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Fast Li+ solid ion conductors are a key component of all-solid-state batteries, a technology currently under development. The possible use of metallic lithium as active material in solid-state batteries warrants a quantum step improvement of battery specific energy, enabling further electric vehicles application. Hereby, we report the synthesis and ion conduction properties of a new solid hybrid electrolyte based on the MIL-121 metal organic framework (MOF) structure. After an ion exchange procedure that introduces Li+ in the structure, a known quantity of a soaking electrolyte is incorporated. The soaking electrolyte is based on the EMIM-TFSI ionic liquid, thus we can classify our formulation as a MOF–ionic liquid hybrid solid electrolyte. Electrical conductivity is investigated by impedance spectroscopy and preliminary studies of ion dynamics are conducted by 7Li NMR. The field of MOF-based ion conductors remains in incipient stages of research. Our report paves the way towards the rational design of new solid-state ion conductors.
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1 INTRODUCTION
Energy storage is one of the key technological challenges of our society. Unsurprisingly, many research efforts are oriented towards advanced battery systems. (Kim et al., 2019). One critical component of electrochemical systems and devices is the electrolyte. Electrolytes must be conductive for electroactive species, such as Li+, and insulating with respect to electrons. There are major interests in finding solid electrolytes with high conductivity; (Zhang et al., 2018; Zhao et al., 2019); on the long term they are considered better alternatives to the current liquid electrolytes used in commercial Li-ion battery systems.
The motivation is at least two-fold. First, the current commercial liquid electrolyte formulations are flammable, which may lead to dangerous situations in case of an electrolyte leak. A solid electrolyte would obviously eliminate leakage problems and would be safer, although safety largely depends on the type of compound used. (Chung and Kang, 2017; Chen et al., 2020). Second, the use of metallic lithium as an active material would be desired as a high capacity replacement for graphite. Graphite has reached its maximum technological development limit. Higher capacity materials would be required to further improve the specific energy of batteries. In spite of 40 years of research, it remains hitherto impractical to use Li metal anodes with liquid electrolytes in rechargeable lithium cells. Li dendrite growth and pulverisation of the anode upon repeated stripping and plating cycles are preventing the use of metallic lithium in batteries with liquid electrolyte. (Zheng J. et al., 2020).
Nowadays, much hope is put on Li+ conducting solid electrolytes and composites; this is a highly dynamic and rapidly expanding field. (Zheng Y. et al., 2020). Solid electrolytes are expected to prevent lithium dendrite growth; yet it seems that this is not an a priori property of solid electrolytes. (Porz et al., 2017). However, with careful engineering and keeping the current density low, solid electrolytes can at least alleviate the issue of lithium dendrite growth, if not eliminating it completely. Finding suitable solid lithium ion conductors remains a challenging task, although there are several compounds showing high conductivity; the list is currently expanding. (Zheng et al., 2018).
Metal–organic frameworks (MOF), also called coordination polymers, are a class of microporous organic-inorganic compounds developed initially for their gas adsorption properties, especially for catalysis and for separation technologies. Since then, the range of MOF applications has been significantly extended. A MOF structure is built of metal centres or metal clusters connected to a bi- or multidentate organic molecule called a linker. The metal centres and the linkers may form 2D or 3D structures having long range crystalline ordering, very often with a well-defined pore size and a high specific surface area. One of the key characteristics of MOF structures is the large choice of ligands that can be used to build MOFs. The size and chemical structure of the MOF linker will determine the crystal structure as well as the shape and the volume of the pores. The chemical functionality of the ligand offers many possibilities for tuning the MOF’s physical and chemical properties. In addition, the number of combinations between suitable metal centres and linkers is enormous. Thanks to these features, MOFs emerged as a development platform currently used to create, to explore and to adjust functional materials.
Lithium ion conductors based on metal organic framework (MOF) structures are a relatively new research field. While MOF proton conductors are known for a while, (Sadakiyo and Kitagawa, 2021), the first Li+ MOF ion conductor was found only 10 years ago (Wiers et al., 2011). Although further developments were reported, (Ameloot et al., 2013; Park et al., 2017; Miner et al., 2019), the field of MOF Li+ conductors is in its infancy and there are plenty of possibilities to explore. One characteristic of the few MOF ion conductors reported so far, is the use of a soaking electrolyte or small solvent molecules that fill the pores of the MOF ion conductor. As the pores of MOF materials tend to be large with respect to the small size of Li+ ions, a small Li+ solvating molecule is necessary to enhance Li+ mobility. However, only few solvent molecules may actually reside in a typical MOF cage or pore as the space is very limited in a nanopore. Therefore, one cannot describe these small molecules embedded in the pores as a liquid phase; a closer description would be that of adsorbed molecules confined in the pores. Unfortunately, adsorption of chemical species on MIL-121 is an aspect more complicated than for other MOFs. Not all species may be adsorbed in the MIL-121 structure, even if they are certainly small. For instance, specific surface area determination of the MIL-121 by the Brunauer-Emmett-Teller (BET) method using nitrogen adsorption shows a very low specific surface area, simply because the non-polar N2 molecules cannot properly enter the pores that are obstructed by the free carboxylic units. (Chen et al., 2019). Nevertheless, it is not quite clear how the electric dipole moment of the adsorbing species influences the adsorption properties of MIL-121.
In a recent publication, we reported the functionalization of the MIL-121 MOF (Zettl et al., 2021) with Li+ and Na+ by ion exchange. With a soaking electrolyte containing propylene carbonate (PC) solvent, that is present in the pores in the nanofluid (or adsorbed) form mentioned above, we reached high conductivities for both Li+ and Na+. While the PC proved to be an excellent solvent that significantly increases Li+ mobility in the MOF structure, it also has a low, yet not negligible, vapour pressure and it is susceptible to slow evaporation from the structure. This property may raise additional issues during manufacturing, storage and operation of this hybrid solid electrolyte.
In this report we investigate the use of an ionic liquid, namely 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) as a soaking electrolyte in a MIL-121 MOF that was functionalized with Li+ cations. Ionic liquids are known for their extremely low vapour pressure, EMIM-TFSI is no exception. We hereby report on the ionic conduction properties of these materials and we take a glimpse into the ion dynamics of these materials by 7Li nuclear magnetic resonance (NMR) spectroscopy.
2 MATERIALS AND METHODS
Lithiated MIL-121 was prepared by an ion exchange reaction with lithium acetate (LiAc). The solution was stirred overnight in a closed container. Details about the synthesis of MIL-121 and the post-synthetic modification with LiAc can be found elsewhere. (Zettl et al., 2021). Before the soaking electrolyte was added, all samples were activated at 300°C at a pressure of 10−3 mbar for 24 h. Elemental analysis was carried out using inductively coupled plasma mass spectrometry (ICPMS, Agilent 7700); we used a microwave heated pressurized autoclave digestion system (Ultraclave IV, MLS ICPMS 7700x Agilent Technologies). An aliquot (0.02 g) of the rinsed and dried (see above) MIL-121/Li sample was mixed with 5 ml HNO3 heated in a MLS UltraClave. The temperature program consisted of a ramp, heating the sample in 30 min from room temperature to 250°C and then holding for 30 min at 250°C. For the analysis, the samples were further diluted. The results are shown in Supplementary Table S1 (see Supplementary Material).
Soaking of MIL-121/Li was done with a 0.4 M solution of LiTFSI (lithium bis(trifluoromethanesulfonyl)imide) in EMIM-TFSI (1-ethyl-3-methylimidazolium-bis(trifluormethylsulfonyl)imide). EMIM-TFSI ionic liquid is further abbreviated as IL. The addition of the soaking electrolyte was carried out on the ion exchanged MOF in powder form, followed by vigorous mixing of the powder to homogenize the mixture. After resting for at least 24 h in a closed container in the drying oven, this powder was further used for pressing pellets and for NMR measurements. The soaking electrolyte was added in such an amount that the liquid content equalled 30 wt% of the solid content. This corresponds to a content of 23 wt% ionic liquid or soaking electrolyte, while the MOF fraction of the samples with IL or soaking electrolyte was always 77 wt%.
In order to check the influence of Li+ at the carboxylic groups of MIL-121 and the role of the Li salt (i.e. LiTFSI), on the ionic conductivity, different pellet samples were prepared for impedance spectroscopy. MIL-121/Li, MIL-121/Li + IL, MIL-121/Li + IL + LiTFSI, MIL-121 + IL + LiTFSI and MIL-121 + IL were pressed into pellets at a load of 0.3 tons and sputtered with Au electrodes that act as blocking electrodes for Li ions. The pellets had a diameter of 5 mm with a thickness of about 1 mm. Measurements were carried out in coin cells in order to keep samples free from moisture and air. A Concept 80 impedance spectrometer (Novocontrol) equipped with an Alpha-A impedance analyzer in combination with an active ZGS sample cell was used. Frequencies covered a range from 107 to 10−2 Hz; the amplitude of the applied AC voltage was 0.1 V and the temperature domain was between –90 and 110°C. Conductivity data points for the calculation of the activation energy were taken from the DC plateaus of conductivity isotherms. Isotherms were recorded every 20°C during the cooling run, which was started after the temperature reached 110°C.
Variable-temperature 7Li NMR lines were recorded with a spectrometer from Bruker (Avance III 300). A 7.0 T cryomagnet field strength results in a resonance frequency of 116.59 MHz for 7Li nucleus. The lines were recorded under static conditions, with 90° pulse lengths in the order of 2–3 μs and a recycle delay of 10 s 128 FIDs (free induction decays) were accumulated to achieve an acceptable signal-to-noise ratio. Prior to NMR measurements, the various samples were filled in Duran tubes and fire sealed to keep them free of moisture and air. A summary of the sample compositions and the abbreviations used in this report is shown in Table 1.
TABLE 1 | Sample abbreviations and compositions of the samples prepared and investigated.
[image: Table 1]3 RESULTS AND DISCUSSION
The MIL-121 MOF is formed by the coordination of aluminum metal centres with 1,2,4,5-benzenetetracarboxylic acid, also known as pyromellitic acid. Only two of the four carboxylic functional groups participate in building the MOF structure, the other two are free and situated along the linear pores characteristic to the MIL-121 structure, as shown in Figure 1. The protons of these free carboxylic units can be exchanged partially with Li+ ions. With the lithium acetate solution (see Materials and Methods), we reach a degree of ion exchange of approximately one third, the other two thirds of the carboxylic units remain protonated.
[image: Figure 1]FIGURE 1 | (A) The MIL-121 unit cell viewed along the crystallographic c-direction and drawn with the pores empty and fully opened. The protons of carboxylic units are omitted for the sake of clarity. (B) Section along one channel, extended for 6 unit cells in the c-direction, illustrating the infinite aluminium octahedra chains, the approximate lumen of the linear pore (yellow shade) and the free carboxylic units lining the pores where the ion exchange with Li+ (large spheres) occurs. The protons of the carboxylic groups are omitted.
Conductivity isotherms of the lithiated MIL-121 sample, thoroughly dried and without any ionic liquid, are presented in Figure 2A). MIL-121/Li is a very poor conductor, it behaves like an insulator up to 90°C. Only at 100°C and above there are indications of very poor ion transport. Yet, at a conductivity of 10−12 S cm−1 measured at the very faint DC plateau seen at 110°C, the material can hardly be classified as an ionic conductor. Very likely, the Li+ in the structure is too strongly bonded to the carboxylic group, resulting in negligible mobility. One option would be the addition of a solvent or a soaking electrolyte that may enter the pores and solvate the Li+ ions. For this purpose, we investigated the addition of EMIM-TFSI ionic liquid-based soaking electrolyte.
[image: Figure 2]FIGURE 2 | (A) Conductivity isotherms of the lithiated MIL-121/Li sample. Approximately one third of the protons of the carboxylic groups are exchanged with Li+ ions. Without any ionic liquid, the dry MIL-121/Li behaves like an insulator up to 110°C, where it shows an extremely poor conductivity at low frequencies. (B) Conductivity isotherms of the lithiated MIL-121/Li + IL showing a conductivity that is eight orders of magnitude higher than that of MIL-121/Li. This sample contains 23 wt% EMIM-TFSI ionic liquid and 77 wt% MIL-121/Li.
As shown in Figure 2B), adding 23 wt% EMIM-TFSI ionic liquid to the lithium exchanged MOF increases the conductivity to 0.5 mS cm−1 at 30°C. Compared to MIL-121/Li, this jump in DC conductivity corresponds to an increase by more than eight orders of magnitude. While the MIL-121/Li + IL contains 23% by mass EMIM-TFSI ionic liquid, the sample keeps a true solid appearance, is not waxy and can be pressed into pellets.
The dry MIL-121/Li presents a faint second DC plateau in the region 104–102 Hz. This may be attributed to some local electrical relaxation processes, for instance localized ion dynamics, such as ion motion within the boundaries of a confining potential energy well, or cavity, of the structure. This weak contribution also shows up on the electric modulus plot, see Supplementary Figure S1 D). The absence of a corresponding perturbation on the imaginary part of the impedance (Z”) confirms the localized nature of the electrical relaxation process.
Nyquist plots of MIL-121/Li + IL are shown in Figures 3A,B) which correspond to temperatures of –30°C and 30°C, respectively. The semicircles can be fitted with a simple equivalent circuit consisting of a constant phase element in parallel to a resistor. We may remind that the impedance of a constant phase element is given by Z = 1/[Cp(jω)a], where j is the imaginary unit, ω = 2πν is the angular frequency, Cp is the capacitance of the constant phase element and a is the exponent of the constant phase element. For a = 1, the constant phase element reverts to an ideal capacitor. For a < 1, the behaviour deviates from that of a capacitor and the “capacitance” of the constant phase element is correctly expressed in F/s(1−a). However, in practice, for a ≈ 1, the behaviour of the constant phase element would be very close to that of a capacitor and we may express the capacitance in F (Farads).
[image: Figure 3]FIGURE 3 | (A), (B) Nyquist plots of the high conductivity MIL-121 hybrid electrolytes at –30°C and at 30°C. (A) The solid lines are obtained by fitting the impedance data points on the shown semicircles. (B) The solid lines are obtained by fitting the data points of the partially seen semicircles followed by simulation over an extended frequency domain up to 200 MHz. (C) Arrhenius plots and the activation energies corresponding to ion conduction in the investigated materials. Straight lines are linear data fits. The thin green line, corresponding to MIL-121 + IL + LiTFSI is a guide to the eye, drawn to illustrate the non-linear Arrhenius behaviour. At temperature above 30°C the Arrhenius plot is linear. Below 30°C we see a departure from linearity indicating the additional occurrence of electrical relaxation phenomena other than simple elementary ion jumps.
Indeed, the Nyquist plots shown in Figures 3A,B) show almost perfectly shaped semicircles, indicating an almost ideal Debye behaviour. The values of the constant phase element exponent, a, are close to 1 (see table 2), which indicates a behaviour very close to that of an ideal capacitor. In addition, capacitances ranging from 20–40 pF reveal that the electrical relaxation phenomena involved are bulk processes, in accordance to the model of Irvine and West. (Irvine et al., 1990).
TABLE 2 | Parameters obtained by fitting the impedance semicircles in Figures 3B,C) with a constant phase element (CPE) in parallel to a resistor Rp. Cp is the capacitance and a is the exponent of the CPE.
[image: Table 2]The Arrhenius plots of all samples containing ionic liquids are shown in Figure 3C). Above 30°C, σDCT follows an Arrhenius behaviour characterized by activation energies ranging from 0.25 to 0.28 eV for all the samples that contain EMIM-TFSI ionic liquid. An interesting feature is the appearance of a kink at 30°C. At lower temperatures the situation changes significantly. Not only that the activation energies sensibly increase, but also the electric relaxation mechanism very likely changes. Indeed, we see a small, but clear departure from linear Arrhenius behaviour, indicating that, at lower temperatures, electric relaxation may occur also by other phenomena than ion transport in the material. Such a behaviour is known for some polymer electrolytes, where the Vogel-Fulcher-Tammann (VFT) equation is commonly used instead of the Arrhenius equation. (Ratner and Shriver, 1988). Here, this non-linear behaviour may also be an expression of the increasing viscosity with the decreasing temperature, (Tammann and Hesse, 1926), although this aspect requires further clarifying investigations.
Surprisingly, there is no significant variation of conductivity when more Li+ ions are included in the system by dissolving LiTFSI in EMIM-TFSI. Moreover, modifying the MOF, i.e. introducing Li+ ions into the structure via an ion exchange reaction, does not lead to a decisive enhancement in conductivity. If we compare the MIL-121/Li + IL with MIL-121/Li + IL + LiTFSI and with MIL-121 + IL + LiTFSI we see a change by a factor of two, the conductivity of MIL-121/Li + IL turned out to be slightly higher. The conductivity isotherms of MIL-121 + IL + LiTFSI and MIL-121/Li + IL + LiTFSI are shown in Supplementary Figure S1A, B. Even more surprising is the absence of clear differences between a sample that contains a lithiated MOF and a sample that does not contain a lithiated MOF, while both contain the same amount of 0.4 M LiTFSI in EMIM-TFSI electrolyte.
To estimate the self-diffusivity of Li+ in the materials we carried out nuclear magnetic resonance (NMR) measurements. The 7Li NMR line-width depends on the mobility of Li+ in the material and thus on temperature. A narrow NMR line is a clear indication of rapid lithium ion exchange processes. This phenomenon, called motional line narrowing, can be used to estimate the relative number of ion jumps per second, also known as the jump rate. Thus, by looking at the relative widths of the NMR lines it is possible to distinguish between slow and fast ion conductors. (Wilkening et al., 2008; Kuhn et al., 2011).
7Li NMR line measurements are shown in Figure 4 for all the samples containing Li+. Please note that, in these samples, there are two sources of Li+. The first is the ion exchange process, see MIL-121/Li, Figure 4A). The second is the Li+ -containing ionic liquid that was added to both the ion-exchanged sample, see MIL-121/Li + IL + LiTFSI on Figure 4B), and also to the Li-free MOF structure, that was not previously ion-exchanged, see MIL-121 + IL + LiTFSI Figure 4C).
[image: Figure 4]FIGURE 4 | (A) 7Li NMR lines acquired in a magnetic field strength B0 = 7 T for which the 7Li NMR central resonance frequency is 116.59 MHz. (A) The 7Li NMR line width of MIL-121/Li + IL shows little motional narrowing with increasing temperature. However, a small narrower line that can be assigned to faster jumping Li+ ions is visible on top of the broad 7Li signal. The broad line can probably be assigned to the slow jumping of Li+ contained in the functionalized MOF. (B) The 7Li NMR lines at various temperature of a sample that contains 77 wt% MIL-121/Li and 23 wt% solution of 0.4 M LiTFSI in EMIM-TFSI. (C) The 7Li NMR lines at various temperature of a sample that contains 77 wt% MIL-121 (pure activated MOF) and 23 wt% solution of 0.4 M LiTFSI in EMIM-TFSI.
We see in Figure 4C) that, for MIL-121 + IL + LiTFSI, the 7Li NMR line is fully narrowed already at − 20°C, with negligible narrowing above this temperature. At − 60°C a broad line is recorded because of the solidification of the 0.4 M LiTFSI in EMIM-TFSI solution. This sample has no lithium from the ion-exchange procedure, all lithium originates from the 23 wt% Li+ containing ionic liquid soaking electrolyte that was added. This indicates that all Li+ species are already mobile above −20°C.
For the sample where all the Li+ originates from the ion-exchange procedure, i.e. MIL-121/Li + IL, see Figure 4A), we see a much different behaviour. 7Li NMR lines are broad over the entire domain and a very small narrowed line appears on top of the broad contribution at temperatures above −20°C. This indicates the existence of two lithium spin reservoirs in the material. One lithium spin reservoir shows low Li+ jump rates, whereas the other is very likely a faster ion conductor characterized by much higher Li+ jump rates. However, the fraction of fast Li+ ions appears small in comparison to the slow, poorly mobile Li+ species.
Thus, most of Li+ ions from the MIL-121/Li structure do not change their ion dynamics properties by the addition of EMIM-TFSI ionic liquid. Nevertheless, for few of the Li+ there is a significant increase in jump rates when pure EMIM-TFSI ionic liquid is added. This is a plausible indication that only Li+ from the surface, or near-surface, regions of the MIL-121/Li particles interact significantly with the ionic liquid.
For the sample MIL-121/Li + IL + LiTFSI, where lithium originates from both the ion-exchange procedure and from the addition of 0.4 M LiTFSI in EMIM-TFSI soaking electrolyte, we see an intermediary situation. On top of a broad 7Li NMR line we have a significantly narrower line, corresponding to a higher fraction of fast Li+ species, see Figure 4B). Of course, as the Li+ content in the ionic liquid is high and comparable to the Li+ content in the MOF structure, the area fraction under the narrow line is large.
Therefore, the high conductivity of the samples can be assigned mostly to the ionic liquid added to the MOF. The Li+ species originating from the ion exchange procedure do not appear to contribute significantly to the total conductivity of the samples. In spite of MIL-121/Li containing a significant quantity of Li+ , these ions are not mobile and they cannot be made mobile by simply adding EMIM-TFSI ionic liquid. It would appear then, that the high conductivity of the MIL-121/Li + IL sample does not stem from the high Li+ ion mobility in the sample, but from the inherent high conductivity of the EMIM-TFSI ionic liquid itself, see the conductivity of MIL-121 + IL shown in Supplementary Figure S1C).
The bulk conduction process that appears in impedance measurements of all samples (see Figures 3A,B) and table 2) does not correspond to conduction in the MOF, but to conduction on the surface of the MOF or in the ionic liquid only. While further investigations are necessary, we note that the occurrence of a capacitance contribution that closely approaches the behaviour of a capacitor would be unusual for a highly porous sample characterized by nano-domains and uniformly filled with mobile adsorbed molecules or mobile ions. Thus, it may happen that the ionic liquid does not enter the linear pores of the MIL-121 structure.
Moreover, the decrease in conductivity when LiTFSI is added to the MIL-121/Li + IL, as seen in Figures 3A,B), is typical to the behaviour of a salt dissolved in an ionic liquid. In fact, the conductivity of the pure ionic liquid (EMIM-TFSI) is known to be higher than the conductivity of a LiTFSI solution in EMIM-TFSI. The LiTFSI solution in EMIM-TFSI has a higher viscosity than the pure ionic liquid and hence the solution has a lower conductivity than the pure ionic liquid. (Wu et al., 2013). Thus, we see a typical ionic liquid solution behaviour, which does not appear to be visibly altered by the presence of lithiated MIL-121 particles. This behaviour could be very well explained if the ionic liquid species do not enter the pores of the MOF.
The MIL-121 samples consist of well grown and crystallized particles that are in the order of 10 μm. If the ionic liquid does not go significantly inside the pores, then it must reside on the outer surface area of the MOF and in the voids between MOF particles. Thus, the bulk electrical relaxation process seen for all the samples containing an ionic liquid, very likely corresponds almost exclusively to the bulk conductivity of the ionic liquid phase itself.
4 CONCLUSION
MIL-121 metal organic frameworks were prepared and their ion conduction properties were investigated. Following an ion-exchanged procedure, one third of the protons on the free carboxylic groups in the MOF were exchanged with Li+ ions. The conductivity of the dry ion-exchanged sample is very low. We found that by the addition of an ionic liquid or an ionic liquid-based Li+ electrolyte, the DC conductivity (σDC) of the MOF materials increase by eight orders of magnitude. There are indications that, the ionic liquid does not increase the mobility of a significant fraction of Li+ ions from the ion-exchanged MOF structure. Thus, the origin of conductivity in MIL-121 functionalized with Li+ and soaked with ionic liquids is in fact, to a very large extent, due to the ionic liquid located outside of the solid MOF particles. The majority of Li+ ions in the MOF structure are rather slow and do not significantly participate in long range ion transport. Also, we found indications that by soaking the MIL-121 MOF in EMIM-TFSI ionic liquid, the ionic liquid does not enter the pores of the material to a significant extent. This observation requires, however, further work for a definite confirmation.
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