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Abstract


Novel RGO/ZnWO4/Fe3O4 nanocomposites have been synthesized through a facile microwave irradiation method. The prepared nanocomposites were characterized by XPS (X-ray photoelectron spectroscopy), XRD (X-ray diffraction), Raman spectroscopy, FESEM (field emission scanning electron microscopy), TEM (transmission electron microscopy) and HRTEM (high resolution transmission electron microscopy). The electrochemical properties of the fabricated electrodes for the OER (oxygen evolution reaction) in alkaline solution were evaluated by LSV (linear sweep voltammetry) and chrono potentiometry techniques. The results indicate that the ternary nanocomposites have better catalytic activity in the OER process than component materials. Interestingly, the ternary nanocomposite shows small onset potential 0.619V, small Tafel slope 90mV/dec, high current density 6.65mA/cm2 and highly stable even after 1000 OER cycles. Hence, the as prepared nanocomposites are cost effective and can function as highly efficient noble metal free electrocatalysts for OER applications.
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Introduction



Normally, growing energy demands provide opportunities for the development of new technologies and efficient materials for electrochemical energy conversion and storage devices [1]. With increasing energy consumption and the associated environmental problems, finding a sustainable and clean energy source has become the need of the day in the present world [2]. Water splitting technology to produce pure hydrogen has been investigated for many years as an avenue for clean energy [3]. A promising way to produce hydrogen is through electrolysis of water, which is composed of two half-cell reactions - HER (hydrogen evolution reaction) at the cathode and OER (oxygen evolution reaction) at the anode [4]. In the water splitting reaction, there is a high over potential at the anode, due to the sluggish four electron transfer oxygen evolution kinetics. This has to be addressed to produce pure hydrogen in a facile way [5]. Thus, in order to accelerate the reaction rate and lower the anode over potential, it is essential to put in great efforts to find efficient electrocatalysts for OER [6]. The most extensively investigated metal catalysts such as RuO2, IrO2, and Pt/C were proved to be the promising candidates as catalysts for OER [7], Despite their good catalytic activity, they are expensive and have scarce availability which has severely restricted the large scale commercial applications of these materials [8]. Therefore, it is necessary to develop high-performance, cost effective, ecofriendly and noble metal free OER catalysts which are more-efficient, stable and earth-abundant. Various materials based on first row transition metals have proved to be efficient OER catalysts [9,10]. Graphene exhibits fascinating physical and chemical properties, such as excellent conductivity, high surface area and extraordinary electrocatalytic activities [11]. Therefore, it has been used as a suitable supporting material for OER catalysis [12]. Recently we published the synthesis of novel graphene - zinc tungstate - magnatite nanocomposite as high performance catalyst for photodegradation and reduction of 4-nitrophenol [13,14]. Inspired by the encouraging results obtained in those studies, we report herein, investigation on the catalytic activity of the novel RGO/ZnWO4/Fe3O4 nanocomposites for OER. The experimental results indicate that these novel ternary nanocomposites show a great promise as future noble metal free catalysts for OER in basic medium. 




Experimental


Material synthesis



All the chemicals were of analytical grade and were purchased from Sigma Aldrich. All the solutions used in the study were prepared from Millipore water. GO (Graphene oxide) was synthesized from graphite flakes via modified Hummers method [15]. RGO/ZnWO4/Fe3O4 nanocomposite was synthesized by one- step microwave irradiation method. Required amount of GO was dispersed into 50mL ethylene glycol using ultrasonic treatment. To this 50mL each of 0.05 M of zinc acetate and sodium tung state solution was added slowly under stirring at the pH of 9 (maintained using ammonia) for about 2 hours. Later, the above mixture was irradiated with microwave radiation at 350W for 10 minutes and obtained RGO/ZnWO4 nanocomposite. To the cooled solution, 50mL of iron acetate (0.01M) and 10mL of ammonia solution was added under stirring for about 30 minutes after which it was irradiated with microwave radiation (350W) for 10 minutes. The obtained RGO/ZnWO4/Fe3O4 precipitate was washed with (90:10) water and ethanol several times. Finally, the sample was dried in a vacuum chamber at 80 °C for 12 hours. The procedure was repeated without the use of one of the component for the sake of comparison.


Characterization



To determine the elemental composition of the sample, XPS was performed (Multilab 2000, Thermo scientific, UK) using Mg- Ka X-ray (1253.6eV) with 200W power as exciting source and 10eV energy pass for data collection. The crystal structure was determined by XRD (Rigaku Corporation, Japan) analysis using nickel-filtered Cu-Ka radiation (=1.5406 A). Raman spectra were recorded by laser Raman microscope (Renishaw) with 532nm He-Ne excitation source. The morphology of the samples was investigated by FESEM (Zeiss Ultra 55), TEM and HRTEM (Tecnai).


Electrochemical measurements



In a typical experiment, 1.0mg of the catalyst was well dispersed in 495μL of water and 5μL of 5wt. % Nafion by using ultrasonic treatment for 20 minutes to form homogeneous paste. Then, 3.0μL of the paste was drop cast on GC (glassy carbon) electrode (diameter of 3mm) surface and dried at room temperature. Electrochemical experiments for OER were performed using an IVIUM instrument in a standard three- electrode system. A GC, saturated calomel electrode (SCE) and platinum wire served as working, reference and counter electrode respectively


Results and Discussion


XPS analysis



The XPS spectrum of the as-prepared RGO/ZnWO4/Fe3O4 nanocomposite is shown in Figure 1 & 1a illustrates the C 1s spectral region, which could be de convoluted into four peaks with binding energies of 285eV, 287.1eV, 288.5eV and 290.3eV.


These peaks are assigned to sp2 C-C/C=C bonds in the aromatic ring, C-O, C=O and O-C=O bonds in the oxygenated functional groups respectively which indicates that GO has been reduced to graphene sheets [16-21].Figure 1b displays the Zn 2p region, composed of two peaks at 1021.5eV and 1044eV which corresponds to the Zn 2p3/2 and Zn 2p1/2 state, respectively. Figure 1c depicts the W 4f region, consisting of two peaks at 35.7 and 38eV are assigned to W 4f7/2 and W 4f5/2. These results are consistent with the previously reported values for ZnWO4 [22]. Figure 1d portrays binding energies of Fe 2p region, two peaks are found at 710.8eV and 724.5eV corresponding to Fe 2p3/2 and Fe 2p1/2, indicating that Fe3O4 particles [23]. The above results show that ZnWO4 and Fe3O4 particles are well decorated on RGO sheets successfully.
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Figure  1:    High resolution XPS spectra of RGO/ZnWO4/Fe3O4 nanocomposites: (a) C, (b) Zn, (c) W and (d) Fe.


 


XRD analysis
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Figure  2:   XRD patterns: (a) RGO, (b) ZnWO4, (c) Fe3O4 and (d) RGO/ ZnWO4/ Fe3O4 nanocomposite. 


 


The crystal structure of the materials was evaluated via X-ray diffraction techniques. Figure 2 shows the XRD patterns of RGO, ZnWO4, Fe3O4 and RGO/ZnWO4/Fe3O4 nanocomposite. The observed broad peaks around at 22.6° and 42.6° in Figure 2a can be well indexed to the (002) and (100) planes of RGO nanosheets, respectively. Figure 2b shows the XRD traces of ZnWO4. The diffraction peaks at 15.3°, 18.7°, 23.6°, 24.3°, 30.4°, 36.3°, 38.2°, 41.0°, 44.4°, 45.5°, 48.6°, 50.1°, 51.5°, 53.9°, 61.7°, 64.9° and 68.1° can be well indexed to the (010), (100), (011), (110), (111), (021), (200), (121), (112), (211), (022), (220), (130), (122), (113), (311) and (041) crystalline planes of ZnWO4 (JCPDS 15-0774), respectively. The diffraction peaks at 30.3°, 35.6°, 43.4°, 53.7°, 57.3° and 62.9° as observed in Figure 2c can be well indexed to (220), (311), (400), (422), (511) and (440) crystalline planes of Fe3O4 (JCPDS 19-0629), respectively. Figure 2d shows the XRD pattern for the nanocomposite, RGO/ZnWO4/ Fe3O4. As can be seen from the figure, all the crystalline planes corresponding to ZnWO4 and Fe3O4 can be identified. The RGO peaks are not visible clearly because of the very small amount of the material present in the composite. The results confirm the presence of crystalline ZnWO4 and Fe3O4 being incorporated on the RGO nanosheets in the RGO/ZnWO4/Fe3O4 nanocomposite.



Raman analysis
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Figure  3:   Raman spectra: (a) GO, (b) RGO and (c) RGO/ ZnWO4/Fe3O4 nanocomposites. 


 


Figure 3 shows the further structural information on the as-synthesized RGO/ZnWO4/Fe3O4 nanocomposites as found from Raman spectroscopy. It is observed that, the D and G band peaks of GO appear at 1349cm-1 and 1604cm-1, respectively with the measured (ID/IG) Intensity ratio being equal to 0.98 (Figure 3a). As shown in Figure 3b, the same for RGO are found at 1347cm-1 and 1600cm-1 and measured (ID/IG) Intensity ratio is 1.10. The variation of (ID/IG) Intensity ratio from GO to RGO is related to the elimination of functional groups and formation of defects along with the recovery of sp2 conjugated carbon structure during the reduction of GO into RGO nanosheets [16,21]. The Raman spectra of RGO/ZnWO4/Fe3O4 nanocomposite (Figure 3c) exhibits the D and G bands at 1348cm"1 and 1601cm"1 respectively. The measured (ID/IG) Intensity ratio is 1.03, which is slightly lower than the RGO nanosheets. This decrease in ratio is attributed to the non-covalent interactions of nanoparticles on the RGO nanosheets [23].


Morphology analysis


The structural morphology of the materials was estimated via electron microscopy techniques. Figure 4a clearly shows the transparent RGO nanosheets with thin, crumpled and folded structures. Figure 4b shows the FESEM image of the RGO/ ZnWO4/Fe3O4 nanocomposite and Figure 4c is TEM image of the same wherein the rod shaped ZnWO4 and spherical like Fe3O4 nanomaterial being anchored on the surface of the RGO nano sheets can be observed. The presence of ZnWO4 and Fe3O4 nanomaterials in the nanocomposite is further confirmed by HRTEM analysis shown in Figure 4d. The observed lattice fringes of 0.469nm and 0.3nm correspond to the (100) and (220) planes of the ZnWO4 and Fe3O4 respectively [24].
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Figure  4:   (a) TEM image of RGO (b) FESEM image of RGO/ ZnWO4/Fe3O4 (c) TEM image of RGO /ZnWO4/Fe3O4 (d) HRTEM image of RGO/ZnWO4/Fe3O4 nanocomposite. 


 


Electrochemical analysis



To evaluate the electrocatalytic behavior of RGO/ ZnWO4/ Fe3O4 towards OER, LSVs were carried out at 0.1M KOH with scan rate of 5mV/s in a three-electrode system. Figure 5a shows that the onset potential of OER detected for the RGO/ZnWO4/ Fe3O4 nanocomposite (0.619V) is least compared to that for RGO/ Fe3O4 (0.669V), RGO/ZnWO4 (0.701V), ZnWO4 (0.726V) and RGO (0.752V). The corresponding voltammetric current density values for these materials are 6.65mA/cm2, 3.65mA/cm2, 1.79mA/cm2, 0.98mA/cm2 and 0.59mA/cm2 respectively. Figure 5b shows the kinetics behavior for the ZnWO4, RGO/ZnWO4, RGO/Fe3O4 and ZnWO4-RGO-Fe3O4 nanocomposites as estimated by using Tafel slopes. The linear region of the Tafel plots were fitted with the Tafel equation [17] (n = b log j + a, where b is the Tafel slope, j is the current density, n is the overpotential and a is the constant). The calculated Tafel slopes are 138mV/dec, 120mV/dec, 102mV/dec and 90mV/dec for ZnWO4, RGO/ZnWO4, RGO/Fe3O4 and RGO/ZnWO4/Fe3O4 composite, respectively The small onset potential, small Tafel slope and higher current density observed for the ternary composite indicate its higher efficiency towards OER. The observed results suggest that the RGO/ZnWO4/Fe3O4 nanocomposite possesses good catalytic activity towards OER with small over potential, small Tafel slope and high current response. Also, it may also be noted that although the activity this material is slightly lower compared to that of the benchmark Ru/C & Ir/C based materials, the present nanocomposite has the advantage of easy availability, facile synthesis and low cost. Further, the stability and reusability of the synthesized material has also been tested. Figure 5c shows the stability test for RGO/ZnWO4/Fe3O4 nanocomposites. The small negative shift in current density even after 1000 cycles indicates the high stability and reusability of RGO/ZnWO4/Fe3O4 nanocomposite and indicates that it can function as an efficient OER catalyst for commercial applications [25,26].
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Figure  5:   (a) LSV curves (b) Tafel slope curve for different electrode materials (c) Stability curve of RGO/ZnWO4/Fe3O4 nanocomposite (d) Chrono-potentiometry curves at 10mA/cm2 recorded using RGO/ZnWO4/Fe3O4 nanocomposites.


 



Further, the commercial application of the electrocatalyst has been studied by chrono potentiometry technique at constant current density applied over sufficient period oftime (t). Figure 5d shows that the chrono potentiometry study of the RGO/ZnWO4/ Fe3O4 nanocomposite at a constant current density of 10mA/cm2 for duration of 2000 seconds. As can be observed from the figure, initially with time the potential (E) increased rapidly up to 400 seconds and afterwards the value slowly reached saturation suggesting the establishment of the stabilized state of OER. This phenomenon is attributed to the development of O2 bubbles on the electrode surfaces. Overall, the results demonstrate that the RGO/ZnWO4/Fe3O4 nanocomposites are indeed highly efficient electrocatalysts for OER in basic medium [27].



Conclusion



In summary, a facile microwave irradiation method has been used to synthesize novel RGO/ZnWO4/Fe3O4 naocomposite. The RGO/ZnWO4/Fe3O4 nanocomposite exhibits high electrocatalytic activity for OER in 0.1M KOH solution with small onset potential of 0.619 V, small Tafel slope of 90mV/dec and high current density of 6.65mA/cm2. Further, the catalyst also shows high stability and efficiency even after 1000 cycles. The method developed by this study could be used for large scale synthesis of noble metal free high performance electrocatalyst for OER applications.
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