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Abstract

:

Cost-efficient and sustainable electrocatalysts for oxygen evolution reaction (OER) is highly desired in the search for clean and renewable energy sources. In this study, we develop a new one-step synthesis strategy of novel composites based on Ni and molybdenum carbide embedded in N- and P-dual doped carbon matrices using mainly chitosan biopolymer as the carbon and nitrogen source, and molybdophosphoric acid (HMoP) as the P and Mo precursor. Two composites have been investigated through annealing a mixture of Ni/chitosan and HMoP with two unlike carbon matrices, melamine and graphene oxide, at a high temperature. Both composites exhibit similar multi-active sites with high electrocatalytic activity for OER in an alkaline medium, which is comparable to the IrO2 catalyst. For this study, an accurate measurement of the onset potential for O2 evolution has been used by means of a rotating ring-disk electrode (RRDE). The use of this method allows confirming a better stability in the chitosan/graphene composite. This work serves as a promising approach for the conversion of feedstock and renewable chitosan into desired OER catalysts.
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1. Introduction


Electrochemical water splitting from renewable energy (wind- or solar-derived electricity) is of particular interest because it is considered a clean and sustainable process [1,2]. The efficiency of electrochemical water splitting is dependent on two half reactions, in other words, the oxygen evolution reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the cathode [3,4]. However, the kinetics of the OER in a four-electron and four-proton process are sluggish, and therefore the development of effective OER electrocatalysts is critical to increase the overall water splitting efficiency. Theoretical models suggest that the OER progresses in four steps in alkaline medium as follows [5,6]:


4OH− → OH* + 3OH− + e−



(1)






OH* + 3OH− → O* + 2OH− + H2O + e−



(2)






O* + 2OH− + H2O → OOH* + OH− + H2O + e−



(3)






OOH* + OH− + H2O → O2 + 2H2O + e−



(4)







Currently, state-of-the-art oxygen evolution catalysts require noble metal-based electrocatalysts, such as Ir and Ru oxides, which are costly and have insufficient earth-abundance to be utilized for extensive industrial applications [7,8,9]. Therefore, not only is it desirable to develop new materials of low cost and suitable activity, but also consider the sustainable utilization of renewable material maximizing its conversion into high value products such as electrocatalysts.



In recent years, an extensive variety of transition metals including Co, Ni, Fe, and their compounds have been explored for the OER catalysts [6,10,11,12,13,14,15]. Among them, Ni-containing materials, such as nickel oxides, nickel hydroxides, and nickel-metal alloys have been given special attention because of their abundance and their good water oxidation potential [3,11,12,13,14,16,17]. Furthermore, some reports have shown that coupling molybdenum carbide with Ni significantly improves the OER performance [13,18,19]. For example, Ni2.0Mo0.26@N-carbon nanostructures have shown excellent OER electrocatalytic performances which are mainly attributed to the synergistic effect between γ-MoC and Ni heterostructures [13]. In situ electro-oxidation studies during the OER have shown that Mo2C-based catalysts are converted to Mo oxides which have been demonstrated to be active for OER [20,21]. Furthermore, the presence of heteroatoms, such as B and N, could increase its activity and stability upon in situ oxidation of Mo2C [22]. Notably, coupling transition metal species with N-doped carbon-based materials is one of the most popular strategies for tailoring active and durable advanced composite electrocatalysts. These compounds combine unique properties, such as high electrical conductivity and enhanced electron transfer, ascribed to the N incorporation into the carbon matrix with a modulated distribution of charge density [8,23].



Herein, we considered the sustainable utilization of chitosan (CS), a derivative of the waste products of the crabbing and shrimp canning industries, in combination with graphene or melamine for the preparation of high-value N-doped carbon materials [24,25,26]. Chitosan is a renewable polymer, naturally abundant and low cost, which has outstanding properties such as biodegradability, non-toxicity, and excellent stability [23,26,27,28]. Recently, S. Selvam et al. [28] have synthesized graphene oxide-chitosan-copper crosslinked composites. They have showed that the hydroxyl and amine groups of the CS are good ligands to coordinate with carboxylic groups from graphene oxide (GO). Melamine is also a nitrogen-enriched organic molecule and inexpensive raw material in the chemical industry [24,29,30]. Melamine possesses a three-dimensional monoclinic structure which is similar to C3N4, which decomposition favours for the incorporation of nitrogen in the carbon materials obtained by pyrolysis [24].



In this work, two nickel and molybdenum-based N- and P-dual doped carbon composites were prepared in a simple and new one-step strategy through annealing the Ni precursor and molybdophosphoric acid (HMoP) with a mixture of chitosan with two different carbon matrices, melamine and graphene oxide. HMoP was used as a source of P and Mo. Influence of the carbon matrix on morphology, structure, and nitrogen and phosphorous doping degree has been investigated. Linear sweep voltammetry was performed to evaluate the activity of the catalysts toward the oxygen evolution reaction in alkaline medium. Furthermore, an accurate measurement of the onset potential of O2 evolution was performed using a rotating ring-disk electrode (RRDE). The nature of the active sites of the electrocatalysts was discussed based on various physical and chemical characterizations. Both composites exhibited enhanced electrocatalytic activity for the OER in an alkaline medium, being similar to the IrO2 catalyst. In addition, the unique nature of graphene material improved the electrochemical properties of the multi-active site composite, Ni/MoxC/rGOCS, showing higher electrochemical durability.




2. Results and Discussion


The synthetic strategy is schematically illustrated in Scheme 1. The chitosan composites electrocatalysts were prepared with a loading chitosan of 50 wt%. The mixture of chitosan polymer, carbon matrix, and transition metals were pyrolyzed at 800 °C in a tubular furnace. Then, the samples were cooled to room temperature under N2 to obtain the desired composites.



Figure 1 shows the X-ray diffraction (XRD) patterns of the Ni/MoxC/rGOCS and the Ni/MoxC/MeCS catalysts. Both composites showed diffraction peaks assigned to Ni (JPCDS 00-001-1258), Mo2C (JPCDS 00-035-0787), and MoC (JPCDS 00-045-1015). Diffraction peaks were assigned in Ni(OH)2 (JPCDS 00-002-1112), and were observed in Ni/MoxC/rGOCS. Additional diffraction peaks in the composite with melamine were assigned to Mo16N7 (JPCDS 00-023-1256). The XRD patterns also gave a broadened peak near 25°, corresponding to the (002) Bragg reflection of graphite [26]. These results indicate that the carbon composites are amorphous and consist of graphite crystallites and disordered areas.



Table 1 shows the elemental analysis and inductively coupled plasma optical emission spectrometry ICP-OES of the composites after the acid washing. The chemical analyses show similar nitrogen content in both of the composites, hence, no additional incorporation of nitrogen was attained with melamine. Higher P loading was obtained using graphene oxide GO as carbon matrix, while the amount of Ni and Mo increased in the composite with melamine. The most significant difference between both composites is the BET specific surface area (Table 1). The carbonization of chitosan with graphene oxide leads that of the composite with a higher surface area than chitosan-melamine composite, resulting in more exposed sites for the Ni/MoxC/rGOCS electrocatalyst.



The Raman spectra further confirms the graphitization degree of the catalysts (Figure 2) with the D-band (about 1340 cm−1), which is related to the presence of defects, and the G-band (about 1590 cm−1) which is associated with the vibration of sp2-bonded carbon atoms. As given in Table 1, the ratio of ID/IG of Ni/MoOx/rGOCS shows the high value of 1.09, indicating that the internal degree of defects and disorder is larger in the chitosan–graphene composite, which is positive to the transfer of electrons [31].



Figure 3 shows the high-resolution N1s (a) and P2p (b) XPS spectra of the composites. In Figure 3a, the peak a lower binding energy (~397 eV) is assigned to Mo3p. The peak deconvolution of Ni/MoxC/rGOCS suggests three nitrogen components with the binding energies centered at about 398.2, 400.1, and 401.7 eV corresponding to pyridinic N, pyrrolic N, and quaternary N, respectively. The surface of the Ni/MoxC/MeCS composite only shows the presence of two pyridinic N and pyrrolic N species. However, the peak at 397 eV could also be assigned to nitride species, indicating that the presence of Mo16N7 should not be discarded. The P 2p spectra measured by XPS show a broad and low intensity peak centred at 132.5 eV in both samples, assigned to P-C (Figure 3b) [32,33]. These results imply that N and P are incorporated into the carbon matrix in both composites.



The morphology and structure of the composites were studied using a transmission electronic microscope (TEM) (Figure 4). The TEM images in Figure 4a,c show the uniform distribution of nanoparticles in the Ni/MoxC/rGOCS and Ni/MoxC/MeCS composites, respectively. The average particle size is estimated to be 3.5 nm for Ni/MoxC/rGOCS and 10.6 nm for Ni/MoxC/MeCS. The high-resolution TEM image for the Ni/MoxC/rGOCS composite (Figure 4b) shows the presence of MoC phases (spacing of 2.47 Å corresponds to the (101) plane) and Ni(OH)2 phases (spacing of 2.33 Å corresponds to the (002) plane). In the Ni/MoxC/MeCS composite (Figure 4d), the MoC phases can also be seen but not the Ni(OH)2 phases, showing, in addition, phases of Mo16N7 (spacing of 2.396 Å corresponds to the (222) plane). These results are consistence with the crystal phases shown in the XRD patterns.



The OER performances of Ni/MoxC/rGOCS, Ni/MoxC/MeCS, and IrO2 are displayed in Figure 5a. First, the catalysts were cycled 100 times at the scanning rate of 0.10 V s−1 between 0.05 and 1.0 V versus RHE in an Ar-saturated 0.1 M NaOH. The OER polarization curves of the catalysts were obtained by using a rotating ring-disk electrode (RRDE) at 1600 rpm. All linear sweep voltammetry (LSV) curves were performed between 1.2 and 1.8 V with 0.01 V s−1 as the scan rate, and they were corrected with 48% iR-compensation. It was observed that the OER performance of the Ni/MoxC/rGOCS and Ni/MoxC/MeCS composites required an overpotential of 401 mV and 409 mV, respectively, to achieve a current density of 10 mA cm−2. Noticeably, these overpotentials are similar to the commercial catalyst IrO2 (410 mV).



Finally, a degradation test was performing by cycling 100 times in the same potential window, using 0.1 V s−1 as the scan rate (Figure 5b). The bottom panel of Figure 5b displays the LSV curves by the disk electrode during the anodic sweep potential, whereas, the upper panel shows the current provided by the ring electrode that is fixed at 0.4 V. This last measurement was conducted to confirm which anodic contribution is associated with the reliable oxygen evolution reaction. Therefore, the OER can be discerned with the ring signal, where other reactions such as metal oxidation are eluded. An increment of the catalytic activity towards the OER is observed in both figures (bottom and upper panels of Figure 5b) and follows the subsequent order, Ni/MoxC/MeCS > Ni/MoxC/rGOCS. As shown in the upper panel of Figure 5b, there is no current at the ring electrode until 1.5 V potential, which indicates that the anodic current delivered by the disk is related to other species than molecular oxygen [34]. According to this, Ni/MoxC/rGOCS develops an anodic peak at 1.41 V, which is attributed to the oxidation of Ni(II) to Ni(III) [13]. Ni/MoxC/MeCS also displays a broad oxidation peak of approximately 1.44 V, which overlaps with further oxidation of the metal, and with the beginning of the oxygen evolution process. Furthermore, the ring signal before and after the degradation test does not show any displacement of OER performance in Ni/MoxC/rGOCS, however, the upper panel clearly shows a shift of the onset potential at high potential values in Ni/MoxC/MeCS.



It is known that at potentials above 0.1 V there is Ni(II) formation on the Ni electrode surface in am alkaline solution in Ni-based electrocatalysts, which causes the partial passivation of the electrode surface to form Ni/Ni(OH)2 [35]. The anodic potential sweep results in the formation of two characteristic peaks in the voltammogram close to 1.35 V and 1.5 V, which correspond to the oxidation of ordered Ni(OH)2 phase to hydrous Ni(III) oxide (NiOOH phase), and to further oxidation of surface Ni(III) to Ni(IV) state along with the OER, respectively [35,36,37]. The OER mechanism of the Ni-based electrocatalysts in alkaline solution typically consists of three elementary steps [35].


NiOOH + OH− ↔ NiO(OH)2 + e−   E° = 1.434 V



(5)






NiO(OH)2 + 2OH− ↔NiOO2 + 2H2O + 2e−   E° = 1.55 V



(6)






NiOO2 + OH− → NiOOH + O2 + e−



(7)







Therefore, hydrous NiOOH is the main phase that takes part in the overall process, which should be recuperated on the electrocatalyst surface after the sequence of reaction. In Ni/MoxC/rGOCS the conversion of Ni(OH)2 to NiOOH at 1.41 V indicates that Ni(III) is the actual catalytic center to the OER, which also remains stable after the stability test. However, it seems that Ni(OH)2 is less stabilized in Ni/MoxC/MeCS and is not completely recovered after the degradation test (Figure 5b), which appears to be related to a shift of the onset potential in the ring signal. Additionally, the direct role of MoxC should be considered. The synergistic effect between molybdenum carbide and Ni has also been observed before [13,19]. The MoxC/Ni heterostructures contributes to the formation of in situ NiOOH/NiO(OH)2 and molybdenum species during the anodic process, increasing the active sites exposed on the composites and promoting the OER performance. The N- and P-dual doped carbon matrices also modify the composites electronic properties improving the charge transfer, facilitating chemisorption of the OH- species, and stabilizing the MoxC structures [22]. The mechanism of stabilization of MoxC/Ni(OH)2 nanoparticles in the Ni/MoxC/rGOCS composite may be due to the higher surface area of the graphene carbon matrix, which allows a better introduction of N and P centers in the graphene structure and increases the internal degree of defects and disorder of the composite.




3. Materials and Methods


Ultrapure water (18.2 MΩ cm) was used in all the experiments (Milli-Q®, Millipore). In typical experiments, chitosan (low molecular weight, Sigma Aldrich) was dissolved in 2 wt.% acetic acid solution (Glacial, Sigma Aldrich) under stirring at 25 °C. An appropriate amount of NiCl2 (Merck) in water solution was added drop-by-drop to the solution of chitosan in acetic acid (solution A). The GO was dispersed into water with an ultrasonic treatment, where the pH was adjusted with concentrated acetic acid (solution B1). The melamine solution was prepared in a similar way (solution B2). Then, solution A was slowly added to solution B1 or B2 and was stirred vigorously for 2 h at room temperature. Afterwards, molybdophosphoric acid solution, H3PMo12O40 (ACS reagent, Sigma Aldrich), was added to the mixture. After two hours of stirring, the mixture was dried at 70 °C in a vacuum oven. The samples were pyrolyzed in a quartz tubular at 800 °C for 3 h under N2 atmosphere with a heating ramp of 4 C min−1. The composites were washed in an HCl solution (10 wt%) for 3 h. The final samples were filtered and washed with H2O until free of chlorine ions. Finally, the catalysts were dried at 70 °C in a vacuum oven. The two catalysts were labelled Ni/MoxC/rGOCS and Ni/MoxC/MeCS. For comparison, IrO2 (Sigma Aldrich) was used as reference.



Metal loadings of the composites were determined using inductively coupled plasma optical emission spectrometry (ICP-OES) with a Perkin-Elmer Optima 3300 DV spectrometer. Elemental analysis was tested in a LECO CHNS-932. A PANalytical X’Pert Pro X-ray diffractometer with a Cu Kα source was used to obtain the X-ray diffraction profiles of the powder composites. The X-ray photoelectron spectroscopy (XPS) spectra of the catalysts were acquired using an OMICRON ESCA+ spectrometer with dual x-ray source (MgKα = 1253.6 eV, AlKα = 1486.6 eV).



Raman spectroscopy were obtained with a Renishaw in Via Raman microscope spectrometer equipped with a laser beam emitting at 532 nm and 5 mW output power. Transmission electronic microscope (TEM) images were performed using a HRTEM JEOL 2100F operating at an accelerating voltage of 200 kV.



Electrochemical procedures were performed at room temperature using a three-electrode system managed by a potenciostat/galavanostat AUTOLAB PGSTAT302N. For all electrochemical measurements the three-electrode system was composed of a glassy carbon rod as the counter electrode and a reversible hydrogen electrode (RHE) as the reference electrode. For the working electrode a rotating ring-disk electrode (RRDE) was employed which was composed of a glassy carbon disk with 0.196 cm2 of area and a Pt ring. The working electrode was prepared by adding 30 µL of catalytic ink, prepared by dispersing 4 mg of catalyst in 385 µl of IPA:H2O (1:1) solution and 15 µL of Nafion® (5 wt.%, Sigma-Aldrich) as binder. The supporting electrolyte was 0.1M NaOH aqueous solution. For all measurements, N2 (99.99%, Air Liquid) was employed to make an inert environment.




4. Conclusions


In summary, we developed a new one-step synthesis strategy of multi-active site composites based on Ni and molybdenum carbide embedded in N- and P-dual doped carbon matrices. Chitosan biopolymer was used as the carbon and nitrogen source, and molybdophosphoric acid as the P and Mo precursor. Two composites were obtained through annealing at 800 °C in a mixture of chitosan with two unlike carbon matrices, melamine or graphene oxide. Both composites showed good OER activity similar to IrO2 in an alkaline medium, attributed to the synergic effect of MoxC/Ni(OH)2 structures, which are stabilized by N- and P-dual doped carbon matrices. The enhanced durability of Ni/MoxC/rGOCS was due to the higher surface area and internal degree of defects and the disorder of the graphene composite. N- and P-dual doped carbon matrices modified the composite electronic properties improving the charge transfer, facilitating chemisorption of the OH− species, and stabilizing the MoxC structures. This finding offers electrocatalysts of low cost and suitable activity from chitosan renewable material. It could also provide a general approach to design the electrochemical features of other transition-metal carbides-based carbon composites for various electrochemical applications.
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Scheme 1. Schematic illustration of the formation of composites. 
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Figure 1. X-ray diffraction (XRD) patterns of composites. 
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Figure 2. Raman spectra of Ni/MoxC/rGOCS and Ni/MoxC/MeCS. 
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Figure 3. High-resolution N1s XPS spectra (a) and P2p (b) of composites. 
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Figure 4. TEM and HRTEM images of the Ni/MoxC/rGOCS (a,b) and Ni/MoxC/MeCS (c,d) composites. 
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Figure 5. OER activities in 0.1 M NaOH at 1600 rpm (a) composites and IrO2 and (b) before (____) and after degradation test (…) of composites. Low panel: disk signal recorded at 10 mV·s−1, top panel: the current of the ring recorded at 0.4 V. 
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Table 1. Chemical composition of the catalysts (wt%), BET surface area and Raman ID/IG.
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	Catalysts
	C
	N
	P
	Ni
	Mo
	BET (m2/g)
	ID/IG





	Ni/MoxC/rGOCS
	45
	1.4
	2.1
	6.3
	17
	132
	1.09



	Ni/MoxC/MeCS
	40
	1.3
	0.7
	8.0
	22
	17
	0.94
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