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Abstract

:

Development of inexpensive and robust electrocatalysts towards oxygen reduction reaction (ORR) is crucial for the cost-affordable manufacturing of metal-air batteries and fuel cells. Here we show that cross-linked CoMoO4 nanosheets and reduced graphene oxide (CoMoO4/rGO) can be integrated in a hybrid material under one-pot hydrothermal conditions, yielding a composite material with promising catalytic activity for oxygen reduction reaction (ORR). Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were used to investigate the efficiency of the fabricated CoMoO4/rGO catalyst towards ORR in alkaline conditions. The CoMoO4/rGO composite revealed the main reduction peak and onset potential centered at 0.78 and 0.89 V (vs. RHE), respectively. This study shows that the CoMoO4/rGO composite is a highly promising catalyst for the ORR under alkaline conditions, and potential noble metal replacement cathode in fuel cells and metal-air batteries.
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1. Introduction


The exponential increase of energy demand and serious environmental problems induce the growth of clean and sustainable energy [1,2,3,4,5]. The electrochemical oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) have been deemed as two main processes which are highly important in green energy applications. From these two processes, the ORR is the determinant reaction in fuel cells and metal-air batteries [6,7,8,9].



ORR is inherently complicated and has sluggish oxygen reduction kinetics in both fuel cells and metal-air batteries [10]. At present, Pt and Pt based alloys catalysts have been conceded as the best ORR catalysts [11,12]; however platinum’s scarcity in the earth’s crust, its high cost, and poor stability have prevented widespread commercial application. In an effort to overcome the above issues, extensive research efforts have been focused on the devise and synthesis of ORR electrocatalysts based on transition-metal elements which are cheap, highly active, and stable over the long term.



Transition metal elements such as iron, manganese, nickel, and cobalt were investigated as potential low-cost and earth-abundant catalysts towards ORR under alkaline condition [13,14,15,16,17,18]. Binary metal oxides and mixed metal oxides have been considered due to their good performance for ORR, such as ZnCo2O4 [19], Zn2SnO4 [20], NiCo2O4 [21], NiMoO4 [22], and CoMoO4 [23,24]. Additionally, transition metal oxides have attracted the attention of research groups and have been widely utilized as bifunctional catalysts due to their multiple oxidation states, which is apt to be used in electrocatalytic processes. The relevant materials that can adopt different oxidation states which are directly related to the observed functionality and activity in various processes while they can contribute to the stability of an electrolytic cell. Also, in marked contrast to the noble metal catalysts, transition metal oxides are earth-abundant and cheaper [25]. Lately metal molybdates were proposed to be an outstanding candidate in electrochemical energy conversion, such as water-splitting and lithium-ion batteries, indicative of their rapid and efficient redox activity. Metal molybdates illustrate exceptional stability in alkaline solution. Especially CoMoO4 is deemed as a highly promising ORR catalyst due to its low cost, low toxicity, abundance, and durability. Yet, CoMoO4 nanostructure also exhibits the disadvantage of easy aggregation. So, there have only been rare reports on the synthesis of highly dispersed CoMoO4 nanostructure with good electrocatalytic activity via hydrothermal synthesis. A general means to tackle this issue is to devise and synthesize an appropriate material exhibiting high conductivity, evenly distributed catalytic active sites, increase the onset potential which will finally boost the reaction rates [26].



It has been reported that carbon based components like graphene and single-walled carbon nanotubes (SWNTs) have been routinely used for the preparation of hybrid materials as ORR electrocatalysts, in supercapacitors and proton-exchange-membrane fuel cells, owing to their extraordinary performances arising from their big surface area, high conductivity, and structural flexibility [27,28,29,30]. Graphene intrinsically has numerous advantages such as high specific surface area which can easily contact with electrolyte solution and long term electrochemical stability, making it a superb substrate for high-property electrocatalysis reactions.



Herein, we report the preparation and characterization of a hybrid material composed of CoMoO4 nanosheets and reduced graphene oxide as well as its efficiency as ORR catalyst in alkaline media. CoMoO4 nanosheets grown on rGO revealed improved conductivity, increased active area and enhanced contact of the electrolyte solution with the electrode material. Cooperative effects of the composite’s components revealed improved ORR performance and higher stability compared to pristine CoMoO4 or rGO.




2. Results and Discussion


X-ray Powder Diffraction (XRD) patterns for the as-prepared materials were presented in Figure 1a. The main diffraction peaks at 2θ of 27.5°, 33.7°, 58.4° in both CoMoO4/rGO and CoMoO4 are attributed to the (−2 0 2), (−2 2 2), (0 2 4) lattice planes, respectively, which is consistent with the CoMoO4 (JCPDS, card No. 21-0868). The weak and wide diffraction peak at 2θ of 26.1° in rGO is corresponding to the lattice plane of (0 0 2). The result implies the formation of a carbon framework with relatively higher degree of graphitization. The (0 0 2) diffraction peak becomes lightly weaker and wider in CoMoO4/rGO, this means that the degree of crystallization of the rGO decreases due to the incorporation of CoMoO4.



The degree of defect in carbon materials can be studied by Raman spectroscopy. We observed the Raman spectrum of CoMoO4/rGO. As shown in Figure 1b, we can clearly observe that there are mainly seven peaks in the CoMoO4/rGO sample, centered at 339, 670, 817, 879, 932 cm−1, corresponding to the Co–Mo–O bond stretching vibration. D-band and G-band peaks of rGO were centered at 1361 and 1600 cm−1, respectively. The G band expresses sp2 carbon atoms possession, the D is usually connected with the vibration of sp3 carbon atoms [31]. Furthermore, the intensity ratio of the D peak and the G peak exhibits a structural defect density on the surface of the carbon nanomaterial [32]. The Raman spectra of CoMoO4/rGO shows that the ID/IG ratio (1.09) is higher than the ratio observed in pristine graphene oxide (0.87; Figure S1), indicating that the CoMoO4/rGO composite exhibits more structural defects which can be beneficial for the ORR.



The morphology of the prepared composite was studied by SEM (Figure 1c,d) and TEM (Figure 1e,f). As shown in Figure 1c,d, the cross-linked CoMoO4 nanosheets were assembled on rGO by a conventional hydrothermal process. From the scanning electron microscope (SEM) images of CoMoO4/rGO, it was obviously demonstrated that CoMoO4 nanosheets were well embedded into the graphene nanosheets, but a part of the CoMoO4 nanosheets was easier to agglomerate on the surface of graphene. Thus the doped graphene can further hinder the aggregation of CoMoO4 so that it can increase the accessibility of multiple active sites with direct consequences to the performance of the composite material.



From the transmission electron microscope (TEM) pictures (Figure 1e,f), it can be evidently seen that CoMoO4 is deposited (darker areas in the TEM image) on the surface of rGO, indicating that CoMoO4/rGO composite has been synthesized.



The surface chemical component, element valence of the prepared CoMoO4/rGO composites are evaluated by XPS examination, and the relevant results are shown in Figure 2, which demonstrates that the material mainly contains Co (Figure 2b), Mo (Figure 2c), O (Figure 2d), N (Figure 2e), and C (Figure 2f) elements. Two peaks at 780.9 and 796.9 eV are attributed to Co 2p3/2 and Co 2p1/2, separately, implying the existence of Co2+ (Figure 2b) which are the active catalytic sites which can promote the ORR [33,34]. Particularly, the splitting doublets of Mo 3d3/2 and Mo 3d5/2 peaks at 231.9 and 235.2 eV could be observed in Mo 3d XPS (Figure 2c), and the region width is 3.3 eV (Δ Mo 3d). The region width and the binding energy are characteristics of the Mo6+ oxidation state which is consistent with previously published examples [35,36]. In the O 1s spectrum, the peak at 532.7 and 531.1 eV correspond to the C=O and O–C=O bonds (Figure 2d). In the N 1s peak, pyridinic, pyrrolic, graphitic, and oxidized N are noticed in the CoMoO4/rGO (Figure 2e) [37]. The peaks centered at 398.0, 399.3, 400.9, and 403.3 eV correspond to the pyridinic N, pyrrolic N, graphitic N, and oxidized N. The observed peak at 396.7 eV is attributed to the charge transfer from molybdenum to nitrogen [38]. Furthermore, C 1s core level spectrum with 284.7, 286.1, 286.7, 288.4 eV are owing to sp2 hybridized carbon, sp2 carbon atoms bonded to nitrogen, C–O groups, and carbonyl carbon (O–C=O) (Figure 2f) [39,40]. The above XPS results affirm that the valence of Co, Mo, and O elements are +2, +6 and −2, respectively. All the above data demonstrate the incorporation of N atoms into the graphene lattice which was due to the treatment with ammonia solution. The types of pyridinic N and graphitic N in graphene have a profound effect on the ORR catalytic performance.



FT-IR measurements were carried out in an effort to investigate further the structural features of the synthesized composite material, Figure 3 shows the FT-IR spectra of CoMoO4/rGO powders. The broad peak centered at 3442 cm−1 is owing to the hydroxyl (O–H) stretching mode [41] while the one located at 1624 cm−1 verified the existence of O–H bending vibrations of water molecule. The spectra of CoMoO4/rGO sample revealed peaks centereda at 924 and 864 cm−1 ascribe to the symmetric and asymmetric stretching vibration of O–Mo–O [42]. However, a peak located at 672 cm−1 is ascribed to Co–Mo–O stretching vibration [43].



Cyclic voltammetry (CV) is a quite informative technique regarding the investigation of the ORR activity of a nanomaterial. CV was carried out at 25 °C in the presence of N2 or O2 under alkaline condition using a standard three-electrode cell. As shown in Figure 4a, the CoMoO4 /rGO catalyst shows a clear cathodic redox peak (0.78 V) in O2-purged electrolyte but not in N2-saturated solution. This observation is indicative of the CoMoO4/rGO composite’s catalytic activity toward ORR. LSV studies provided additional proof of the material’s activity using a rotating disk electrode (RDE) or rotating ring disk electrode (RRDE). In a similar fashion to the CV experiments, linear sweep voltammetry (LSV) was employed under the same experimental conditions (O2-saturated electrolyte) with predefined rotation speeds at 25 °C. As soon as the working electrode reached the desired rotation speed, the observed changes of current density were recorded. Figure 4b, CoMoO4/rGO illustrates the observed onset potential at 0.89 V which is higher than of the one obtained for the pristine CoMoO4. The improved electrochemical activity of the CoMoO4/rGO composite can be explained as follows; on one hand, the rGO contains pyridinic N and graphitic N, the two types of nitrogen influence the ORR catalytic activity and can improve the overall performance. On the other hand, the CoMoO4 doping of rGO hinders the aggregation of graphene, the CoMoO4 can disperse onto rGO which can expose more cobalt based active sites. The Co2+ plays a crucial role in ORR catalytic process [33,34]. Thus, the CoMoO4/rGO composite exhibits more exposed and accessible active sites compared with the pristine CoMoO4. Among them, commercial Pt/C material exhibits an onset potential at 0.92 V and a limiting current density of ~5.5 mA cm−2. We made an effort to compare the ORR catalytic activity between the CoMoO4/rGO composite and other catalysts reported previously (Table S1). Figure 4c shows the RDE linear sweep voltammetry analysis for the ORR of the CoMoO4/rGO electrode at rotation speeds ranging from 100 rpm to 2500 rpm. It can be observed that the limiting density of the CoMoO4/rGO increases as a function of the rotation speed. The diffusion-limiting current density increases as the rotating speed increases, due to the shortened diffusion distance at high rotation speed.



LSV studies offer the basis for further understanding of ORR performance. Figure 4b, represent the obtained tafel plots of all catalysts which presented in Figure 4d. The Tafel slope of the rGO, CoMoO4, CoMoO4/rGO, and Pt/C were found to be 88, 94, 76, and 84 mV/dec, respectively. It is worth noting that the rGO and CoMoO4/rGO have a Tafel slope of 88 and 76 mV/dec, respectively, which is quite close to the one observed for Pt/C (84 mV/dec). This means that rGO and CoMoO4/rGO have similar ORR kinetics to the Pt/C. The relevant Kouteckye-Levich (K-L) curves (Figure 4e) at 0.3–0.7 V display good linear relationship. As computed from the slopes of the K-L curves (Figure 4e), the electron-transfer number (n) values are 4.25, 4.23, 4.09, 4.03, and 3.79 at 0.3, 0.4, 0.5, 0.6, and 0.7 V (vs. reversible hydrogen electrode (RHE)), respectively. The number of transferred electrons (n) and the H2O2 yield were estimated based on the Equations (S1) and (S2) (see Supplementary Materials). The number of transferred electrons (n) and peroxide yields were calculated from the obtained RRDE (Figure 4f) curves. Form Figure 4g, the n was found to be 3.8–3.9 in a range of potential values of 0.1 to 0.8 V (vs. RHE) for CoMoO4/rGO. This means that the ORR on CoMoO4/rGO follows a 4e- pathway with a low H2O2 (mean value less than 15%) production yield. The number of transferred electrons (n) of CoMoO4/rGO is the same as the Pt/C, and the result certifies that the ORR own a four-electron mechanism on CoMoO4/rGO. The promising catalytic activity originates from the structural features of CoMoO4/rGO which ensures a high-density of accessible active sites. The methanol tolerance and electrochemical stability are vital for the evaluation of the catalytic activity of ORR electrocatalysts. In Figure 4h, CoMoO4/rGO did not show significant current change after addition of 1 M methanol at 2000 s, where the relative current density of the Pt/C electrode was significantly decreased. The result shows that the CoMoO4/rGO composite has better resistance to methanol. The stability of CoMoO4/rGO was tested further using chronoamperometric measurements in 0.1 M KOH electrolyte. As shown in Figure 4i, the CoMoO4/rGO maintains the initially observed current after 18,000 s. On the contrary, the current density of Pt/C drops to 84%. These data demonstrate that the CoMoO4/rGO composite exhibits better stability than Pt/C.




3. Experimental Section


3.1. Chemicals and Materials


Cobalt(II) chloride hexahydrate (CoCl2·6H2O), ammonium molybdate tetrahydrate ((NH4)6Mo7O24·24H2O), urea, ethanol and potassium hypermanganate were acquired from Beijing Chemical Reagent Co. Ltd. (Beijing, China). Nafion (5 wt %) and commercial Pt/C (20 wt %) catalysts were obtained from DuPont (DuPont, Shanghai, China) and Johnson Matthey (Johnson Matthey, Shanghai, China), respectively. Flake graphite was acquired from Qingdao Risheng graphite Ltd. (Qingdao, China). All chemicals were all directly applied without any further purification. Ultrapure water (18.25 MΩ cm−2) was offered by Water Purifier system and used for all aqueous solution.




3.2. Synthesis of Graphene Oxide (GO)


Graphene oxide was prepared with the improved method reported in the literature [44]. For the improved method, the mixed acid of 360 mL H2SO4 and 40 mL H3PO4 was slowly added to a large drying beaker containing 3 g graphite flakes and 18 g KMnO4 mixed solid, the exothermic reaction led to the increase of the temperature of the reaction system. Then the resultant solution was kept at 50 °C and oscillated for 12 h. After cooling to ambient temperature, about 400 mL of ice water and 3 mL 30% H2O2 slowly poured into the reaction under vigorous stirring, changing the color of the resultant from dark brown to bright yellow. The prepared product was rinsed several times with H2O and filtered. The as-synthesized sample was dried at room temperature.




3.3. Synthesis of CoMoO4/rGO Catalysts


0.1185 g CoCl2·6H2O (0.5 mmol), 0.877 g (NH4)6Mo7O24·24H2O (0.5 mmol) were dissolved in 10 mL of deionized water (DI) and stirred for 10 min to form CoMoO4 solution. Then 72.6 mg GO (ρ = 6.6 g/L) dispersion was added into the CoMoO4 solution. Meanwhile, 29 mL distilled water was poured into the reaction mixture. The mixture was agitated for 1 h and formed a clear solution. After 1 h, the pH of the solution was adjusted to 10 using ammonia solution (25~28%). The homogenous solution was placed into an autoclave. The autoclave was sealed and maintained at 120 °C for 12 h. After cooling down to ambient temperature, the product was filtered, rinsed several times with distilled water and dried at 60 °C overnight. For comparison, rGO and CoMoO4 samples were also prepared in a similar manner in the absence of CoMoO4 or GO, respectively.





4. Conclusions


Graphene-supported, cross-linked CoMoO4/rGO nanosheets were fabricated employing a facile one-pot hydrothermal approach. The CoMoO4/rGO hybrid material revealed an improved catalytic performance for the oxygen reduction reaction, comparing to the pristine CoMoO4 and rGO. Furthermore, CoMoO4/rGO displays a remarkable durability towards the ORR compared to the Pt/C in alkaline medium. The electrocatalytic activity of the as-synthesized CoMoO4/rGO can be attributed to: (1) the molybdenum based induced fast electron transfer processes; (2) the CoMoO4 doping of rGO hinders the aggregation of graphene leading to uniform dispersion of CoMoO4 onto rGO; and (3) the overall synergistic effect between CoMoO4 and rGO improved the accessibility of more cobalt based active sites. The observed improvement of the electrochemical properties renders the CoMoO4/rGO composite material as a highly promising electrode material for energy related applications such as manufacturing of cost-affordable fuel cells.
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Figure 1. (a) X-ray Powder Diffraction (XRD) patterns of CoMoO4/rGO, CoMoO4 and rGO powder samples; (b) Raman spectra. GO: graphene oxide. (c,d) SEM images of CoMoO4/rGO. (e,f) TEM images of CoMoO4/rGO. 
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Figure 2. (a) the XPS survey of CoMoO4/rGO; (b) Co 2p XPS peaks; (c) Mo 3d XPS peaks; (d) O 1s XPS spectrum; (e) N 1s XPS spectrum; (f) C 1s peaks XPS. 






Figure 2. (a) the XPS survey of CoMoO4/rGO; (b) Co 2p XPS peaks; (c) Mo 3d XPS peaks; (d) O 1s XPS spectrum; (e) N 1s XPS spectrum; (f) C 1s peaks XPS.



[image: Catalysts 07 00375 g002]







[image: Catalysts 07 00375 g003 550] 





Figure 3. FTIR spectra of the CoMoO4, rGO, and CoMoO4/rGO. 
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Figure 4. (a) CV curves of CoMoO4/rGO in O2-saturated (red line) or N2-saturated (black line) 0.1 M KOH with a scan rate of 10 mV s−1; (b) linear sweep voltammetry (LSV) curves of CoMoO4, rGO, CoMoO4/rGO, and Pt/C nanocomposites in O2-saturated 0.1 M KOH with a sweep rate of 5 mV s−1 at 1600 rmp; (c) LSV curves of CoMoO4/rGO at various rotation speeds with a sweep of 5 mV s−1; (d) Tafel plots of CoMoO4, rGO, CoMoO4/rGO, and Pt/C in O2 saturated 0.1 M KOH at a scan rate of 5 mV/s, rotation rate = 1600 rpm; (e) Koutecky–Levich plots of CoMoO4/rGO at different electrode potentials; (f) rotating ring disk electrode (RRDE) voltammograms of CoMoO4/rGO and Pt/C; (g) The transfer electron number (n) and hydrogen peroxide yield (H2O2%) curves of CoMoO4/rGO material; (h) Current-time (I-t) curves of CoMoO4/rGO and Pt/C with the addition of 1 M methanol; (i) the relative retention of current vs. Time in O2-saturated 0.1 M KOH solution for CoMoO4/rGO and Pt/C. 
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