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The nanoporous metal-organic framework (MOF), MOF-76(Nd) [neodymium (III) benzene-1,3,5-tricarboxylate], has been synthesized, characterized, and tested for hydrogen storage and humidity sensing applications. These synthesized MOFs were characterized using scanning and transmission electron microscopy techniques. Thermal analysis revealed that, after the dehydration process, the compound showed high thermal stability up to 500°C. Hydrogen adsorption/desorption measurements of MOF-76(Nd) were performed at 77K and 20 bar and the material was further used for the humidity measurement at room temperature.
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INTRODUCTION
To overcome hydrogen storage challenges several nanomaterials like zeolites, activated carbon, and carbon nanotubes have been widely studied by various research groups. Nowadays metal-organic frameworks (MOFs) have fascinated an excessive devotion of scientific community towards hydrogen storage applications (Broom et al., 2016; International Energy Agency, 2015; Toyota, 2018). Fast kinetics with complete reversibility can be achieved via physisorption technique; therefore this would be a safe and efficient system for hydrogen storage. Hydrogen storage with ambient conditions of temperature and pressure is a crucial task to empower this technology (Zacharia et al., 2010; Purewal et al., 2012; Ming et al., 2014).
MOFs are auspicious resources for hydrogen storage because of their high surface area, porosity, and flexible and tunable porous structure in comparison to the conventional materials like zeolites (Dailly and Poirier, 2011; Ardelean et al., 2013; Balderas-Xicohtencatl et al., 2018). Theoretically unbounded organic linkers with various metal nodes can easily be tuned in a specific manner to make the desired composition of MOFs for required target. High porosity, high surface area, and low density of MOFs are their key properties for gas adsorption, gas sensing, and gas storage applications (Almáši et al., 2018a; Almáši et al., 2018b). Hydrogen, carbon dioxide, and methane can easily be captured by different type of MOFs due to their ordered porous composition. Pore volume is an important factor to calculate the upper limit of physical gas storage (Almáši et al., 2014; Blanita et al., 2014; Mlsna et al., 2015; Heitzer et al., 2016).
Humidity sensing is another important application of MOFs. Humidity sensors are potentially applicable in agriculture, medicine, and industrial developments. For environment and equipment maintenance humidity control with high accuracy is required. Humidity sensing also plays an important role in food package, drug storage, and research labs (Li et al., 2013; Pal et al., 2016; Boudaden et al., 2018). Many commercial humidity sensors are available in market to detect unpredictable materials with different ppm level concentrations but humidity sensing lower than 100 ppm level is still under development (Chen and Lu, 2005; Hossein-Babaei and Shabani, 2014; Islam et al., 2015). There are several synthesis methods for MOFs having large range of chemical and physical features with wide prospect of engineering these highly ordered compositions of MOFs make them appropriate candidate for humidity sensing applications (Meek et al., 2011; Kreno et al., 2012; Bahreyni and Khoshaman, 2012; Liu et al., 2013). Adsorption or desorption of gas molecules produces modification in properties of the samples which can be calculated as amounts of analytes (Campbell and Dinca, 2017).
Even a lot of research work is not reported using MOFs for humidity sensing applications (Stavila et al., 2014). Manufacturing of humidity sensors having relative humidity less than 1% is generally expensive. It is a challenging task to use MOFs as a humidity sensing material because of its skeletal composition that may be breakdown in heavy moisture. Some of the MOFs are reported, for humidity sensing but showing less because of limited surface areas (Qiu et al., 2011; Yao and Zhu, 2014; Fischer et al., 2015)
In this research work, MOF-76(Nd) synthesized by using solvothermal method has been characterized by different techniques and further used for hydrogen storage and humidity sensing applications.
EXPERIMENTAL DETAILS
Chemicals
All chemicals used in the synthesis of MOF-76(Nd) were purchased from Sigma-Aldrich (Nd(NO3)3·6H2O (99.9%), benzene-1,3,5-tricarboxylic acid (H3BTC, 95%), N,N´-dimethylformamide (DMF, 99.8%), and ethanol (EtOH, 99%)) with highest existing purity and used without further purification.
Synthesis of Metal-Organic Framework-76(Nd)
50 mg of Nd(NO3)3·6H2O (0.1141 mmol) and 20 mg of H3BTC (0.0952 mmol) were dissolved in the mixture of solvents EtOH/DMF/H2O in a volume ratio 3/3/2.5 (cm3). The reaction mixture was kept in glass autoclave and heated to 80°C with a heating rate of 2°C min−1 for 24 h. After this time the reaction mixture was cooled to ambient temperature with a cooling rate of 2°C min−1. Violet needle-shaped crystals of MOF-76(Nd) were filtered off, slightly washed with ethanol, and dried in the stream of air (yield: 42 mg, 96% based on H3BTC). Elemental analysis for Nd1C9H15O12 ([Nd(BTC)(H2O)]·5H2O; 459.45 g mol−1): clcd. C 25.53%, H 3.29%, found: C 25.68%, H 3.34%. Infrared spectroscopy (IR): ν(OH) – 3405 (m, br), ν(CH)ar – 3105, 3088 (w), ν(CC)ar – 1603 (s), νas(COO−) – 1540 (s), νas(COO−) – 1425 (s), δ(COO−) – 752 (s) cm−1 (w – weak, m – medium, s – strong, br – broad, ar – aromatic, s – symmetric, as – antisymmetric).
Characterization
CHNOS Elemental Analyzer Vario MICRO from Elementar Analysensysteme GmbH was used for elemental studies. Shape and size of these samples are observed using transmission electron microscope (HRTEM) (Technai G20-stwin) which was operated at voltage 200 kV and having resolution 2.32 (in angstrom). As-synthesized MOF-76(Nd) powder was dissolved in acetone using ultrasonicator and coated on the copper grid to observe TEM image. Surface morphology of MOF-76(Nd) is observed by field emission scanning electron microscopy (FESEM- JEOL JSM-6700F) which was operated at 15 kV accelerating voltage with a resolution of 1.0 nm. To determine the dehydration process and thermal stability of the sample thermogravimetric analyzer (Hitachi DSC7020) is used up to 600°C under air atmosphere and the sample weight was 1.4 mg. The infrared spectra of the sample were recorded using an Avatar FT-IR 6700 spectrometer in the ATR configuration and 4000–400 cm−1 wavenumbers’ range. This measurement was performed at room temperature.
Hydrogen Storage Measurements
High-pressure hydrogen adsorption/desorption isotherm was observed using a Sievert’s type setup (Setaram-HyEnergy PCTPro-2000). This is attached with a micro-doser (MD-HyEnergy) which helps in the measurements of small amounts of sample. To achieve liquid nitrogen (77 K temperature) the sample was dipped in a thermal bath. The amount of MOF-76(Nd) used for measurements was approximately 150 mg. The sample was activated for 12h at 240°C.
Humidity Sensing Measurements
Humidity sensing characteristics of MOF-76(Nd) have been measured on ceramic substrate having Ag-Pd interdigital electrode. Saturated salts solution of LiCl, MgCl2·6H2O, Mg (NO3)2·6H2O, NaCl, KCl, and K2SO4 have been used at ambient conditions with relative humidity value of 11%, 33%, 53%, 75%, 84%, and 98% respectively.
RESULTS AND DISCUSSION
MOF-76(Ln) represents a family of nanoporous isostructural lanthanide-based MOFs with general composition [Ln(BTC)(H2O)]·G (Ln-lanthanide, BTC-benzene-1,3,5-tricarboxylate, G-guest). These compounds are characterized by high thermal stability, porosity, and three-dimensional transformable frameworks. In the present study, the neodymium form of MOF-76(Nd) with the chemical composition [Nd(BTC)(H2O)]·5H2O was prepared and tested as an adsorbent for hydrogen and humidity sensor. Compound MOF-76(Nd) crystallized in the tetragonal crystallographic system and consists of Nd(III) ions bridged by carboxylic groups of BTC linker under formation of the 3D polymeric framework with 1D sinusoidally shaped channels of size about 7 × 7 Å propagating along c axis (see Figure 1). Previous studies (Gustafsson et al., 2010; Almáši et al., 2015; Almáši et al., 2016; Dong et al., 2019; Zeleňák et al., 2019) have shown that compounds [Ln(BTC)(H2O)].G undergo structural changes depending on the temperature. The framework starts to transform after heating to ∼150°C from tetragonal to monoclinic and upon heating to ∼300°C the crystal structure is transformed back to the tetragonal system.
[image: Figure 1]FIGURE 1 | A view of the building blocks and final MOF-76(Nd) polymeric framework.
The as-synthesized material was initially characterized by transmission electron microscopy (TEM) and obtained TEM micrographs are depicted in Figure 2. TEM images represent the distribution of as-synthesized MOF-76(Nd) material. TEM images show the contrast of as-synthesized MOF-76(Nd). It is clear from TEM images that synthesized material is having rod-like structure with an average length of about 20–40 µm and showing no agglomeration.
[image: Figure 2]FIGURE 2 | TEM images of MOF-76(Nd) at (a) 6 µm, (b) 100 nm.
Figure 3 shows energy dispersion spectra of MOF-76(Nd) and in inset of this figure elemental composition of this MOF in weight % and atomic % is represented. In the synthesized material, Nd have been observed 99.12 in weight %. The atomic % of Nd has been found 92.59. In this way, presence of Nd is confirmed by EDS. The presence of iron and copper in the EDS spectrum comes from the holder used in the measurement. The presence and weight percentage of carbon and hydrogen in MOF-76(Nd) were also determined using elemental analysis. Observed and calculated values correlate well with the chemical composition of the material; see Synthesis of Metal-Organic Framework-76(Nd).
[image: Figure 3]FIGURE 3 | EDX of MOF-76(Nd).
Distribution of MOF´s crystals and their structure are shown using SEM image. Figure 4 shows the rods of MOF-76(Nd) and it is also confirmed from FESEM that MOF-76(Nd) rods have length in the range of 20–40 μm. EDS map scanning has also been observed and showing elemental presence of Nd as 24.606 in weight% and 2.091 in atomic % as shown in inset of EDS spectra of Figure. 4.
[image: Figure 4]FIGURE 4 | FESEM images and energy dispersion spectra of MOF-76(Nd).
Thermogravimetric (TG) analysis was used to study the dehydration process and the decomposition temperature of the material. Figure 5 shows the TG curve of MOF-76(Nd) measured in the air atmosphere and temperature up to 600°C. The sample is thermally stable after heating to 90°C; in the temperature range 90–150°C the dehydration process takes place. The release of water molecules was accompanied by an endothermic effect on the DTA curve with a minimum at 126°C. The total mass loss of 18 wt% in the first stage of thermal decomposition was observed and corresponds to the release of six water molecules (clcd. mass loss 23.5 wt%). Dehydrated form of MOF-76(Nd) is considerably stable in 150oC to 500oC temperature.
[image: Figure 5]FIGURE 5 | TG/DTG-DTA curves of MOF-76(Nd) measured in temperature range of 25–600°C and in an air atmosphere.
The infrared spectroscopy (IR) was further used to confirm the presence of BTC and water molecules in prepared material. The IR spectrum of MOF-76(Nd) is shown in Figure 6 and the wavenumbers of the principal IR absorption bands are listed in Synthesis of Metal-Organic Framework-76(Nd). The presence of water molecules in prepared sample is evident from a broad absorption band located at 3405 cm−1 corresponding to ν(OH) stretching vibration. The BTC ligand is characterized by weak absorption bands at 3105 cm−1 and 3088 cm−1 which could be assigned to aromatic ν(CH)ar vibrations. Further, benzene-1,3,5-tricarboxylate ion is characterized by strong absorption bands of carboxylate groups located at 1540 cm−1 for antisymmetric (νas(COO−)) and at 1425 cm−1 for symmetric (νs(COO−)) stretching vibrations.
[image: Figure 6]FIGURE 6 | IR spectra of MOF-76(Nd).
Figure 7 shows hydrogen adsorption/desorption isotherms of MOF-76(Nd) measured at 77K and up to 20 bar. As can be seen, the activated material does not absorb hydrogen in the whole pressure range. We suppose that compound at low temperature undergoes also the structural change, similar to the previously observed changes with increasing temperature (Gustafsson et al., 2010; Almáši et al., 2015; Almáši et al., 2016; Zeleňák et al., 2019), leading to the formation of a nonporous modification. Another reason for explanation the low adsorption capacity of hydrogen may be the low activation temperature of the sample.
[image: Figure 7]FIGURE 7 | H2 adsorption/desorption isotherm of MOF-76(Nd) measured at 77 K.
[image: Figure 8]FIGURE 8 | Humidity sensing curve of MOF-76(Nd).
Figure 8 shows humidity sensing curve of MOF-76(Nd) in the 11–98 %RH range at room temperature. The %RH measurements were performed using resistance variance method. At low humidity conditions (11 %RH), sample exhibits very high impedance; however, a dramatic decrease in impedance was observed at high humidity conditions (98 %RH). Figure 8 shows the decrease order in a resistance of relative humidity that could be ranged in the following order: 9462 kΩ at 11 %RH, 6554 kΩ at 33%RH, 4043 kΩ at 53%RH, 2171 kΩ at 75%RH, 1089 kΩ at 84%RH, and 468 kΩ at 98%RH. The sample shows a linear response and can be considered for the evaluation of sensing characteristics.
CONCLUSION
This work represents a nanoporous MOF-76(Nd) for hydrogen storage and humidity sensing applications. Characterization results showed that synthesized MOF-76(Nd) are having rod-like structure with an average length of about 20–40 µm with no agglomeration. The elemental analysis confirmed the presence of BTC and water molecules and EDS map scanning are also indicating the elemental presence of Nd. The thermal stability of prepared MOF-76(Nd) material is after the dehydration process between 150oC and 500oC temperature. MOF-76(Nd) is producing less than 1 wt% of adsorption/desorption capacity at 20 bar and 77 K. This indicates that high-pressure hydrogen storage may be achieved, but it requires an effective activation process which leads to the significant hydrogen storage capacity. Therefore, it is concluded that MOF-76(Nd) needs essential improvements to be an efficient material which could be useful in on-board hydrogen systems. The sample showed a linear response with relative humidity and can be considered for the evaluation of humidity sensing characteristics.
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