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Abstract

:

The rational design and development of the low-cost and effective electrocatalysts toward oxygen evolution reaction (OER) are essential in the storage and conversion of clean and renewable energy sources. Herein, a ternary copper-cobalt sulfide nanosheets electrocatalysts (denoted as CuCoS/CC) for electrochemical water oxidation has been synthesized on carbon cloth (CC) via the sulfuration of CuCo-based precursors. The obtained CuCoS/CC reveals excellent electrocatalytic performance toward OER in 1.0 M KOH. It exhibits a particularly low overpotential of 276 mV at current density of 10 mA cm−2, and a small Tafel slope (58 mV decade−1), which is superior to the current commercialized noble-metal electrocatalysts, such as IrO2. Benefiting from the synergistic effect of Cu and Co atoms and sulfidation, electrons transport and ions diffusion are significantly enhanced with the increase of active sites, thus the kinetic process of OER reaction is boosted. Our studies will serve as guidelines in the innovative design of non-noble metal electrocatalysts and their application in electrochemical water splitting
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1. Introduction


Faced with the environmental problems and climate changes that are caused by the consumption of increasingly exhausted traditional fossil fuels, it is indispensable to build a sustainable energy system and develop clean and pollution-free energy instead of conventional energy sources in the future [1,2,3]. Hydrogen is widely regarded as a clean, renewable, and environmentally friendly energy carrier, which attracts wide attention in various fields [4,5,6]. By far, among the many hydrogen production methods (methane oxidation or reforming, etc.), electrochemical water splitting is considered to be the most promising one at present, because it provides an apinoid strategy for renewable energy conversion and storage [7,8,9,10]. However, the semi-reaction in the process of water splitting, oxygen evolution reaction (OER), is related to the continuous process of four proton-coupled electron transfer, which requires a higher overpotential at the anode and it therefore undergoes a sluggish reaction dynamics process [11,12,13]. As a consequence, it is particularly valuable for researchers to develop efficient and stable oxygen-evolving catalysts at present [14,15]. Particularly, some noble metal catalysts, including IrO2 and RuO2, are deemed to the most efficient and robust electrocatalysts for water oxidation [16,17]. Nevertheless, the fancy price and low reserves of noble metals limit the extensive application of catalysts in industry and business [18]. Thus, rational design and the manufacture of highly active, inexpensive, and durable non-noble metal electrocatalysts are desirable and challenging [19].



Recently, transition metal sulfides, as one of the non-noble metal electrocatalysts, have attracted numerous research interests due to their similar catalytic activity to noble metals, unique physicochemical properties, and low cost [20,21]. Especially, because of cobalt sulfide’s (CoS2) intrinsic metal peculiarity, excellent electrical conductivity, and chemical stability, it is widely used in electrolytic oxygen evolution reaction [22,23]. On the other hand, for dopants, the valence and phase diversity of copper-cobalt, as well as the relatively rich redox chemistry, are considered as ideal catalytic materials for water oxidation catalysts [24]. What is more, multicomponent copper-based sulfides are widely used in many fields due to their superior carrier concentration and charge transfer characteristics [25,26]. The synergistic effect of bimetallic construction between copper and other types of atoms is beneficial in the optimization of electronic structure, increasing the number of active sites, and improving conductivity, and it will greatly promote the activity of electrocatalysis [27,28,29,30]. Nowadays, Copper-cobalt complex sulfides have been extensively studied in the field of energy storage, such as supercapacitors [31,32,33]. However, the application of electrocatalytic oxygen evolution reaction is still less reported, so there are still some challenges and arduous research tasks.



As is known to all, copper and cobalt have similar chemical properties, such as atomic radius and ionization energy, so this is favorable in the formation of bimetallic compounds. Herein, based on the viewpoints that are mentioned above, we designed and developed novel ternary copper-cobalt sulfide nanosheets that were loaded in carbon cloth (CuCoS/CC) as catalysts for OER in alkaline media by one-step hydrothermal method and succedent sulfuration. Notably, benefiting from the unique composition, electronic structure, and morphology, the obtained CuCoS/CC exhibits excellent catalytic performance and remarkable durability for OER. When the current density of 10 mA cm−2 is driven, the overpotential required is as low as 276 mV, and the Tafel slope achieved is 58 mV decade−1, which is lower than the reference IrO2 (304 mV at 10 mA cm−2, 62 mV decade−1). The experimental results also show that the performance of copper-cobalt composite sulfides for OER is superior to that of CuS2/CC, CoS2/CC, and CuCoO/CC, which suggests that the CuCoS/CC electrode has wide prospects in practical application.




2. Results and Discussion


Scheme 1 clearly illustrates the schematic strategy for the synthesis and fabrication of the CuCoS/CC electrode. The original carbon cloths underwent acid soaking, cleaning and annealing, and finally the oxidized carbon cloths were obtained (bare CC). Then, the vertical nanosheets arrays were grown by the one-step hydrothermal method (denoted as CuCo precursor/CC). Subsequently, the as-prepared CuCo precursor/CC was further sulphured at 600 °C in the nitrogen atmosphere, and finally the CuCoS/CC catalyst was obtained. Similarly, the precursor was annealed without adding sulfur in same condition to acquire the CuCo oxides (CuCoO/CC) (all of the details are shown in the Experimental Section).



Figure 1a–b and Figure S1b show the scanning electron microscopy (SEM) images of the CuCo precursor/CC and CuCoO/CC, respectively. A large number of nanosheets grow uniformly and vertically on carbon cloth. Additionally, the surface of nanosheets is smooth without pores, along with neat and non-rough edges. After sulfuration, as shown in Figure 1c–d, the overall structure and morphology of the samples remain intact. However, the surface of the obtained CuCoS/CC becomes rough and porous relative to that of the CuCoO/CC and CuCo precursor/CC, and the thickness of the nanosheets also increases. This effect will lead to the enlargement of specific surface area and introduce some defects, which are conducive to the increase of active sites on the surface and edge of the nanosheets, and enhance the transmission and transfer of electrons and protons [34,35]. Further transmission electron microscopy (TEM) analyses show that the nanosheets have ultrathin structure and transparent edges at some locations (Figure 1e). In high-resolution transmission electron microscopy (HRTEM) (Figure 1f), the lattice spacing of 0.319 nm can be clearly seen, which matches well with the (111) plane of CoS2. The energy dispersive X-ray spectrum (EDX) illustrates the elemental composition and distribution on the surface of the CuCoS/CC in Figure 1g, showing that the Cu, Co, and S elements are abundant and homogeneously distributed throughout the nanosheets.



To further understand the intrinsic information of the crystalline phase and components, the X-ray diffraction (XRD) pattern of the CuCoS/CC is collected and shown in Figure 2a. The XRD pattern shows that the CuCoS/CC contains the CoS2 and CuS2 phases, and the diffraction peaks exist between the two standard phases (PDF#89-1492 and PDF#33-0492). This result indicates the formation of the CuCo complex sulfide. From the inductively coupled plasma mass spectrometry (ICP-MS) measurement, we can find that the percentage of Co and Cu is determined to be 26.78% and 15.34%, respectively (Table S1). Furthermore, the chemical and electronic states of the elements on the surface of the CuCoS/CC are characterized by X-ray photoelectron spectroscopy (XPS). Figure 2b shows the XPS spectra of Cu 2p of CuCoS/CC. The peaks at 934.9 and 954.7 eV are assigned to Cu 2p3/2 and Cu 2p1/2, respectively, which is consistent with Cu2+. Likewise, two discrete peaks that are situated in 952.3 and 932.5 eV correspond to Cu+. Additionally, satellite peaks can be observed at the binding energy of 943.3 and 963.1 eV (identified as Sat.) [36]. These results suggest that the Cu element of CuS2 phase exists in the valence states of +1 and +2 in the CuCoS/CC. The peaks of Co 2p1/2 and Co 2p3/2 appear at 793.9 and 778.7 eV (Figure 2c), respectively, with satellite peaks at 780.9 and 800.5 eV. These above results indicate that Co2+ and Co3+ coexist in the CuCoS/CC [37]. On the other hand, the peaks at 164 and 162.7 eV are attributed to S 2p1/2 and S 2p3/2, respectively (Figure 2d). The peak at 168.9 eV is ascribed to the sulfate species that formed by the interaction of S with O2 adsorbed on the surface [38,39]. Besides, the Raman spectrum of the CuCoS/CC reveals two relatively strong peaks at 1360 and 1590 cm−1, which are assigned to irregular defective carbon in D band and graphite carbon in G band, respectively (Figures S2 and S3). The intensity ratio of D peak to G peak is calculated. It is found that the intensity of ID/IG of CuCoS/CC (1.08) is slightly higher than that of bare CC (0.94), which implies that sulfuration would lead to some structural distortion, which would in more irregular defects and more active sites [5,21,40]. The hydrophilicity of the CuCoS/CC is also characterized by measuring the interface contact angle. Figure S4 shows the reduced contact angle of the CuCoS/CC (131.29°) as compared to the bare CC (145.16°), which implies that ternary copper-cobalt sulfide nanosheets can contribute to improved surface wettability and increased contact between nanosheets and electrolyte. Based on the analysis of the above characterizations, the successful synthesis of CuCoS/CC is strongly demonstrated.



In order to evaluate the electrocatalytic performance of the synthesized CuCoS/CC for OER, the standard three-electrode system in 1.0 M KOH is applied for characterization. Bare CC, CuCoO/CC, CoS2/CC, CuS2/CC, and IrO2 on CC (IrO2/CC) are also tested in the same condition for comparison. Figure 3a and Figure S5 show the linear sweep voltammetry (LSV) curves of the as-prepared samples at a scan rate of 5 mV s−1. To accurately determine the catalytic activity, the overpotential that is required at current density of 10 mA cm−2 is used as an index to evaluate the performance, which is related to solar fuel synthesis [41]. Clearly, as shown in Figure 3b, the CuCoS/CC only needs 276 mV overpotential to drive the current density of 10 mA cm−2, which is much smaller than that of CuCoO/CC (332 mV), IrO2/CC (304 mV), and bare CC (470 mV). Subsequently, we compare the reported copper-cobalt based catalysts with similar loadings, to better explain the underlying mechanism of improved catalytic performance from different perspectives (Table S2). We adopt the strategy of in-situ growth of CuCoS on carbon cloth, as opposed to materials adhering to the substrate by binders [42]. This is conducive to exposing more active sites and improving electron transport efficiency, which thus promotes the improvement of catalytic activity [43,44]. Besides, when compared with the reported pure CoS2 grown on carbon cloth, the mechanism of our CuCoS/CC’s excellent performance is due to the introduction of copper atoms, and the synergistic effect between copper and cobalt is beneficial in improving the catalytic performance [45]. We also contrast the performance of cobalt-based oxides and hydroxides in situ grown on carbon substrates reported, which show poor performance. This further shows that sulfidation can enhance the conductivity and greatly improve the catalytic performance [46,47]. In addition, Tafel slopes are used to examine the kinetic process of electrocatalysis for OER (Figure 3c). CuCoS/CC exhibits a smallest Tafel slope of 58 mV dec−1, which is lower than CuCoO/CC (92 mV dec−1), IrO2/CC (62 mV dec−1), and bare CC (105 mV dec−1), suggesting that CuCoS/CC can deprotonate and rearrange OH- group more quickly than others, which is the rate determining step at lower potential [48,49,50]. CoS2/CC, CuS2/CC are also tested to confirm the advantages of ternary copper-cobalt sulfides, as shown in Figure S5. As we expected, when the current density is 10 mA cm−2, CoS2/CC, and CuS2/CC show overpotentials of 309 mV and 357 mV, severally, which are much higher than CuCoS/CC. The above results prove that the synergistic effect of Cu and Co is beneficial in adjusting the electronic state and increasing the intrinsic activity, thus promoting the improvement of catalytic activity [51,52]. Stability is also a particularly important factor of electrocatalysis. In Figure 3d, after 5000 cycles of cyclic voltammetry, the polarization curve of the CuCoS/CC is almost the same as that of the initial test, with no attenuation, which indicates that the CuCoS/CC has excellent stability.



Next, we calculate the cyclic voltammetric characteristic curve to obtain the electrochemical double-layer capacitance (Cdl) (Figure 4a–b and Figure S6a), and evaluate the electrochemical surface area (ECSA) to further determine the catalytic performance. Figure 4c indicates that CuCoS/CC has a higher ECSA of 10.92 mF cm−2 than CuCoO/CC (7.11 mF cm−2) and bare CC (5.12 mF cm−2), which thus provides more active sites toward OER dynamic process [53,54]. The electrochemical impedance spectroscopy (EIS) further studies the catalytic activity of OER. As shown in Figure 4d, the Nyquist plots suggest that CuCoS/CC has a smaller semicircle radius, when compared with CuCoO/CC. This indicates that the CuCoS/CC has lower transmission impedance, higher charge transfer rate, and excellent reaction kinetics in OER, where the Randles equivalent circuit is embedded in Figure 4d [55]. As can be seen in Figure S6b, CuCoS/CC reveals a steady rate of hydrogen and oxygen production, which is close to the theoretical value. In the process of water splitting, it also demonstrates that the volume ratio of H2/O2 production matches well with 2:1, and achieves nearly 100% faradaic efficiency, which indicates that very little oxygen is used to produce hydrogen peroxide in the OER process. Accordingly, hydrogen peroxide is seldom generated in the whole electrocatalytic reaction, which illustrates that synthesized CuCoS/CC has higher OER activity and efficiency [56].




3. Materials and Methods


3.1. Chemicals and Materials


Commercial carbon clothes (CC WOS 1002) were purchased from PHYCHEMi Co. Ltd., Hongkong. Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), nafion solution, sulfur powder and Copper nitrate trihydrate (Cu(NO3)2·3H2O) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China, Nitric acid (70% HNO3), urea and sulphuric acid (98% H2SO4) were purchased from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China.




3.2. Syntheses of Oxided Carbon Clothes (Bare CC)


The preparation of oxided carbon clothes is according to previous work [57]. Commercial carbon clothes (WOS 1002) were immersed in a beaker with a mixture of 10 mL of 98% H2SO4, 10 mL of 70% HNO3, and 10 mL of deionized water, and the area of the infiltration is approximately 1 × 1 cm−2. After that, the beaker was transferred to the drying oven and heated at 70 °C for 24 h. Subsequently, the carbon clothes were washed with a lot of deionized water until its pH was close to 7, followed by dried 60 °C for 24 h. Subsequently, those carbon clothes were heated in a muffle furnace to 500 °C at a heating rate of 10 °C min−1 for 2 h. Next, we cut 1 cm × 0.5 cm carbon cloth for further use.




3.3. Syntheses of CuCoS/CC


In a typical synthetic process, 60.4 mg Cu(NO3)2·3H2O, 146 mg Co(NO3)2·6H2O, and 180 mg urea were dissolved into 20 mL deionized water and then stirring to form a uniform solution. Among them, urea exhibits good chelating ability, enhances the solubility of solvent, and contributes to the formation of CuCo based nanosheets structure, along with the production of NH3 in the hydrothermal reaction, adjusting the pH value of the solvent [58]. Subsequently, the mixture and oxided carbon clothes were transferred to a Teflon-lined stainless steel autoclave (50 mL), which was heated at 120 °C for 5 h. After the autoclave was cooled to room temperature, the samples were washed with deionized water and then dried at 60 °C in vacuum. Finally, the samples that were covered with S powder (2 g) were placed in a corundum boat and calcinated in a tube furnace to 600 °C at a rate of 5 °C min−1 for 2 h under the flowing N2 atmosphere. The CuCoO/CC was prepared in the same manner, except that no S powder added. The catalysts loading on the CC were calculated about 1 mg cm−2. For synthesizing CuS2/CC and CoS2/CC, the method is same above-mentioned process, just without added Co(NO3)2·3H2O and Cu(NO3)2·6H2O, respectively.




3.4. Characterization


The phase purity of the samples was identified from its X-ray diffraction pattern that was obtained on an X-ray diffractometer (Rigaku Smartlab) using Cu Kα radiation (40 kV, 40 mA). Field emission scanning electron microscopy (SEM, Hitachi SU8010) and transmission electron microscopy (TEM, FEI Tecnai G2 F20) equipped with an energy-dispersive spectrometer (EDS) characterized the morphologies and ingredient of the as-synthesized samples. Raman spectra were recorded by confocal Raman microscope (LabRAM HR Evolution) with 532 nm laser excitation. X-ray photoelectron spectroscopy (XPS) results were performed using Thermo ESCALAB 250XI. The contact angle analysis was recorded by an optical contact angle measuring instrument (JY-82B). The dioxygen yield was measured by gas chromatography (GC) analysis (FULI GC 9790II) purchased from Zhejiang FULI Analytical Instrument Co., Ltd., Zhengjiang, China. The moles of metal in CuCoS/CC were determined based on the inductively coupled plasma-optical emmision spectrometry (ICP–OES) results (Table S1, Supporting Information).




3.5. Electrochemical Measurements


The electrochemical measurements of OER were recorded by a three-electrode system with an electrochemical workstation (CHI 660, Shanghai Chenhua, Shanghai, China). The CuCoS/CC was used as a directly working electrode, and the Pt sheet was used as a counter electrode and the saturated Hg/HgO served as the reference electrode, respectively. An ion exchange membrane was applied to separate the working from the counter electrode. The geometric area of the carbon cloth normalized all of the measured current densities (1 cm × 0.5 cm). As for the IrO2/CC, 5 mg of catalysts were dispersed in 1 mL of ethanol and 20 μL of nafion solution by sonication, forming homogeneous ink, and then dropped onto CC with the loading about 1 mg/cm−2. Linear sweep voltammetry for OER and cyclic voltammograms were conducted in 1.0 M KOH. The linear sweep voltammetry was iR-corrected. Electrochemical impedance spectra were measured from 10 kHz to 100 mHz with an amplitude of 5 mV. The cyclic voltammograms curves were measured at the potential range from 0.90 to 1.00 V versus RHE at scan rate of 40, 60, 80, 100, 120 mV s−1. In the voltage range of 0–0.5 V with the scan rate of 100 mV/s, the stability test was performed after 5000 cycles of CV test. The potential readings were reported with respect to RHE according to the Nernst equation: ERHE = EHg/HgO + 0.059 × pH + 0.098. The following formula are usually used to calculate ESCA: SECSA = (Cdl × SGEO)/SC. SC stands for specific capacitance, generally ranging from 20 to 60 μF cm−2ECSA, and SGEO represents the geometric area of the electrode. Cdl can be obtained from cyclic voltammograms (CVs) at different scan rates [59].





4. Conclusions


In summary, we have demonstrated the successful design and synthesis of CuCoS/CC by a hydrothermal method accompanied by the direct sulfidation of CuCo-based precursors. The CuCoS/CC reveals prominent electrocatalytic activity with a lower overpotential of only 276 mV at a current density of 10 mA cm−2 and Tafel slope of 58 mV dec−1 in 1.0 M KOH, which is superior to commercial IrO2. In addition, the mechanism of significant enhancement of catalytic performance of CuCoS/CC has also been explored, to a certain extent. The synergistic effect of Cu and Co atoms is propitious to optimize the electronic structure and enhance the intrinsic activity of materials. Additionally, sulfidation enriches the active sites of the CuCoS/CC and it promotes the electrocatalytic reaction kinetics for OER. When combinined with the advantages of excellent properties of CuCoS/CC, simple preparation and synthesis method, and abundant sources on the earth, it has the enormous potential to replace noble metal catalysts and provide promising ideas for practical application.
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Scheme 1. Representation of the fabrication process of CuCoS/CC. 
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Figure 1. Scanning electron microscopy (SEM) image of (a) and (b) CuCo precursor/CC at different magnifications, (c) and (d) CuCoS/ carbon cloth (CC) at different magnifications. (e) Transmission electron microscopy (TEM) and (f) high-resolution TEM images of CuCoS/CC. (g) TEM image and the corresponding Cu, Co, S element mapping images. 
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Figure 2. (a) X-ray diffraction (XRD) pattern of CuCoS/CC. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of (b) Cu 2p and (c) Co 2p (d) S 2p regions of CuCoS/CC. 
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Figure 3. (a) Polarization curves, (b) Comparisons of the potentials required to reach the current density of 10 mA cm−2, (c) Tafel plots of various catalysts in 1.0 M KOH solution at 5 mV s−1 of CuCoS/CC, CuCoO/CC, bare CC and IrO2/CC. (d) Linear sweep voltammetry (LSV) curves after 5000 CV cycles for the CuCoS/CC electrode. 
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Figure 4. Cyclic voltammetry of (a) CuCoS/CC and (b) CuCoO/CC. (c) electrochemical surface areas of CuCoS/CC, CuCoO/CC and bare CC. (d) Electrochemical impedance spectroscopy plots for CuCoO/CC and CuCoS/CC. 
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