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Abstract

:

Some copper-based metal–organic frameworks show promise for use as electrocatalysts because they allow for an electrode configuration in which copper species with redox and electron-conducting properties are immobilized in a three-dimensional arrangement. This work shows that the synthesis of copper terephthalates (Cu-BDCs) can lead to rigid structures of the copper hydroxyterephthalate-type or flexible structures that are isoreticular to the MOF-2 type, depending solely on the synthesis route. Here, a detailed analysis of the syntheses of the crystals is carried out employing protocols with different solvents as well as conventional or microwave-assisted solvothermal methods. All solids were fully characterized by a combination of characterization techniques, such as FE-SEM, T-XRD, TGA, and FTIR, and their electrochemical redox responses were also evaluated by cyclic voltammetry. A correlation between the Cu-BDCs structures and their electrochemical behaviors was established and a new version of an electroactive copper hydroxyterephthalate was synthesized by a microwave method in 3 h with a dimethylformamide-free protocol. This Cu-BDC was obtained as dispersed nanoflakes with a high amount of copper sites and the capacity to be reversibly electroreduced-oxidized and showed catalytic activity in the oxygen reduction reaction (ORR).
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1. Introduction


The sustainability of human society depends on the development of new renewable and clean energy systems [1,2,3]. Against this backdrop, electrochemistry offers green and efficient technological alternatives for energy storage and conversion, fuel production and environmental protection [1,2]. For example, the operation of batteries, fuel cells, electrolytic cells and supercapacitors is based on electrochemical half-reactions, such as the hydrogen evolution reaction (HER), the oxygen evolution reaction (OER), the hydrogen oxidation reaction (HOR), the oxygen reduction reaction (ORR) and the carbon dioxide reduction reaction (CO2RR) [2,4]. However, these half-reactions have very slow kinetics, which is why they require large overpotentials and excessive amounts of energy to be carried out, and in some cases obtain cell potentials and powers much lower than the theoretical values [1,4]. To overcome this barrier and improve the efficiency of current energy devices, the search for new electrocatalysts that are more economical, stable, efficient and capable of significantly promoting these electrochemical reactions is crucial [1,3,4,5]. A promising alternative are metalloenzymes such as cytochrome c oxidase and multicopper oxidases, which are capable of activating, reducing and transporting oxygen efficiently and selectively using multinuclear iron and/or copper complexes as active sites [6,7,8]. Considering the structural design of bio-electrocatalysts present in nature, different functional materials based on 3D transition metals have been explored as new electrocatalysts. Among these, metal–organic frameworks (MOFs) have begun to show increasing promise in the field of electrocatalysis [1,3,4,5].



MOFs are highly crystalline solids in whose structure multifunctional organic linkers and metallic centers are assembled, resulting in periodic nets with organic–inorganic nature and with permanent porosity [9]. MOFs are fascinating materials that have found application in several technological areas, such as selective separations [10], sensors [11] detection of biomarkers [12] and catalysis [13], among others. In particular, the use of MOFs as electrocatalysts has been spreading due to their unique nature which allows a high dispersion of metal centers with redox capacity that favor the transfer of electrons and ions between the surface of the electrodes and the electrolyte [1]. The remarkable design flexibility of MOFs, in addition to their possibility of functionalization and diversity of metal centers, has prompted the study of MOFs and MOF-derived materials as electrocatalysts for various reactions relevant in energy-conversion electrochemical technologies, such as the ORR, the OER, the CO2RR, water splitting, among others [1,2,3,4,5,14,15,16,17]. In particular, copper-based MOFs (Cu-MOFs) are currently being studied intensively as electrocatalysts for different electrochemical applications, such as the use of Cu-MOF-74 as an electrocatalyst for the ORR [14], Cu-tetrahydroxyquinone (Cu-THQ) as an electrocatalyst for the CO2RR [18] or Cu3(Cu3·HAHATN)2 as electrocatalyst for the HER [19]. Within the family of Cu-MOFs, copper terephthalates (Cu-BDCs) are of interest as they have wide structural diversity and have been little explored in electrocatalysis. These Cu-BDCs are polymorphic structures capable of adopting arrangements with chain-type (1D) or layer-type (2D) dimensionality.



Despite the chemical and structural richness that MOFs offer, their electrocatalytic use presents important challenges because the activity usually depends, among many other factors, on the accessibility of the active sites and on the electrical conductivity and geometry of the electrodes [20]. Although MOFs have abundant metal sites, a small fraction of them can be effectively used in electrocatalytic processes due to the poor electrical conductivity of these materials (~10−10 Sm−1) [1,20]. Furthermore, the nanometric pore size in some MOFs hinders an efficient transport of the electrolyte to the active sites, as well as the diffusion of products, impoverishing the electrode performance [1,20]. Faced with this problem, an alternative that could be useful is the application of structural engineering principles with which the exposed surface and morphology of the materials can be optimized (for example, seeking to direct the synthesis towards morphologies with highly dispersed and easily accessible active sites, such as nanoflakes), among other properties, to improve their electrochemical responses [5]. Microwave-assisted synthesis has proven to be a sustainable and economical method by which to carry out these structural modifications and optimizations [21,22]. In this context, this work aims to evaluate the relationship between the structure and electrochemical response of Cu-based MOFs and in particular how this is affected by the applied synthesis protocols. To this end copper terephthalate-type metal–organic frameworks were synthesized and characterized through a combination of techniques in order to then evaluate their electrochemical redox and electrocatalytic responses. These studies contribute to the rational modulation of the electrochemical properties of copper-based MOFs by establishing an understanding of the structure–behavior relationships.




2. Experimental


2.1. Chemical Reagents


The synthesis of Cu-BDCs was carried out using the following reagents and solvents: 1,4 benzenedicarboxylic acid (H2BDC, 98% purity, Sigma-Aldrich, Burlington, MA, USA), copper nitrate trihydrate (Cu(NO3)2·3H2O, Aldrich, 99–104% purity), N,N-dimethylformamide (DMF, Aldrich, 99% purity), acetone (CH3COCH3, 99% purity, Cicarelli, San Lorenzo, Argentina), ethanol (CH3CH2OH, Cicarelli pro-analysis, purity 99%), methanol (CH3OH, Cicarelli pro-analysis, 0.2% H2O) and deionized water obtained with an APEMA water purifier (nylon filter, activated carbon filter, reverse osmosis and exchange resin).




2.2. Obtention of Cu-BDC under Different Syntheses Conditions


Synthetic protocols were developed with the intention of avoid the use of DMF and reducing synthesis times, analyzing at the same time the relationship between these parameters with the structural-morphological behavior of the obtained copper terephthalates and their electrochemical responses. With this in mind, the aim was to rationalize the relationship between the synthetic protocol, the structure and the response.



In the first instance the synthesis of Cu-BDC was carried out following the original protocol of Carson et al. [23] with slight modifications. Subsequently, three synthetic modifications were developed. Cu-BDC was synthesized in DMF (protocol 1) maintaining an equimolar ratio of Cu(NO3)2·3H2O and H2BDC as reported [23]. Amounts of 2 mmol (0.4835 g) of Cu(NO3)2·3H2O and 2 mmol (0.332 g) of H2BDC were dissolved independently under stirring using 0.5 mol (30 mL) of DMF. Next, both solutions were mixed and kept under magnetic stirring for 10 min and then the mixture was transferred to a Teflon autoclave that was heated to 130 °C for 48 h. Finally, a blue solid was recovered which was called MSD.



The first synthetic modification to the original approach (protocol 2) was achieved by replicating the procedure described above but replacing the DMF (60 mL) with acetone (45 mL). In this case, the reagents were first mixed via stirring for 20 min in 15 mL of acetone and then an additional 0.4 moles (30 mL) of acetone were added and kept under stirring for another 40 min. Then, the mixture was subjected to a solvothermal treatment at 120 °C for 48 h and a light brown powder was recovered, which was called MSA. For the second synthetic modification (protocol 3) all parameters and the use of acetone were maintained, but microwave-assisted heating was applied. In this procedure, the mixture was prepared as per the previous case and was then placed in a microwave oven at 120 °C for 3 h after which a blue solid was recovered, which we called MWA. Finally, a third modification was carried out (protocol 4) by applying the microwave method but using an acetone/methanol mixture as a solvent. To do this, Cu(NO3)2·3H2O and H2BDC were dissolved in 0.5 moles (22.5 mL) of methanol by magnetic stirring for 15 min and then 0.3 mol (22.5 mL) of acetone were added under stirring for up to 120 min. Then, the mixture was transferred to an autoclave and placed at 120 °C in the microwave oven for 3 h before a blue solid denoted as MWA-M was finally obtained.



All of the synthesized solids were recovered by centrifugation and subsequently washed with ethanol and subjected to a solvent exchange process. This consisted of dispersing each of the solids in ethanol and replacing this solvent with fresh ethanol every 24 h, repeating this procedure twice. Subsequently, the materials were collected by centrifugation, dried at 80 °C for 12 h and stored in Eppendorf tubes for subsequent characterization and evaluation.




2.3. Physicochemical Characterization


Powder X-ray diffraction (XRD) patterns of the synthesized solids were collected with an Empyrean PANalytical diffractometer (Malvern Panalytical, Malvern, UK, Cu-Kα λ = 1.542 Å, 2θ 5°–60°, 2° min−1). The thermal evolution of the solids was evaluated with equipment that included a temperature-controlled chamber (T-XRD), using the same scanning conditions as described above. A Bruker D8 Advance (Bruker, Billerica, MA, USA) equipped with a Lynx detector was used for N2 flow between room temperature and 800 °C, taking measurements after 15 min of stabilization of each temperature. Experimental XRD patterns were compared with simulated profiles generated from single crystal crystallographic data deposited at the Cambridge Crystallographic Data Centre (CCDC) using the Mercury 2020.3.0 software. Morphological studies were carried out on a Zeiss CrossBeam 350 (Carl Zeiss, Jena, Germany) high-resolution field emission scanning electron microscope (FE-SEM). Observations were made in secondary electron imaging mode using an accelerating voltage of 2 kV. Elemental microanalysis was carried out by energy-dispersive X-ray spectroscopy (EDS) coupled to the SEM instrument. Infrared spectra (FTIR) of solids diluted in KBr were acquired with a Shimadzu Prestige-21 instrument (Shimadzu, Kyoto, Japan) equipped with a DTGS detector (400–4000 cm−1; 40 scans; 4 cm−1). Thermogravimetric analysis (TGA) and single differential thermal analysis (SDTA) were performed with a Mettler Toledo STARe, TGA/SDTA 851e module (25–700 °C, 10 °C min−1, N2 at 50 mL min−1).




2.4. Electrochemical Evaluations


For electrochemical evaluation, synthesized Cu-BDCs were supported on glassy carbon (GC) rotating disk electrodes (RDEs, 3 mm diameter) by casting 0.6 μL of a suspension of the powered materials (10 mg/mL) onto the GC surface following a procedure described elsewhere [14]. In this way the entire surface of the GC disk was covered by films that were very homogeneous in composition and morphology (as it is shown, for example, in the large-scale SEM photographs and EDS analyses in Figure S1) with thicknesses in the order of 9–11 μm (Figure S2) and which were later used for electrochemical studies. These studies were carried out at RT in typical three-electrode cells, using a Ag/AgCl (in saturated KCl) reference electrode, a large-area gold wire counter electrode, and the GC/MOF RDE as working electrode. Electrode potentials (E) were controlled by a CHI1140B potentiostat, and the RDE rotation rate (ω) was controlled by a Radiometer EDI 10 K rotating disk system. Measurements by cyclic voltammetry at different scan rates (v) from 0.010 to 0.1 V s−1 and different anodic limits in the potential sweep were performed in these conditions. All of these experiments were carried out in a 0.2 M phosphate buffer solution (PBS, pH = 7) made from dibasic potassium phosphate (Merck, Darmstadt, Germany) and phosphoric acid (85 wt%, Cicarelli), saturated with N2. Water used for preparing all these solutions was deionized with an exchange resin, doubly distilled, and filtered with a Purelab purifier (Elga Labwater, Woodridge, IL, USA, resistivity ≥ 18.2 MΩ cm).





3. Results and Discussion


3.1. Structural Characteristics of Synthesized Cu-BDC Crystals


The XRD pattern of the MSD solid synthesized with protocol 1 matched with that simulated from the [Cu(BDC)(DMF)] structure (Figure 1a) [23] and confirms that we obtained a pure Cu-BDC phase with DMF molecules occluded inside. In this MOF the metal centers have a square pyramidal geometry in which the DMF molecules inside the pores stabilize the structure by axial coordination with the Cu2+ atoms through the carbonyl groups. It should be noted that this MOF is isoreticular to MOF-2-DMF, [Zn(BDC)(DMF)] [24,25,26], which was obtained by Clausen et al. [25] (Figure 1a) and in which DMF molecules coordinate axially with Zn2+ atoms. Likewise, the said MOF-2-DMF is a polymorph of the MOF-2, Zn(BDC)·(DMF)(H2O) obtained by Yagui et al. [27] at room temperature with the difference that, in such MOF-2, the Zn2+ atoms are coordinated axially to water molecules, leaving the DMF occluded in the porous system [25,27].



Because the usefulness of the MSD structure depends on the evacuation of DMF, the Cu-MOF synthesis was also carried out by replacing all of the described solvent by acetone (protocol 2). The latter solvent allowed to obtain other DMF-free MOFs, such as ZIF-8 [28], NiFe MOF [29] and UiO-66 [30]. The obtained MSA solid exhibited an XRD pattern consistent with that simulated from the DMF-free [Cu(BDC)] structure [31] (Figure 1b). This is relevant because it implies that, under solvothermal conditions, the DMF can be totally replaced by acetone to obtain the desolvated form of this Cu-BDC. To the best of our knowledge this structural version had only been accessible when applying temperatures higher than 220 °C via the desolvation of [Cu(BDC)(DMF)] [23], by heating at 140 °C in a vacuum for 8 h [32], or after prolonged Soxhlet extraction processes with methanol [31]. It should be noted at this point that desolvations at high temperatures [23,32] often entail loss of crystallinity and/or distortions of the MOF structure. Acetone contains carbonyl groups that can coordinate with the Cu2+ atoms and stabilize the structure of this Cu-MOF, with the advantage that the smaller kinetic diameter and higher volatility of this solvent allow access to the evacuated [Cu(BDC)] form after a simple drying at 80 °C.



On the other hand, in addition to avoiding the use of toxic and expensive solvents such as DMF [33,34,35] another approach to the development of more sustainable synthetic protocols is the implementation of energy-efficient procedures that allow reaction times to be reduced. In this sense, the microwave-assisted synthesis of MOFs has proven to be a useful option [36,37,38]. Therefore, this methodology was explored with all of the other Cu-BDC synthesis parameters conserved and using acetone as a solvent (protocol 3). This synthesis, performed over 3 h, led to our obtaining of an MWA solid (Figure 1c) that exhibited a diffraction pattern analogous to that of the [Cu2(OH)2(BDC)] structure which was reported by Abdelouhab et al. [39]. It can be seen that this XRD pattern (Figure 1) is totally different to that of the solvated (MSD) or desolvated (MSA) versions of the above-described Cu-MOFs. This implies that the slower formation kinetics operating under solvothermal conditions leads to more thermodynamically favorable structures [40,41] such as MSD and MSA, while faster kinetics using a microwave-assisted protocol modifies the obtained structure. In other words, starting from the same mixture of reagents and using acetone as solvent, [Cu2(OH)2(BDC)] or [Cu(BDC)] phases can be preferably obtained by applying a microwave protocol or by using a conventional solvothermal synthesis procedure, respectively. The coexistence of kinetic and thermodynamic factors during the formation process of MOFs has been reported for several cases, such as for MIL-101-Cr and MIL-53-Cr [40] as well as for MIL-100, MIL-110 and MIL-96 [41]. Therefore, the structures of the MWA and MSA samples can be considered the kinetically and thermodynamically most favorable phases of Cu-BDC, respectively, and which can be selectively modulated with the synthetic approach.



An aspect to highlight in the MSA and MWA solids is the presence of residual linker (2θ = 17.3°, 25.1° and 27.9°), which is predictable given the low solubility of H2BDC in acetone at room temperature compared with DMF, for which solubility values (molar fractions) of between 0.0283 [42] and 0.0315 [43] at 25 °C have been reported. With the intention of reducing the amount of residual linker in the solid that was synthesized via microwave, protocol 4 was carried out employing an acetone–methanol mixture as a solvent to improve the solubility of H2BDC. It can be seen (Figure 1d) that the obtained MWA-M solid did not show detectable XRD signals of the linker. Furthermore, the diffraction pattern showed similarities with both the [Cu(BDC)] and the [Cu2(OH)2(BDC)] phases. That is, the incorporation of methanol into the reaction system promoted the formation of a solid with mixed structural characteristics (Figure 1d). To analyze this aspect, the ability of acetone and methanol to generate heat from microwave irradiation must be considered. The loss angle (δ), which is generally expressed as its tangent (tan δ), is a parameter that allows a comparison of the ability of solvents to convert microwaves into thermal energy [44] and in the case of acetone and methanol these have values of 0.042 and 0.941, respectively. That is, methanol interacts better with microwave radiation and results in a faster heating rate [44]. This means that the acetone/methanol mixture required less microwave power both to reach the synthesis temperature and to maintain it during the treatment time. As a consequence, there was a slowdown in the formation kinetics of the Cu-BDC, leading to a mixture of the [Cu2(OH)2(BDC)] and [Cu(BDC)] phases. This is also consistent with what has been observed for the solvothermal treatment in which only [Cu(BDC)] was obtained given the lower crystallization rate under these experimental conditions.



At this point of the discussion an important aspect to highlight is that, although copper terephthalates (Cu-BDCs) have been widely studied and the diffraction pattern obtained for the MWA solid has been informed, reports in the literature of solids with different diffraction patterns have often been considered to be the same material as those shown in Table 1. In addition, it should be emphasized that, although the MSD (solvated form) and MSA (desolvated form) solids presented XRD patterns analogous to the Lavoisier Institute materials that Férey et al. named MIL-53, copper terephthalates, differ from MIL-n in that the latter are obtained from trivalent cations, such as Cr3+, Al3+, Fe3+ [45,46,47,48]. Therefore, it is not appropriate to use MIL-53 terminology to identify a terephthalate formed from Cu2+.
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Figure 1. XRD patterns of the synthesized Cu-MOFs: (a) MSD, (b) MSA, (c) MWA, (d) MWA-M. The simulated profiles were generated from the following files: (a) [Cu(BDC)(DMF)] (CCDC 687690) and [Zn(BDC)(DMF)] (CCDC 266351), (b) [Cu(BDC)] (CCDC 1056985), (c) [Cu2(OH)2(BDC)] (CCDC 1192591). 
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The infrared spectra of the solids showed typical profiles of Cu-BDC-type structures (Figure 2), with signals at 1595 and 1390 cm−1 due to the νasCOO and νsCOO modes, respectively [52,58,59]. These peaks were noticeably displaced with respect to the same modes found in H2BDC (1679 and 1281 cm−1), showing the formation of therephtalates [53,57,59]. This was also confirmed by the band at 565 cm−1 associated with the νCu-O vibrational mode [49,59,60], which was observed in the spectra of all of the synthesized solids. The peaks at 1505, 1019, and 830 cm−1 are due to vibrations of the phenyl group of the bendenedicarboxylate ion (BDC2−) [52,57,58]. Furthermore, each of the Cu-BDCs showed unique signals inherent to their structural qualities. In this sense, MSD exhibited peaks at 2954, 1666, 1103 and 675 cm−1 due to the νC-H, νC=O, ρr1C-N and νO=C-N modes, respectively, of the DMF [61]. Furthermore, MWA and MWA-M spectra exhibited a sharp band at 3609 cm−1 due to free OH groups [62,63], in line with the structure of the hydroxyterephthalates [Cu2(OH)2(BDC)] (MWA) and [Cu(BDC)]/[Cu2(OH)2(BDC)] (MWA-M).



The different structural features of the synthesized Cu-MOFs were also reflected in their morphology and particle size. The MSD solid appeared as microcrystals with cubic morphology, similar to that reported for [Cu(BDC)(DMF)] obtained solvothermally [52,53]. These crystals were formed by stacking two-dimensional sheets with average sizes (length, width, thickness) of 5.2 µm × 3.5 µm × 2.4 µm, respectively (Figure 3a). Meanwhile, MSA particles showed smaller size with two types of morphologies: 2D sheets somewhat more dispersed than the previous case (0.7 µm × 0.5 µm × 50 nm) and globular structures (1 µm) compatible with the remaining H2BDC, in line with what was determined by XRD (Figure 1b and Figure 3b). On the other hand, the MWA sample exhibited rod-shaped microcrystals of ~1.5 µm long and ~0.3 µm thick (Figure 3c). Finally, the particles of the sample MWA-M showed a similar morphological appearance to these of MSA, presenting 2D nanosheets (2.1 µm × 1.2 µm × 100 nm thickness) that were much more dispersed (Figure 3d) compared with MSA and with a much lower proportion of H2BDC residues.



The morphologies of the materials are consistent with their structures, as, in the Cu-MOF MSD the 2D sheets tend to stack due to interactions between the DMF molecules between adjacent layers (Figure 4a). Analogous behavior has been observed for counterpart polymorphic structures based on zinc, such as [Zn(BDC)(DMF)] [25] and Zn(BDC)·(DMF)(H2O) [27]. Meanwhile, MSA, being a desolvated version and not having molecules coordinated to the Cu2+ atoms that promote said interaction (Figure 4b), appeared in the form of more dispersed sheets. On the other hand, the morphological difference of MWA with respect to MSD and MSA can be explained by the different framework arrangement in this Cu-BDC, which was promoted by the faster formation kinetics achieved by microwave heating (Figure 4c). The MWA-M solid was made up of much more dispersed 2D sheets compared with the MWA case, due to the fact that the incorporation of methanol into the synthesis medium slowed down the formation kinetics leading the crystals to arrange with an MSA-like morphology.




3.2. Evolution of the Cu-BDC Structures with Temperature and Time


3.2.1. Structural Evolution with Temperature


The thermal evolution of the different Cu-BDCs structures was monitored by T-XRD (Figure 5). It can be seen that the XRD pattern of the MSD sample was transforming at very low temperatures (50 °C) by a splitting of the 12.0° signal into two signals at 11.8° and 12.4° (Figure 5a), while at 250 °C they almost disappeared. In parallel, two peaks emerged at 8.3° and 9.2°, in line with the process of framework expansion of this MOF that occurs upon removal of DMF and which accounts for its breathing effect [23]. This desolvated structure continued to evolve up to 450 °C, when the thermal collapse of the MOF began, in line with the TGA studies (Figure S3). Finally, intense peaks of a metallic copper phase emerged (2θ = 43.0°, 50.1° and 73.6°, JCPDS-ICDD 3-1005).



On the other hand, the in situ thermal treatment of MWA (Figure 5b) did not show any structural evolution and only the beginning of the collapse of the MOF, at about 350 °C, was observed, in good agreement with the TGA profiles (Figure S3), before ultimately being transformed into a metallic copper phase. Thus, MWA is a rigid copper terephthalate without a breathing effect. It is important to highlight that the XRD pattern of this solid is analogous to that of the Zn-MOF reported by Huang et al. [63] which they called MOCP-H. This structure has a terminal OH strongly bonded to the MOF, which was also observed by FTIR in the MWA solid. The aforementioned authors have pointed out that the MOCP-H structure is closely related to the so-called MOCP-L (a low-quality MOF-5 prepared at room temperature [64]), as MOCP-H transforms into MOCP-L when heated above 300 °C. In a similar way to that which was observed in our study, Huang et al. found that MOCP-L, in contact with ambient humidity, irreversibly transforms into MOCP-H’, which cannot return to the previous format after thermal treatment. Finally, it should be noted that the structural behavior with temperature of the MWA-M solid was shown to be similar to that of the sample MWA, both of which are formed by rigid structures that are not modified by the thermal treatment (Figure 5c).




3.2.2. Structural Evolution with Exposition to Ambient Conditions


A crucial aspect of these Cu-BDCs when used in aqueous-based electrocatalytic applications is their structural stability when exposed to humidity and ambient conditions. Therefore, the Cu-MOFs were analyzed after having been preserved in sample holders over a long time (12–24 months) after their synthesis. As Figure 6 shows, the desolvated Cu-BDCs (MSA and MWA-M) form evolved into a copper hydroxyterephthalate (MWA) while the solvated MSD form retained its structure. This fact demonstrates the high sensitivity of the desolvated versions of this Cu-BDC type to ambient conditions, which could lead to certain effects on applications involving contact with water. After comparing the physicochemical qualities of all of the synthesized Cu-BDCs, the MWA-M material seems to be a thermally robust and stable phase under ambient conditions, given the fact that it was obtained in pure form with a short treatment of 3 h and replacing DMF by acetone. Furthermore, this Cu-BDC crystallized with a morphological arrangement of nanosheets which were much more isolated than those that form the conventional [Cu(BDC)(DMF)]. Furthermore, such a morphology suggests the possibility of the exfoliation of the material, as discussed below.





3.3. Exfoliated Cu-BDC from the MWA-M Material


In order to attempt to generate an exfoliated version of MWA-M, this solid was subjected to a treatment in an ultrasonic bath with water at 60 °C for periods of 2 h to 6 h. In Figure 7a it can be seen that MWA-M crystals appeared as relatively dispersed sheets of 1–5 µm in size and thicknesses of ~50 nm. It can also be seen that these sheets were made up of an assembly of nanometric structures (inset in Figure 7a). When this solid was treated for 2 h with ultrasound a simultaneous process of exfoliation and rupture of the sheets was evidenced, generating a material made up of nanometric fragments that were aggregated with each other because of the drying process that occurred after carrying out such treatment (Figure 7b). By extending the ultrasound time up to 6 h, the material continued to disintegrate, leading to a solid made up of highly dispersed nanostructures about 50 nm in size, similar to the fragments of the original nanosheets (Figure 7c). The physicochemical qualities of these Cu-BDCs make them very attractive for electrochemical applications, so their electrochemical responses were analyzed in detail as discussed below.




3.4. Electrochemical Behavior of Cu-BDC Coatings


The redox and electron transfer processes verified by copper centers at the surface and the charge-transport properties within the Cu-MOFs films were analyzed by cyclic voltammetry. Cyclic voltammograms (CVs) were acquired on Cu-MOF films supported on GC RDEs (as described in Section 2.4) in buffered neutral solution (PBS, pH = 7) saturated with inert gas (N2). Typical CVs measured on the different MOFs synthesized in this work are shown in Figure 8, which are stable and repetitive, demonstrating responses that are similar to those of other Cu-based MOFs, such as HKUST-1 and Cu-MOF-74 [14].



In all cases the stable CVs show a current increase during the anodic sweep due to the oxidation of Cu+ to Cu2+ at potentials higher than −0.1 V vs. Ag/AgCl. This oxidation current passes through a maximum, decreases slightly, and tends to stabilize at a nearly constant value. Upon changing the direction of the potential scan toward negative values, the CVs show a sharper cathodic peak at potentials between −0.05 and −0.25 V vs. Ag/AgCl, which is caused by the reduction of the electrochemically formed Cu2+ to Cu+. As a first observation, these CVs disclose the redox capability inherent to the copper centers and show that the structure of the Cu-MOF films guarantees a proper wiring of these sites, allowing electron transfer between them without appreciable modification of the MOF structure. The involved reduction charge (Qp) can be calculated from integration of the background-subtracted current of the cathodic peak. Assuming that all of the voltametric charge is related to the Cu2+/Cu+ couple, Qp indicates the number of moles of copper centers (nCu = Qp/F, where F is the Faraday constant) that participated in this redox process. These values are indicated along with the respective CVs in Figure 8. As can be seen, the MOFs MSA and MWA showed smaller Qp values, indicating lesser amounts of electrochemically active Cu centers in these MOFs as compared with the respective MSD and MWA-M. Those MOFs (synthesized in acetone) contained significant amounts of unreacted BDC, which probably blocked the connection of a large fraction of material, both preventing an efficient inter-particle contact and hampering the access of the electrolyte to the whole crystal surface.



The voltametric profiles verified during the anodic scan reveal that the oxidation of Cu+ to Cu2+ is a process that occurs not only on the Cu surface sites that are in direct contact with the electrolyte (CuS), but also extends towards the interior of the MOF crystal structure in the films with a slow charge-transport rate. Such behavior, which was also observed in other Cu-MOFs [14], probably involves a complex charge-transfer mechanism. Contrarily, the reverse process (reduction of Cu2+) is fast and shows as a relatively sharp cathodic peak. Thus, both the anodic Cu+/Cu2+ plateau and the respective reduction peak contain surface and volumetric contributions coming from the redox processes of CuS and inner sites. In particular, in some CVs (such as those from MSD and MWA) the reduction peak seems to be in fact a convolution of two or more peaks, which probably reveal the existence of copper centers with different coordination environments. The electrochemical differences observed among each synthesized Cu-MOF reflects their singular features, as they exhibited different structural variants and particle sizes, which in turn were defined by the synthetic conditions, such as the solvent or the heating method (solvothermal or microwave).



Overall, the largest availability of Cu centers was attained with MWA-M samples. Thus, in order to evaluate the long-term electrochemical stability of this material, prolonged potential cycling (up to 500 cycles) was applied to the MWA-M electrodes and the resulting CVs and morphologies (inspected by SEM on thoroughly washed and dried films) were compared, as shown in Figure S4. Only a slight decrease of the Qp values were verified upon carrying out the first cycles, and no significant changes were detected after these first changes. This indicates that most of the material that was initially connected remained unaltered on the electrode. Further, the SEM images of the films before and after use show only some minor changes due to swelling of the Nafion-based film upon hydration and to erosion caused by the electrolyte during rotation.



As shown in Figure 7, the MWA-M material is composed partially of stacked two-dimensional nano-sheets that are almost free of BDC linker. Furthermore, it was possible to exfoliate and break these sheets through sonication of the suspended MWA-M material as described in Section 3.3. Thus, in order to visualize the effect of this treatment, CVs of as-prepared MWA-M and of MWA-M that had been sonicated at different times (2 h and 6 h) were measured, the results of which are shown in Figure 9. By comparing the CVs of MWA-M with and without sonication treatment it is possible to verify an increase of the Qp values (i.e., of the amount of oxidized copper) with sonication, the values of which are indicated next to each CV in Figure 9. As the anodic potential was the same in all of these CVs, this increase was most likely caused by a higher amount of CuS centers due to the much larger exposed geometric surface area of the MOF, induced by sonication (which was previously verified by SEM). The calculated peak charges lead to nCu values of 6.8 × 10−10 (as prepared MWA-M), 8.5 × 10−10 (MWA-M sonicated 2 h), and 10.3 × 10−10 (MWA-M sonicated 6 h) moles. As the electrodes contained approximately 6 µg of MOF, these values lead to nearly 1.1 × 10−4, 1.5 × 10−4, and 1.7 × 10−4 moles of Cu per gram of MOF. Taking into account the fact that, according to the thermogravimetric analysis (TGA) of the MWA-M sample (Figure S3), the Cu content was approximately 33 wt.%, i.e., ~5 × 10−3 moles of Cu per gram, it is clear that the fraction of Cu involved in these redox processes (over the CV timescales) is only around 2% to 4%.



The anodic potential limit is an experimental parameter that should allow one to increase the amount of oxidized CuV sites. The effect of this parameter is shown in the CVs of Figure 10a. Higher potential limits of the CVs induce larger Qp values deriving from an increase of oxidized inner centers. Remarkably, on sonicated MWA-M electrodes such dependence is increased proportionally to the sonication time by a constant value (independent of the anodic potential) (Figure 10b), so it is likely that such shifting is caused only by the increase of the active area, and so of CuS sites, on these Cu-MOFs samples.



Having verified the efficient wiring and stable redox response of the copper centers in these MWA-M MOFs in neutral PBS solution, their electrocatalytic activity for the oxygen reduction reaction (ORR) was evaluated by cyclic voltammetry in O2-saturated neutral media. Firstly, a comparison of the CVs of GC/MWA-M electrodes in the absence and presence of O2 was carried out to directly visualize the capability of the material to electro-reduce dissolved oxygen. A typical stable CV that exemplifies the responses of all MWA-M electrodes is shown in Figure 11a.



The Cu2+/Cu+ reduction peak that was detected between −0.05 and −0.25 V in N2-saturated solution was also present in O2-saturated solution with no appreciable changes. This is a marked difference between the ORR electrocatalytic behavior of this MOF coating and that of other porous MOFs such as Cu-MOF-74, where the ORR occurring at the active sites located in the nanopores caused a clear change of the Cu2+/Cu+ voltametric peaks [14]. Furthermore, ORR currents were only clearly evident at potentials lower than −0.3 V, i.e., more cathodic than the Cu2+/Cu+ process. This indicates that, while the ORR truly occurs on these MWA-M MOFs, its mechanism does not involve a direct interaction between the dissolved O2 molecules and the Cu centers, as it seems to happen on microporous MOFs [14]. In other words, the ORR is not mediated by the Cu2+/Cu+ couple and only proceeds on the external MOF surface exposed to the electrolyte. Moreover, in order to obtain the complete polarization curve for the ORR it is possible to extend the cathodic potential only down to −1 V, as below these cathodic values the material can be electro-reduced. Thus, Figure 11b shows ORR CVs with current densities (relative to geometric electrode area) measured on GC-supported MWA-M coated (with and without sonication) RDEs over an extended potential interval at a high rotation rate (1600 rpm). The ORR CVs measured on sonicated samples show higher currents for the ORR over the whole analyzed potential interval. It should be taken into account that the ORR mass-transport limiting current densities (jL) that can be attained on a smooth RDE at this size and for this rotation rate (jL = Bω½, where B ≅ 0.44 mA cm−2s½rad−½ [65]) should have values in the order of 5.7 mA cm−2. As can be seen in Figure 11b, the ORR current densities detected on the GC/MWA-M RDEs were still smaller than the maximum values expected for a smooth RDE, which is indicative that the reaction still operates under mixed conditions over these potentials. An accurate calculation of the real electroactive area through the measured Qp values is not feasible as these values receive contributions from surface and volumetric Cu sites. However, it is possible to perform a rough estimation by using the double-layer capacitance (Cdl) measured from the voltametric capacitive currents [66] registered at potentials below −0.3 V in O2-free electrolyte (as shown in Figure S5). Then, by assuming a specific capacitance value in the order of that adopted for edge-plane graphite (~60 μF cm−2 [67]), electroactive areas of 0.232 ± 0.015 cm2 and 0.458 ± 0.013 cm2 were calculated for MWA-M and sonicated MWA-M (2 h), respectively. Thus, such an increase of the specific electroactive area explains the larger ORR currents verified on the sonicated electrode. In addition, the long-term stability of ORR currents was evaluated by amperometric current–time curves for 5 min measured at different potentials. These curves (some of them shown in Figure S6) indicate a very stable performance of MWA-M for electro-reducing oxygen sustaining constant steady-state currents (indicated in Figure 11b) for long times.



It is interesting to contrast the performance of this material as an ORR electrocatalyst in neutral media with those of other recently reported highly porous Cu-based MOFs, such as HKUST-1 [68] and Cu-MOF-74 [14]. In that sense, while these MOFs are capable of electro-reducing oxygen at less cathodic potentials (or lesser overpotentials), the current densities attained on sonicated MWA-M electrodes (near 2–3 mA cm−2) were very stable and in general around three-fold larger than those reached by the porous MOFs. This is probably caused by a more open morphology of the sonicated nanoflakes, which favors the access of dissolved oxygen to the Cu-based active centers. The required overpotentials for attaining these significant current densities are more cathodic than −0.9 V (estimated considering that the reversible oxygen electrode potential in neutral medium is 0.59 V vs. Ag/AgCl). Though these values are larger than those verified on Pt and on enzyme-based electrodes [65] (the best catalysts materials so far), there still are many options to keep decreasing this difference by improving the dispersion of the MWA-M nanosheets.





4. Conclusions


The Cu-terephthalate-based MOFs synthesized in this work have proven to be materials that are capable of functioning as electrocatalysts, owing to their good charge transport capability to the active Cu sites. It has been shown that the electrochemical response of this type of copper terephthalate has a strong dependence on its structural features, which can be regulated through a structural engineering approach by applying modifications to the synthetic protocols. The most promising variants of Cu-MOFs are those synthesized through the newly described microwave-assisted method, which employs a mixture of acetone and methanol as a solvent with which to reduce the excess of unreacted linker remaining from the synthesis (which causes a decrease in the connectivity of Cu sites). Using this synthesis method, the material grows as stacked nanometric-thick flakes, which is a highly intriguing morphology for its potential use as an electrocatalyst. While the structure lacks the typical nanoporosity of other MOFs, its surface area can be significantly increased through mechanical exfoliation, as was undertaken in this study using ultrasonication. We have confirmed, by cyclic voltammetry the significant increase in electroactive surface area when applying this treatment, and also verified its strong effect on the material performance as an electrocatalyst for the oxygen reduction reaction. This evidence opens up the possibility of using this material for the development of highly dispersed catalysts supported on carbon that can be employed as efficient noble-metal-free electrodes (in this case, for oxygen reduction).
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Figure 2. FTIR spectra of Cu-BDCs: MSD, MSA, MWA and MWA-M. 
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Figure 3. SEM images of Cu-BDCs; (a) MSD, (b) MSA, (c) MWA, (d) MWA-M. 
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Figure 4. Projection of the copper terephthalate layers on the structures of the synthesized Cu-BDC: (a) MSD, (b) MSA, (c) MWA. The structures were obtained by simulation from the reported crystallographic data using the software Mercury 2020.3.0. CCDC: (a) 687690, (b) 1056985, (c) 1192591. 
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Figure 5. T-XRD patterns of the Cu-BDCs: (a) MSD, (b) MWA, (c) MWA-M. 
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Figure 6. XRD patterns of synthesized Cu-BDCs after a long time of storage. 
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Figure 7. FE-SEM images of MWA-M solids: (a) as synthesized MWA-M, (b) MWA-M after 2 h of ultrasound treatment, (c) MWA-M after 6 h of ultrasound treatment. 






Figure 7. FE-SEM images of MWA-M solids: (a) as synthesized MWA-M, (b) MWA-M after 2 h of ultrasound treatment, (c) MWA-M after 6 h of ultrasound treatment.



[image: Coatings 13 02065 g007]







[image: Coatings 13 02065 g008] 





Figure 8. CVs of the different Cu-MOFs synthesized in this work, supported on GC RDEs in 0.2 M PBS (pH = 7) saturated with N2. Scan rate: 0.1 V s−1. 
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Figure 9. CVs of as-prepared MWA-M, and of MWA-M sonicated during 2 h and 6 h, supported on GC RDEs. The cathodic peak integrated charges (Qp) calculated from each CV are indicated within the graphs. Scan rate: 0.1 V s−1. Electrolyte: 0.2 M phosphate buffer solution (pH = 7) saturated with N2. 
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Figure 10. Effect of the anodic potential limit on the CVs of GC/MWA-M electrodes (a) and on the resulting voltametric peak charge (b). Scan rate: 0.1 V s−1. Electrolyte: 0.2 M phosphate buffer solution (pH = 7) saturated with N2. 
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Figure 11. (a) CVs (v = 0.1 V s−1) of MWA-M supported on GC RDE (ω = 400 rpm) in electrolyte saturated with N2 and with O2. (b) Slow CVs (v = 0.01 V s−1) and ORR steady-state currents (symbols) of as-prepared MWA-M and of MWA-M sonicated for 2 h supported on GC RDEs (ω = 1600 rpm) in electrolyte saturated with O2. Electrolyte: 0.2 M phosphate buffer solution (pH = 7). RDE geometric area: 0.071 cm2. 
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Table 1. Structural identification of copper terephthalates found in the literature.
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	Structural Identity Assigned by Authors
	Structural Identity According to XRD Reported by Authors
	References





	MIL-53(Cu)
	[Cu2(OH)2(BDC)]
	[49,50,51]



	Cu(BDC)
	[Cu(BDC)(DMF)]
	[52,53,54,55]



	Cu-BDC
	[Cu2(OH)2(BDC)]
	[56,57]
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