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Abstract

:

A mixed-metal ternary chalcogenide, cobalt molybdenum telluride (CMT), has been identified as an efficient tri-functional electrocatalyst for seawater splitting, leading to enhanced oxygen evolution reaction (OER), hydrogen evolution reaction (HER), and oxygen reduction reaction (ORR). The CMT was synthesized by a single step hydrothermal technique. Detailed electrochemical studies of the CMT-modified electrodes showed that CMT has a promising performance for OER in the simulated seawater solutions, exhibiting a small overpotential of 385 mV at 20 mA cm−2, and superior catalyst durability for prolonged period of continuous oxygen evolution. Interestingly, while gas chromatography analysis confirmed the evolution of oxygen in an anodic chamber, it showed that there was no chlorine evolution from these electrodes in alkaline seawater, highlighting the novelty of this catalyst. CMT also displayed remarkable ORR activity in simulated seawater as indicated by its four-electron reduction pathway forming water as the dominant product. One of the primary challenges of seawater splitting is chlorine evolution from the oxidation of dissolved chloride salts. The CMT catalyst successfully and significantly lowers the water oxidation potential, thereby separating the chloride and water oxidation potentials by a larger margin. These results suggest that CMT can function as a highly active tri-functional electrocatalyst with significant stability, making it suitable for clean energy generation and environmental applications using seawater.
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1. Introduction


While water electrolysis presents an attractive solution for green hydrogen generation, the dearth and unequal distribution of clean water across the globe creates a formidable challenge for the widespread adoption of this technology. Naturally occurring seawater, on the other hand, offers a sustainable and promising resource for the production and storage of green energy through three main electrochemical reactions, i.e., oxygen evolution reaction (OER), hydrogen evolution reaction (HER), and oxygen reduction reaction (ORR). It also supports global initiatives to reduce carbon emissions and shift towards renewable energy. Enhancing seawater splitting technology can lead to substantial economic, environmental, and technological advantages, fostering a greener and more sustainable future. However, like water splitting, a core challenge in electrocatalytic seawater splitting also lies with the choice of electrocatalysts. Designing effective electrocatalysts to split seawater is critical to achieve feasibility and minimize cost for large-scale hydrogen and oxygen production [1]. Moreover, the compositional complexity of catalysts for seawater splitting are more demanding compared to electrocatalysts used to split pure water due to the unfavorable chlorine chemistry, which causes catalyst poisoning [2]. Since OER, HER, and ORR are central to the development of efficient green hydrogen technologies, advances in catalysts and materials that facilitate these reactions, leading to sustainable, cost-effective, and high-performance energy systems, are desired to help transition to a cleaner and more sustainable energy future [3,4].



A key challenge in seawater electrolysis is suppressing chlorine evolution reaction (CER), which produces harmful chlorine gas both polluting the environment as well as suppressing OER. The adsorption of chloride ions (Cl−) from salts present in seawater during OER tends to compete with the adsorption of hydroxyl (OH−) ions which eventually impedes the reaction and leads to the formation of chlorine-containing products. Chloride ion adsorption further stimulates the degradation or corrosion of the electrocatalyst and their metal substrates and eventually blocks the active site on the catalyst [5]. The presence of chloride ions (Cl−) in NaCl can also inhibit the hydrogen evolution reaction (HER) through various mechanisms such as catalyst poisoning, the alteration of the hydrogen binding energy, the corrosion or passivation of the catalyst through surface modification, a shift in the equilibrium potential, and an increase in overpotential. These effects must be considered in designing and optimizing electrochemical systems where HER plays a crucial role [6]. The high concentration of chloride ions (Cl−) in seawater can also adversely affect the oxygen reduction reaction (ORR), leading to the corrosion of electrodes, destabilization of catalysts due to phase transitions in the catalyst material, and increased overpotential [7,8,9,10]. Additionally, in electrolytic seawater splitting, an increase in pH (pH > 9.5) is observed locally near the electrodes, which results in insoluble deposits of cations (e.g., Mg2+ and Ca2+) on the electrode surface, thus blocking some active sites, which eventually leads to a reduction of catalytic performance in OER, HER, and ORR [11]. Therefore, designing an active, selective, and stable electrocatalyst which can also tackle complex seawater environments is in growing need [12,13,14].



An effective electrocatalyst with a reduced onset overpotential and improved energy efficiency plays a vital role in increasing the feasibility of large-scale water-splitting reactions. Thus, significant efforts have been targeted to design more efficient, robust, and stable OER catalysts which has the capability of reducing the overpotential. Most of the conventionally used state-of-the-art electrocatalysts for water splitting are those based on noble metals such as platinum (Pt), iridium (Ir), and ruthenium (Ru) [15], but they face some constraints when used for industrial usage due to their high cost, rarity, and unsatisfactory durability [16]. Hence, the substitution of noble metal electrocatalysts with a non-precious metal for catalyzing the OER and HER are of growing interest [17]. Recently, transition metal chalcogenides (TMC) have been identified as a high-efficiency, durable electrocatalyst for OER, thereby offering a promising solution to the limitations posed by the cost and scarcity of raw materials needed for synthesizing noble metal oxides like IrO2 and RuO2 [18]. The TMCs have attracted great attention due to their promising electrocatalytic activity toward OER, ORR, and HER supported by their amenable surface morphologies, high tunability of electronic structures, rich active sites, being economically favorable, and their ability to keep Cl− ions away from the active material during electrolysis through electrostatic repulsion [19,20]. Moreover, TMCs, which range from semiconductors to semi-metallics typically exhibit much higher electrical conductivity than transition metal oxides (TMOs), which are mostly insulating. This enhanced electrocatalytic activity is attributed to the decrease in the electronegativity of the chalcogen atom within the TMC series, leading to heightened covalency in the metal–chalcogen bonds, and improved electrochemical activity of the transition metal center. The increased covalency also leads to an enhanced charge transfer. Transition metal chalcogenides (TMCs) can also be doped to fine-tune the electronic structure of individual metal sites in multinary transition metal-based electrocatalysts, offering new avenues for enhancing oxygen evolution reaction (OER) performance across a broad spectrum of systems [21,22]. Moreover, TMCs, owing to their ability to adopt various oxidation states for the transition metal center, facilitate and enhance redox reactions, further bolstering their efficacy as electrocatalysts [23]. Additionally, TMCs exhibit chemical stability in acidic and alkaline media, which makes it corrosion-resistant, and have superior robustness [24,25].



In this current study, a mixed-metal chalcogenide, cobalt molybdenum telluride (CMT), has been examined as a novel tri-functional electrocatalyst for HER, OER, and ORR reactions in simulated seawater. The CMT samples have been synthesized through a simple one-step hydrothermal procedure, and their electrochemical performance has been studied through a variety of electrochemical techniques. It was observed that while cobalt molybdenum telluride (CMT) could effectively produce hydrogen and oxygen through seawater splitting at relatively low overpotentials, it did not lead to any chlorine evolution. Thereby, CMT can be considered a promising electrocatalyst for clean energy applications with a remarkable performance in naturally occurring seawater. The CMT composite electrocatalyst for seawater splitting has been reported for the first time. Although transition metal chalcogenides have been reported for water splitting, there has been very few reports on seawater splitting with a high salt concentration. Moreover, this catalyst is also active for HER and ORR in seawater, increasing the novelty. Hence, this study provides a route for generating hydrogen energy from abundant saltwater sources instead of freshwater. The process not only aims to meet the growing global energy demand but also addresses crucial sustainability concerns related to freshwater resource scarcity and environmental impact.




2. Results and Discussion


2.1. Structural and Morphological Characterization


Powder X-ray diffraction (PXRD) patterns were used to corroborate the phase purity and crystallinity of the synthesized CMT electrocatalyst. Figure 1a shows the PXRD patterns of hydrothermally synthesized cobalt molybdenum tellurides (CMT) along with the standard patterns of CoTe and MoTe2 as reported in powder diffraction database, PDF# 00-034-0420 and PDF# 00-73-1650, respectively. As shown in Figure 1a, the PXRD pattern of the CMT electrocatalyst contains the main peaks of the CoTe and MoTe2 phases. This suggests that CMT yielded a mixture of CoTe and MoTe2 phases, showing a successful synthesis of cobalt molybdenum telluride, henceforth referred to as CoMoTe. Some diffraction peaks corresponding to lattice planes of CoTe2 were also observed near 28° and 48° (<1 1 0> and <1 0 3>, respectively), which indicates that there might be a trace amount of CoTe2 present in the CoMoTe sample [26]. The morphology of the CoMoTe sample was investigated thorough SEM micrograph, as shown in Figure 1b. The as-synthesized pristine CoMoTe sample showed sparsely populated dense floret-like octahedral clusters with rough edges and an estimated average size of 20–30 nm.



The composition of the CoMoTe catalyst was studied through high-resolution XPS spectra, as shown in Figure 2. The three peaks centered at 230.0 eV, 232.4 eV, and 235.3 eV, as shown in Figure 2a, corresponds to Mo4+ and Mo6+, respectively [27]. The XPS spectra for Te (Figure 2b) show peaks at a binding energy of 576.5 and 586.8 eV, which corresponds to Te 3d5/2 and Te 3d3/2, correlating well with the presence of Te2− [28]. In Figure 2c, Co2p XPS spectra exhibits two peaks at 780.15 and 797.25 eV, corresponding to 2p3/2 and 2p1/2, respectively, which correspond to the presence of Co2+ [29,30]. The satellite peaks for Co2+ were also observed at 786.8 and 803.5 eV, as reported in the literature [31]. The XPS spectra were also used for quantitative analysis of electrode surface for the CoMoTe catalyst, and the results are listed in Table 1. It was observed that the relative atomic ratio of Mo:Co:Te was close to 1:1:3, which further confirmed the presence of MoTe2 and CoTe in the composite.




2.2. Electrocatalytic Performance of CoMoTe in OER


The electrocatalytic activity of CoMoTe for OER reaction at different concentrations of NaCl has been examined by linear sweep voltammetry experiment as shown in Figure 3a. An overpotential of 340 mV was obtained at 20 mAcm−2 in 1M KOH, which is superior to that reported for state-of-the-art RuO2 catalyst which exhibits an overpotential of about 397 mV under similar experimental conditions, [32] suggesting the high performance of CoMoTe electrocatalyst in OER. Besides the low overpotential, CoMoTe also showed high current density in all the electrolyte solutions which demonstrates facilitated charge transfer on the electrocatalyst surface, further elucidating its superior catalytic activity. The onset potential of OER on CoMoTe increases with higher NaCl concentrations, which is in good accordance with previous reports on the effect of salt concentration [32]. As the salt concentration in the electrolyte was varied, the overpotential at 20 mAcm−2 increased from 340 mV in 1 M KOH to 385 mV and 400 mV, respectively, in the 1 M KOH + 0.1 M NaCl, and 1 M KOH + 0.3 M NaCl electrolytes. These data suggest that at higher salt concentrations, there might be some surface passivation with chloride adsorption leading to the requirement of a higher voltage for water oxidation [33,34].



The Tafel slope is a critical parameter to study the mechanism of electrocatalytic reactions and extract kinetic information, such as the rate-determining step in the OER. A small Tafel slope indicates faster reaction kinetics, thereby, higher electrochemical activity [35,36]. The Tafel slopes of CoMoTe estimated in 1 M KOH, 1 M KOH + 0.1 M NaCl, and 1 M KOH + 0.3 M NaCl electrolytes were 146 mV dec−1, 177 mV dec−1, 197 mV dec−1, respectively, which corroborates well with the linear scan voltammogram data and confirms the slight inhibition of OER kinetics in the presence of high salt concentration. Nevertheless, the low overpotential and high current density of CoMoTe illustrates the superior performance of this electrocatalyst for seawater splitting. The OER catalytic activity of CoMoTe was also compared with that of the binary tellurides, CoTe and MoTe2, as well as RuO2, as shown in Figure 3c. It was observed that the CoMoTe shows lower overpotential as well as produces superior current density at the highest salt concentration of 1 M KOH + 0.3 M NaCl, in comparison to the binary tellurides. This can be attributed to the scrambling of the catalytic sites in CoMoTe leading to synergistic effects, which promotes catalyst site activation and further electrocatalytic property. The CoMoTe catalyst also showed enhanced activity both in terms of lower overpotential and higher current density than state-of-the-art RuO2 in alkaline seawater.



The catalyst stability for extended period of seawater splitting was studied through constant potential chronoamperometry. Figure 3d shows the chronoamperometry results at a constant applied potential of 0.6 V vs Ag|AgCl for 18 h to evaluate the electrochemical stability of the CoMoTe in artificially simulated seawater (i.e., 1 M KOH + 0.3 M NaCl). From the chronoamperometry data, it was observed that after OER for over 18 h, CoMoTe was still capable of retaining 89% of its initial current density, showing that this electrocatalyst exhibits excellent long-term functional stability for seawater splitting. The observed degradation of current density in long-term chronoamperometry may be explained by gradual leaching of the electrocatalyst layer owing to the continuous evolution of gaseous O2. The continuously generated bubbles create a porous electrode surface which leads to some loss of catalyst on long-term operation. The exceptional OER performance in CMT showcases that despite the presence of chloride anions in seawater, which induce a competing chlorine evolution reaction, CoMoTe electrocatalyst maintained its functional activity and demonstrated an impressive current density for prolonged period of operation.



The compositional stability of CoMoTe after prolonged OER in seawater was studied through the SEM, PXRD, and XPS measured after 18 h chronoamperometry (Figure 4). SEM analysis showed no remarkable change in their average size or morphology of the catalyst grains, as shown in Figure 4a. This is in good agreement with the respective PXRD data shown in Figure 4b, where the peak patterns are similar to those reported for the fresh CoMoTe electrocatalyst. The XPS analysis showed Mo having peaks at 229.8, 232.98 eV, and 234.88 eV corresponding to Mo4+ and Mo6+, respectively. Te has peaks at binding energy of 575.6 eV and 586 eV, which corresponds to Te 3d5/2 and Te 3d3/2, and Co has peaks at 780.1 eV and 795.7 eV, corresponding to 2p3/2 and 2p1/2, as shown in Figure 4c–e. Comparison of the XPS peaks before and after chronoamperometry showed that there are no significant peak shifts, and the XPS patterns were superimposable on each other. The quantitative analysis of the XPS peaks after chronoamperometry also showed a similar relative ration of Mo:Co:Te as obtained from the pristine sample, as shown in Table 1. Hence, the characterization data presented in Figure 4 support the exceptional stability of the CMT electrocatalyst during long-term operation in alkaline seawater. In our previous studies with selenide and telluride electrocatalysts, we have shown the extensive stability of these chalcogenides against compositional degradation. We have also shown that the dynamic reconstruction at the surface involves the formation of a mixed-anionic oxychalcogenide surface through catalyst site activation through hydroxyl attachment [32]. The current study with the CoMoTe electrocatalyst also shows a similar trend of surface and compositional stability that can expectedly arise from the facile catalyst site activation at lower overpotentials.



The gas products released during the oxygen evolution reaction with CoMoTe electrocatalyst have been analyzed by an gas chromatograph equipped with thermal conductivity detector (GC-TCD), and the results are presented in Figure 5. The collected headspace gas from the anodic chamber was analyzed along with the GC-TCD data obtained from the injection of standard gases, i.e., pure oxygen, nitrogen, and chlorine. The gas that evolved near the anode was collected over a 12 h period, and samples from this headspace gas were injected into the gas port of the GC-TCD. As observed in Figure 5, only the peaks corresponding to oxygen and nitrogen were present in the collected headspace gas, while no chlorine was detected. This confirms the selectivity of this catalyst towards water oxidation exclusively, even in the presence of high salt concentration. The GC-TCD study further confirms the immense potential of CoMoTe electrocatalyst for clean energy production from seawater with high salinity.



To further investigate the effect of variable NaCl concentration on the electrocatalytic performance of CoMoTe in the OER reaction, electrochemical impedance spectroscopy (EIS) was conducted. Figure 6 shows the EIS studies in 1 M KOH and 1 M KOH + 0.3 M NaCl electrolytes, while the inset shows a simple equivalent circuit model that has been used to fit the EIS data. Here, RS represents the solution resistance, RC represents the resistance of the corrosion layer formed at the electrode surface, RCT stands for the charge transfer resistance at the electrolyte–electrode interface, and CPE1 and CPE2 are the constant phase elements [37]. The charge transfer resistance at the electrode–electrolyte interface (RCT) for CoMoTe in 1 M KOH was estimated to be 8.193 Ω, while the RCT for 1 M KOH + 0.3 M NaCl was estimated to be 20.49 Ω. The slight increase in the charge transfer resistance is probably due to the presence of chloride (Cl−) ions in seawater which impedes the hydroxyl ion diffusion near the surface. However, the fact that there is no chlorine evolution illustrates the higher intrinsic catalytic activity of this electrocatalyst for OER in seawater despite the high salinity. The electrolyte resistance on the other hand stayed almost similar for 1 M KOH (9.139 Ω) and 1 M KOH + 0.3 M NaCl (8.538 Ω), indicating similar internal resistance of the electrolyte, thus confirming the observed difference in activity is solely due to the intrinsic property of the catalyst composite and the variable electrode–electrolyte interface.




2.3. Electrocatalytic Performance of CoMoTe for HER


The electrocatalytic activity of CMT in HER from seawater has been presented in Figure 7a, which shows the results of linear sweep voltammetry (LSV) in a 1 M KOH solution containing different amounts of NaCl. As is evident from the LSV data, the synthesized CoMoTe showed impressive HER catalytic activity in both NaCl concentrations exhibiting an overpotential of 280 mV in 1 M KOH, 350 mV in 1 M KOH + 0.1 M NaCl, 455 mV in 1 M KOH+ 0.3 M NaCl at the current density of 10 mA cm−2, as shown in Figure 7a. The increasing overpotential for HER in the presence of higher NaCl concentration can be attributed to the presence of excess chloride ions in the vicinity of the catalyst surface, which inhibits formation of the surface charge layer for HER. The chloride ions restrict the charge transfer between the electrolyte and the electrode, which weakens HER activity [38]. The competition from the chloride ion adsorption requires additional energy to maintain the desired rate of HER, thus increasing the overpotential. Additionally, increased concentrations of cations like sodium (Na+) can compete with hydrogen ions (H+) for adsorption sites on the electrode surface [39]. This competition can also reduce the availability of active sites for HER, leading to higher overpotentials.



The catalyst stability under the condition of continuous hydrogen evolution in seawater has been analyzed through chronoamperometry experiment at a constant applied potential of −500 mV vs Ag|AgCl, as shown in Figure 7b. As can be observed, CoMoTe electrocatalyst maintained its activity for HER reaction during a prolonged operational time period of 20 h, which suggests that the electrocatalyst did not experience significant degradation or loss of hydrogen evolution ability. This further demonstrates that the material is both active and corrosion-resistant in a chloride-rich environment [40]. The high stability of CoMoTe in HER reaction may be attributed to its resistance against catalyst poisoning, resistance against corrosion, and its inertness toward reduction of anions [41].



Since CoMoTe was found to be efficiently active both for OER and HER in saline water, a full seawater electrolysis cell was assembled by employing CoMoTe on both the cathode and the anode electrodes in alkaline water with a 0.1 M NaCl concentration and the results are presented in Figure 7c. On conducting full water electrolysis, it was observed that CoMoTe could effectively split water and yield a current density of 10 mA cm−2 at a cell voltage of 1.59 V in artificial seawater electrolyte comprising 1 M KOH + 0.1 M NaCl. The remarkable HER performance of CoMoTe electrocatalyst exhibits that, at high salt concentrations in seawater, even though the HER can be more competitive due to the suppressing chlorine evolution reaction (CER), hydrogen production was still favored over CER products. The high stability of CoMoTe for HER in seawater also shows that this electrocatalyst surface is resistant to degradation by chloride ions, suggesting CoMoTe as a promising electrocatalyst for seawater electrolysis.




2.4. Electrocatalytic Performance for ORR


The electrocatalytic performance of CoMoTe for ORR has been investigated by LSV in 1 M KOH, 1 M KOH + 0.3 M NaCl, and 1 M KOH + 0.1 M NaCl with rotating disk electrodes (RDE) set up at different rotation speeds (Figure 8a–c). From the polarization curves in Figure 8a–c, it can be deduced that the current density amplifies with the increasing rotation speed. This is compatible with the data reported in the literature and may be attributed to the accelerated diffusion within the electrolyte facilitating the reactant access to the active sites [42]. Figure 8d shows the bar plot of the reduction current density at 2000 RPM for the different types of electrolytes. It can be observed that in 1 M KOH, CoMoTe exhibits the highest diffusion limited current density at 2000 RPM followed by 1 M KOH + 0.1 M NaCl and 1 M KOH + 0.3 M NaCl. The decline in current density with the increasing salt concentration can be attributed to the influence of negatively charged chloride ions on the ORR, which can lower the ORR efficiency, leading to higher overpotentials and reduced current density for the same reaction rate [43,44].



The ORR onset potentials, half-wave potentials, and diffusion-limited current density in electrolytes with different concentrations of NaCl are shown in Table 2. While the onset potential for ORR remained similar under increasing salt concentration, indicating similar catalytic activity, the diffusion-limited current density showed a slight decrease, which can be due to the increased concentration of chloride ions in the vicinity of the surface, which leads to hindrance in diffusion and efficient adsorption of the oxygenated ionic species. Previous research has also shown that the salt ions, especially chloride ions, can adsorb onto the electrode surface and block active sites necessary for the ORR, reducing the effective surface area for the reaction and thereby decreasing the reduction current density [45]. In addition, the lower diffusion-limited current density might also be due to the higher viscosity and lower oxygen dissolution of artificial seawater [46].



To obtain a more comprehensive knowledge of the mechanism of ORR on CMT electrocatalyst, Koutecky–Levich (KL) curves were plotted at different potentials for 1 M KOH, 1 M KOH + 0.1 M NaCl, and 0.1 M KOH + 0.3 M NaCl, as shown in Figure 9. The first-order reduction reaction kinetics of the dissolved oxygen, with respect to the concentration of oxygen dissolved in the electrolytes, may be proven from the linear behavior of K–L plots in Figure 9. Furthermore, the parallel nature of the fitted lines of the K–L graphs at different applied potentials indicates first order kinetics towards the concentration of dissolved oxygen and electron transfer pathways of similar nature for ORR [47,48].



The number of electrons transferred (n) during ORR was estimated from Equation (3) as explained above, and it was estimated to be 3.75 in 1 M KOH at a potential range of 0.2–0.35 V, which suggests a four-electron reduction pathway forming water as dominant product for ORR [49,50]. Similarly, the number of electrons transferred in 1 M KOH + 0.3 M NaCl and 1 M KOH + 0.1 M NaCl electrolytes for the same potential range of 0.2–0.35 V was estimated to be 3.46 and 3.31, respectively, suggesting four electron reduction pathways even in the presence of high salt concentrations in the electrolytes. The fact that oxygen could be completely reduced to water in alkaline solutions with high salt content via a four-electron pathway reemphasizes the superior performance of CoMoTe in ORR which might be due to the presence of the abundant soluble ions in seawater, which can effectively accelerate the charge transfer. The superior performance of CoMoTe for ORR in seawater coupled with its OER and HER activity, confirmed its great potential as a tri-functional electrocatalyst for sustainable energy storage/conversion from naturally occurring seawater.





3. Experimental


3.1. Materials


All the chemicals that were utilized in the hydrothermal synthesis of CoMoTe were of analytical grade and employed as received. Deionized water (DI) of a resistivity of 18 MΩ cm was utilized for solution preparation. Cobalt nitrate (Co(NO3)2·6H2O) and molybdenum hexacarbonyl (Mo(CO)6) were obtained from Sigma-Aldrich (St. Louis, MO, USA), while hydrazine hydrate (N2H4·H2O) of 100% purity and tellurium dioxide (TeO2) were sourced from Thermo Scientific Chemicals (Waltham, MA, USA). Nafion and the carbon cloth substrate were supplied by Fuel Cells (Danbury, CT, USA).




3.2. Synthesis of Cobalt Molybdenum Telluride


Cobalt molybdenum telluride (CMT) was synthesized via a hydrothermal method. In 5.0 mL of deionized water, Co(NO3)2·6H2O (0.015 M) was dissolved and stirred with the assistance of a magnetic stirrer to achieve a homogeneous solution. After 5 min of stirring, Mo(CO)6 (0.015 M) was added, which was subsequently followed by the addition of 2.0 mL of DI water. Continuous stirring was performed on the mixture for another 5 min, after which TeO2 (0.03 M) was introduced. Next, 3.0 mL of DI water was added, and the solution was vigorously stirred for 20 more minutes. Then, 2.0 mL of Hydrazine hydrate (N2H4·H2O) was added, and the mixture was put into continuous stirring for an additional 10 min. The prepared solution was poured into a Teflon-lined stainless-steel autoclave, securely sealed, and heated in an oven at 175 °C for 24 h. The solution was cooled to room temperature, after which the black product was washed and centrifuged multiple times with deionized water. Additional washes were performed with a mixture of deionized water and ethanol to ensure the removal of impurities. The final step involved drying the product in a vacuum oven at 60 °C for 24 h.




3.3. Materials Characterization


Powder X-ray diffraction (PXRD): The crystallinity of the synthesized CMT powder was analyzed using the PXRD, obtained with a Philips X’Pert Powder X-ray diffractometer equipped with Cu–Kα radiation at a wavelength of 1.5406 Å.



Scanning electron microscopy (SEM): The morphology of the hydrothermally prepared sample was examined using SEM images obtained from a scanning electron microscope (FEI Helios NanoLab 600 FIB/FESEM, Thermo Fisher Scientific, USA) at an accelerating voltage of 10 kV and a working distance of 4.5 mm.



X-ray photoelectron spectroscopy (XPS): The chemical composition of the synthesized sample was analyzed through X-ray photoelectron spectroscopy (XPS), utilizing a Kratos Axis 165 X-ray photoelectron spectrometer supplied by Kratos Analytical Limited, situated in Manchester, United Kingdom. With the intention of examining the true surface chemistry, all XPS data were acquired without sputtering.




3.4. Electrochemical Characterization


The electrocatalytic performance of the synthesized CMT electrodes for HER, OER, and ORR was assessed using an IviumStat potentiostat. Electrochemical measurements were performed in a conventional three-electrode system, employing an Ag|AgCl reference electrode (KCl-saturated) the reference electrode and a graphite rod as the counter electrode, while CMT dropcasted on carbon cloth acted as the working electrode. To prepare the working electrode, 5.0 mg of CMT electrocatalyst powder was added in a mixture of 10 μL of Nafion and 300 μL of ethanol. This mixture was ultrasonicated for 30 min to reach a uniform suspension. A total of 100 μL of the resulting suspension was drop-cast onto a CC electrode with a confined surface area of 0.08 cm2, applied in 10 μL intervals. The film that was dropcasted was left to dry at room temperature overnight and subsequently heated in an oven at 65 °C for an additional 30 min.



The electrochemical data were collected in three different types of electrolyte solutions; (i) 1 M KOH, (ii) 1 M KOH + 0.1 M NaCl (as artificially simulated seawater with moderate salt concentration), and (iii) 1 M KOH + 0.3 M NaCl (as artificially simulated seawater of higher salt concentration). All acquired potentials were referenced against Ag|AgCl and were subsequently converted to the reversible hydrogen electrode (RHE) using the following equation: (Equation (1)) [51]:


ERHE = EAg|AgCl + 0.059 pH + E0Ag|AgCl



(1)







In this equation, ERHE represents the converted potential vs. RHE, EAg|AgCl is the experimentally applied potential, and E0Ag|AgCl denotes the standard potential of Ag|AgCl electrode at 25 °C, which is 0.199 V.



ORR kinetics were studied using a rotating disc electrode (RDE) in an oxygen-saturated electrolyte, with electrode rotation rates ranging between 400 and 2000 rpm, increasing in 400 rpm increments. The total number of electrons transferred during the ORR reaction was estimated using a Koutecky–Levich (K-L) plot that was constructed (J − 1 vs. ω − 1/2) using the K–L equation (Equation (2)) [52]:


1/J = 1/(Bω1/2 ) + 1/JK



(2)







Here, J is the recorded current density (A cm−2), JK is kinetic current density, and ɷ denotes angular rotation rate of the electrode (rad/s). B is called the Levich constant, which is usually calculated from the slope of K–L plots based on the Equation (3) [53]:


B = 0.2nFC0 (D0) 2/3 ν −1/6



(3)







In Equation (3), n is defined as the number of electrons exchanged per molecule of O2, F represents the Faraday constant (96,485 C mol−1), C0 denotes the amount of oxygen concentration in the bulk of the electrolyte (1.2 × 10−6 mol cm−3), D0 is the diffusion coefficient of O2 (1.9 × 10−5 cm2 s −1), and ν is the kinematic viscosity of the electrolyte (0.01 cm2 s−1).



The electrokinetic properties of the CMT electrocatalyst in OER reaction was examined by Tafel slope, which was calculated from the Tafel plot driving from the Tafel equation (Equation (4)) [54].


  η = a +    2.3 R T   α n F    l o g   j  



(4)




where α indicates the transfer coefficient, n is the number of electrons participating in the reaction, F represents the Faraday constant, j is the current density, and η stands for overpotential of oxygen evolution reaction, calculated by η = E – Er, where E represents the applied potential, while Er denotes the thermodynamic water splitting voltage, i.e., 1.23 V. In Equation (4), the Tafel slope is expressed as 2.3 RT/αnF. The smaller the Tafel slope, the faster the reaction kinetic at the catalyst’s surface is [55].




3.5. Gas-Phase Product Identification from OER


The gas products of OER reaction have been analyzed using a gas chromatograph (GC). The gas chromatograph instrument was equipped with a thermal conductivity detector (GC-TCD) and Molecular Sieve 5A capillary column with the carrier gas of helium (99.999%). For GC analysis, the OER reaction was conducted in a closed cell using CMT electrocatalyst, and the evolved gas from the reaction at the anode was collected after the chronoamperometry experiment to be injected into the GC-TCD equipment at variable reaction times using a gas-tight syringe. The respective chromatograph was compared to the corresponding results obtained by the injection of pure chlorine, oxygen, and nitrogen gases.





4. Conclusions


In the current study, cobalt molybdenum telluride was investigated as a promising tri-functional electrocatalyst for HER, OER, and ORR reactions in alkaline seawater. The electrocatalyst was synthesized through a hydrothermal route and the physicochemical properties were characterized with several techniques. Detailed electrochemical analysis showed that CoMoTe has a superior activity for OER and HER reactions in alkaline seawater with high salt concentration, as evident through the high current density and low overpotentials. It also exhibits high operational and compositional stability for a prolonged time. More importantly, as the OER overpotential was reduced, no chlorine was detected even after long-term operation, suggesting that the catalyst interface was not much affected by the presence of the saline content in seawater and selectively oxidized water. It was also observed that although increased concentrations of cations like sodium (Na+) in seawater may compete with hydrogen ions (H+) for adsorption sites on the electrode surface in HER, the CoMoTe electrocatalyst could retain its HER activity to a high extent even at higher NaCl concentrations. Thus, this research reports a new electrocatalyst composition, which is a first of its kind to exhibit significant performance for clean energy production/storage from alkaline seawater.
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Figure 1. (a) PXRD patterns of CMT; (b) SEM images of CMT. 
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Figure 2. The deconvoluted XPS spectra of CMT electrocatalyst: (a) Mo 3d, (b) Te 3d, (c) Co 2p peaks. 
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Figure 3. (a) LSV plots of the as-prepared CMT at different salt concentration (measured with a scan rate of 10 mV s −1). (b) The Tafel plots of CMT at different salt concentration. (c) Comparative LSV results at 1 M KOH + 0.3 M NaCl. (d) Chronoamperometry test of CMT at a 600 mV of applied potential. 
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Figure 4. Post activity characterization data of CMT. (a) SEM images after chronoamperometry; (b) PXRD pattern before and after chronoamperometry; (c) XPS spectra of Mo; (d) XPS spectra of Te; (e) XPS spectra of Co. 






Figure 4. Post activity characterization data of CMT. (a) SEM images after chronoamperometry; (b) PXRD pattern before and after chronoamperometry; (c) XPS spectra of Mo; (d) XPS spectra of Te; (e) XPS spectra of Co.



[image: Catalysts 14 00684 g004]







[image: Catalysts 14 00684 g005] 





Figure 5. Chromatogram of gas products of OER on CMT electrocatalyst after chronoamperometry experiment at 600 mV for 17 h, as well as pure chlorine, oxygen, and nitrogen gases. 
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Figure 6. Electrochemical impedance spectra of CoMoTe electrocatalyst in 1 M KOH and 1 M KOH + 0.3 M NaCl electrolytes. The EIS data have been recorded at 400 mV (vs Ag|AgCl) in the frequency range of 0.1 Hz to 100 kHz. 
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Figure 7. (a) LSV plots of HER reaction CMT at different NaCl concentrations at scan rate of 10 mV s−1. (b) Chronoamperometry plots illustrating long-term stability of CMT electrode under −500 mV of applied potential. (c) LSV curve of the full water electrolysis on CMT. 
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Figure 8. LSV plots of the as-prepared CMT electrocatalyst at RRDE electrodes with different rotation speed at potential scan rate of 10 mV s−1 and (a) 1 M KOH, (b) 1 M KOH + 0.1 M NaCl, and (c) 1 M KOH + 0.3 M NaCl. (d) Reduction current densities in 0.1 V at different electrolytes. 
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Figure 9. K–L plots of CMT electrode in O2-saturated (a) 1 M KOH, (b) 1 M KOH + 0.3 M NaCl solution, and (c) 1 M KOH + 0.1 M NaCl, collected using RDE set-up. 
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Table 1. Quantitative analysis of XPS for CMT for before after the reaction.
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	Elements
	As Prepared CMT

At%
	Used CMT

At%





	Mo
	19.01
	19.02



	Co
	19.33
	20.76



	Te
	55.93
	52.10



	O
	5.73
	8.13










 





Table 2. Comparison of electrocatalytic parameters for ORR.
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	Electrolyte Concentration
	Onset vs. RHE * (V)
	No. of Transferred

Electrons
	E1/2 *

(V)
	Diffusion Limited Current

Density * (mA cm−2)





	1 M KOH
	0.84
	3.75
	0.75
	3.08



	1 M KOH+ 0.1 M NaCl
	0.88
	3.46
	0.71
	2.62



	1 M KOH+ 0.3 M NaCl
	0.74
	3.31
	0.65
	1.47







* The data are measured at 2000 RPM.
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