen et al., 2009; Hod et al., 2015a). Metal-organic frameworks (MOFs), consisting of inorganic metal nodes and organic linkers, have shown promise as heterogeneous electro/photocatalysts (or catalyst supports) for solar fuel generation (Lei et al., 2018; Majewski et al., 2018; Johnson et al., 2020; Stanley et al., 2021). The broad synthetic tunability, crystallographically well-defined periodic structures, and molecular-scale porosity of MOFs are among the features that make them attractive for these and other applications (Li et al., 2009; Furukawa et al., 2013; Islamoglu et al., 2017). Additionally, the fixed spatial separation of consecutive linker- or node-sited/grafted catalysts can delimit catalyst de-activation by dimerization or aggregation. MOFs can be made redox-active either by judiciously chosen redox-active organic linkers or redox-active metal nodes (Kung et al., 2020; Ding et al., 2021). Alternatively, they can be rendered redox-active by post-synthetic incorporation of redox-active species—for example, by chemically grafting and tethering to otherwise inactive nodes (Hod et al., 2015b; Celis-Salazar et al., 2019).
In MOF-based heterogeneous electrocatalysis, a crucial aspect, apart from the transport of substrate and electrolytes within the porous scaffold, is the transport of charges (Johnson et al., 2020). Due to the absence of any continuous pathway of charge movement in electronically localized MOFs, in electrode-supported MOF thin films, charges move from spatially separated linker to linker by redox hopping, a process that, on the macroscopic scale, appears diffusional (Lin et al., 2018; Goswami et al., 2019). The diffusional behavior arises due to the possibility of moving the charges in either forward or backward direction and therefore differs from delocalized MOF systems where charges instead move in response to an electric field (Hendon et al., 2012; Talin et al., 2014; Goswami et al., 2018; Park et al., 2018; Xie et al., 2020). If charge diffusion is slow relative to MOF-sited-electrocatalyst activity, diffusion can limit the overall catalytic activity (Hod et al., 2015a; Celis-Salazar et al., 2019; Johnson et al., 2020). Hence, understanding and optimizing the diffusional charge transport within the confined spaces of MOFs is of paramount interest for the development of next-generation heterogeneous electrocatalysts for energy-relevant reactions.
Ruthenium (II) polypyridyl complexes, especially Ru(bpy)32+ (bpy = 2,2′-bipyridine), have received wide attention in the synthesis of the MOFs (Larsen and Wojtas, 2012; Lin et al., 2017; Choi et al., 2020; Yan et al., 2020; Stanley et al., 2021), both as a linker and as a non-structural ligand, due to their rich photophysical and electrochemical properties. Previously, our group reported the post-synthesis modification of hexa-zirconium nodes of mesoporous MOF NU-1000 by RuII(bpy)2(dcbpy), i.e., bis-(2,2′-bipyridine)-(4,4′-dicarboxy-2,2′-bipyridine) ruthenium(II), and investigated the heterogeneous photocatalytic activity for an oxidative amine-coupling reaction (Nagatomi et al., 2020). Compared to photocatalysis and related photophysics, the electrochemical properties of Ru(bpy)32+-containing MOFs are relatively less explored. Morris et al. incorporated Ru(bpy)32+ within a UiO-67 type framework by mixed ligand approach and then examined the immobilized compound as a light absorber for dye-sensitized solar cells (Maza et al., 2016) and also as an emitter for electro-generated chemiluminescense (Cai et al., 2018). In both cases, charge transport (i.e., transport of redox equivalents) is necessary. For electronically localized species like Ru(bpy)3n+, charge transport can be achieved by site-to-site redox hopping (and coupled movement of charge-compensating ions) between immobilized complexes. At the microscopic level, redox hopping is equivalent to a series of electron (or hole) self-exchange reactions. At the macroscopic level, redox hopping is diffusive. In this work, we have delineated redox hopping-based charge transport by Ru(bpy)3n+ sites immobilized in a mesoporous MOF, NU-1008. We have quantified diffusive charge transport within electrode-supported thin films of the functionalized MOF by introducing large or small perturbations of the applied potential via chronoamperometry.
RESULTS AND DISCUSSION
Here we have used NU-1008 [Zr6(μ3-O)4(μ3-OH)4(OH)4(OH2)4(TCPB)2] [H4TCPB = 1,2,4,5-tetrakis(4-(carboxyphenyl)-3,6-dibromo-benzene; TCPB4- is a tetratopic linker] as a platform MOF. The [Zr6(μ3-O)4(μ3-OH)4(OH)4(OH2)4]8+ units constitute nodes, and TCPB4- ions are linkers (Scheme 1) (Lyu et al., 2019). The MOF is of csq topology and therefore offers cross-connected triangular and hexagonal 1D channels of ∼12 Å and 30 Å diameter, respectively. The cross-connecting pores, i.e., c- and c′-pores, have a minimum van der Waals width of ∼2 × 7 and 2.6 × 10 Å2, respectively. Thus, they are significantly narrower than the cross-connecting pores in NU-1000 and PCN-222—closely related MOFs also characterized by csq topology. Notably, only the hexagonal channels are wide enough to accommodate RuII(bpy)2(dcbpy). Similar to what has been observed for NU-1000, non-structural ligands presenting carboxylate, phosphonate, and acetylacetonate functionality can be attached to the MOF node by displacing labile terminal aqua and hydroxo ligands (bidentate coordination) or only terminal hydroxo ligands (monodentate coordination) (Deria et al., 2014). However, unlike NU-1000 which consists of redox-active tetrakis (4-carboxyphenyl)pyrene linkers (Mondloch et al., 2013; Goswami et al., 2019), TCPB4- is redox-inert within the experimental window examined.
[image: Scheme 1]SCHEME 1 | (A) Schematic representation of solvent-assisted ligand incorporation to the metal node for non-structural ligands. (B) Structural information for Ru-bpy@NU-1008.
RuII(bpy)2(dcbpy) was installed in NU-1008 by following a procedure described previously for installation in NU-1000 (Nagatomi et al., 2020). Briefly, pre-synthesized and carefully solvent-evacuated NU-1008 was soaked in an acetonitrile solution of RuII(bpy)2(dcbpy) for 24 h at 70°C. Unwanted physisorbed ruthenium species were then removed by vigorously washing the sample with acetonitrile. The porous acetonitrile-filled assembly was then solvent-exchanged with acetone, a low-surface-tension liquid that exerts minimal capillary force and, consequently, has no detectable damage (such as pore collapse) when subsequently removed from the functionalized MOF via heating under dynamic vacuum. Ru-bpy@NU-1008 was obtained as an orange powder; NU-1008 is white. RuII(bpy)2(dcbpy) installation was confirmed by measuring the 1H NMR spectrum of the acid-digested sample. By comparing peak integrations for linker vs. guest-molecule protons, a loading of ∼1 RuII(bpy)2(dcbpy) per Zr6 node was determined, which is similar to the previously reported loading in NU-1000 (Supplementary Figure S1). Additional evidence of the ruthenium complex installation was obtained from ICP-OES analysis, which suggests the loading of 0.83 Ru/Zr6 node. A loading of one Ru complex per node corresponds to three Ru complexes per hexagon unit, consistent with the loading scheme illustrated above.
Ru-bpy@NU-1008 was sited as a thin film on fluorine-doped tin oxide (FTO) electrode by electrophoretic deposition (EPD; for details, see Supplementary Material) (Hod et al., 2014). Scanning electron microscopy cross-sectional images indicated a film thickness of ∼1.3 μm (Figure 1A). When excited at the 1MLCT band of the RuII(bpy)2(dcbpy), a broad emission is expected to be centered at around 650 nm from the 3MLCT excited state (Cai et al., 2018). Figure 1B depicts the emission spectra of a film of Ru-bpy@NU-1008 when excited at 450 and 390 nm.
[image: Figure 1]FIGURE 1 | (A) Cross-sectional SEM image of the EPD Ru-bpy@NU-1008 film cross-section with average film thickness of ∼1.3 μm. (B) Steady-state emission spectra of Ru-bpy@NU-1008 excited at 450 nm (blue solid line) and 390 nm (black dashed line) at 45° relative to the excitation beam.
The electrochemical behavior of thin-film (EPD) versions of the FTO-supported material with and without node-ligated RuII(bpy)2(dcbpy) was assessed in a 3-electrode setup in 0.1 M dichloromethane solution of tetrabutylammonium hexafluorophosphate (TBAPF6), with a Pt wire as a counter-electrode and Ag/AgCl as a reference electrode. Figure 2A presents the cyclic voltammograms for NU-1008 and for Ru-bpy@NU-1008 at various scan rates. Consistent with the redox-inert nature of both the TCPB4- linker and the hexa-Zr(IV)-oxy node, no Faradaic current was observed for NU-1008. In contrast, Ru-bpy@NU-1008 shows a chemically reversible oxidation of Ru(II) to Ru(III). From the voltammetry, the Ru(III/II) formal potential is ∼1.48 V. Returning to Figure 2A, the intra-film redox process is kinetically sluggish on the various voltammetry timescales as evidenced by scan-rate-dependent differences in anodic vs. cathodic peak potentials.
[image: Figure 2]FIGURE 2 | (A) Cyclic voltammograms of NU-1008 (solid) and Ru-bpy@NU-1008 (dash) with various scan rates (25, 50, 100, 200, and 300 mV/s, with the line color fading to gray as the sweep increases). (B) Cottrell plots (current density vs. time−1/2 plots) of oxidation and reduction directions of Ru-bpy@NU-1008 in 0.1 M TBAPF6 in dichloromethane.
To estimate the Dhopping, the apparent diffusion coefficient for redox hopping, chronoamperometry experiments were performed. In these experiments, gradients in concentration of the redox-active species are created by stepping the applied potential from well negative of the formal potential of the immobilized redox couple to well positive (or vice versa). Here we stepped the potential from 0 to 2 V and then after equilibration at 2 V back to 0 V. If the time evolution of the resulting Faradaic current is governed by Fick’s first and second laws, as applied to 1-D diffusion to a planar surface (the electrode), Dhopping can be obtained by fitting the current decay to the Cottrell equation (Eq. 1). In the equation as applied here, n is 1 and is the number of electrons extracted in converting each Ru(II) center to Ru(III), F is the Faraday constant, A is the electrode area, and C is the molar concentration of RuII(bpy)2(dcbpy) within the MOF, with the full framework, rather than only the void space, defining the volume for determining C. Here C is ∼0.1 M or 1 × 10−4 mol/cm3.
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Figure 2B shows the plots of current density (amperes per square centimeter of electrode area) vs. t−1/2 for oxidation of Ru(II) to Ru(III) and reduction of Ru(III) to Ru(II). From the slopes of the plots at early time, we obtain Dhopping values of 6 × 10−12 cm2/s both in the oxidation and reduction direction. For comparison, the Dhopping values for linker-based redox hopping in NU-1000 range from 2 × 10−10 to 3 × 10−11 cm2/s in the direction aligned with the MOF channels and ∼ 6 × 10−13 cm2/s through the plane that is orthogonal to the channels (Goswami et al., 2019).
Integration of current/time transients from potential step experiments reveals, somewhat surprisingly, that only 1 to 2% of the installed ruthenium centers are electroactive—a finding that is corroborated by the voltammograms in Figure 2A. If the electrophoretically deposited MOF crystallites perfectly and uniformly covered the underlying electrode, leaving no unexposed gaps, and if the deposited crystallites were perfectly oriented with mesoporous channels parallel to the supporting electrode, the observed electroactivity would be equivalent to that from an electroactive zone having a thickness of 5 to 6 mesoporous channels, i.e., ∼15–18 nm, with the rest of the film being inactive. If siting and packing of electrophoretically deposited material are less perfect—a distinct possibility given the prolate spheroidal shape (rugby ball shape) of the crystallites—the observed electroactivity could be equivalent to that from an electroactive zone, perhaps two to three times as thick, i.e., ca. 30–50 nm.
We speculatively ascribe the unexpected electrochemical inactivity of the majority of the 1,300-nm-thick film to ineffective inter-crystalline charge transport. The oxidation of Ru(II)@NU-1008 sites requires uptake of charge-compensating electrolyte anions (or expulsion intra-channel electrolyte cations). The diameter of PF6- is ∼5.2 Å, while the minimum diameter of the flexible TBA+ cation is ∼8 Å. Notably, the widths of the channel-interconnecting c and c′ pores are less than 3 Å and thus should be blocking toward both PF6- and TBA+. Indeed electrolyte ion uptake and release should be sterically feasible only at the channel termini. As qualitatively illustrated in Scheme 1, the ruthenium-loaded hexagonal mesopores are sterically congested, but the narrower trigonal micropores are not. Thus, we further speculate that charge-compensating electrolyte anions move through the micropores, while the corresponding electrogenerated holes move by hopping between ruthenium sites in the MOF mesopores. Finally, we speculate that, because of the multiplicity of steric constraints for the ingress and egress of charge-compensating ions, the electrochemical communication between MOF crystallites is (1) negligible on timescales relevant to cyclic voltammetry and chronoamperometry and (2) limited, in a practical sense, to only those crystallites of NU-1008 that directly contact the electrode. Spatially resolved assessment of electroactivity should provide a means of assessing the validity of these speculative interpretations. Notably, other csq frameworks offering wider c-pores (such as NU-1000) and containing smaller redox-functional guests (such as metallocenes) are fully electroactive.
CONCLUSION
In conclusion, solvent-assisted ligand incorporation, in the form of RuII(bpy)2(dcbpy) attachment to zirconium-containing MOF nodes, renders the mesoporous Zr-MOF, NU-1008, redox-conductive—a desirable feature for subsequent studies involving framework-isolated electrocatalysts. Ru-bpy@NU-1008 can be electrophoretically deposited on FTO as films of ∼1.3-μm thickness and then addressed electrochemically. Cyclic voltammetry yields well-defined signals for the Ru(II/III) couple, with the magnitude of the signals substantially exceeding the signal anticipated for an electrode-contacting monolayer and therefore implying redox hopping between sites proximal to and further from the electrode. Nevertheless, only 1–2% of the installed ruthenium sites are electrochemically addressable. We speculatively ascribe the unresponsiveness of the majority of the installed sites to ion-transport-related steric constraints on inter-crystalline redox communication, such that only those crystallites directly contacting the underlying electrode are electrochemically addressable. From chronoamperometry experiments, the value for Dhopping is 6 × 10−12 cm2/s. A ca. 40-nm-thick electroactive zone can support a catalyst with a TOF of about 2 s−1. Alternatively, if catalysts were sited only at the outer edge of an electroactive zone, greater TOFs could be supported—albeit with a little change in the overall catalytic rate since fewer active sites would be present (Celis-Salazar et al., 2019; Johnson et al., 2020). When combined with the light-harvesting properties of ruthenium complexes, the results suggest that analogues of Ru-bpy@NU-1008 featuring larger-diameter c-pores could be usefully functional as sensitizers in photoelectrochemical cells, including photoelectrochemical synthesis cells.
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