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Abstract

:

Metal-organic frameworks (MOFs) are famous for their large surface area, which is responsible for the dispersed active sites and decent behaviors in gas adsorption, storage, and catalytic reactions. However, it remains a great challenge to acquire a cost-effective and accurate evaluation on the surface area for the MOFs. In this work, we have proposed cataluminescence (CTL) to evaluate the specific surface area for the MOFs, based on the adsorption–desorption and the catalytic reaction of ethanol. Aluminum-based MOFs with large-pore (lp), narrow-pore (np), and medium-pore (mp-130, mp-140, and mp-150 synthesized under 130, 140, and 150 °C) have been prepared. Distinguished CTL signals were acquired from ethanol in the presence of these MOFs: lp > mp-150 > mp-130 > mp-140 > np. Note that the CTL intensities were positively correlated with the specific surface areas of these MOFs acquired by the Brunauer–Emmett–Teller (BET) method. The distinct specific surface area of MOFs determined the capacity to accommodate and activate ethanol, leading to the varied CTL intensity signals. Therefore, the proposed CTL could be utilized for the rapid and accurate evaluation of the specific surface area for MOFs. It is believed that this CTL strategy showed great possibilities in the structural evaluation for various porous materials.
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1. Introduction


Metal-organic frameworks (MOFs) are a class of crystalline coordination materials that are composed of organic connectors and inorganic nodes [1,2]. MOFs have been regarded as excellent candidates for gas adsorption, storage, and the corresponding catalytic reactions [3,4]. The diverse functionalities of MOFs are highly dependent on their high porosity and large surface area [5,6]. The variations in the pore structures of MOFs, such as the known “breathing” behaviors, with the changed textural properties also manifesting as the specific surface area [7,8,9]. It is noteworthy that the large surface area of MOFs favored good dispersion of active centers, facilitating the adsorption, enrichment, and reaction of analytes [10,11]. The value of the surface area has been regarded as the key factor to determine the capacity of MOFs to accommodate and concentrate guest molecules for gas adsorption and the subsequent reaction [12,13,14,15]. Moreover, the large surface area of MOFs is beneficial for the synthesis reaction and functional modification, offering an infinite platform to prepare MOF-based composites for different applications [11,16,17]. Therefore, it is a topic of interest and significance to estimate the surface area of MOFs, in order to analyze the adsorption, storage, and catalytic performances for MOFs.



The Brunauer–Emmett–Teller (BET) method is known as the most commonly applied technique to evaluate the specific surface area and pore volume for a material [18,19,20]. The BET measurements are generally implemented through the isothermal adsorption of nitrogen at 77 K, and the adsorption capacity of the material can be evaluated by the adsorption–desorption curves [21,22,23,24]. However, N2 diffuses slowly in the samples at the low temperature ranges, around 77 K, and thus a long equilibration time is required to achieve fully equilibrated nitrogen isotherms for data acquisition [21]. The complex experimental equipment and time-consuming process have hampered the applications of BET to evaluate the textural structure of the MOFs. Moreover, it usually requires large quantities of samples to achieve accurate statistical results, and insufficient samples could result in largely derived results [25]. These requirements mean that BET failed to provide high-throughput analyses to meet the needs of the rapid development for MOFs in recent years. Therefore, it is critical to establish an accurate and cost-effective strategy to evaluate the surface area and adsorption capacity of MOF materials.



Cataluminescence (CTL) is derived from the luminescence emissions of the species generated during a chemical reaction [26,27,28]. It requires a featured catalyst with a large specific surface area and abundant active sites during a chemical reaction, and the CTL emissions are dependent on the adsorption and catalytic behaviors of the catalyst [29,30,31,32]. Herein, we have employed CTL emissions to evaluate the surface area of MOFs, taking the catalytic oxidation of ethanol as a model system. The aluminum-based MOFs with the large-pore (lp), narrow-pore (np), and medium-pore phases synthesized under different temperatures (short as mp-130, mp-140, and mp-150) were prepared. The CTL intensities in the presence of these different MOF catalysts showed distinct, repeatable, and highly sensitive signals, according to a tendency as follows: lp > mp-150 > mp-130 > mp-140 > np. It should be noted that the CTL intensities of ethanol are highly correlated with the specific surface areas acquired by the BET measurements for the MOFs (Scheme 1). A positive relationship between the CTL intensity (I) and specific surface area from BET measurements (SA) could be drawn as follows: I = −4.94 × 104 exp (4.39 × 10−3 SA) + 6.88 × 104. Such a correlation could be ascribed to the distinct specific surface area of MOFs that is responsible for the adsorption, desorption, and catalytic oxidation towards ethanol during the CTL measurements. Therefore, we have proposed CTL as a fast, sensitive, and cost-effective approach to screen the specific surface area of MOF materials in the absence of sophisticated data analysis or a time-consuming process. Based on the distinct adsorption and catalytic performances of a material with varied structures, it is anticipated that the CTL could be further used to evaluate the structural variations of other materials.




2. Materials and Methods


2.1. Chemicals and Materials


All the reagents used in this work were of analytical grade and used without further purification. Al(NO3)3·9H2O was provided by Beijing Chemical Works. AlCl3·6H2O was purchased from Xilong Science Co., Ltd. N, N-dimethylformamide (DMF) was purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). 2, 2′-Bipyridine-5, 5′-dicarboxylic acid (H2bpydc) was supplied by Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Acetic acid glacial was purchased from Tianjin Damao Chemical Reagent Factory (Tianjin, China). NaOH was provided by Fuchen (Tianjin) Chemical Reagent Co., Ltd. (Tianjin, China).




2.2. Synthesis of the Narrow-Pore (np) Form of Al-Based MOF


The Al2(OH)2(bpydc)∙(H2O)0.5 (short as np) was synthesized by an environmentally friendly hydrothermal method, and the unit cell parameters of np phase are a = 5.36 Å, b = 4.58 Å, c = 26.76 Å, α = 90°, β = 93.3°, and γ = 90° [7]. Specifically, Al(NO3)3·9H2O (0.1 mmol, 0.375 g) and H2bpydc (0.25 mmol, 0.061 g) were dissolved in H2O (12.5 mL) containing 2.5 mmol of NaOH. The pH of the mixture was ~3.5. The mixture was placed in a 23 mL Teflon-lined stainless autoclave and heated at 120 °C for 24 h. After cooling to room temperature, the synthesized np was collected by centrifugation and dried at 60 °C.




2.3. Synthesis of the Large-Pore (lp) Form of Al-Based MOF


The macroporous Al(OH)(bpydc) (labelled as lp) was prepared through a hydrothermal method, and the unit cell parameters of the lp phase are determined as a = 23.59 Å, b = 6.91 Å, and c = 19.84 Å [33]. Briefly, the mixture of AlCl3·6H2O (0.151 g, 0.625 mmol), H2bpydc (0.153 g, 0.625 mmol), DMF (10 mL), and glacial acetic acid (859 µL, 15.0 mmol) was placed in 23 mL of Teflon-lined stainless autoclave. The pH of the mixture was ~2.7. This mixture was heated at 120 °C for 24 h, followed by the centrifugation and drying procedure to acquire the MOFs with the lp phase. Note that the lp phase is the macroporous form of np, and the lp phase can be converted to np phase after hydrothermal treatment in water gradually [7].




2.4. Synthesis of the Medium-Pore (mp) Phase of Al-Based MOF


The medium-pore (mp) phases were synthesized by hydrothermal treatment of the lp phase under different temperatures. In total, 0.15 g of the lp phase was dispersed into 15 mL of water and transferred into a Teflon-lined stainless autoclave. The hydrothermal treatment was carried out at 150 °C, 140 °C, and 130 °C for 12 h, respectively. The as-prepared mp phases were cooled to room temperature, centrifuged, and dried to acquire mp-150, mp-140, and mp-130, respectively.




2.5. Apparatus and Characterization


The morphologies of the MOFs were investigated using a JEOL (JEOL, Akishima, Japan) S-4700 scanning electron microscope (SEM). The crystalline structures of the MOFs were characterized by X-ray diffraction (XRD) on Bruker (Karlsruhe, Germany) D8 ADVANCE equipped with graphite-monochromatized Cu Kα radiation (λ = 1.5406 Å).




2.6. Fourier Transform Infrared (FT-IR) Measurements


The FT-IR spectra for the samples before and after reactions were implemented on a Nicolet 6700 FTIR spectrometer (Thermo, Waltham, MA, USA) with KBr particles, and the spectra were collected in the range of 2200–400 cm−1. In-situ Fourier transform infrared (FT-IR) spectra were acquired through a Nicolet 380 system (Thermo, Waltham, MA, USA) containing a controlled environment chamber with a CaF2 window. The in-situ cell was loaded with the sample and placed in the diffuse reflectance device. The temperature was first programmed to 150 °C and maintained for 30 min under air purging. After cooling down, a background in the range of 30–150 °C was collected. Afterwards, ethanol was fed to the sample to reach an adsorption equilibrium, and the samples were purged until no changes in the infrared spectra. The IR signals were scanned through a programmed heating procedure from room temperature to 150 °C at a heating rate of 10 °C/min. The spectra were collected in the range of 4000–650 cm−1, with a resolution of 8 cm−1 and an integration order of 64.




2.7. Gas Chromatography–Mass Spectrometry (GC–MS) Measurements


The oxidation products of ethanol by the MOF catalysts were investigated by gas chromatography–mass spectrometry (GC–MS). It was performed on a Thermo Trace 1300-ISQ GC-MS system (Thermo, Waltham, MA, USA) equipped with a TR-5MS column (length of 30 m, inner diameter of 0.25 mm, and the film thickness of 0.25 μm). The tail gas produced during the CTL reaction was collected through 10 mL of acetonitrile (liquid chromatography gradient) for about 4 h.




2.8. Brunauer–Emmett–Teller (BET) Measurements


Desorption isotherms were measured at 77 K by the Brunauer–Emmett–Teller (BET) method using an Autosorb-IQ-MP nitrogen adsorption device (Quantachrome, Boynton Beach, FL, USA).




2.9. Thermogravimetric Analysis (TGA) Measurements


Thermogravimetric analysis (TGA) of the samples was performed on a simultaneous thermal analyzer 6000 (PerkinElmer) at a heating rate of 10 °C/min in nitrogen from 30 °C to 800 °C. The data were analyzed in the range of 45–450 °C in the supporting information.




2.10. Cataluminescence (CTL) Measurements


The CTL signals were detected by a biophysical chemiluminescence (BPCL) luminescence analyzer (Institute of Biophysics, Chinese Academy of Sciences, Beijing, China), and the volatile organic gases were transported by air pump (Beijing Zhongxing Huili Co., Ltd., Beijing, China). First, 0.01 g of MOF catalyst was dispersed into 200 μL of deionized water. After ultrasonic treatment for 5 min, a uniform suspension was acquired. The suspension was evenly spread onto the surface of the ceramic rod, followed by natural air-drying. Afterwards, 50 μL of absolute ethanol was injected into the vaporization chamber, and the reactant was brought into the reaction chamber by an air pump. The flow rates of the carrier gas were set in the range of 160–400 mL·min−1, and the heating voltages of the ceramic rod varied from 100 to 125 V. Finally, the CTL signals were output to the computer for data analysis, with the voltage of the BPCL analyzer set at −1000 V and an integration time of 1 s.





3. Results and Discussion


3.1. Structural and Morphological Characterization of Porous MOFs


Al-based MOFs with the different pore sizes were prepared through the hydrothermal method, involving large-pore (lp), narrow-pore (np), and the medium-pore (mp) phases synthesized under different temperatures. The crystallinity and structural integrity of these MOFs were characterized by XRD. The characteristic peak of the typical (002) plane in the np phase could be observed at 7.2° (Figure 1, black line), and this peak could be utilized to evaluate the unit cell dimensions for MOFs [7,34]. For the lp phase, the typical peak of the (002) plane shifted to 6.3° (Figure 1, purple line), suggesting varied cell sizes for the lp phase. Both the lp and np phases showed phase purity as observed from XRD patterns. The mp phases could be acquired by dispersing the lp phase in water, followed by thermal treatment at 150 °C, 140 °C, and 130 °C (labelled as mp-130, mp-140, and mp-150), respectively. It should be noted that two peaks appeared before 10° in the XRD patterns of these mp phases, located at ~6.4/7.4°, ~6.4/7.5°, and ~6.4/7.5° for mp-130, mp-140, and mp-150 (Table S1), respectively. These peaks suggested the gradual transformation between the np and lp phases, and that different phases coexisted in the mp samples. The morphological features of these MOF catalysts were observed by SEM images (Figure S1). The MOFs in the lp phase showed a conical shape with a smooth surface. Cracks appeared for the mp phases under the heating treatment, and the increased treating temperatures resulted in a severe crack from the mp-130 to the mp-150. The np phase showed a cracked morphology. Furthermore, TGA measurements were performed for these MOFs (Figure S2). It could be observed that all the MOFs with different phases did not show significant weight loss until the loss of the organic ligands at the temperatures of 373–386 °C (Table S2). The lp phase exhibited slight weight loss below 160 °C, attributing to the loss of water in the pore channels. These results were in accordance with the previous reports [7], suggesting the good thermal stability and potential applications of the MOFs in the CTL measurements.




3.2. Cataluminescence of Ethanol Catalyzed by MOFs


The synthesized MOFs were coated on the ceramic heating rod, and ethanol (50 μL) was injected into the flow path system to be catalyzed to emit luminescence. The cataluminescence (CTL) signals for the MOFs with the different phases were monitored continuously. Firstly, we have optimized the reaction temperatures and rates of carrier gas flow for the CTL system, taking lp phase as an example. It could be observed that the CTL intensities increased with the heating voltages, and the highest signal-to-noise (S/N) ratio can be acquired at 115 V (Figure S3a). Similarly, the flow rate was chosen at 240 mL·min−1 with the strongest CTL intensity and stable S/N values (Figure S3b). MOFs with the different phases were used for the CTL measurements. Good repeatability and reproducibility could be acquired from the parallel CTL experiments (Figure 2). These signals are stable and repeatable. Taking the np phase as an example, the average value and the standard deviation of the measurements were 23,715 and 259.72, respectively. It should be noted that the CTL signals of ethanol changed significantly upon the catalytic reaction by the MOFs with the different phases. Specifically, the CTL signal of ethanol catalyzed by the lp phase reached ~67,560, while the intensity for the np phase was only ~23,715. The MOFs in the mp forms showed the dependent CTL intensities on the varied treatment temperatures. Accordingly, the CTL intensity variations of these MOFs followed the sequence as follows: lp > mp-150 > mp-130 > mp-140 > np. These differences in the CTL measurements could be ascribed to the distinct adsorption–desorption and oxidative reaction behaviors of ethanol on the MOFs with differed structural features. Moreover, IR measurements for MOFs before and after CTL measurements were implemented (Figure S4). It could be observed that the absorption peaks at 1690 and 1310 cm−1 were attributed to the vibration of carboxylic acid C=O and C−O bonds. The aromatic C=C bond appeared at 1430 cm−1, and the absorption peaks at 1400, 1480, and 1590 cm−1 can be attributed to stretching of −CO2. After the CTL experiments, no obvious changes could be observed from the IR spectra, illustrating the stability and reusability of these MOFs as catalysts.



In order to explore the CTL mechanism of ethanol in the presence of MOFs, we have recorded the CTL spectra of the reaction system under a series of wavelength filters. It is evident that the maximum CTL intensities could be observed around 550 nm and 620 nm for ethanol on the surfaces of lp, mp, and np phases (Figure 3a,b and Figure S5). These emissions could be ascribed to the characteristic emission peak of CH3CHO*, according to literature reports [30,35]. We have further studied the intermediates produced during the oxidative reaction of ethanol by in-situ FT-IR spectroscopy. Taking the np phase as an example, the absorbance bands ascribed to the −OH (at ~3300 cm−1) and the corresponding C−H tensile vibration (at ~3000 cm−1) decayed gradually with the increased reaction temperatures from 30 °C to 150 °C (Figure 3c). This decrease indicated the gradual consumption of ethanol during the reaction. The peaks around 1735 cm−1 corresponded to the C=O peak in the transition state of CH3CHO. These peaks showed a trend increase and subsequent decrease during the reaction, suggesting that the CH3CHO acted as an intermediate. These phenomena could also be validated by the GC–MS spectra with the peaks at 1.62/1.52 min for CH3CHO (Figure S6). Moreover, the absorption bands at 1586 and 1513 cm−1 indicated the formation of CH3COOH (Figure 3d), as an oxidized product of CH3CHO. Finally, these intermediates were reacted to form gaseous CO2, manifested as the increased peak at 2356 cm−1 (Figure 3c,d). These results demonstrated an oxidative reaction mechanism of ethanol catalyzed by MOFs (Scheme S1). Briefly, the adsorbed ethanol was firstly catalyzed to generate the intermediate CH3CHO*. The intermediate CH3CHO* was transformed to CH3CHO, followed by the conversion to the CH3COOH, and finally CO2. Therefore, the reaction of ethanol in the presence of different MOFs could be revealed by the CTL signals.




3.3. Cataluminesence of Ethanol Catalyzed by MOFs


We have performed the BET measurements on the MOFs with the different phases. The np and lp phases showed the characteristics of type I adsorption isotherms of microporous substances (Figure 4a), and the pore structures were relatively regular. The N2 adsorption curves of mp-150, mp-140, and mp-130 phases according to the type IV adsorption isotherms of microporous substances, manifested as the irregular pore structures [21,24]. The N2 adsorption curve of the mp phase belonged to the H4 type hysteresis loop, and the adsorption branch was composed of the I-type microporous and II-type mesoporous isotherms [36,37]. This phenomenon could be ascribed to the fact that the framework transition of MOFs was a gradual process instead of an abrupt change, and multiple phases coexisted in the mp phases.



The adsorption behaviors of these MOFs were further analyzed by the calculations of pore size and specific surface area. The pore sizes of MOFs with the different phases have been estimated (Figure S7). It could be observed that the lp phase showed the largest pore sizes of 20.59 Å, corresponding to the highest CTL intensity of ethanol. The mp-150 showed a prominent pore size of 19.16 Å, corresponding to a relatively strong CTL intensity of ethanol. Moreover, although the mp-130, mp-140, and np phases shared similar pore sizes, the CTL signal varied. These results suggested that the pore sizes of MOFs were not the determinant factor for the CTL signals of ethanol. The specific surface areas of MOFs have been further investigated. The values of specific surface area for these MOFs increased from 2.66 m2/g for the np phase to 1024.88 m2/g for the lp phase, in accordance with previous reports [7,38]. The values of the specific surface area of these MOFs accorded to a tendency of np < mp-140 < mp-130 < mp-140 < lp (Table S3). It is noteworthy that the specific surface areas of the MOFs were positively correlated with the CTL intensities of ethanol (Figure 4b). The larger the specific surface area of the MOFs, the higher the CTL signal intensities that could be acquired for the oxidation of ethanol. For a better illustration, a quantitative relationship between the surface area and the activity of MOFs was generally needed [39]. The CTL intensity (I) is positively correlated with the specific surface area from BET measurements (SA): I = −4.94 × 104 exp (4.39 × 10−3 SA) + 6.88 × 104 (Figure 4c). Such a correlation could be ascribed to the distinct adsorption–desorption behaviors of the MOFs towards ethanol. The different specific surface areas of the MOFs determined the quantities of adsorbed ethanol and thus the varied CTL intensity signals. These results demonstrated the ability of CTL measurement as an indicator to evaluate and discriminate the specific surface area of the MOFs in a cost-effective approach.



The versatility of the proposed strategy on screening the specific surface area of MOFs has been further validated by the other gas molecules, such as methanol and isopropanol. It can be observed that the CTL signals of methanol and isopropanol increased from the np, mp-150, to lp phases, in accordance with the signals of ethanol discussed above (Figure S8). These results demonstrated the accuracy of the proposed CTL method to evaluate the specific surface area of MOFs. Interestingly, the CTL intensity varied with the molecular structures of alcohols in the presence of a same MOF material (Figure S9). Methanol, with the smallest molecular size, showed the highest CTL intensity on these MOFs. With the increase in molecular size from methanol to isopropanol, the CTL intensities decayed accordingly. Therefore, it could be concluded that the highest CTL signal could be acquired for the smallest methanol molecules in the presence of MOFs with the largest pore structures. These results suggested the varied accommodation effect of guest molecules in the host MOFs, leading to the distinguished adsorption–desorption behaviors in the MOFs with different phases. It is anticipated that the proposed strategy could also be utilized to screen the molecules with the different sizes by MOFs.





4. Conclusions


In summary, we have proposed the CTL strategy to screen and evaluate the surface area of MOFs in an efficient and accurate approach. The CTL intensities from the reaction of ethanol varied consistently with the surface area and the adsorption capacity for the MOFs with different phases. The larger the specific surface area for MOFs, the higher the CTL intensities of ethanol that could be acquired after a catalytic oxidation. This work has successfully established an efficient platform to evaluate the structures of MOFs through the luminescence signals from a catalytic chemical reaction. It is anticipated that our approach could be utilized for the rapid screening on the structural and adsorption characteristics for the porous materials.
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Scheme 1. Schematic representation of cataluminescence to evaluate the specific surface area for the MOFs. 
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Figure 1. XRD patterns of MOF materials with np, mp-140, mp-130, mp-150, and lp phases. 
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Figure 2. Comparison of CTL intensities by ethanol catalyzed by the MOFs with the different phases (air flow rate of 240 mL·min−1, working voltage of 115 V, and integration time of 1 s). 
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Figure 3. CTL intensities of ethanol in the presence of (a) lp and (b) np phases. In−situ FT−IR spectra in the range of (c) 4000−850 cm−1 and (d) 2500−1400 cm−1 for ethanol under increased reaction temperatures during the oxidative reaction of ethanol in the presence of MOFs with np phase. 
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Figure 4. (a) N2 adsorption and desorption curves, (b) variations of CTL intensities and specific surface area of different MOFs, and (c) correlation between the CTL intensities and specific surface area of different MOFs. 
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