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Metal sulfides and alloy anodes are a good choice for sodium-ion batteries (SIBs) since they have many benefitting advantages such as higher specific capacity, good cyclic stability, and higher rate capability. Tin antimony (Sn2Sb3), as an anode, exhibits a remarkable theoretical capacity of 753 mAhg−1 that has not been realized so far for reaching the theoretical capacity; pulverization of sulfide-based material [copper sulfide (CuS)] along with tin antimonide would be a better option for obtaining a high-performance anode for SIBs. Hence, an attempt is made to study the pulverisation effects of these two materials when employed as an anode for SIBs. The pulverised compound CuS: Sn2Sb3 delivers an initial discharge capacity of 659 mAhg−1 at 0.1 Ag−1 vs. Na/Na+ with high stability retaining up to 100% efficiency over 100 cycles. The present work highlights the structural changes upon pulverisation and its impact on delivering higher capacity.
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1 INTRODUCTION
The current Li-ion battery technology satisfies the massive energy demand, but their high cost, uneven distribution, lack of a Li source, and serious issues with dendrite growth that result in short circuits in existing batteries (Wu et al., 2019) call for consideration of battery alternatives. The failure of the Li-ion battery mostly lies in the fact that the thermal runaway is encountered at temperatures above 80°C (Minakshi, 2012). In this way, sodium-ion batteries (SIBs) are the promising candidates since sodium resources are rich with the technology analogous to LIBs and can be made available at a low cost (Hwang et al., 2017). The recent arena is to identify a suitable anode material for SIBs since the capacity is limited and shows unstable performance which hampers the commercial aspect of SIBs (Zhang et al., 2023). There are different types of anode materials viz., alloy, oxide, carbon, sulfide, and titanium-based materials employed for SIB applications. Majorly in the commercial application of LIBs, graphite anodes are employed since it delivers a laudable theoretical capacity of 372 mAhg−1 appended with good electrochemical performance and longer cycle life (Zhang et al., 2023). However, in the context of SIBs, graphite does not have good alloying properties with Na+, which is thermodynamically unfavourable, and it delivers a low coulombic efficiency during charge–discharge cycling (Veeraraghavan et al., 2002; Wang et al., 2014). Other than graphite, hard carbon is widely employed as an anode material for SIB applications due its highly stable nature of cycling (Wang et al., 2014). Still, hard carbon possesses a very low theoretical capacity of 300 mAhg−1.
Subsequently, metal sulfide-based anode materials are suitable candidates having excellent redox reversibility and relatively high capacity (Xiao et al., 2016; Zhao et al., 2023). Copper sulfide (CuS) is chosen as an anode material among all the other sulfide materials since the toxic levels are obviously lesser and attracts more attention. Owing to its wide range of properties, it has been employed in the fields of rechargeable lithium-ion batteries (Jache et al., 2014), LEDs (Liu et al., 2017), biosensors (Shi et al., 2015), photovoltaics (Dhasade et al., 2013), supercapacitors (Xu et al., 2016), photocatalysis (Li et al., 2010), and many other applications.
CuS has a good alloying reaction with sodium ions (Li et al., 2020).The intercalation and conversion reaction of CuS with sodium ions take place, as explained by Eqs 1, 2 as follows (Kim et al., 2017):
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Different methods of preparation of CuS such as hydrothermal, microwave-assisted, co-precipitation, and solid-state reaction methods (Zhou et al., 2005; Nafees et al., 2011; Auyoong et al., 2013; Pejjai et al., 2019) have been adapted by various researchers. Although several scientists have reported better performance for the hydrothermal method (Auyoong et al., 2013) due to their hierarchical structures for preparation of CuS, the shortfall with the methodology in large-scale preparation cannot be ignored. On the other hand, the solid-state reaction method does not demand any solvent system and 90% of the yield is achieved with better feasibility for the scaling up process. There are no much reports to the best of the knowledge of the authors, available for the preparation of CuS using the solid-state reaction method for the application in SIBs.
The solid-state reaction method is advantageous because of its low cost, reduced pollution, and simplicity in processing and handling, which are the present day necessities of industries for large-scale production (Bekri-Abbes and, Srasra, 2010). Hence, in the present work, a higher yield (90%) of the CuS material is achieved by the one step solid-state reaction method at a low temperature of 250°C. CuS prepared by the co-precipitation method is already reported by Priyanka et al. (2018). Hence, CuS prepared by two methods, viz., the co-precipitation and solid-state reaction method, are compared with their performances in this work.
In addition, an attempt is extended to study the role or synergy of the promising metal alloy anode, i.e., tin antimony (Sn2Sb3). The alloy-based anodes are used in SIBs due to their high gravimetric and volumetric specific capacities (Zheng et al., 2020). Sn2Sb3-based alloy anodes are studied and found beneficial due to their high rate capability of 440 mAhg−1 (Ma and, Prieto, 2019). However, tin antimony suffers from severe volume expansion (Liu et al., 2013; Wu et al., 2014) when alloying with sodium. Hence, an effort is made to pulverise the sulfide and alloy-based material (CuS: Sn2Sb3) to increase the specific capacity and evaluated as an anode in SIBs. The objective of the work is to evaluate the suitability of CuS prepared with a method feasible for large-scale production at a low temperature of synthesis and also to increase the specific capacity of CuS by pulverising Sn2Sb3 with it. The prepared samples are tested in an aqueous and non-aqueous electrolyte, and the electrochemical performances are studied. An initial discharge capacity of 480 mAhg−1 with 90% efficiency is achieved for 2,000 number of cycles in an aqueous NaOH system, whereas in the case of the non-aqueous system with respect to Na/Na+, an initial discharge capacity of 659 mAhg−1 with 100% efficiency is achieved for 100 cycles, which has not yet been reported so far in this method. To the best of our knowledge, no reports are available in this line of analysis and hence reported here.
2 MATERIALS AND METHODS
2.1 Synthesis procedure
CuS and Sn2Sb3 are prepared by the co-precipitation method and pulverised in a 1:1 ratio, as reported previously in our work (Priyanka et al., 2018). CuS prepered by the co-precipitation (CP) method is named as CuS (CP), CuS (CP) and Sn2Sb3 pulverised in a 1:1 ratio is named as P1-CuS hereafter.
In a typical procedure of synthesis of CuS using the solid-state reaction (SSR) method, appropriate amounts of CuCl2.2H2O (Merck) and CH4N2S (Merck) are weighed and ground for an hour using a mortar and pestle. A green powder is obtained, which is heated at 250°C for 1 h in a muffle furnace. Then, the product is washed several times using distilled water and centrifuged. Finally, the black product is dried at 80°C for 3 h. This sample is taken as CuS (SSR) and is pulverized with Sn2Sb3 in the ratio of 1:1 and named as P2-CuS.
2.2 Characterisation techniques
2.2.1 Material characterisation
The structural characterisation is carried out using the PANalytical X’Pert Pro instrument under the instrumental conditions of 45 kV and 30 mA with Cu-Kα radiation. Raman analysis is conducted using Horiba LabRAM with an excitation wavelength of 532 nm. FESEM analysis is conducted using the TESCAN Mira instrument, and the AC impedance study is carried out using a two-electrode system at a frequency range of 100 Hz to 1 MHz at room temperature in the Biologic SP-150 instrument. For the impedance measurement, the powder is made into a 12-mm pellet at a pressure of 200 MPa without any binder. The pellet is coated with carbon paste on both the sides for conductivity, and the measurements are made.
2.2.2 Electrochemical characterization
2.2.2.1 Three-electrode aqueous system
Electrochemical studies are performed to analyse the electrochemical properties by cyclic voltammetry (CV) using the conventional three-electrode system. A platinum wire and Ag/AgCl are used as a counter and reference electrode, respectively. The working electrode preparation involves 85% of active material, 10% carbon black, and 5% sodium carboxyl methyl cellulose (binder), which is made into a slurry by the addition of N-methyl-2-pyrrolidone. Then, the slurry is coated on a copper current collector and dried at 80°C until complete evaporation of the solvent. The CV studies and galvanostatic charge–discharge (GCD) studies at 0.1 C, 0.2 C, 0.5 C, and 1 C rate are carried out using 1 M NaOH electrolyte for all the samples in the Biologic SP-150 instrument.
2.2.2.2 Two-electrode aqueous system
A two-electrode cell is assembled to find the performance of the prepared best performing P2-CuS anode with commercial activated carbon (AC) (SRL) and PVA-NaOH gel polymer electrolyte. The electrode materials are assembled with the PVA-NaOH gel electrolyte without a separator, and the typical electrode mass loading of P2-CuS and AC are 6.8 mg/cm2 and 4.6 mg/cm2, respectively.
2.2.2.3 Two-electrode coin cell in the non-aqueous system
The best performing samples are subjected to GCD analysis with respect to sodium metal (Na/Na+). The non-aqueous electrolyte used is 1 M NaClO4 in a 50: 50 (v/v) mixture of propylene carbonate (PC) and ethylene carbonate (EC) with 5 wt% fluoroethylene carbonate (FEC). The half-cell is assembled in an argon-filled glove box (Mbraun, Unilab, Germany) with the corresponding anode, and a Whatman glass microfibre filter paper (GF/D) with a Na foil as a counter/reference electrode. The GCD analysis is carried out using the instrument Neware battery test system from Shenzhen Neware Electronic Co., China, at room temperature with a voltage window of 0.1–2.7 V at a current density of 0.1 Ag−1.
3 RESULTS AND DISCUSSION
3.1 Structural analysis
3.1.1 X-ray diffraction (XRD) analysis
The phase identification of the prepared samples is conducted using the XRD technique. The XRD pattern of CuS (SSR) is shown in Figure 1A. The entire observed peaks match well with JCPDS #06-0464 card. Furthermore, to gain more insights, a Rietveld refinement is performed using GSAS software and is shown in Figure 1A. The values obtained from the fit are comparable with the reported data prepared by the SSR method (Wang et al., 2006); the prepared sample possesses a hexagonal structure with a space group of P63/mmc. The Rietveld refinement shows a good match with the experimental data where all the peaks are fitted (goodness of fit GOF = 1.3), and it is evident that there is no secondary phase formed or parental impurities left in the prepared CuS. Due to the perfect match of Rietveld refined parameters of the prepared sample with the theoretical CIF values, it is understood that no strain prevails in the prepared structures due to mismatch or any other crystalline defect in the structure.
[image: Figure 1]FIGURE 1 | Rietveld refined X-ray diffractograms of (A) CuS (SSR), (B) Sn2Sb3, (C) P1-CuS, and (D) P2-CuS.
Similarly, the XRD pattern is observed for the sample Sn2Sb3, P1-CuS, and P2-CuS, and the Rietveld refined results are shown in Figures 1B–D. The major peak is observed at 28° corresponding to the hkl plane of (102) of the Sn2Sb3 phase. Other peaks are also indexed with the corresponding hkl planes. The exact weight fractions of each phase present in the case of P1-CuS and P2-CuS are shown in Table 1, and moreover, there is an evident alteration of the lattice parameter values during pulverisation, which is shown in Table 1. The Rietveld refined data are visualized using VESTA software, and their structural aspects are correlated with the responses observed due to the effect of pulverisation in the samples P1-CuS and P2-CuS.
TABLE 1 | Fitting parameters from GSAS.
[image: Table 1]The average crystallite size calculated using the Debye– Scherrer formula (Riyaz et al., 2016) is 22.65 nm for the CuS (SSR) sample, which is comparably smaller than the values reported elsewhere, [image: image] nm (Auyoong et al., 2013), 68 nm (Nithya and Thiagaraj, 2020), 52.92 nm (Al-Jawad et al., 2019), and 40 nm (Zhang et al., 2013). The pulverised sample P1-CuS shows a crystallite size of 48.5 nm and that of P2-CuS is 26.8 nm. The crystallite size has been reduced in the case of P2-CuS, which will be an added advantage for the better cycling performance. When the crystallite size is smaller, the material could achieve a low activation energy of the charge transfer kinetics and diffusion mechanism, which, in turn, makes the redox reaction and diffusivity easier, leading to an enhancement of the electrochemical performance (Hao et al., 2020).
CuS has a simple, straightforward formula but a complex structure made up of layers that alternate between CuS3 triangles and CuS4 tetrahedrons with S–S bonds (Morales-Garcia et al., 2014). Pulverisation leads to the alteration of Cu and S sites. In both the pulverised samples P1-CuS and P2-CuS, it is evident that CuS and Sn2Sb3 have a miscible structure. The site-specific rearrangement that occurs due to pulverisation and the clustering effect of P1-CuS and P2-CuS (Supplementary Figure S1) are given in detail in Supplementary Section.
From the structures obtained for the samples P1-CuS and P2-CuS, it is observed that P1-CuS (Figure 2C) does not show any tetrahedral bond formation and P2-CuS shows tetrahedral bond formation, which is skewed in nature. The Sn2Sb3 structure in P1-CuS shows a layer formation upon the CuS system, and it is highly disordered. In sample P2-CuS (Figures 3A–C), the interatomic bonding between Cu0 with S6 and S9 is exceeding and proximity brought them stronger, creating a larger void responsible for higher feasibility of intercalation. Hence, a larger channel and strong bond is observed for the sample P2-CuS. The fact of tetrahedral skew and a half-sited structure in the sample P2-CuS clearly indicates that when CuS and Sn2Sb3 are pulverised, it does not form a single structure but forms a solid solution.
[image: Figure 2]FIGURE 2 | Structure of (A) CuS (CP) from the Rietveld refinement drawn using VESTA software (the atoms of the colours blue indicate the Cu0 site; violet, the Cu1 site; grey, the Cu2 site; dark blue, the Cu3 site; red, the Cu4 site; light green, the S6 site; pink, the S9 site; and dark green, the S10 site), (B) structure of Sn2Sb3 (the atoms of the colour grey indicate the Sn site and those in brown indicate the Sb site), and (C) structure of pulverised CuS: Sn2Sb3 (P1-CuS).
[image: Figure 3]FIGURE 3 | Structure of (A) CuS (SSR) from the Rietveld refinement drawn using VESTA software (the atoms of the colours blue indicate the Cu0 site; violet, the Cu1 site; grey, Cu2 site; dark blue, the Cu3 site; red, the Cu4 site; light green, the S6 site; pink, the S9 site; dark green, the S10 site), (B) structure of Sn2Sb3 (the atoms of the colour grey indicate the Sn site and those in brown indicate the Sb site), and (C) structure of pulverised CuS: Sn2Sb3 (P2-CuS).
3.1.2 Raman analysis
Due to the changes predicted in bond formation using the Rietveld analysis, it becomes essential to confirm the changes. Hence, Raman analysis is made and analysed further. A Raman analysis for the comparison of CuS is used to study the structure and bond formation of the prepared samples. The comparison of CuS prepared through the CP and SSR methods with Sn2Sb3 is shown in Figures 4A, B. The sharp characteristic peak at 468 cm−1 is attributed to the S–S stretching mode of S2 ions at the 4e sites in the CuS system (Al-Jawad et al., 2019), and the peak lies at 470 cm−1 in the case of CuS (SSR), as shown in Figure 4B. The peak at 262 cm−1 (CuS (CP) and 260 cm−1 [CuS (SSR)] attributes to the A1g transverse optic mode (TO) of CuS. These vibrational modes at the low-frequency regions 117 cm−1 and 135 cm−1 show the crystalline nature of the nanoparticles, which is seen in the CuS (CP) sample. It is essential to exclude oxide formation that the SSR method of preparation is performed in an open atmosphere, and hence, there may be oxide formation in the final compound of CuS. Although no such peaks arise in XRD, Raman analysis is more sensitive to reveal such bonds, if any.
[image: Figure 4]FIGURE 4 | Raman spectrum of (A) comparison of CuS (CP), Sn2Sb3, and (P1-CuS), and (B) CuS (SSR), Sn2Sb3, and (P2-CuS).
A higher order shift is obtained in the region of Sn2Sb3 in the case of P1-CuS and P2-CuS. The peaks corresponding to CuS remain at the same position in P1-CuS, and a shift from 260 cm−1 to 251 cm−1 and 470 cm−1 to 468 cm−1 in P2-CuS is assigned to the tetrahedral bond formation between Cu and S atoms, as seen from the Rietveld analysis, and the structures are shown in Figure 3C. Thus, the structural alteration of CuS when pulverised with Sn2Sb3 is confirmed by the Raman analysis.
3.2 Morphological analysis
The difference in morphology of the prepared samples is analysed using FESEM micrographs. The prepared CuS (SSR) sample shows a mixed nanoflake and nanofibre-like morphologies, which is shown in Figure 5A. The particle size observed for nanoflake morphology is approximately of 162 nm diameter and 379 nm length (average), as estimated using ImageJ software. The present work also resulted in nanofibres of 87 nm of the CuS (SSR) sample. The inset in Figure 5A shows a local micrograph with a higher population of nanofibres.
[image: Figure 5]FIGURE 5 | FESEM micrographs of (A) CuS (SSR), (B) P1-CuS, and (C) P2-CuS.
The CuS nanoflakes prepared by the hydrothermal method from Li et al. (2017) showed lower grain size values ≈100–150 nm long and 5–10 nm in diameter. A similar morphology is obtained in our case, where the particle size is higher in the case of nanoflakes and smaller in the case of nanofibres (87 nm). It is noteworthy that the morphology is random over the sample. The FESEM micrographs of P1-CuS and P2-CuS samples are shown in Figures 5B, C.
The pulverised sample P2-CuS shows a spherical morphology which seems to be uniformly distributed over the sample, and the particle size ranges from 68 nm to 205 nm. The particle size is comparatively lower when two samples are pulverised (P2-CuS), which stands as a good criteria for better conduction and improved surface wetting, leading to better electrochemical performance. The elemental composition is analysed using EDX, and the patterns of CuS (SSR), P1-CuS, and P2-CuS are given in Supplementary Figure S2. The presence of Cu and S in the CuS sample is confirmed. From the XRD refinement of two phases, the weight fraction is exactly found and the domination of the Sn2Sb3 phase is seen in both the samples. All the spectra show absence of oxides, which is good news for achieving the complete participation of compounds in the electrochemical reversibility.
3.3 Conductivity measurements
The internal resistance of any electrochemical cell is contributed by the resistance of electrodes and electrolyte majorly. Hence, the AC impedance measurements are carried out to find the bulk electrical conductivity of the sample. The AC impedance comparison spectra of CuS (CP), CuS (SSR), and P1-CuS, P2-CuS are shown in Figures 6A, B, where the solid squares represent the experimental data and the line represents the fitted data with a semicircle region. The corresponding equivalent circuit is given in Figure 6C. All the plots are fitted using EC-lab software, and the fit values are listed in Table 2.
[image: Figure 6]FIGURE 6 | Nyquist plot of comparison of (A) CuS (CP) and CuS (SSR), and (B) P1-CuS and P2-CuS, (C) Fitted Equivalent circuit.
TABLE 2 | Fitted parameters and calculated conductivity values from AC impedance.
[image: Table 2]The CuS (CP) sample shows a resistance value of 953 Ω whereas CuS (SSR) shows a comparatively very low resistance of 41.22 Ω. The grain resistance is also lower in the case of the CuS (SSR) sample, which improves the conductivity of the material. The grain resistance is the major contributor to the total conductivity. Since smaller grains contribute to the increase in grain boundary regions, the higher grain boundary resistance is obtained in CuS (CP) (11.7 kΩ). In the case of CuS (SSR), the electrical conductivity observed (1.29 × 10−5 Scm−1) is comparatively higher to the other work reported (0.25 × 10−5 Scm−1) (Freeda et al., 2011). The sample P2-CuS shows a very low resistance, and hence, a high conductivity is achieved (2.31 × 10−4 Scm−1). It is also evident from the FESEM analysis that the spherical grains are smaller in size and are uniformly distributed compared to P1-CuS. A strong tetrahedral bond formation leaving larger void for immigration in the sample P2-CuS may be the reason for higher electrical conductivity. The reduced resistance of the pulverised samples can favour the reduction of internal resistance of a constructed cell; thus, an improved electrochemical performance is expected.
3.4 Electrochemical analysis
3.4.1 Cyclic voltammetry (CV)
3.4.1.1 Three-electrode aqueous system
The electrochemical properties are studied using CV analysis, which is conducted using the three-electrode configuration in aqueous 1 M NaOH electrolyte, shown in Figures 7A, B, with the potential ranges from −0.4 V to 0.1 V in the case of CuS (CP) and −0.32 V to +0.02 V in the case of CuS (SSR). The potential window for pristine Sn2Sb3 is −0.4 V to +0.15 V (Figure 7C).
[image: Figure 7]FIGURE 7 | CV curves of (A) CuS (CP), (B) CuS (SSR), (C) Sn2Sb3, (D) P1-CuS, and (E) P2-CuS in the aqueous system.
In the case of the pulverised sample P1-CuS, the potential window is −0.65 V to +0.1 V and it has been reduced to −0.45 V to +0.2 V in P2-CuS. In the sample P1-CuS, there were two mobile species at lower kinetics and one got subdued at higher kinetics. All the CV curves show a well-resolved redox peaks. The CV potentials are thoroughly analysed using the half-reactions and are compared with necessary corrections for Ag/AgCl potentials.
The oxidation and reduction potential obtained for both CuS (CP) and CuS (SSR) corresponds to the half-reaction of Cu and S. From Figure 7D of the P1-CuS sample, it is understood that there are two oxidation reactions happening on the oxidation side, one due to the formation of Na3Sb (0.22 V) and the second one due to the formation of Na3.75Sn (0.15 V). The corresponding half-reactions are given as follows:
The reaction of Sb with Sn is represented as follows:
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and an intermediate alloy of Cu2Sb3 is evident due to the reduction reaction in P1-CuS.
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It has been clearly understood that the sample P1-CuS shows a disordered structure of Sn2Sb3 after pulverisation (Figure 3C) and smaller void for ion transportation, as observed from the Rietveld analysis which is also evident from the CV studies.
P2-CuS (Figure 7E) exhibits potentials similar to those of CuS (SSR). The copper and sulphur complexes purely participate in the pulverised sample without any secondary alloying with tin and antimony. In addition, this is evident from the Rietveld analysis that the sample P2-CuS is well-ordered and provides a larger cavity for ion transportation. Other sulfide phases such as SnS, Sb2S3, SnS2, and CuSbS2 are not formed, hence improving the electrochemical performance of P2-CuS, as evident from the GCD analysis, which is discussed further.
The perfect match of the CV potentials are noted, and the diffusion process is analysed using the Randles–Sevcik equation, as shown in Eq. 3:
[image: image]
where [image: image] is the peak current (A), n is the number of electrons transferred in the redox reaction, [image: image] is the Faraday constant (96485 C/mol), [image: image] is the area of the working electrode (1.13 cm2), [image: image] is the sodium-ion concentration in the electrode, D is the diffusion co-efficient, [image: image] is the scan rate, [image: image] is the gas constant, and [image: image] is the temperature (Kelvin) (Sandford et al., 2019). The Danodic value is higher for CuS (SSR) (1.387 × 10−13 cm2s−1) than CuS (CP) (3.389 × 10−15 cm2s−1). The diffusion seems to be lower by one order of magnitude in the case of CuS (SSR) compared to other reported literature studies (1.53 × 10−12 to 2.33 × 10−11 cm2s−1) (Li et al., 2017) and 2.5 × 10−12 cm2s−1 (Park et al., 2019). A lower diffusion co-efficient is observed which may be due to the kinetic difficulties during the transition from Cu back to copper sulfide in the electrochemical reaction (Park et al., 2019). Upon pulverisation with Sn2Sb3, both the samples could show a higher value of diffusion, which clearly indicates that this process provides a wide pathway for better insertion of ions from electrolyte species (Zhou et al., 2019), which is also in line with the CV curves. When CuS (SSR) and Sn2Sb3 are pulverised, a very higher value of diffusion coefficient is achieved for the sample P2-CuS on both anodic and cathodic reactions, and moreover, according to Nerstian conditions of a reversible system, the ratio of peak current must be equal to 1. From Table 3, it is seen that the P2-CuS sample exhibits a ratio of 1.07, indicating a perfectly reversible nature of the system.
TABLE 3 | Electrochemical parameters calculated from CV.
[image: Table 3]3.4.2 Galvanostatic charge/discharge (GCD) analysis
3.4.2.1 Three-electrode aqueous system
The GCD analysis is carried out to study the charge/discharge properties, cyclic stability, and rate capability of the prepared samples upon cycling, which is conducted using the three-electrode configuration in aqueous 1 M NaOH electrolyte. From the GCD analysis of CuS (CP), a stable specific capacity of 10 mAhg−1 is obtained with a coulombic efficiency of 98%, which did not fade even after 2000 number of cycles (Supplementary Figure S3A). The lower value of specific capacity of CuS (CP) may be due to different alloy formation such as Na3Sb, Na3.75Sn, and Cu3Sb2, as discussed in the half-cell reactions of the CV analysis.
A higher value of specific capacitance is obtained for the CuS (SSR) sample (29.65 mAhg−1) at 0.5°C rate over 2000 cycles (Supplementary Figure S3B). It is interesting to note that, there is no capacity fading up to 2000 cycles, where the capacity retention is 99.8% for 2000 cycles. A reasonable value of coulombic efficiency (90%) is obtained, which also reveals that there is no dissolution of active material. The reported literature shows CuS prepared by the low-temperature solution casting method, which showed nanoplate-like morphology with a specific capacitance of 72 Fg−1 for 100 cycles in an aqueous-based electrolyte (Justin Raj et al., 2014), and in this present case of CuS (SSR), a higher capacitance of 106.68 Fg−1 (29.65 mAhg−1) is obtained with the capacity retention value of 99.8% and is noteworthy in aqueous-based electrolyte systems. Since aqueous-based electrolyte is used in our case, the results could not be directly compared with half-cells assembled with sodium (Na/Na+). However, the achieved values are promising and resolute in its kind.
Tin antimonide, as an anode for SIBs, exhibits superior electrochemical performance and rate capability (Ma et al., 2018). In our case of pristine Sn2Sb3 (Supplementary Figure S3C), the initial discharge capacity is 280 mAhg−1 and fades upon cycling to 80 mAhg−1 after 2000 cycles, and the coulombic efficiency almost reaches 100%, although the capacity retention is only 71.4%. A similar behaviour of reduction in the capacity retention is observed in the reported literature (Ma and Prieto, 2019). However, the reason stated for the decrease in capacity retention is connected to the continuous volume expansion, which results in isolation of active material and growth of the SEI layer. A slower kinetics could be observed due to the growth of the SEI layer. However, in the present case, there is no evidence of dissolution of active material into the electrolytic solution over the cycling performance of 2000 number of cycles.
Figures 8A, B shows the charge–discharge curves of P1-CuS and P2-CuS. A very low initial discharge capacity of 109 mAhg−1 is attained at 0.1°C rate. However, a larger initial discharge and charge capacities of 480 mAhg−1 and 687 mAhg−1, respectively, have been identified. When compared to P1-CuS, P2-CuS has a bigger void in the crystal structure and offers a suitable channel for sodium-ion migration, which reflects promptly from the GCD analysis with a higher capacity. Additionally, P2-CuS reveals a higher electrical conductivity value of 2.31 × 10−4 Scm−1 and the CV analysis further stands as a proof for P2-CuS on non-creation of intermediate alloys.
[image: Figure 8]FIGURE 8 | (A, B) Charge–discharge profile of P1-CuS and P2-CuS at the 0.1 C rate. (C) Comparison of the rate capability with a specific discharge capacity at 0.1 C, 0.2 C, 0.5 C, and 1 C rates. (D) Cyclic stability of P2-CuS at the 1 C rate for 2000 cycles in the aqueous system.
In Figure 8C, the rate capability for various C-rates is compared. Since P2-CuS shows a higher value of capacitance at 1 C rate, the sample is cycled over 2,000 cycles to establish the cyclic stability, as shown in Figure 8D. The capacity retention of 90% over 2000 cycles stands as a testimony for a favourable performance. However, the 10% of capacity loss encountered may be due to the formation of the SEI layer which can be confirmed using EIS analysis, discussed in the following section.
3.4.2.2 Two-electrode aqueous system with AC as the counter electrode
The best performing P2-CuS is constructed as a cell with commercial AC as a counter electrode employing PVA-NaOH gel as an electrolyte, and the results are analysed here. Such full cells can shed a limelight on the performance of the electrodes of evaluation (Rowden and Garcia-Arraez, 2021; Schulze and Neale, 2021).
The difference in chemical potential of both the electrodes is expressed as the open-circuit voltage (OCV). The OCV, in turn, is an indicator of the close proximity of chemical potential. When OCV is small or negative, the candidature of the electrodes as the anode or cathode is quite comparable. The OCV of AC and P2-CuS cells constructed versus platinum individually are −320 mV and −150 mV, respectively. It is evident that the chemical potential of P2-CuS is below AC. In addition, the OCV value of the constructed P2-CuS//activated carbon is −175 mV, indicating that P2-CuS is well qualified as an anode and can replace activated carbon in sodium-ion cells.
The oxidation peaks are observed at 0.025 V and a slight hump at −0.25 V whereas the reduction peak is obtained at 0.072 V and a slight peak at −0.5 V. The potential window of the activated carbon is from −0.5 V to 0 V, that of CuS (SSR) is −0.32 V to +0.05 V, and for P2-CuS from −0.45 V to 0.2 V. It is noteworthy that the operating potential window of P2-CuS overlaps with AC with a mild extension which is favourable for better suitability with a variety of electrodes where carbon is not a prospective candidate.
The GCD curves of P2-CuS//AC at different rates are shown in Supplementary Figure S4B, and the cycling performance at 0.1 C rate shows a stable specific capacity over 2000 cycles and the coulombic efficiency reaches 100% at 2000 cycles (Supplementary Figure S4C). The specific capacity of the assembled cell shows 27 mAhg−1. The observed specific capacity is low and is acceptable as the cell has closer chemical potential as discussed previously. Hence, the salient feature of P2-CuS toward sodium batteries is analysed and ensured to be a valid competent anode.
3.4.2.3 Two-electrode non-aqueous system vs. sodium (Na/Na+)
The prepared sample P2-CuS derived from pulverisation of CuS (SSR) and Sn2Sb3 shows good activity from all the analysis, and this point remains as a background for subjecting these samples for half-cell analysis with respect to sodium (Na/Na+). Hence, the cyclic stability graph is attached herewith for the samples CuS (SSR) (Figures 9A, B), Sn2Sb3 (Figures 9C, D), and P2-CuS (Figures 10A, B). A same potential window of 0.1 V–2.7 V is fixed for all the samples for cycling.
[image: Figure 9]FIGURE 9 | Cyclic stability vs. Na/Na+ of (A) CuS (SSR) at 100 cycles, (B) CuS (SSR) at 20 cycles, (C) Sn2Sb3 at 100 cycles, and (D) Sn2Sb3 at 20 cycles.
[image: Figure 10]FIGURE 10 | Cyclic stability vs. Na/Na+ of (A) CuS (SSR) at 100 cycles and (B) CuS (SSR) at 20 cycles.
Figures 9A, B show the cyclic stability of CuS (SSR) where the initial discharge capacity is 605 mAhg−1, and the capacity has dropped until 20 cycles (Figure 9B), remains stable, and maintains as 300 mAhg−1 at 100 cycles. The coulombic efficiency is almost fluctuating above 100%, which may be due to the side reactions or creation of a more number of active sites upon cycling (Dimple et al., 2022). Although a specific capacity 300 mAhg−1 is obtained, which is almost 53% of theoretical capacity, the capacity retention is 49.5% for 100 cycles. In Li et al. (2010), CuS prepared by the microwave method shows a specific capacity of 300 mAhg−1 over 50 cycles at 0.1 Ag−1 in the NaFS/DGM electrolyte, which is comparably the value obtained in our work. Yu et al. has compared CuS with irregular morphology and pine needle-like (PNL) uniform morphology of CuS as an anode, where CuS prepared showing irregular morphology exhibited 366 mAhg−1 at 0.1 Ag−1 for 100 cycles. Dimple et al. has demonstrated the effect of addition of C3N5 with CuS, where the pristine CuS shows a specific capacity of 212 mAhg−1 at 2 Ag−1. Other reports by Zhao et al., 2020 showed CuS nanowires with a specific capacity of 400 mAhg−1 at 0.2 Ag−1 over 100 cycles, and this sample when wrapped in N-doped carbon (CuS NWs @NC) shows a specific capacity of 216.7 mAhg−1 at 20 A g−1 over 10,000 cycles. Hence, it is evident that some specific composites of carbon-based compounds or morphological tuning provides a remarkable and improved performance in pure CuS samples. Hence, the specific capacity of 300 mAhg−1 for the prepared sample CuS (SSR) is remarkable.
In the case of pristine Sn2Sb3 (Figure 10C), the initial discharge capacity, which is 687 mAhg−1, is obtained and fades upon cycling to 180 mAhg−1 at 100 cycles, and the coulombic efficiency almost reaches 100%. Although the specific capacity is only 180 mAhg−1, a stable behaviour is observed, which was not evident in the case of CuS (SSR). However, when P2-CuS is considered, an initial discharge capacity of 659 mAhg−1 is obtained which decreased to 266 mAhg−1 at 0.1 Ag−1 for 100 cycles. The coulombic efficiency almost reaches 100% at 100 cycles.
3.4.3 Electrochemical impedance analysis (EIS) for the aqueous system
The EIS analysis is carried out to study the charge transfer mechanisms before and after cycling, the plotted EIS graphs of the electrodes are shown in Supplementary Figure S3, and the values are given in Table 4. The internal cell resistance (R1) is smaller in all the samples before cycling and increases after cycling due to the SEI layer formation, as expected from cycling behaviour.
TABLE 4 | EIS fitted values before and after cycling.
[image: Table 4]In the case of CuS (SSR), the internal cell resistance and charge transfer resistance slightly increase after cycling. Since CuS (SSR) has a higher total conductivity than CuS (CP), it cannot be concluded to be the effect of pulverisation when P2-CuS, the pulverised sample of CuS (SSR), shows higher conductivity.
4 CONCLUSION
CuS is synthesized using two methods and analysed, and the pulverised samples with Sn2Sb3 (P1-CuS and P2-CuS) are also evaluated for electrochemical performance. The structural aspects of pulverisation in the sample P2-CuS indicate a tetrahedral skewed matrix of CuS (SSR) with a layered structure and a larger void, creating more space for facilitated Na-ion insertion and removal mechanism. The tetrahedral bond formed in P2-CuS due to the intervention of Sn2Sb3 in CuS (SSR) is the key factor for the enhanced electrochemical performance. The performance of P2-CuS is quite competent for sodium-ion batteries. The electrochemical performance of P2-CuS in both aqueous and non-aqueous electrolytes is conducted where the aqueous system shows a notable initial discharge capacity of 480 mAhg−1, and in the non-aqueous system with Na/Na+, an initial discharge capacity of 659 mAhg−1 at a current density of 0.1 Ag−1 is obtained. It also reveals an excellent cyclic stability for 100 cycles and with a stable specific capacity of 266 mAhg−1. These results shed light on the effect of the pulverization process upon cycling performance in CuS electrodes.
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