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[bookmark: _Hlk81310508]ABSTRACT
Recently, it has been shown that it is possible to apply liquid-phase exfoliation to non-layered materials, yielding quasi-2D nanosheets. It has been proposed that even a slight bonding anisotropy in the starting crystal will lead to a platelet-like geometry, albeit with low aspect ratio. While this development opens the way to many previously unexplored 2D materials, a particularly interesting class of crystals for exfoliation are natural-occurring mineral ores due to their diversity and abundance. Here we describe the liquid-phase exfoliation of the natural mineral, pyrite, also known as fool’s gold. The exfoliation process yields highly crystalline, low aspect ratio nanosheets with stoichiometry FeS2, with all impurity and non-platelet material removed during a two-step centrifugation protocol. These 2D pyrite flakes can be fabricated into lithium-ion battery anodes which show remarkable capacities of >1200 mAh g-1.

INTRODUCTION
Liquid-phase exfoliation (LPE) is a widely-used method to produce 2D materials from layered van der Waals (vdW) bulk crystals.1-3 This method yields few-layer nanosheets with thickness of ~1-20 nm and lateral sizes of ~50-1000 nm dispersed in liquids.4 LPE has been used to produce a wide range 2D materials including elemental materials (graphite,5 black phosphorus,6, 7 etc), transition-metal dichalcogenides,1, 3 metal oxides,8, 9 and MXenes,10, 11 to name but a few. While most of the early materials exfoliated using LPE were synthetic layered materials, recently there has been a realisation that many naturally occurring layered materials exist that could be exfoliated to give interesting 2D materials e.g., Franckeite and cylindrite.12-16
Furthermore, in the last 2-3 years, pioneering work has shown that LPE can also be used to produce quasi-2D nanosheets from non-layered (non-vdW) materials, starting with the natural mineral haematite, α-Fe2O3.17 Since then, LPE has been applied to a range of non-layered materials, including boron carbide,18 iron disulfide,19 and metal borides,20 all materials held together by strong chemical bonds. While LPE of layered materials involves a combination of fragmentation (breaking chemical bonds) and delamination (breaking vdW bonds),4 exfoliation of non-layered materials only involves fragmentation and is thought to require anisotropic bonding in the bulk crystal17, 19, 21 if quasi-2D platelets are to be produced. 
The ability to exfoliate non-layered materials will lead to the discovery of plethora of new 2D nanosheets with a range of properties and potential for novel applications. We believe that naturally occurring minerals are class of compounds which are very exciting with respect to LPE. In addition to the layered minerals described above, there are, of course, a very large number of non-layered minerals which might be exfoliated due to their anisotropic bonding schemes. These materials have many advantages: they are abundant, environmentally friendly, cheap and usually nontoxic. Following the initial study describing LPE of hematite,17 a recent paper21 has described the exfoliation of the natural mineral ores galena, goethite and calcite. However, this is just the tip of the iceberg with many materials in need of study. 
The most abundant sulphide mineral is pyrite22 (FeS2). It can be found in sedimentary, metamorphic, and igneous rocks22-24 and is commonly recognized by its cubic crystal and gold lustre, leading to its common name of fool’s gold.22 Although a processed, purified form of pyrite has previously been exfoliated to yield quasi-2D nanosheets,19 it would be extremely interesting to demonstrate that the untreated mineral, in essence a stone, could be converted to nanosheets without any prior purification. 
Here, we demonstrate the exfoliation of 2D pyrite flakes from its natural mineral using LPE. Liquid-exfoliated flakes were characterised using various spectroscopic and microscopic techniques. XRD Scherrer analysis, combined with AFM and TEM, confirms the cleavage of bulk pyrite into nano flakes of thickness ~29 nm. Furthermore, TEM, HR-TEM, EDX and Raman spectroscopy confirms the resultant nanosheets to be highly crystallinity with crystal structure and stoichiometry which match the bulk crystal (FeS2). Further, we have fabricated lithium-ion battery anodes from composites of pyrite flakes and carbon nanotubes finding extremely high capacities. 

RESULTS AND DISCUSSION
[bookmark: _Hlk68689230]A commercially sourced pyrite mineral was used as a starting material. This material is essentially a stone consisting of an amalgam of crystallites, many of which display well-defined facets as shown in figure 1(a). The mineral was crushed with an agate mortar and pestle and was washed using a mild sonication in 2-propanol (see methods) to remove any soluble impurities (refer SI 1, for the SEM images of crushed and treated mineral).25, 26 As shown in the SI 2-3, if exfoliation is performed without this washing step, the resultant dispersion tend to be unstable and the nanosheets appear to be coated with impurity material. After treatment, a clear colour change in the crushed mineral was observed as shown in figure 1(b) with the treated mineral consisting of gold-coloured fine crystals (size ~10-100 mm, as shown in SI 1). This treated powder was used as the starting material for the LPE. This procedure involves probe sonication of the powder in N-methyl-2-pyrrolidone (NMP) solvent. The aim of this step is to break up pyrite with the aim of creating a significant population of quasi-2D nano-platelets.19 The LPE process was followed by a 2-step centrifugation process27 to remove very large and very small particles, yielding a sediment that could be redispersed in 2-propanol to obtain a dispersion of exfoliated pyrite (Figure 1(c)). Critically, it was hoped that this centrifugation process would remove all non-2D structures from the dispersion. For example, any large unexfoliated material will be removed during the low-speed step. In addition, the high-speed step is crucial to remove both small particles, as well as soluble impurities and solvent degradation products (refer SI 4). Drying and weighing showed that this procedure yields dispersed solids with a mass-yield (compared to starting solid mass) of 0.1-0.15 wt%. This is considerably lower than the yields of 3-3.5 wt% achieved with the synthetic material19. However, this comparison is not appropriate as the centrifugation regime used here was significantly different to that reported in reference.19
Microscopy
The morphology, crystallinity and structure of exfoliated pyrite flakes were studied using transmission electron microscopy (TEM). As shown in figure 2a(i), the exfoliated pyrite consists of flakes with a quasi-2D geometry. No non-platelet morphologies were observed throughout the specimen, confirming that such structures can be removed in the centrifugation protocol. Figure 2a(ii) shows an isolated flake of pyrite with high-resolution TEM (Figure 2a(iii)) signifying its highly crystalline structure. The spacing between the atomic planes was calculated to be 0.27 nm, which matches with the miller indices 200 of bulk pyrite. The high angle annular dark field (HAADF) image from the flake (Figure 2a(iv)) shows the arrangement of iron atoms, with the spacing between the atomic planes in the image indexed to the 111 and 20 miller indices of bulk pyrite structure. The zone axis perpendicular to these atomic planes is [11], which corresponds to the large-area-facet of this nanosheet. This matches well with our previous reported results on iron disulfide.19 In addition, the [11] atomic plane is equivalent to 112 or 211 atomic planes (because pyrite has cubic crystal lattice structure). 
To study the elemental composition of these flakes, energy dispersive X-ray spectroscopy (EDS) attached to the TEM was used. This allows us to determine the atomic percentage of the elements on flake-by-flake basis. Random isolated flakes in the TEM grid were chosen and EDS spectrum was acquired. An example of an EDS spectra acquired on a single flake is shown in figure 2(b). It confirms the presence of iron and sulfur atoms with no observable impurity material. A statistical distribution on the atomic percentage ratio of sulfur to iron over 26 individual flakes is shown in figure 2(c). The mean atomic percentage ratio <S:Fe> is found out to be 2:1, indicating a chemical composition of stoichiometric FeS2. 
Atomic force microscopy (AFM) has been used to study thickness and aspect ratio of the pyrite flakes. Figure 2(d) shows an AFM image of pyrite flakes. Clearly, the flakes have length in tens to hundreds of nanometres. Apparent height profiles were extracted for each individual flake to estimate the thickness (t) and length (L) of the flakes, and a statistical analysis has been performed. Figure 2(e-f) shows the statistical distribution of the thickness and length of the flakes with a total of 75 flakes analysed to obtain the distributions. The mean length and thickness of the flakes were found to be 121 ± 7 nm and 29 ± 2 nm respectively (standard errors). Figure 2(g) shows the statistical analysis of the aspect ratio (L/t) of the flakes. The mean value is found to be ⁓ 4, which is very low compared to values of 10-100 found in layered materials.4 However, it is consistent with measured aspect ratios for flakes produced by LPE from other non-layered materials.18, 19 Indeed, it has been proposed that low aspect ratios are to be expected in such materials due to low bonding anisotropy in such materials.4, 19
Optical spectroscopy
Furthermore, Raman spectroscopy has been employed to study the bonding and symmetry in mineral and exfoliated pyrite. The positions of the Raman active vibrational modes are indicative of the different polymorphs present in the mineral ore and can be used to study the purity of the mineral. As shown in figure 3(a), the crushed mineral consists of two high intensity modes centred at 342 cm-1, and 374 cm-1. These modes correspond to the characteristic Eg and Ag vibrations of sulfur dimer in pyrite.28-30 After the treatment of the mineral, no change in the positions of the modes were observed, signifying the perseverance of the pristine mineral structure. However, after exfoliation, a clear red shift of 3 cm-1 in both Eg and Ag modes were observed. Such effects are to be expected because of the confinement of lattice vibrations in nanoscale pyrite and are indicative of significant thinning after exfoliation.30, 31
Extinction spectra of the exfoliated dispersion has also been measured to get insights on the optical absorption of pyrite flakes. As reported previously,32, 33 scattering contributes significantly to nanosheet dispersions. Therefore, an integrating sphere was used to differentiate the contributions from absorbance and scattering in the extinction spectra. Figure 3(b) shows the extinction, absorbance, and scattering coefficient spectra of the dispersion. The extinction and absorbance coefficients display similar line-shapes. While the extinction is non-zero over all wavelengths due to the scattering contribution, the absorption shows a bandedge at 985 nm corresponding to a 1.25 eV optical gap. It should be noted that, as we showed previously, FeS2 shows significant size dependence of its optical spectra.19 The means that the optical properties shown in figure 3(b) are specific to the nanosheet size distribution produced in this particular case. 
X-ray diffraction
X-ray powder diffraction (XRD) was used to study the crystal structure and purity of both crushed and treated pyrite mineral, as well as a film of exfoliated pyrite which was made by drop-casting the dispersion onto a silicon wafer. As shown in figure 3(c), the crushed mineral shows the presence of sharp diffraction peaks at 2Ɵ = 28.5°, 33.0°, 37.0°, 40.7°, 47.4°, 56.2°, and 59.0°, which matches well with the cubic crystal system (space group Pa) of iron disulfide (reference, JCPDS card no. 042-1340). A low intensity diffraction peak at 2Ɵ = 46° (as shown by an asterisk in figure 3(c)) has also been observed in the crushed mineral which may be attributed to the impurities in it. This signal may be associated with iron carbonate, FeCO3 (JCPDS card number 00-029-0696) although it is impossible to be certain based on a single diffraction peak. After the treatment process, the diffractogram has the same peaks as that of the crushed powder except that the peak at 2Ɵ = 46°, corresponding to the impure phase, disappears (Figure 3(c)). The diffractogram from the exfoliated pyrite shows the same diffraction peak positions as that of the treated mineral, but with broadening in the full-width half maximum (β). We note that no trace of impurity material was observed in the XRD scans of the treated, exfoliated material (although impurities may be present in small, undetectable quantities).
Information on crystallite size can also be extracted from the XRD spectra. According to the Scherrer equation,34

 
where l is the measure of the dimension of the particle in a direction perpendicular to the reflecting plane (also called as crystallite domain size), K is the shape factor, λ is X-ray wavelength, β is the full width at half maximum intensity and, Ɵ is the Bragg angle; such that an increase in β is associated with decrease of crystallite size, l. Therefore, to get insight into l, each diffraction peak is fitted with Lorentzian line shape to extract β. 
Figure 3(d) shows the variation in β for crushed, treated, and exfoliated pyrite. Going from crushed to treated pyrite, most peak widths (and so crystallite sizes) do not change. However, we observe a significant increase in β from ~1.7 to ~2.9 mrad for both the 211 and 311 atomic planes, implying a thinning of crystallites in directions perpendicular to these planes. As treatment involves mild sonication, this change may reflect a partial exfoliation and could imply preferential cleavage in these planes. This results in a decrease in the average crystallite size from 85 and 93 nm for the crushed powder to 49 and 52 nm in the treated powder for 211 and 311 directions respectively. Because the 211 and 311 atomic planes have similar surface energies, close to ⁓ 2 J m-2, which are relatively low compared to other atomic planes (e.g. ⁓ 3 J m-2 for 111 and 222 atomic planes)23 makes preferential cleavage along these planes likely. This observation is consistent with the TEM analysis (as explained above) which shows large area planes can be 211 in nature.
After exfoliation, a clear further increase in β was observed for all atomic planes implying a decrease in the crystallite size over a range of directions. For all the atomic planes shown in figure 3(c), the resultant average crystallite sizes in exfoliated pyrite were similar within the range 23-29 nm. Interestingly, this value is close to the value of crystallite size obtained using AFM for exfoliated pyrite (above). This suggests that XRD analysis can be used to obtain the thickness of the flakes obtained after exfoliation. For 2D materials such as graphene, the crystallite size extracted from XRD can be used to calculate the thickness of the nanosheets as they have only one preferred plane of cleavage.35 However, in case of non-layered materials, it is not clear which plane should undergo preferential cleavage. If the broadening of the peaks shown in figure 3(c) is associated with the relatively small thickness of quasi 2D platelets of FeS2, this data would imply that there is no one cleavage plane but that cleavage occurs over a range of planes including 111, 200, 210, 210, 220, 311 and 222. This would be an interesting result as it would mean that it is not only the low bonding strength planes that fracture during exfoliation of FeS2. It is possible that the mild sonication used in the treatment/washing step resulted in exfoliation along preferential planes (211 and 311) while prolonged sonication during the exfoliation step was aggressive enough to yield exfoliation along other atomic directions. 
If it were only the low bonding strength planes that fracture during exfoliation of FeS2, we would expect to see break broadening only for the peaks associated with low bonding energy planes. That we see broadening in peaks associated with both low and higher-energy planes imply exfoliation to occur along planes with a range of fracture energies. However, under these circumstances it is surprising that quasi 2D platelets were obtained at all as, if fragmentation occurs along many atomic directions, one might expect quasi-0D particles to form. This calls into question our suggestion about the importance of bonding anisotropy in the exfoliation of non-layered materials.19 This makes it important to consider alternative explanations of the exfoliation process, especially in the light of very recent results showing that isotropic materials such as silicon36 and boron carbide18 can be exfoliated.
Battery applications
FeS2 is also a promising material for both lithium and sodium ion battery anodes with a theoretical capacity of 890 mAh g-1.37, 38 Recently, we have demonstrated that electrodes formed from composites of FeS2 nano-platelets and carbon nanotubes could achieve a stable lithium storage capacity of ~900 mAh g-1 (normalised to FeS2 mass).19 It would be well worth demonstrating that FeS2 nanoplatelets derived from natural pyrite mineral could also achieve equally good performance as lithium-ion battery electrodes.
To test this, we mixed the dispersions of liquid exfoliated natural pyrite FeS2 nanoplatelets and single wall carbon nanotubes in a FeS2:nanotube mass ratio of 75:25. The mixed dispersion was vacuum filtered to form films with an overall loading of 0.4 mg/cm2, leading to an electrode thickness of ~2 m. The films were dried in a vacuum oven and then cut to the required dimensions for battery testing (see methods). An SEM image of a cross section of such an electrode is shown in figure 4(a). We are aware that this electrode loading is too low, and the nanotube content is too high, to be used in practical electrodes. However, we emphasise that our aim is not to demonstrate practical electrodes but to investigate what performance level is achievable using an exfoliated mineral.
[bookmark: _Hlk36127688]As shown in figure 4(b), cyclic voltammetry (CV) was performed at a scanning rate of 0.1 mVs-1 to study the electrochemical Li storage mechanism. These spectra contain all of the expected oxidation and reduction peaks and are very similar to those previously reported for electrodes of both quasi-2D FeS2-nanotube composites19 and composites of FeS2 nanoparticles mixed with carbon nano-fibres.19, 39, 40
The reduction peaks at 1.3 V vs. Li+/Li are related to the conversion reaction to form Fe and Li2S: 

	                                                                                    (1)
As observed previously,39, 41 the reduction peak at 1.3 V vs. Li+/Li shifts to 1.4 V vs. Li+/Li after the first cycle, suggesting different reaction mechanisms between them. Zhang et al.40, 42 reported that, there would be two reduction peaks at the first reduction process, which are shown as follows:40, 42

                                                                                             (2)

                                                                                  (3)                                                                                            
However, the two reduction potentials are close and always overlap, it is usually shown one strong reduction peak at the first CV curve. Thus, Equation (1) is the combination of Equation (2) and (3).
After the 1st reduction process, the oxidation peaks at 1.95 and 2.55 V vs. Li+/Li, with their reduction peaks at 1.41 and 2.02 V vs. Li+/Li, can be assigned to a new reaction model for the redox couples, which were proposed by Zhang et al.40 It might be a hybrid of Li/FeS cell and the Li/S cell, not the Li/FeS2 cells. They are described as follows:40

	                                                                                     (4)

	                                                                                                 (5)
It means the redox couple at 1.95 V is due to the conversion between metallic Fe to FeS, and the redox couple at 2.55 V corresponds to the oxidization of Li2S to sulfur. Therefore, the reduction peaks at 1.41 and 2.02 V are oxidation peaks of reduction peaks at 1.95 and 2.55 V in sequence.

[bookmark: _Hlk36127538][bookmark: _Hlk29930040]We performed basic lithium storage characterisation for these FeS2/CNT electrodes. For cyclability measurements, the Galvanostatic charge and discharge capacity were measured for 100 cycles at 4.0 A g-1, with an example of the typical behaviour shown in figure 4(c). Here, the capacity of the first cycle was 1650 mAh g-1 for discharge and 1025 mAh g-1 for charge at 4.0 A g-1, with an initial coulombic efficiency of 62%. All capacities are normalised to FeS2 mass. Over the first 5 cycles, the capacity decreased to ~900 mAh g-1 for both charge and discharge capacity, while the coulombic efficiency increased to >99%, behaviour which might be attributed to the formation of solid-electrolyte-interface (SEI). After roughly 10 cycles, the specific capacity showed some fluctuations but was reasonably stable in the range 900-1050 mAh g-1 (CE~100%) for both charge and discharge capacity until at least 140 cycles. Similar results were found so long as enough (>30 L) electrolyte was used. If lower electrolyte volumes were used, we found the capacity to be unstable (see SI 5). However, it is worth noting that for some electrodes we found the initial capacity to be much lower, but to increase over ~50 cycles before reaching ~1000 mAh g-1 (see SI 6). Such increasing of capacity was previously observed for composites of FeS2 nano materials mixed with carbon-based additives reported by us19 and other researchers,40, 43 and has been attributed to kinetic activation of the electrode. We propose that small batch-to-batch variations in electrode morphology, perhaps associated with dispersion quality, can result in electrodes such as that in figure 3(c) which don’t require activation or electrodes which must be activated as shown in the SI 6.  
The rate performance of our electrodes was measured as well, with voltage profiles shown in figure 4(d) and rate dependent cycling data in figure 4(e). For a current of 0.1 A g-1, the charge and discharge capacities after the first cycle were similar at ~1240 mAh g-1 but fell off to ~550 mAh g-1 as the current was increased to 8 A g-1. When the current was returned to 0.1 A g-1, the specific charge and discharge capacities were ~1452 mAh g-1, which were higher than those at the beginning. However, this is consistent with the cycling-induced capacity increase referred to above. Considering the electrode density, the low-rate capacity of 1240 mAh g-1 is equivalent to a volumetric capacity of ~1800 mAh cm-3 (normalised to the entire electrode volume).
Interestingly, these low rate capacities are somewhat higher that our previous measurements of ~900 mAh g-1.19 This is probably due to the fact that the nanotube content used in the current work (25wt%) is higher than that used previously19 (20 wt%). It is known that the capacity of composite electrodes increases with nanotube content,44 although a saturation of capacity would have been expected by a nanotube loading of 20wt%. In any case, this data implies that it is possible to produce FeS2-based electrodes with capacities well beyond the theoretical capacity37, 38 of 890 mAh g-1. We note that higher than expected capacities in the range 1000-1200 mAh g-1 have been observed previously for FeS2, although the underlying reasons do not appear to be understood.39, 45-47 Such anomalously high capacities have also previously been observed for a range of metal chalcogenides and oxides.48 In the case of MoO2 for example, the anomalously high capacity is attributed to the formation of a lithium-rich phase at the surface of the MoO2 particles.49 It is entirely possible that such a phase or indeed an interfacial capacitive contribution is wholly or partially responsible for the excess capacity. Although it is beyond the scope of this work, it would be interesting to explore just how high a capacity can be achieved if electrode activation and nanotube content were to be fully optimised. 

CONCLUSION
Here we have demonstrated liquid phase exfoliation of the mineral pyrite or fool’s gold. This process results in the formation of quasi 2D platelets of FeS2 with all non-2D and non-FeS2 structures removed in the centrifugation process. The nanosheets are crystalline, have the correct stoichiometry and have thicknesses of ~29 nm and lateral sizes of ~120 nm. That the nanosheet aspect ratios are small (~4) is due to the limited bonding anisotropy associated with non-layered crystals. Finally, we have used these nanosheets to fabricate lithium-ion battery anodes with capacities of >1000 mAh g-1.

METHODS
Materials
Pyrite stone was purchased from the company ThrowinStones, North Carolina, United States. Solvents, N-methyl-2-pyrrolidone and 2-propanol were purchased from Sigma Aldrich HPLC grade > 99%. P3-SWNT was purchased from Carbon Solutions with carbonaceous purity > 90%.
Treatment of pyrite stone and exfoliation
The pyrite stone was first crushed with agate mortar pestle and then dispersed in 2-propanol solvent. Probe sonication was then used to dissolve the impurities using sonic tip (VibraCell VCX, 750W) for 2 hours at pulse of 6s on and 2s off, at an amplitude of 55%. The dispersion obtained was then subjected to a centrifugal force of 100g for 2 hours at 10oC (Hettich Mikro 220R centrifuge, rotor radius 91mm) and the supernatant consisting of the dissolved impurities is decanted. The sediment was collected and dried at 60°C. This is referred to as treated pyrite which is used as a starting material for the exfoliation.
The treated pyrite (1600 mg) was dispersed in 80 ml of N-methyl-2-pyrollidone solvent in a 100 ml metallic beaker. The mixture is subjected to the probe sonication using sonic tip for a time period of 9 hours at 55% amplitude with pulse 6s on-2s off, at a temperature of 7°C maintained by the chiller. After sonication, the dispersion obtained was centrifuged at 630g for 2 hours at 10oC. The sediment consisting of thick flakes and unexfoliated material was discarded and the supernatant was subjected to a second centrifugation at 2540g for 2 hours at 10oC. This high-speed centrifugation step resulted in yellowish-orange colour supernatant consists of very small particles, dissolved impurities, and degraded solvent products (refer to SI). The supernatant is decanted, and the sediment obtained after this step was dispersed in 2-propanol for the characterization. As a control experiment, pristine crushed pyrite stone was also exfoliated without any pre-treatment at the same conditions.  
Characterization

Perkin Elmer Lambda 1050 spectrometer has been used to acquire the extinction and absorption measurements of the dispersion using quartz cuvettes with pathlength (l) of 4 mm. The concentration of the dispersion was calculated by the filtering 1 ml of dispersion onto membranes and weighing the mass difference. This was used to calculate the extinction coefficient by using Beer Lambert Law, , where ε is the extinction coefficient, A is the extinction, c is the concentration and l is the path length of the cuvette. For the absorbance measurement, an integration sphere of radius 150 mm has been used in the setup and the absorbance coefficient is also calculated in a similar way to extinction coefficient. Scattering coefficient spectra is calculated by subtracting the absorbance coefficient spectra from the extinction coefficient spectra. JEOL 2100 has been used for the TEM imaging. Holey carbon grids of 400 mesh were used at an accelerating voltage of 200 KV. The grids were prepared by drop-casting ⁓20 μl of dispersion (⁓0.1 mg/ml) onto the holey carbon grid. The grid was kept in vacuum oven at 80oC, overnight prior to the TEM measurements. The EDS spectra was acquired using 80 mm2 X-mas detector from Oxford instrument attached to the JEOL 2100. FEI TITAN microscope has been used for HR-TEM and STEM measurement. The HAADF imaging was carried out at 300 KV. The grids were prepared in the same way as for JEOL 2100. The XRD measurements were done using PanAlytical X'Pert Pro diffractometer from 2Ɵ range of 25o to 65o on crushed pyrite mineral, treated pyrite mineral and onto the films prepared on Si/SiO2 wafers (⁓300 nm oxide thickness). The wafers were first cleaned by rinsing with clean IPA and solvent is blow off using Argon gas. The wafer is pre-heated at 60oC, and ⁓0.5 ml of the dispersion (⁓0.5mg/ml) is drop-casted, drop by drop. Immediately after deposition, the substrate was transferred to vacuum oven at 80oC, for 2 hours prior to measurements.  Horiba Jobin Yuon LabRAM ARAMIS setup has been used for Raman spectroscopy. A 532 nm laser (laser power 2 mW, power is adjusted using neutral density filter) has been used to excite the samples with 10X objective. 1800 g/mm grating is used to disperse the signal onto the CCD detector at -70oC. The samples for the Raman measurements were prepared by drop casting the dispersion (⁓0.5mg/ml) onto the heated silicon wafer coated with 300 nm of silicon dioxide. Bruker Multimode 8 microscope setup has been used for the AFM studies. ScanAsyst mode was used to acquire the images using OLTESPA R3 cantilevers on films prepared by drop-cast diluted dispersion (⁓0.005 mg/ml) on pre-heated Si/SiO2 wafer followed by rinsing in IPA and blow-dry using argon gas gun.
Electrochemical Characterisation 
The composited electrodes of FeS2 nanosheets/SWCNT were fabricated by vacuum-filtration of mixed dispersions of FeS2 nanosheets and SWCNTs in IPA. The 0.1 mg mL-1 SWCNT dispersions were prepared by using a horn-tip sonic probe (Vibracell CVX, 750W)~2. Celgard 2320 (with a thickness of 20 μm) was used as the filtration membrane. The films were cut into the required dimensions for electrochemical testing. The active mass loading of FeS2 in electrodes was 0.3 mg cm-2, while the mass loading of SWCNT was 0.1 mg cm-2 (25wt%), The approximate electrode thickness was ~2 mm. More details could be found in our previous work.19 the density of these films was approximately 2 g/cc, consistent with  a porosity of ~60 %.
The coin cells assembly were performed in a glovebox filled with highly pure argon gas (O2 and H2O levels < 0.1 ppm). And Li-metal (diameter, 14mm; MTI Corp.) used as the counter/reference electrode and Celgard C212 (thickness 16 μm) was used as a separator. The electrolyte was Lithium hexafluoridophosphate (LiPF6, 1.2 M) in ethylene carbonate/ ethyl methyl carbonate (EC/EMC, 1:1 in vol/vol, BASF) with 10 wt.% fluoroethylene carbonates (FEC, Sigma Aldrich). 
Cyclic voltammetry of the cells was conducted by using a galvanostat-potentiostat (VMP-3, Biologic) between 0.05 and 3.0 V vs. Li+/Li at a scanning rate of 0.1 mV s-1 for 10 cycles. The electrochemical properties of the FeS2 anodes were measured within a voltage range of 0.05 – 3 V by a potentiostat, using the symmetric galvanostatic charge/discharge mode (Arbin). The cyclabilities of the electrodes were evaluated at 4.0 A g-1. For rate capacity measurements, there were 4 cycles at 0.1 A g-1, followed by 10 cycles at varies high current rates. It went back to 0.1 A g-1 for 5 cycles to check the cells at the end. The specific capacities (Q/M) of the electrodes were normalized to the mass of FeS2. And the Coulomb efficiency was calculated from the ratio of charge capacity to discharge capacity.
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Figure 1: Mineral of pyrite and its exfoliation. Photograph of (a) pyrite mineral, (b) crushed mineral before and after cleaning treatment, (c) exfoliated pyrite dispersion obtained after liquid-phase exfoliation process. 
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Figure 2: Structural and aspect ratio studies on exfoliated pyrite flakes. (A) TEM, HR-TEM and STEM imaging, (i) a cluster of flakes showing their 2D morphology, 5 an ultra-thin flake of pyrite, (iii) HR-TEM confirming its crystalline nature, the distance between atomic plane is 0.27 nm, indexed to 200 miller index of bulk pyrite, (iv) STEM image showing atomic planes with lattice spacing 0.31 nm and 0.19 nm indexed to 111 and 20 miller indices of cubic pyrite structure. The zone axis perpendicular to these planes is 11. (b) EDS spectra from an isolated flake shown in (a-ii), shows presence of iron and sulfur elements. The carbon and copper signal were from TEM grid. (c) Statistical distribution of the atomic percentage ratio of sulfur to iron. The mean value is found to be 2:1. (d) AFM image of the pyrite flakes. (e-g) Statistical distribution of the thickness (t), length (L) and aspect ratio (L/t). The mean t, L and L/t is 29 nm, 121 nm and 4.
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Figure 3: Optical spectroscopy and X-ray diffraction studies. (a) shows the Raman spectra of crushed, treated, and exfoliated pyrite. Two high intensity modes were assigned to the Eg and Ag vibrations of sulfur-dimer in pyrite. Vertical lines were drawn to clearly show the red shift in both the modes after exfoliation. (b) Extinction, absorption, and scattering coefficient spectra of the dispersion of pyrite. (c) shows the X-ray diffractogram of crushed, treated, and exfoliated pyrite. The atomic planes were assigned using the cubic crystal lattice structure of iron disulfide, space group: Pa̅3, JCPDS card no. 42-1340 (reference). (d) shows the full width at half maximum (β) of diffraction peaks of crushed, treated, and exfoliated pyrite for different miller indices. The diffraction peaks were fitted with Lorentzian line shape to extract the β. 
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Figure 4. Performance of composites of natural FeS2 nanosheet/SWCNT (25 wt.%) as lithium-ion battery anodes. (a) Cross-sectional SEM image of a composite of FeS2 flakes/SWCNT (25 wt.%). (b) Cyclic voltammograms with a scan rate of 0.1 mV s−1. (c) Specific capacity versus cycle number for an FeS2/SWCNT electrode cycled at 4 A g-1. Coulombic efficiency is shown in the inset. (d) Galvanostatic charge−discharge curves measured at different currents. (e) Capacity as a function of both discharge and charge current with Coulombic efficiency shown in the inset. Total electrode mass loadings were 0.4 mg cm-2 (Active+CNT) and approximate thicknesses 2 m.
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