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Abstract:



Developing an efficient non-noble catalyst for CO oxidation with high catalytic activity remains a challenge for practical applications. In this work, CuO nanorods decorated reduced graphene oxide (RGO) nanocatalysts were prepared via a facile one-step hydrothermal method. The structure and morphology of the as-prepared samples were characterized by XRD, Raman spectroscopy, SEM, TEM, and X-ray photoelectron spectroscopy (XPS). The analysis results show that CuO nanorods were successfully deposited on the surface of RGO sheets with the length of 250–500 nm. The catalytic properties of the as-prepared catalysts for CO oxidation were evaluated by using a microreactor-gas chromatograph (GC) system. The as-prepared RGO–CuO nanocatalysts exhibited high activity for CO oxidation, and the 10 wt % reduced graphene oxide content catalyst can achieve CO total oxidation at 165 °C.
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1. Introduction


Carbon monoxide (CO) is an odorless and poisonous gas, and a small amount is fatal. Catalytic oxidation is a good removal method, even for low concentrations of CO. The catalytic oxidation of CO is one of the simplest and the most extensively investigated reactions in heterogeneous catalysis [1,2,3,4,5,6,7,8,9,10], and the catalytic oxidation of CO has become an important research topic over the past years. Up to now, many very effective noble metal catalysts, such as Pd [3,11], Au [4,12], Ru [13,14], and Pt [5,15] have been developed for this reaction. However, the poor stability and high cost limit the applications of these noble metal catalysts.



In recent years, much attention was given to seeking non-noble metal catalysts such as Cu [7,9,16], Mn [17], and Co [18,19,20] to reduce the price and realize high-efficiency CO conversion. In all of these base metal CO oxidation catalysts, supported copper catalysts on Fe2O3, CeO2, ZrO2, and Ce-Zr-O exhibited very high catalytic activities similar to noble metal catalysts. Our previous studies [2,7] also showed that copper oxide possesses almost the same catalytic activity to CO oxidation as the noble metal catalysts.



As is known, the nature of the support is of crucial importance to the good catalytic performance of the resultant catalysts. Many investigations have demonstrated that the high surface area of the supports would give rise to well-dispersed and stable CuO active species nanoparticles on the surface upon calcination and reduction, which would further lead to an improved catalytic performance [2,9]. At the same time, the supported catalysts can show a synergistic effect to induce properties that are different from those of each individual component.



Because of its unique structure, intrinsic properties, and easy surface modification [21], graphene has been regarded as one of the most excellent supports for various catalysts. Graphene-supported Pd [3], Pt [22], TiO2 [23], CeO2 [24], and MnO2 [25] materials have been recently reported to possess high activities in many catalytic reactions. In the theoretical research field, some studies have predicted that graphene-based catalysts may possess high activity for CO oxidation [26,27]. However, to the best of our knowledge, there are still no reports of experimental work for the catalytic application of graphene–CuO hybrids for catalytic CO oxidation.



In this paper, we report a facile hydrothermal method for the preparation of a series of reduced graphene oxide (RGO)–CuO hybrid nanocatalysts with different RGO contents for CO oxidation. The interaction between CuO and reduced graphene oxide was further investigated. The as-prepared hybrid nanocatalysts were characterized by various material characterization techniques, including XRD, Raman spectroscopy, SEM, TEM, and X-ray photoelectron spectroscopy (XPS). Catalytic activity tests of the as-prepared RGO–CuO nanocatalysts for CO oxidation were performed on a continuous-flow fixed-bed microreactor-gas chromatograph system.




2. Results and Discussion


2.1. Catalyst Characterization


The X-ray diffraction patterns of pure CuO, RGO, and the as-prepared RGO–CuO hybrid nanocatalysts with different RGO contents are shown in Figure 1. It can be clearly seen from Figure 1 that the broad diffraction peak at 25.1° is attributed to the (002) plane of the hexagonal graphite structure [28], which illustrates that graphene was successfully prepared. Meanwhile, all the peaks of CuO composites clearly show the monoclinic system of CuO (JCPDS no. 05-0661) [29]. The sharp peaks of the composites indicate that CuO has a high degree of crystallinity. However, there is no obvious characteristic peaks of graphene in the composites, which may be due to the lesser content of graphene or the strong CuO peaks covering the graphene peaks.


Figure 1. XRD patterns of the reduced graphene oxide (RGO), pure CuO, and RGO–CuO composites.
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Raman spectroscopy is convenient, and one of the most important techniques for the characterization of graphitic materials. Figure 2 shows the Raman spectrum of the RGO–CuO hybrid nanocatalysts with different RGO contents. From Figure 2, one can see that the broad peaks displayed at 1350 and 1575 cm−1 are assigned to the D band (κ-point phonons of A1g symmetry) and G band (E2g phonon of C sp2 atoms) [30], which confirm the presence of graphene in the hybrid composites. In addition, there are two typical peaks at around 343 and 640 cm−1 observed for the RGO–CuO hybrid nanocatalysts, which are characteristics of a CuO phase [22,31].


Figure 2. Raman spectra of RGO–CuO composites.
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SEM images were taken for the 10%-RGO–CuO hybrid composite to investigate the morphology of the as-prepared samples, as shown in Figure 3. It can be clearly seen from Figure 3 that the RGO–CuO hybrid composite is constructed by CuO nanorods and RGO nanosheets, and that both of them are wrapped closely together. The RGO is decorated with rod-like CuO with typical diameters of 30–150 nm and lengths of 250–500 nm, and the CuO nanorods are distributed randomly.


Figure 3. SEM images of the 10%-RGO–CuO hybrid naocatalysts with (a) low magnification and (b) high magnification.



[image: Catalysts 06 00214 g003]






The structure of the as-prepared 10%-RGO–CuO hybrid composite was further observed by TEM analysis, as shown in Figure 4. One can see from Figure 4 that CuO nanorods were compactly anchored on the surface of RGO nanosheets. RGO nanosheets with clear wrinkles were obviously observed in the hybrid nanocomposite.


Figure 4. TEM images of the 10%-RGO–CuO hybrid naocatalysts with (a) low magnification and (b) high magnification.
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XPS analysis was performed to clarify the valence states of the elements present in the RGO–CuO hybrid composite nanocatalyst, and the results are shown in Figure 5. Figure 5a shows the general survey spectrum, which reveals that the surface of the RGO–CuO hybrid composite nanocatalyst contains C, O, and Cu elements. Figure 5b shows the Cu 2p spectra of the composite nanocatalyst, and the peaks located at 933.5 eV and 953.7 eV can be assigned to the binding energy of Cu2p3/2 and Cu2p1/2, respectively. The appearance of a shake-up peak at 940.6–944.5 eV demonstrated that the Cu species on the surface of the composite catalyst is Cu2+ [32]. Figure 5c shows the C 1s spectra of the composite catalysts, and the main peak at 284.6 eV was further separated into three peaks at 284.6, 286.6, and 288.9 eV, corresponding to the sp2-hybridized carbon bonds, C–OH, and –O–C=O groups [33]. The peaks of oxygen-containing functional groups are much weaker than that of sp2 C–C, which demonstrated that GO transformed almost completely into graphene. Figure 5d exhibits two asymmetric peaks at 530.2 and 531.5 eV, which illustrated that two different oxygen species existed on the surface of the composite catalysts. The peak at 530.2 eV is assigned to lattice oxygen, and the other is the weakly adsorbed oxygen ion (O−) on the surface of the hybrid composite nanocatalyst.


Figure 5. XPS analysis of the 10%-RGO–CuO catalyst: (a) general scan; (b) Cu 2p spectrum; (c) C 1s spectrum; (d) O 1s spectrum.
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2.2. Catalytic Activity


Catalytic CO oxidation activities of the as-prepared RGO–CuO hybrid nanocatalysts were tested by using a microreactor-gas chromatograph (GC) system, as shown in Figure 6. Figure 6a exhibits the catalytic activity for CO oxidation in the temperature range of 100–210 °C. Under the reaction conditions, all of the as-prepared catalysts presented with similar regularity that CO conversion increased with the increase of the reaction temperature. The pure graphene support had no activity, while all the hybrid nanocatalysts had much higher activities than the pure graphene support. In addition, all the RGO–CuO hybrid nanocatalysts possessed much higher CO oxidation activity than that of pure CuO, which could be ascribed to the addition of reduced graphene oxide, and there may have an interaction between CuO nanorods and the graphene support—this synergistic effect could strongly affect their catalytic CO oxidation activities. We can also see from Figure 6a that the activity of the RGO–CuO hybrid nanocatalysts enhanced with the increase of graphene content, and the 10%-RGO–CuO could achieve total CO oxidation at 165 °C. However, further increased graphene content resulted in a decrease in the catalytic CO oxidation activity.


Figure 6. (a) Catalytic activity for CO oxidation of the pure CuO and RGO–CuO catalyst with different RGO contents; (b) CO conversion over the 10%-RGO–CuO catalyst at 132 °C and 165 °C as a function of reaction time.
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The 10%-RGO–CuO catalyst was selected to investigate the catalytic stability for CO of the as-prepared RGO–CuO hybrid nanocatalysts. Figure 6b shows CO conversion over the 10%-RGO–CuO catalyst at 132 °C (T50) and 165 °C (T100) as a function of reaction time. It can be clearly seen that the CO conversion decreased slightly at the beginning of the 6 hours, and then the CO conversion remained basically unchanged. The decreasing activity may be ascribed to two factors: one is that the surface composition of the catalyst is not stable at the beginning time, and the other is that the interaction between the reactant and the catalyst surface has not yet reached the redox equilibrium. In a word, the results demonstrated that the catalytic activity of the as-prepared RGO–CuO composite catalysts was steady.





3. Materials and Methods


3.1. Synthesis


Graphene oxide (GO) was prepared by the method of Hummers [34] from natural graphite powder (≤30 μm) supplied by Sinopharm Chemical Regent Co., Ltd. (shanghai, china). The RGO–CuO composites were synthesized by a facile hydrothermal method. In a typical process, 2.375 g of Cu(CH3COO)2 was dissolved in 50 mL distilled water. The corresponding amount of GO solution (1.12 wt %) was added into 200 mL of distilled water under ultrasonication for 60 min. The above two solutions were mixed and then stirred for 20 min. Then, 50 mL of aqueous NaOH solution (0.5 mol/L) and 0.3 g of sodium borohydride (NaBH4) were added into the above mixed solution in turn, and then stirred for another 30 min. Subsequently, the resulting solution was transferred into a 500 mL Teflon-lined stainless steel autoclave and heated to 180 °C for 24 h, and then cooled to room temperature in an oven. Finally, the precipitate was collected by centrifuging. Then, the precipitate was washed with distilled water three times and ethanol two times, respectively. Following this, the precipitate was dried in air at 60 °C for 8 h. The obtained catalysts were marked as x-RGO–CuO (x = GO/(GO + CuO ) = 5%, 10%, 15%). For comparison, pure CuO and RGO were also prepared by the same method. A flow chart of the preparation process is presented in Figure 7.


Figure 7. Preparation process of RGO–CuO hybrid nanocomposites.
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3.2. Characterizations


The as-prepared nanocatalysts were characterized by X-ray diffraction (XRD, Bruker-AXS D8, Bruker, Madison, WI, USA) with CuKα radiation at 40 kV and 25 mA. Raman spectra were recorded by using a Renishaw inVia Reflex Raman Microscope (Renishaw plc, Wotton-under-Edge, Glos., UK). X-ray photoelectron spectroscopy (XPS) measurements were measured on a Perkin-Elmer PHI 5600 spectrophotometer (Perkin Elmer Limited, Waltham Mass, Waltham, MA, USA)with MgKα (1253.6 eV) radiation. The structure and morphology of the samples were observed by field-emission scanning electron microscopy (FESEM, Quanta™250 FEG) (FEI, Eindhoven, The Netherlands). Transmission electron microscopy (TEM) analysis was performed on a JEOL JEM-2100 microscope (JEOL, Tokyo, Japan) operating at 200 kV.




3.3. Catalytic Performance


Catalytic activity tests for low-temperature CO oxidation were carried out on a fixed-bed continuous-flow 8 mm inner diameter steel tube reactor under ambient pressure. About 400 mg of catalyst powder was placed into the reactor. The mixed gas of 10 vol % CO balanced with air passed through the steel reactor with a flow rate of 73.2 mL/min. After 30 min of reaction, we analyzed the effluent gases online by a GC-6890 gas chromatograph (Tengzhou, Shandong, China). The catalytic activity was expressed by the conversion of CO.
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4. Conclusions


In summary, the CuO nanorods decorated reduced graphene oxide RGO–CuO hybrid nanocatalysts were successfully synthesized by a facile hydrothermal method. The RGO–CuO composite nanocatalysts exhibit high catalytic activity and stability for CO oxidation. The enhanced catalytic property can be attributed to the addition of graphene and the interaction between CuO and reduced graphene oxide. In addition, the nanorod structure of CuO can provide more active sites for CO oxidation. The 10%-RGO–CuO catalyst exhibits the highest catalytic activity for CO total oxidation at 165 °C. This facile synthesis method is promising for the preparation of other graphene-based composite materials for CO oxidation reaction.
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