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Abstract:



High performance catalysts for carbon monoxide (CO) oxidation were obtained through thermal activation of a CuBTC (BTC: 1,3,5-benzenetricarboxylic acid) metal–organic framework (MOF) in various atmospheres. X-ray diffraction (XRD), X-ray photonelectron spectroscopy (XPS), N2 adsorption–desorption measurement, and field emission scanning electron microscopy (FESEM) were adopted to characterize the catalysts. The results show that thermal activation by reductive H2 may greatly destroy the structure of CuBTC. Inert Ar gas has a weak influence on the structure of CuBTC. Therefore, these two catalysts exhibit low CO oxidation activity. Activating with O2 is effective for CuBTC catalysts, since active CuO species may be obtained due to the slight collapse of CuBTC structure. The highest activity is obtained when activating with CO reaction gas, since many pores and more effective Cu2O is formed during the thermal activation process. These results show that the structure and chemical state of coordinated metallic ions in MOFs are adjustable by controlling the activation conditions. This work provides an effective method for designing and fabricating high performance catalysts for CO oxidation based on MOFs.
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1. Introduction


Catalytic oxidation of carbon monoxide (CO) has drawn much research attention due to its significance in fundamental research and practical applications in pollution air purification, vehicle exhaust removal, and CO preferential oxidation in hydrogen-rich gas [1,2,3,4,5]. Noble metal catalysts, including supported Au, Pd, Pt, etc., exhibit excellent CO oxidation activity [6,7,8]. However, due to their relatively high cost, large-scale applications are limited. To solve this problem, supported bimetallic catalysts (such as Pd–Cu) [9,10] and transition-metal oxides [11,12,13,14] have been investigated. However, the activities are relatively lower, and there still exists the problem of the aggregation of metal nanoparticles. If supported non-noble metal catalysts with high CO oxidation activity can be fabricated, it will have great theoretical value and practical significance.



Recently, metal–organic frameworks (MOFs) have been proven efficient for CO oxidation at ambient pressure and elevated temperatures [15,16,17]. MOFs are a new kind of porous material that have highly porous structures and unique properties [18], and have been used in catalysis [19], sensors [20], and gas adsorption, separation [21,22], and storage [23,24]. The use of MOFs as catalysts has especially aroused much research interest. For instance, MOFs can be engineered to build catalysts with the active sites of the ligands [25] and the metals [26,27], or simply adopted as the host matrices [28,29]. Catalytic oxidation of CO over MOFs materials has also drawn much research attention. For MOFs-based catalysts, MOFs generally play the role of supports for noble metals like Au, Ag, and Pd [30,31,32], or as the hosts for the synthesis of active metal oxides such as Co3O4 [33] and CuO [34,35].



An activation process for MOFs is generally essential for the aforementioned applications, to remove both pore-filling guest molecules and pre-coordinating solvent molecules from the open coordination sites [36]. Various activation methods have been developed, including thermal activation [37,38,39], solvent exchange [40,41,42], freeze-drying [43,44], supercritical CO2 exchange [45], and chemical treatment [46,47]. Among these, thermal activation is most commonly used for its simplicity and efficiency. In general, the thermal activation of MOFs is conducted in inert gas or vacuum, and temperature is the only concerned parameter for researchers. For example, Qiu et al. [17] investigated the effect of activation temperature on CO oxidation activity over CuBTC (BTC: 1,3,5-benzenetricarboxylic acid). Zhang et al. [34] also proved that thermal treatment temperature of CuBTC would significantly influence the performance of resulted CuO catalysts. Moreover, thermal activation of CuBTC within the CO reaction gas (mixture of CO, O2, and balance gas) has been studied recently, and the results showed that active CuO species were obtained, which may facilitate CO oxidation [28]. However, although these studies have shown that both the temperature and the atmosphere are crucial influencing factors in the thermal activation process, no research focused on the atmosphere has been reported. Furthermore, to meet the requirement of heterogeneous reaction in the previous works, the activated MOFs need to be supported or made into pellets. As far as the thermal activation of pure MOFs is concerned, the high pressure of tableting and the following crushing process may destroy the structure of the MOFs, which are also important for their structure and properties.



In this work, CuBTC MOF was tableted and thermally activated in various atmospheres. CO oxidation activity test, X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), field emission SEM (FESEM), and X-ray photoelectron spectroscopy (XPS) characterizations were conducted to investigate the activity and structure of the CuBTC. The influence of the tableting on the structure and properties of the CuBTC are discussed. The results confirmed that the activation atmosphere profoundly affected the structure and performance of CuBTC catalysts. The influence may be attributed to the change of the chemical composition of CuBTC tuned by thermal activation, which provides important guiding significance for synthesizing high-performance CO oxidation catalysts from CuBTC.




2. Results and Discussion


2.1. Crystalline Phase Structure of CuBTC and the Effects of Tableting


As we know, it is difficult to apply the CuBTC catalysts for gas phase reaction if they existed in the form of powder. Therefore, the CuBTC powder was tableted and crushed into pellets, and the effects of tableting were investigated. XRD patterns of as-prepared CuBTC and tableted CuBTC were observed and are shown in Figure 1. Their XRD patterns are similar to previous work [25]. The characteristic diffraction peaks of CuBTC can be observed for both the as-prepared and tableted samples, indicating that the as-prepared blue crystals possess a crystalline phase structure of CuBTC. Besides, the process of tableting did not change the crystalline phase structure of CuBTC, except for a slight decrease in its intensity according to the XRD characterization.


Figure 1. XRD patterns of as-prepared CuBTC and tableted CuBTC.
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The N2 sorption isotherms and pore size distributions of as-prepared CuBTC and tableted CuBTC were measured and are shown in Figure S1. The pore diameters (Dp), pore volumes (Vp), and specific surface areas (SBET) of as-prepared CuBTC and tableted CuBTC are summarized in Table 1. The as-prepared CuBTC exhibited a high specific surface area (1102.9 m2·g−1), with the pore diameter and pore volume of 3.84 nm and 0.412 cm3·g−1, respectively. No obvious change of pore diameter was observed after tableting. However, the pore volume and specific surface area for tableted CuBTC decreased to 0.266 cm3·g−1 and 616.7 m2·g−1, respectively. This indicates that some pores in CuBTC were crushed with tableting, which may be mainly due to the high-pressure tableting process. This is consistent with the decrease of the characteristic diffraction peaks for CuBTC in XRD patterns. Although the structure of CuBTC is partly destroyed after tableting, the crystal structure is kept and the specific surface area is still high enough.



Table 1. The pore diameters (Dp), pore volumes (Vp), specific surface areas (SBET), and 50% and 100% CO conversion temperatures (T50% & T100%) of as-prepared CuBTC, tableted CuBTC (denoted as CuBTC) and CuBTC activated under various atmospheres at 240 °C (G-240).







	
Sample

	
Dp (nm)

	
Vp (cm3·g−1)

	
SBET (m2·g−1)

	
T50% (°C)

	
T100% (°C)






	
As-prepared CuBTC

	
3.84

	
0.412

	
1102.9

	
255

	
260




	
CuBTC

	
3.80

	
0.266

	
616.7

	
255

	
260




	
CO-240

	
17.75

	
0.415

	
253.4

	
110

	
145




	
Ar-240

	
3.79

	
0.291

	
759.4

	
237

	
255




	
O2-240

	
3.80

	
0.430

	
385.6

	
144

	
170




	
H2-240

	
3.36

	
0.007

	
2.0

	
245

	
255










To further disclose the influence of tableting on the structure of CuBTC, the morphology of the as-prepared CuBTC and tableted CuBTC samples was observed using field emission scanning electron microscopy, as shown in Figure 2. Figure 2a reveal that the as-prepared CuBTC crystals show an octahedral shape, with a size of about 10 μm, which is similar to previous work [17]. However, the octahedral shape has been changed into sheets (Figure 2b after tableting. The morphological transformation is consistent with the XRD and BET results, indicating that tableting process has significant effects on the morphology of CuBTC materials.


Figure 2. Typical field emission SEM (FESEM) images of (a) the as-prepared CuBTC; and (b) the tableted CuBTC.
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In this study, we aimed to prepare high performance catalysts for CO oxidation by the thermal activation of CuBTC. Therefore, the effect of tableting on the performance of CuBTC before and after tableting was also investigated, and presented in Figure S2. CO oxidation over the samples indicated that there was no obvious difference between the as-prepared CuBTC and tableted CuBTC.




2.2. Effect of Activating Atmosphere on CuBTC Catalysts


Catalysts from thermal activation of CuBTC samples at 240 °C under different atmospheres, including Ar, H2, O2, and CO reaction gas were obtained firstly. The catalysts are accordingly noted as G-240 (G for Ar, H2, O2, and CO reaction gas). Their catalytic activities over CO oxidation were then studied, and the results are illustrated in Figure 3, and the 50% and 100% CO conversion temperatures (T50% and T100%) for the G-240 samples are summarized Table 1.


Figure 3. CO conversion over G-240 samples.
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The results show that the order of the catalytic activities of all G-240 samples was as follows: CO-240 > O2-240 > Ar-240 > H2-240, with a T100% temperature of 145 °C, 170 °C, 255 °C, and 255 °C, respectively. The CO-240 sample mentioned above still showed the highest activity, and the activity of the O2-240 sample was a little bit lower than CO-240, but higher than CO-260 (T100% = 200 °C). This indicates that O2atmosphere is also effective in enhancing the activity of CuBTC, as proven by previous work [31]. The Ar-240 and H2-240 samples, however, were less effective and show almost no activity for CO oxidation below 200 °C. Notably, previous work [17] has shown that CuBTC activated at 250 °C in N2 atmosphere is highly active for CO oxidation (T100% = 170 °C); this may be due to the higher activation temperature and the double amount of catalysts (100 mg) for the activity test compared to our study.



XRD patterns of G-240 samples were also observed and are shown in Figure 4, from which we may see that part of Cu2+ ions in H2-240 were reduced to metallic Cu (JCPDS file of No. 040836) due to the strong reduction ability of H2 gas at high temperature. In addition, new diffraction peaks were observed at the 2θ range of 5°–30°, which may be attributed to the collapse of CuBTC structure. The O2-240 samples activated in the O2 atmosphere should generate CuO species, according to the literature [31]. However, the phenomenon was not observed from the XRD patterns shown in Figure 4, which may be ascribed to a lower thermal treatment temperature (240 °C) than the literature (250 °C). For the Ar-240 sample, the XRD pattern still showed the characteristic peaks of CuBTC, which was also observed when activated in N2 gas [17].


Figure 4. XRD patterns of G-240 samples.
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To further investigate the chemical composition of the CuBTC catalysts and the valence states of copper in them, XPS survey spectra and the corresponding high-resolution spectra of C1s, Cu2p, and O1s in the G-240 samples were recorded and are presented in Figure 5. As shown in the XPS survey spectra (Figure 5a), Cu2p, O1s, and C1s were detected in the samples. Figure 5b indicates that the C1s spectra in the samples were composed of two contributions: the binding energy at 284.6 eV arises from the carbon atoms in the aromatic rings and carbon contamination from the XPS instrument, while the 288.5 eV signal is attributed to the carboxyl groups. There is no obvious difference between them. Cu2p XPS spectra (Figure 5c) present the main peaks of copper, and the satellite peaks corresponding to copper (II) were observed in all four samples [48]. The Cu2p3/2 spectra in CO-240 can be deconvoluted into two peaks at 933.7 eV and 933.0 eV, corresponding to Cu (II) and Cu (I) due to the reduction of CO. In addition, three peaks may be fitted from Cu2p in H2-240 at 933.7 eV, 933.0 eV, and 932.4 eV, respectively, corresponding to Cu (II), Cu (I), and metallic Cu due to the strong reduction of H2. According to the Cu2p XPS spectra, the percentages of copper in different valence states were calculated. Cu (II) and Cu (I) in CO-240 were 73.5% and 26.5%, while Cu (II), Cu (I), and metallic Cu in H2-240 were 43.1%, 14.1%, and 42.8%. O1s XPS spectra for the samples were also recorded and are illustrated in Figure 5d. The peaks at 529.6 eV were attributed to the copper (II) species, and no other peaks could be deconvoluted for O1s in O2-240 and Ar-240, in line with the results of Cu2p XPS spectra in Figure 5c. Corresponding to the results of Cu2p XPS spectra for CO-240 and H2-240 in Figure 5c, the O1s spectra could be fitted with two peaks at 529.6 eV and 530.7 eV, respectively, attributed to CuO and Cu2O, which are in line with the results of Figure 5c.


Figure 5. (a) XPS survey spectra and the corresponding high-resolution spectra of (b) C1s, (c) Cu2p, and (d) O1s in the G-240 samples.
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The values of BET specific surface area of the samples obtained by the data taken from Figure S3 (Table 1) follow the order of Ar-240 (759.4 m2·g−1) > O2-240 (385.6 m2·g−1) > CO-240 (253.4 m2·g−1) > H2-240 (2.0 m2·g−1). This demonstrates that when activated at 240 °C, the pore structure of CuBTC is more prone to be collapsed in reductive atmosphere. O2 and CO reaction gas are relatively moderate for G-240 samples, whereas H2 exhibits powerful reduction and thus results in the formation of Cu and the complete break of CuBTC structure.



Typical FESEM images of the G-240 samples were also obtained and are shown in Figure 6. The morphology of Ar-240, O2-240, and CO-240 samples showed no significant changes, except that more pores can be seen from the images of the CO-240 sample, while a special rod-like crystal and the aggregation particles can be clearly observed for H2-sample. This may correspond to the observed diffraction peaks of Cu and unknown crystalline phase in the XRD pattern shown in Figure 4. The energy dispersion spectroscopy (EDS) mapping images of the tableted CuBTC and CO-240 were also observed (Figure S4). EDS mapping images revealed that copper species were uniformly distributed in the samples before and after thermal activation in CO reaction gas. In addition, part of the oxygen species was removed due to the thermal activation. The disordered distribution of the oxygen and carbon may be attributed to the contamination of conductive plastic and the effect of the test environment.


Figure 6. Typical FESEM images of (a) Ar-240; (b) O2-240; (c) CO-240; and (d) H2-240.
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Long-term catalytic activity is an important factor for high-performance catalysts. The most efficient CuBTC catalyst (CO-240) obtained by thermal activation during CO reaction gas was selected to perform the long-term catalytic activity experiment at its 100% CO conversion temperature (145 °C), and the result is illustrated in Figure 7. Although 36 h is not long enough for practical application, it is still meaningful for testing of the catalytic stability. As shown in Figure 7, 100% CO conversion was kept at 145 °C for 36 h, indicating a high catalytic stability for the CO-240 catalyst. Interestingly, 100% CO conversion temperature for CO-240 was 5 °C lower than that for the TiO2-supported Pd catalyst (0.8 wt % loading amount) reported in previous work [49].


Figure 7. Long-term catalytic stability for CO-240 at 145 °C.
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In conclusion, the thermal activation atmosphere has a significant influence on the structure and performance of CuBTC. Ar is one kind of inert gas, and has little effect on the structure of CuBTC when activated at 240 °C; therefore, the Ar-240 catalyst exhibited poor CO oxidation activity. The H2 atmosphere would completely destroy the CuBTC structure and result in the formation of ineffective Cu, both of which decreased the catalytic activity. Activating with O2 is effective for CuBTC catalysts, as active CuO species can be obtained over the slight collapse of CuBTC structure. Additionally, the activity is better when activating with CO reaction gas since more pores were formed on the surface of CO-240 and more effective Cu2O was formed during the thermal activation. Therefore, high-performance CO oxidation catalysts may be obtained by thermal activation of CuBTC under appropriate atmosphere (CO reaction gas).





3. Materials and Methods


3.1. Materials


Copper (II) nitrate trihydrate (Cu(NO3)2·3H2O, 99%), ethanol (EtOH, 99.7%), and N,N-dimethylformamide (DMF, 99.5%) were obtained from Tianjin Bodi Chemical Co., Ltd., Tianjin, China. 1,3,5-benzene tricarboxylic acid (BTC, 98%) was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). All chemicals were used as received.




3.2. Preparation and Thermal Activation of the CuBTC Catalysts


CuBTC was prepared according to the low-temperature synthesis method of previous work [26], with some modification. Briefly, 1.0 g BTC was dissolved in a 1:1 mixture of EtOH-DMF (30 mL), while 2.077 g Cu(NO3)2·3H2O was dissolved in deionized water (15 mL). The solutions were stirred until the solutes were absolutely dissolved, and then they were mixed and stirred for another 10 min. After that, they were transferred into a Teflon-lined stainless steel autoclave and kept at 100 °C for 12 h. The resulting blue crystals were isolated by filtration and washed by DMF and EtOH three times, respectively. Subsequently, they were dried at 60 °C for 5 h in a vacuum oven, and CuBTC MOF was obtained.



Prior to thermal activation, the as-prepared CuBTC was tableted to pellets under the pressure of 16 MPa for 5 min, and then crushed and sieved into 40–60 mesh particles. Multiple CuBTC catalysts were then obtained from thermal activation of the tableted CuBTC samples within various atmospheres and at different temperatures. Typically, 50 mg CuBTC were placed in a quartz tube (i.d. 4 mm) reactor, blocked with silica wools at both ends of the samples. Then, the quartz tube loaded with samples was heated in an oven at 240 °C under 20 mL·min−1 of certain gases (Ar, O2, H2, or CO reaction gas; i.e., 1.0 vol. % CO, 20.0 vol. % O2, and N2 balance) for 3 h.




3.3. Catalysts Characterization


The crystalline phase composition of as-prepared CuBTC, tableted CuBTC, and G-240 samples was examined using X-ray diffraction (XRD), Dandong Haoyuan, DX-2700, Dandong, China. The applied radiation wavelength was 1.54 Å generated from Cu Kα1 at 40 kV and 30 mA. A NOVA 2200e gas sorption analyzer (Quantachrome Corp., Syosset, NY, USA) was employed to test the pore size distributions (Dp) and specific surface areas (SBET), and pore volumes (Vp) were measured by nitrogen adsorption/desorption. Prior to adsorption analysis, the samples were outgassed at 200 °C for 5 h in the degas port of the analyzer. A field emission scanning electron microscope (FESEM, Quanta 200F, Hillsboro, OR, USA) with an accelerating voltage of 200 kV was used to investigate the morphology of the samples. The chemical compositions of the samples and the valence states of copper were investigated by X-ray photoelectron spectroscopy (XPS, ESCALAN250 Thermo Scientific, Waltham, MA, USA) with monochromatized AlKα (1486.6 eV) X-ray radiation. All binding energies were referenced to the carbon 1s binding energy set at 284.6 eV.




3.4. CO Oxidation Activity Test


CO oxidation activity over tableted CuBTC and G-240 samples was evaluated in a quartz tube (i.d. 4 mm) loaded with 50 mg catalyst. The reaction was carried out in a flowing CO/O2 mixture (1.0 vol % CO, 20.0 vol % O2, N2 balance) with a flow rate of 20 mL·min−1. The outlet concentrations of CO and CO2 were analyzed on-line by an infrared absorption spectrometer (S710, Sick-Maihak, Reute, Germany). CO conversion was calculated according to the following equation:


[image: there is no content]



(1)




where [image: there is no content] and [image: there is no content] are the CO concentrations of inlet and outlet, respectively.





4. Conclusions


In this study, thermal activation was proven to be significant in enhancing CO oxidation activity over CuBTC. Tableting the CuBTC had no significant influence on their CO oxidation activity. The influence of activation atmospheres was investigated. Thermal activation in inert Ar gas had little effect on the structure of CuBTC, and the catalyst exhibited low CO oxidation activity. Thermal activation of CuBTC in reductive H2 may greatly destroy the structure of CuBTC. Activating with O2 is effective for CuBTC catalysts, since active CuO species can be obtained over the slight collapse of CuBTC structure. The highest activity is obtained when activating CuBTC in CO reaction gas since more pores and effective Cu2O is formed during thermal activation.
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