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Abstract:



We performed in-situ transmission electron microscopy (TEM) on a dealloyed nanoporous NiCo catalyst used for the dry reforming of methane (DRM) to investigate the origin of the catalytic activity and structural durability. The in-situ observations and local chemical analysis indicated that the DRM induced chemical demixing of Ni and Co accompanied by grain refinement, implying possible “synergic effects” in a general bimetallic NiCo catalyst when used for the DRM.
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1. Introduction


Efficient utilization of the greenhouse gases carbon dioxide (CO2) and methane, the major components of natural gas (shale gas), is the topic of key research due to global warming. The conversion of methane and CO2 into “syngas” (H2 + CO) via dry reforming of methane (DRM), which can be represented by the equation CH4 + CO2 → 2H2 + 2CO, could be one technological solution to the problem of high methane and CO2 levels [1,2,3]. The dry reforming reaction is typically accompanied by the simultaneous occurrence of the reverse water–gas shift reaction, CO2 + H2 → CO + 2H2O. A variety of catalysts have been evaluated for DRM; however, the reaction typically requires a high temperature (550–1000 °C), causing significant catalyst degradation due to sintering of materials and coke deposition. Although many (typically Ni-based) heterogeneous catalysts have had their stabilities and performances evaluated, there have been few far-reaching advances in the understanding of the reactions and the enhancement of catalyst stability due to the lack of structural evaluation being used.



Recently, the development of nanoporous metals by dealloying has established an intriguing functional-material platform, with applications now expanding into multi-discipline fields related to batteries, catalysis, sensing, and biotechnology applications [4,5,6,7,8]. As a gas-conversion catalyst, nanoporous gold has been studied as a single-component benchmark material and systematically investigated for CO oxidation [9], but the thermal degradation of pores and ligament coarsening due to surface diffusion/migration results in significant losses of catalytic activity [10]. In order to improve thermal stability, a thermal-resistant nanoporous composite was proposed: nanoporous CuNiMnO has been fabricated by leaching Mn from a CuNiMn alloy precursor [11]. The resulting material was durable and catalytically active toward both NO reduction and CO oxidation at 400 °C for 10 days, as the thermal-resistant nanostructure was activated by the reactions due to the tangled active metal and thermally stable oxide network. However, DRM requires a higher reaction temperature than CO oxidation and NO reduction, and therefore demands more thermal stability, but the potential use of nanoporous metal-based catalysts for this reaction is totally unknown.



In this study, we evaluated the DRM performance of nanoporous metals (NP-Ni, NP-NiCo, and NP-Co) by dealloying NiMn, NiCoMn, and CoMn precursor alloys, and found that the addition of Co enhanced the thermal stability with moderate activity. We then employed in-situ transmission electron microscopy (TEM) of a nanoporous NiCo during DRM to investigate the reason for the increased thermal stability.




2. Materials and Methods


Ni15Co15Mn70, Ni30Mn70, and Co30Mn70 (at %) ingots were prepared by melting pure Ni, Co, and Mn (purity >99.9 at %) using an Ar-protected arc melting furnace. We had already fabricated NP-Ni in sheet form in a previous study [12]. Briefly, after annealing Ni30Mn70 at 900 °C under Ar to provide microstructure and composition homogenization, the ingots were cold-rolled into ~50-μm-thick sheets at room temperature. For NP-NiCo and NP-Co, alloy ribbons of Ni15Co15Mn70 and Co30Mn70 with thicknesses of ~25–30 μm were prepared using an induction melt spinning method. These alloy sheets/ribbons were dealloyed in a 1 M (NH4)2SO4 solution at 50 °C for 5 h. After dealloying, the samples were rinsed thoroughly with water and ethanol and dried under vacuum.



The as-made nanoporous samples were mechanically brittle, and the samples were gently crushed into a powder with particle diameters of 100–200 μm. The crushed samples (100 mg) were loaded into a 4-mm quartz tube and tested in a continuous-flow fixed-bed microreactor in a catalysis system (BELCAT, MicrotracBEL, Osaka, Japan) at atmospheric pressure. The amounts of H2, CH4, CO, and CO2 were monitored and evaluated with an on-line gas analyzer (BELMass, MicrotracBEL, Osaka, Japan), with a reactant gas containing 0.8% CH4, 0.8% CO2, and He for balance being introduced into the reactor at a flow rate of 10 cm3·min−1. The samples were ramped up to 650 °C at a rate of 2 °C·min−1.



The microstructures were characterized using a scanning electron microscope (SEM, JSM-6700, JEOL, Tokyo, Japan) and transmission electron microscope (JEM-2100F, JEOL, Tokyo, Japan) equipped with aberration correctors (CEOS GmbH, Heidelberg, Germany) for the image- and probe-forming lens systems, as well as an energy dispersive X-ray spectrometry (EDS) system (JED-2300T, JEOL, Tokyo, Japan) for chemical composition analysis. A probe convergence angle of 29 mrad and a high-angle annular dark-field (HAADF) detector with an inner angle of greater than 100 mrad were used for HAADF-scanning TEM (STEM). The samples were transferred onto a holey carbon grid on Cu mesh without a uniform carbon support film (JEOL catalog no. 7801 11613, Tokyo, Japan). SEM analysis was conducted at an accelerating voltage of 15.0 kV.



For in-situ TEM, we used a dedicated 1000 kV JEM-1000K RS TEM (JEOL, Tokyo, Japan) equipped with an environmental cell specially designed at Nagoya University, Japan [13]. The samples were heated up to 600 °C under vacuum and observed in the presence of a CH4 + CO2 gas mixture (1 vol % CH4, 1 vol % CO2, and 98 vol % Ar) at 600 °C over a wide range of total pressures (1–30 Pa). A furnace-type heating holder (JEOL, EM-Z083171STHH, Tokyo, Japan) was used. It would be relevant to mention that due to the pressure dependence of DRM, using lower pressures results in higher conversion of CH4 and CO2 [14]. The electron beam current flux was 0.23 A·cm−2, as measured with a Faraday gauge. The nanostructure was very stable under electron beam irradiation both under vacuum and in a pure Ar atmosphere. Detectable changes in the structure were vividly observed from the start of catalysis when the reaction gases were delivered into the environmental cell. In addition, DRM is an endothermic reaction. Therefore, when the sample stage in the TEM is heated up, the sample temperature tended to decrease if we did not increase the output of the heating stage. These factors demonstrate that the self-transformation of the nanostructure was mainly driven by the catalytic reaction.




3. Results and Discussion


The evolution of H2 by the three samples (NP-Ni, NP-NiCo, and NP-Co) and the change in temperature over time are shown in Figure 1. NP-Ni showed a rapid generation of H2 at ~500 °C, but this began to drop rapidly at 550 °C, indicating poor thermal stability. Unexpectedly, NP-Co showed inert activity, suggesting a possible oxidation of the metal [15] and reduced activity of Co compared to Ni [16]. Interestingly, NP-NiCo showed moderate thermal stability and maintained activity up to 650 °C, whereas NP-Ni was unstable.


Figure 1. Concentrations of H2 in outlet gases for NP-Ni, NP-Co, and NP-NiCo samples, as well as the change in temperature over time.
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The microstructures of the three samples before and after the catalysis tests are shown in Figure 2. The three samples initially possessed fine pore/ligament microstructures (20–50 nm), but after heat treatment they showed significant pore/ligament coarsening, and the sizes of the pores/ligaments of the three samples after the tests were all 100–200 nm. It is noteworthy that the as-fabricated NP-Co was oxidized according to STEM-EDS mapping (Figure A1), and the surface of this material was not catalytically active during the reaction. Therefore, surface oxides may hinder the uniform ligament coarsening and cause a bi-modal grain size distribution, as shown in Figure 2d. Figure 3 displays the STEM-EDS maps for Ni, Co, Mn, and O in NP-NiCo before and after the catalysis test. Before the test, the four elements were distributed uniformly and well mixed at the nanoscale, but after the test the residual Mn had been converted to Mn oxides, which are not active materials in DRM. These oxides were distributed on uniform NiCo ligaments that displayed almost perfect yellow in the color-mixing map of Ni and Co, regardless of the oxygen distribution. The NiCo ligaments were also oxidized, as shown by the oxygen map. It is worth noting that static observations alone cannot explain why NP-NiCo, which has a similar pore/ligament size to the other materials, possessed improved activity and thermal stability, as indicated by the catalysis test (Figure 1).


Figure 2. Microstructure observations taken by SEM or TEM before (a,c,e) and after (b,d,f) the catalysis tests; (a,b) NP-Ni; (c,d) NP-Co; and (e,f) NP-NiCo.
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Figure A1. STEM image and EDS chemical maps of as-fabricated NP-Co before the in-situ TEM study. The selected area shows the distributions of Co (red), O (green), and Mn (blue) from Co-K, O-K, and Mn-K, respectively. The surface of the Co ligament was clearly oxidized.
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Figure 3. STEM images and energy dispersive X-ray spectrometry (EDS) chemical maps of the highlighted areas showing the distributions of Ni (red), Co (green), Mn (blue), and O (orange) from Ni-K, Co-K, Mn-K, and O-K, respectively, in NP-NiCo (a) before the catalysis test and (b) after the test. Combined images of Ni, Co, and Mn are also shown.
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In order to know the origin of the moderate activity and thermal stability of NP-NiCo, we performed an in-situ TEM study of NP-NiCo during DRM. The changes in the microstructure over time are shown in Figure 4. When the temperature was increased up to 600 °C under vacuum, the pore/ligaments coarsened, as expected (Figure 4a). More importantly, the grains in the ligaments became finer when the mixture gas (CH4 + CO2) was introduced into the TEM chamber (Figure 4b,c). After this, the mixture gas was evacuated, and the grains tended to merge and form larger grains over a short amount of time, judging from the diffracted contrasts, meaning that the fine features of the demixed elements were thermodynamically unstable. We cooled down the sample within ~5 min, and then performed STEM-EDS analysis of the sample, as shown in Figure 5. The chemical demixing of Ni and Co can be clearly observed regardless of surface oxidation, in addition to the dispersion of MnO2. This chemical analysis suggests that the DRM reaction induced chemical demixing accompanied by the fine grains of Ni and Co working as additional active sites at high temperatures. No carbon deposition was observed in the throughout in-situ observation. However, it should be noted that these unique features could only be observed by in-situ TEM, because the catalysis test usually requires ~30 min to cool down to room temperature in order to protect the reaction system as rapid cooling may break the quartz tube and then expose the residual CO to air. Therefore, chemical demixing was not observed after the conventional catalysis test (Figure 3). This chemical demixing and grain refinement could also imply “synergic effects” similar to those seen in previous studies, which have shown higher catalytic activity and durability of bimetallic Ni–Co compared to Ni [17,18].


Figure 4. Microstructure evolution as observed by in-situ TEM. Images taken: (a) after temperature reached 600 °C under vacuum; (b,c) after 5 and 10 min of exposure to the gas mixture, respectively; (d) just after evacuation of the gas mixture; (e,f) during cooling to room temperature under vacuum. The selected areas indicate coarsened grains during cooling.
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Figure 5. STEM images and EDS chemical maps of NP-NiCo after the in-situ TEM study. The selected areas in two different places (a,b) show the heterogeneous distributions of Ni (red), Co (green), Mn (blue), and O (orange) from Ni-K, Co-K, Mn-K, and O-K, respectively.
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The chemical demixing may originate from the different reaction affinities of the metal and reactant species at high energy states. For example, solid-solution Pd-Co alloys show chemical demixing of Pd and Co by microwave H2 irradiation [19], indicating the different elemental interactions with H2. Similarly, Ni and Co have different affinities to DRM: Ni is active but Co is inert; thus, this situation promotes the elemental separation, resulting in grain refinement.




4. Conclusions


In summary, we employed in-situ TEM during DRM using NP-NiCo to investigate its catalytic activity and durability. From the in-situ observations and chemical analysis, we concluded that DRM induces chemical demixing of Ni and Co accompanied by grain refinement, giving rise to important “synergic effects” similar to those reported for bimetallic catalysts in previous studies. Even though the thermal stability in NP-NiCo was improved over those of single component catalysts, there is still further room for improvement, as Co is an inert element and therefore sacrifices the performance for thermal stability. We will keep examining other elements in our attempts to fulfil the need for both high activity and durability, as we hope to find a more suitable inert element to act as a structural backbone in DRM reactions for future work.
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