[bookmark: _Hlk31129712][bookmark: _Hlk30754613]Liquid phase exfoliation of GeS nanosheets in ambient conditions for lithium ion battery applications
John B. Boland,1,2 Ruiyuan Tian,1,2* Andrew Harvey,1,2 Victor Vega-Mayoral,1,2 Aideen Griffin,1,2 Dominik V Horvath,1,2 Cian Gabbett1,2, Madeleine Breshears,1,2 Joshua Pepper,3 Yanguang Li4 and Jonathan N. Coleman1,2*
1CRANN & AMBER Research Centers, Trinity College Dublin, Dublin 2, Ireland
2School of Physics, Trinity College Dublin, Dublin 2, Ireland
3School of Chemical and Pharmaceutical Sciences, Dublin Institute of Technology, Kevin's Street, Dublin 8.
4Institute of Functional Nano & Soft Materials (FUNSOM), Jiangsu Key Laboratory for Carbon-Based Functional Materials and Devices, Soochow University, Suzhou 215123, China 
*colemaj@tcd.ie, rtian@tcd.ie

Abstract:
The propensity of many 2D materials to oxidize in ambient conditions can complicate production and limit applications potential. Here we describe ambient liquid phase exfoliation of GeS, a layered material known for its chemical instability. Ambient exfoliation in organic solvents such as N-methyl-pyrrolidone yields good quality multi-layer GeS nanosheets. Although, oxidation appears to occur with a time constant of ~10 days, the data suggests it to be limited to nanosheet edges leaving the basal plane intact. The rate of oxidation is slow enough to allow processing of the dispersions. For example, it was possible to size-select GeS nanosheets and characterize the size-dependence of nanosheet optical properties, leading to the observation of significant changes in bandgap with nanosheet thickness. Additionally, we were able to fabricate the nanosheets into lithium ion battery anodes using carbon nanotubes as both binder and conductive additive. These electrodes were relatively stable, showing ~0.2% capacity decay per cycle, and displayed low-rate capacity of 1523 mAh/g which is within 93% of the theoretical value. However, detailed analysis showed relatively poor rate performance, possibly due to nanosheet alignment.
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Introduction:
Two-dimensional materials are used extensively for a wide range of applications such as photonics, electronics1, sensing2, 3, catalysis4, 5, medical applications6 and energy storage7, 8. While early research focused on graphene,  more recently the field has expanded to a multitude of other 2D materials such as transition metal dichalcogenides (TMDs9), BN,10, 11 MXenes,12, 13 layered double hydroxides (LDHs),5, 14 III-VI semiconductors such as GaS,15 and other elemental monolayers like black phosphorus.15, 16 Despite this increased interest, there remains a plethora of layered materials yet to be successfully delaminated,17 some of which may be important for applications. Liquid phase exfoliation (LPE) is a versatile technique18 which has been used to produce a wide range of 2D materials in reasonable quantities. This method involves applying high-shear or ultrasonication to layered crystals to break both19 interlayer van der Waal’s bonds and intralayer chemical bonds resulting in the generation of large quantities of 2D nanosheets.  These nanosheets can then be stabilized against aggregation by choosing an appropriate solvent with a similar surface energy to that of the material20, 21 or by using a surfactant stabilizer.22, 23  One of the main strengths of this technique is its versatility. To date, a wide range of materials have been successfully exfoliated in this manner, such as graphene, h-BN24, 25, TMDs24, 26, LDHs5, GaS15, MoO227, MoO328 and black phosphorus15 to name but a few. LPE is particularly well suited to exfoliating new materials for the first time, as the protocol does not need to be altered significantly from one material to the next. 
The narrow band gap IV-VI semiconductor monochalcogenides with the formula MX where M = Sn/Ge and X = S/Se have attracted interest recently for applications in a number of areas.29, 30 Germanium sulfide (GeS) is a compound of this family which is isoelectronic with and structurally similar to black phosphorus.31 GeS has shown promise as a material for solar cells29 and photodetectors.32, 33  In particular,34 because of its high theoretical lithium storage capability and solid state Li diffusion coefficient, GeS is shows great promise for battery applications.35, 36 
However, this material has not been studied intensively, probably because of concerns about its stability. While there are conflicting reports about the stability of GeS in air, it is generally accepted that the presence of water causes the material to hydrolize to produce germanium hydroxide (Ge(OH)2)37 with the evolution of hydrogen sulfide (H2S)38. Further reaction with water ultimately results in germanium oxide (GeO)37. Such oxidative instability is often not a problem with layered materials, as oxidation tends to be limited to the surface leaving the bulk of the crystal unaffected.39 However, after exfoliation, the extremely thin nature of nanosheets means that oxidation can be catastrophic.40 To avoid this, Lam et al demonstrated liquid phase exfoliation of GeS in an inert atmosphere leading to high quality nanosheets.34 However, the stipulation of sample preparation in argon makes the exfoliation process more difficult and limits the scalability of the technique. We believe there would be significant advantages to developing a method to produce GeS nanosheets by liquid phase exfoliation in ambient conditions. Previous work in our group showed that black phosphorous (BP) nanosheets could be produced by ambient liquid phase exfoliation in certain solvents such as NMP.15 Under such circumstances, oxidation of the BP was much slower than expected, possibly because the NMP solvation shell acts as a protecting layer. We believe it is worth using a similar strategy to attempt to exfoliate GeS in ambient conditions.
Here we show that liquid phase exfoliation can be used to produce GeS nanosheets in ambient conditions. When NMP is used as a solvent, the nanosheets are reasonably stable with some edge oxidation reducing the nanosheet size over a few days. However, the basal plane appears unaffected by oxidation. These dispersions are stable enough to perform size selection allowing us to characterize the effect of nanosheet size on optical properties. Finally, we used the liquid exfoliated GeS nanosheets as lithium ion battery anodes. We observed specific capacity values approaching the theoretical value at low rate and reasonable stability with 86% capacity retention after 100 cycles.

Results and Discussion:
Exfoliation and Basic Characterization: 
In order to exfoliate GeS layered crystals (in powder form, see figure S1 for SEM images) we used a well-established liquid phase exfoliation protocol (See methods section). Briefly, 400 mg of GeS was sonicated in an aluminium vessel with 80 mL solvent. Following sonication, the dispersion was centrifuged twice, once at a low RPM to remove overly large unexfoliated material and at a high RPM to remove very small nanosheets.41 The resultant dispersion will be referred to as the ‘standard sample’ for the remainder of this work.
In order to identify the most promising solvents, we used the protocol described above to exfoliate GeS powder in eight different solvents: NMP, IPA, CHP, DMF, water, methanol, pentane and chloroform. The concentration of the resultant dispersions was estimated using UV vis extinction spectra (as explained below using equation 3) yielding values between 0.01 and 0.84 mg/mL with CHP, IPA and NMP showing the highest concentrations. Plotting this concentration versus the Hildebrand solubility parameter of the solvent (Fig 1A) shows that the concentration is maximized when using solvents with a Hildebrand solubility parameter between ~23 MPa1/2, similar to other liquid phase exfoliated 2D materials.15, 27 Because previous work had shown that NMP-stabilized nanosheets to be partially stabilized against oxidation,15 this solvent was used for all GeS dispersions produced thereafter. 
To investigate the nature of the dispersed material, we analyzed the standard sample of GeS in NMP in more detail. TEM and AFM imaging determined that the dispersion contained well exfoliated, 2-dimensional nanosheets, with well-defined edges (Fig 1B). Measurements of nanosheet length (the longest dimension) are plotted as a histogram in Fig 1C. The histogram shows the standard sample to be quite polydisperse, containing nanosheets ranging in size from ~50 nm up to ~1 m with an average length of 257 nm. We also measured a number of energy dispersive X-ray (EDX) spectra in the TEM with 5-10 nanosheets contributing to each spectrum (Figure 1C inset). Averaging over all spectra, we found a Ge:S atomic ratio of 1.05 with a small oxygen content, implying the freshly exfoliated flakes to be near pristine GeS.
In order to assess the degree of exfoliation, we performed statistical AFM analysis on images collected from the standard sample. The flake length histogram (Fig 1D inset) was reasonably consistent with the TEM data although the mean was slightly lower at 208 nm. The nanosheet thickness, expressed as average number of stacked monolayers per nanosheet, as measured by AFM, is plotted as a histogram in figure 1D. The thickness distribution was extremely broad, with layer numbers ranging from 1 to 98 observed and an average layer number of <N>=30. Assuming the monolayer thickness to be ~0.35 nm,35 this AFM data yields a length/thickness aspect ratio of ~20. As we reported recently, such a low aspect ratio suggests the ratio of nanosheet tearing energy (EE) to exfoliation energy (ES) to be relatively small.19 In fact, recent modeling has shown that the aspect ratio should be very roughly equal to twice this energy ratio,19 allowing is to estimate EE/ES~10, a value which is roughly in the middle of the range for 2D materials.19
Optical characterization of the standard sample dispersion was performed using UV-vis spectroscopy. For colloidal dispersions in liquid the extinction spectra often does not give an accurate representation of the absorption spectrum, as the dispersed nanoparticles can display  strong scattering effects.42 Therefore, it is necessary to use an integrating sphere to remove the scattering component and isolate the absorption spectrum.43 This can be seen in Fig 1E where we have plotted the extinction, absorption and scattering spectra for the standard sample of GeS. While the extinction does not fall to zero at high wavelength, it is clear from this graph that this is due to a large light scattering contribution. Once this is subtracted from the extinction, we obtain the true absorbance spectrum. This shows a clear bandedge around 700-800 nanometers consistent with the semiconducting nature of GeS.44 
These dispersions can be easily formed into films by methods such as vacuum filtration or spraying. Such films appear dark red/brown in colour (figure 1F), with SEM imaging showing them to consist of disordered arrays of nanosheets. We also performed Raman spectroscopy on a thin film of nanosheets, which had been prepared by vacuum filtration as well as the starting powder for comparison (Fig 1H). We find the nanosheet spectrum to be very similar to that of the powder indicating that the basal planes of the nanosheets have not been significantly damaged during exfoliation. In both cases, the Raman modes are in agreement with previous reports (see panel for assignment).34

Stability of GeS nanosheet dispersions: 
The apparent lack of stability37, 38 of GeS is arguably one of the contributing factors for the reduced amount of research carried out with this material, and the chief source of concern over its viability as a material for applications such as Li ion batteries. Thus, in an attempt to assess the rate of degradation of the GeS dispersion over time when stored in ambient conditions, we measured the absorption spectrum of the standard sample periodically over approximately a month (Fig 2A). Before every measurement, the dispersion was shaken to remove any effects associated with sedimentation. We found no significant spectral shape change with time (Fig 2B), indicating no dramatic structural changes as previously observed for MoO2.45 However, the absorption intensity is observed to decay exponentially with time (time constant 9.4 days), indicating a slow reduction in dispersed mass, probably due to oxidation (Fig 2C). This exponential decay is consistent with ~35% of the sample remaining after very long times, indicating that a significant portion of the GeS does not oxidize. For comparison, we performed similar measurements on GeS exfoliated in exactly the same except using an aqueous surfactant (sodium cholate, 2g/L) solution instead of NMP. We found a considerably more rapid and complete mass loss (red data, figure 2C), illustrating the benefits of using NMP.
[bookmark: _Hlk30929296]In addition to the UV vis characterization, Raman analysis of the same sample was carried out at various times after exfoliation. As shown in Fig 2D, the Raman spectra remain unchanged over at least 34 days. This data is consistent with the chemical nature of the nanosheets remaining largely unchanged compared to the bulk after exfoliation. This is consistent with XPS data by Lam et al.34 who showed liquid exfoliated GeS nanosheets to have no change in Ge oxidation state compared to the starting layered crystal.
The nanosheets were also imaged using TEM at multiple intervals to provide alternative means to track the degradation of the sample. The average length of nanosheets present in the dispersion was observed to decrease over time (Figure 2 E-F). Taken together, these facts are consistent with reactions occurring at the flake edge, making nanosheets smaller and reducing the dispersed mass. This accounts for the diminishing intensity of the absorption and the reduction in average length. The interior of the flakes remain intact so the Raman spectra and the shape of the absorption spectrum do not change.

Size selection:
One advantage of LPE is the ability to control the size of nanosheets produced. This ability to tailor the size of flakes is invaluable in that applications may require nanosheets of varying sizes. For example, large nanosheets are ideal for mechanical reinforcement,46 and smaller flakes are more suitable for an application that is dependent on surface area, such as catalysis.47 The size selection process involves subjecting the dispersion to a series of controlled centrifugations, a process termed liquid cascade centrifugation (See Experimental methods), which has been described in detail elsewhere.41 Using this method, each size selected fraction is prepared by centrifuging twice, at low speed to remove large flakes and at high speed to remove small flakes. Each fraction can be labeled by the combination of the applied centrifugation rates (expressed as relative centrifugal force, RCF, units of g), or more simply by their average which we denote the central RCF. For clarity we also label the fractions XL, L, M, S, XS depending on size (from largest to smallest). In this particular case, the central RCFs were 67 g (XL), 266 g (L), 692 g (M), 1330 g (S) and 2181 g (XS). 
In order to confirm that the cascade was successful in creating distinct sized fractions, an aliquot from each was dropped on holey carbon grids and imaged using TEM (a representative sample of images from fractions XL, M and S are shown in Fig 3 A). The recorded flake length histograms for the XL and XS fractions are shown in Fig 3 B. Both exhibit log-normal distributions with the mean length, <L>TEM, decreasing with increased centrifugation speed as (RCF)-1/2 as expected (Fig 3 C).28 
Optical extinction spectra for the size selected samples were obtained using UV spectroscopy. Fig 3D shows the normalized extinction spectrum for the size selected GeS dispersion. It can be seen that the spectral shape changes drastically with nanosheet length. The origins for this will be discussed in more detail below. We can quantify this shape change via the ratio of extinction at two wavelength, chosen arbitrarily at 550 and 300 nm. This ratio (Ext550nm/Ext300nm) is plotted against <L>TEM in figure 3E and shows significant variation. By fitting an empirical function to the data (black line), we can extract a quantitative relationship between Ext550nm/Ext300nm and <L>TEM, allowing the nanosheet length to be estimated from extinction spectra in future:

						(1)
which returns a value of <L>TEM in nm. We note that this equation would be expected to hold for nanosheet ensembles with mean lengths between ~100 and ~700 nm.
Not only do the shapes of the extinction spectra change with nanosheet size but their absolute values do as well. This means the extinction coefficient (at any wavelength) is nanosheet length dependent. To measure this, we carefully measured the concentration of different size-selected fractions by drying and weighted, using this data to convert extinction spectra to extinction coefficient spectra. Shown in figure 3E (inset) is the extinction coefficient at 400 nm, plotted against <L>TEM. Again we see significant variation which can be quantified by fitting to empirical function leading to 
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Inserting <L>TEM in nm then yields 400nm in Lg-1m-1. Taken together, these two equations allow both length and concentration to be obtained from an extinction spectrum of GeS. The length can be obtained easily using equation 1 with the result inserted into equation 2 to give 400nm. This value can then be combined with the measured extinction at 400 nm to give the concentration, C, using the Lambert-Beer law

									(3)
where l is the cell length.

As mentioned previously, extinction spectra are often quite different to absorption spectra because the nanosheets present in dispersion exert strong scattering effects. It was necessary therefore to use a UV-vs spectrometer equipped with an integrating sphere to separate the extinction into its absorption and scattering components.  The resultant scattering spectra, normalized to their values at 300 nm, are plotted in figure 3F for six different size selected fractions. These scattering curves show very large variations with nanosheet size as might be expected from previous reports.42 We note that scattering spectra are expected to be particularly sensitive to nanosheet length.42 In most cases, these scattering spectra contain a peak at intermediate wavelength followed by a falloff in scattering intensity at high wavelength. The position of the peak tends to redshift as nanosheet size increases. In previous investigations of MoS2 dispersions, this peak was observed to occur near the bandedge.43 The observed shift implies the optical bandgap of GeS nanosheets to shift with nanosheet dimensions. This can be seen more clearly by plotting the actual absorbance (found by subtracting scattering from extinction) spectra in figure 3G. This plot clearly shows significant changes in spectral shape with nanosheet size. Most obviously, the bandedge appears to shift to lower wavelength as nanosheet size decreases, consistent with the scattering data. From these plots, we estimate the optical gap (a measure of the first excitonic transition) for each nanosheet size. This is plotted in Fig 3G against <L>TEM showing a well-defined trend with optical gap falling from ~1.95 eV for the smallest nansheets to ~1.6 eV for the largest ones. While figure 3H implies the optical gap to scale with nanosheet length, this is probably not the case. We have recently shown that, for liquid exfoliated nanosheets, the nanosheet length and thickness are closely correlated and scale with each other.19 It is more likely that the optical gap is related to the nanosheet thickness and is controlled by effects such as quantum confinement.48, 49 Using the fact that , where b~1.4 for a range of 2D materials,19 combined with the measured values of <L>TEM and <N> for the standard sample of GeS, allows us to estimate the values of <N> corresponding to <L>TEM as shown on the top axis of figure 3H. This shows that the size-selected fractions have mean nanosheet thicknesses between ~15 and 60 layers corresponding to actual nanosheet thicknesses in the range of ~5-20 nm. It is extremely interesting that thickness dependent effects are seen in this thickness range. This data implies the optical gap to reach its bulklike value of ~1.6 eV (ref50) at <N>~60, a very high value. For comparison, the optical gap of TMDs tends to reach bulk values for <N>~10-15 layers.49 However, we note these results are not without precedent as the wavelength associated with peak luminescence of GeS nanowires has been observed to scale with the diameter (analogous to nanosheet thickness) for diameters beyond 100 nm.51 We note that the data in figure 3H implies a shift in optical gap from monolayer to bulk of >350 meV. This is much larger than shifts of 50 to 70 meV found for TMDs,49 and as far as we know is the largest thickness-dependent shift for any 2D material.

Applications of Liquid-exfoliated GeS nanosheets in battery electrodes
While GeS has potential for use in a number of applications,52, 53 the area possibly most suited to liquid exfoliated nanosheets would be use as an anode material in lithium ion batteries. Based on elemental lithium storage capabilities (1620 mAh/g for Ge54 and 1675 mAh/g for S55), GeS has a theoretical specific capacity of 1635 mAh/g, considerably higher than the value of 370 mAh/g associated with graphite. Indeed GeS nanoparticle based electrodes have achieved close to 1800 mAh/g,56 albeit with poor cycling stability and 1100 mAh/g with very good stability.54 Thus, one challenge appears to be to achieve near-theoretical capacity coupled with good cycling stability.
This problem has been encountered a number of times with lithium-storing layered materials. For example, while poor cycling stability is common in lithium ion battery electrodes incorporating bulk MoS2, this problem could largely be solved by exfoliating the MoS2 to give nanosheets rather than particles of bulk layered crystal.57 Indeed, anodes fabricated from liquid exfoliated GeS nanosheets have demonstrated 1000 mAh/g with reasonable cycling stability.34 In addition, we and others have shown that adding carbon nanotubes to the electrode can allow electrodes based on both 2D58, 59 and particulate materials60 to approach their theoretical capacity due to the high conductivity and mechanical robustness imparted by the nanotube network.60-62 Thus, we propose that stable electrodes based on GeS could be achieved using mixtures of carbon nanotubes and liquid exfoliated nanosheets prepared in ambient conditions. 
[bookmark: _Hlk30753998][bookmark: _Hlk31133358]To test this, we produced lithium ion battery anodes via solution mixing of liquid-exfoliated GeS nanosheets (i.e. the standard sample described above) with 20 wt.% single wall nanotubes with the latter material acting as both conductive additive and mechanical binder. We note that a number of previous studies have shown that nanotubes can be used in this role, without the need for additional polymeric binder, for both 2D active materials27, 63 as well as standard lithium storing materials such as Silicon or LiNixMnyCozO2 (NMC).60 These dispersions were fabricated into films by vacuum filtration and transferred onto copper current collectors. For comparison, the films for bulk GeS was also prepared by filtration of GeS powder dispersed in IPA by shaking. Shown in figure 4A-B are SEM images of the top surface (A) and cross-sectional fracture surface (B) of a 2D GeS/CNT composite electrode. These clearly show the electrode to consist of a disordered array of nanosheets that are predominately aligned in the plane of the electrode. In addition, the network of nanotubes can also be seen. We measured the in-plane conductivity of the 2D GeS/CNT film to be quite high: 900 S/m. this would imply an out-of-plane conductivity of ~0.1-1 S/m.64
To study the electrochemical Li storage mechanism, cyclic voltammetry (CV) data was measured for 2D GeS/CNT film at a scanning rate of 0.1 mVs-1 and shown in Fig 4C. There were two pairs of redox peaks over a voltage range of 0.05-3.0 V vs. Li+/Li. The reduction peak at 1.0 V vs. Li+/Li is related to the conversion reaction to form Li2S:56 

								
while the reduction peak at ~0.15 V vs. Li+/Li can be assigned to the further alloying reaction forming Li4.4Ge:56

							
[bookmark: _Hlk30749711][bookmark: _Hlk30751500]As mentioned above, these reactions have an associated theoretical capacity of 1635 mAh/g. The oxidation peaks at 0.5 V and 1.2 V vs. Li+/Li can be assigned to the delithiation from Li4.4Ge and Li2S, respectively.56  We note that the reduction peak at about 1.0 V vs. Li+/Li gradually shifts to a lower potential and fades away during 50 cycles, which might be attributed to the generation of a passivating oxide layer65 and an overlap between the conversion and alloying reaction.66 It has also been suggested that the capacity fade with cycling is associated with the diffusion controlled trapping of lithium in the electrode and copper current collector.67
[bookmark: _Hlk29930040]We performed basic electrochemical characterisation for 2D GeS/CNT and bulk GeS/CNT electrodes with galvanostatic charge and discharge capacity versus cycle number data, measured initially with a 4-cycle of activation at 0.1 A/g followed by 100 cycles at 1 A/g, shown in Figure 4D. For batteries from 2D GeS/CNT films, the first activation cycle (0.1 A/g) performance was 2102 mAh/g for discharge and 1408 mAh/g for charge at 0.1 A/g, with an initial coulomb efficiency of 70%. The bulk GeS/CNT showed first-cycle discharge capacity of 1903 mAh/g with the equivalent charge capacity of 1477 mAh/g for charge at 0.1 A/g with an initial coulomb efficiency of 70%. 
After the activation cycles, the cells were tested for 100 cycles at 1 A/g. Under these circumstances, the 2D GeS/SWNT electrodes shown good lithium storage capability with a discharging capacity of 957 mAh/g and charging capacity of 942 mAh/g, with a Coulombic efficiency of 98.4% on the first 1 A/g cycle (figure 4D, inset). The charging and discharging capacity were reasonably stable, falling slowly to 791 and 800 mAh/g (with 98.9% CE) over 100 cycles, equivalent to a drop-off of ~0.02% per cycle. This stability is significantly better than that observed by Wei et al.56 but doesn’t quite match that of Cho et al.35 The performance of the bulk GeS/CNT electrode was significantly poorer with the discharge and charge capacity falling from 726 and 715 mAh/g respectively on the first 1 A/g cycle to 493 and 496 mAh/g after 55 cycles. We note that while the performance of the bulk GeS/CNT electrode is clearly inferior to the 2D GeS/CNT system, it is not dramatically worse. This is in contrast to other 2D systems where bulk electrodes have performed very poorly compared to their exfoliated counterparts.57, 68 This is almost certainly due to our use of a nanotube network as both conductive additive and binder. We have previously shown that such nanotube networks allow electrodes fabricated from large active particles to perform surprisingly well.60
[bookmark: _GoBack]To check the resistances in electrodes, we performed electrochemical impedance spectroscopy (EIS) for 2D GeS/CNT and bulk GeS/CNT anodes (see Figure S5 and Table S1). While, the RElectrode and RCT of 2D GeS/CNT electrodes were only 1 and 16 Ohm cm2 respectively, the bulk GeS electrodes displayed very high RElectrode and RCT values at 103 and 66 Ohm cm2. We attribute the lower electrode resistance in the exfoliated samples to the smaller particle size and hence proximity of the nanosheet network to every part of the electrode. In addition, the smaller charge-transfer resistance in the 2D GeS/CNT electrodes suggests better connectivity between the nanotubes and the nanosheets compared to the nanotube-bulk particle electrode.
Shown in Figure 4E is an SEM image of the surface of a 2D GeS/SWNT electrode after cycling. The morphology of the electrode is significantly different to that in figure 4B. This is clear evidence of a structural transformation and is consistent with the belief that GeS nanosheets undergo a conversion reaction  as described above. As shown in the SI, the EIS of 2D GeS/CNT electrodes after 50 cycles at 1 A/g was also measured (see Figure S2 and Table S1). From the results of fitting, RElectrolyte and RCT didn’t change much on cycling. However, RElectrode increased from 1 to 16 Ohm cm2, which might be attribute to the increasing thickness of the SEI layer.65 
We also tested the rate performance of our electrodes with voltage profiles shown in Figure 4F and rate dependent cycling data in Figure 4G. These electrodes exhibited an initial performance of 2059 mAh/g for discharge and 1423 mAh/g for first cycle charge at 0.1 A/g with an initial Coulomb efficiency of 70%, and with Coulomb efficiency approaching 99% for subsequent cycles. For higher specific currents of 0.5, 1.0, 2.0 and 4.0 A/g, the specific charge capacities fell off to 1039, 897, 776 and 584 mAh/g respectively. While, the specific discharge capacities fell off to 1087, 933, 805 and 623 mAh/g for first cycle of each rate respectively. On returning the current back to 0.1 A/g, the specific charge capacities reached 1200 mAh/g and specific discharge capacities reached 1240 mAh/g, showing reasonably good stability. The rate performance of 2D GeS/CNT is quite similar to that recently reported by Lam et al., also for GeS nanosheets.34 We compared the performance of our 2D GeS/CNT with those reported in a number of publications (see Table S2). This shows that the capability from our 2D GeS/CNT electrodes is comparable with published data.
Quantitative analysis of rate performance data
Lam et al. pointed out that the rate performance found for GeS, assessed via the combination of observed specific capacitance and applied current density, compares very well with electrodes based on other 2D materials. This is not an unreasonable assessment given the high diffusion coefficient of Li ions within GeS.69 However, we feel such a comparison is incomplete because it ignores the negative impact of increasing electrode thickness on rate performance.70-72 This is a problem because although very thin electrodes can appear to yield impressive rate performance, this is of no practical value because the resultant absolute capacitance is so small.73 In reality, in order to get a true assessment of rate performance, the electrode thickness must be included in the analysis. In practise, the first step in performing such analysis is to fit the capacity-rate data.74
Recently,71 we showed that rate performance can be assessed by fitting capacity-rate data to a semi-empirical equation:

							(4)

Here Q/M is the measured specific capacity (mAh/g) while R is the rate defined via the specific current (I/M) as . We note that, unlike C-rate, which is defined via the theoretical capacity, R is calculated from the measured specific capacity (at a given current). In this way, R is a rough measure of the actual charge/discharge time. Fitting Q/M v R data yields QM,  and n, parameters which quantify the rate performance. The parameter, QM, is the low-rate specific-capacity and represents the maximum performance of the electrode material. More importantly,  is a characteristic time associated with charge/discharge and is a measure of the R-value where Q/M begins to decay. Finally, n is an exponent describing how rapidly Q/M decays at high rate. Diffusion limited electrodes are thought to give n~0.5 while electrodes limited by electrical resistances yield n~1.71 Knowledge of  and n allow a proper assessment of the rate performance of a given electrode and the comparison with other electrodes.
Shown in Figure 4H is the experimentally measured Q/M plotted versus R where R is calculated using the total electrode mass in both cases. The data is plotted in two ways: with the capacity normalised to the active mass (MGeS) and with the capacity normalised to the total electrode mass (MT). The value of this approach is that while Q/MT represents the practically usable specific capacity, Q/MGeS provides information about the performance of the active material. The solid lines are fits to equation 4. In both cases we find =0.099h and n=0.39. For the Q/MT data, we find QM,T=1219 mAh/g while for the Q/MGeS data, we find QM,GeS=1523 mAh/g.
The fit parameters QM,T and QM,GeS allow us to assess the lithium storing performance of these electrodes. The value of QM,T=1219 mAh/g represents the maximum usable capacity (at low rate) that can be achieved with these electrodes. This is ~×3.7 higher than a graphite electrode (with 10wt% binder) operating at theoretical capacity. The value of QM,GeS=1523 mAh/g is arguably more interesting as it represents the low-rate performance of the GeS. This value is ~93% of the theoretical capacity of GeS. This high value shows that exfoliating GeS in ambient conditions yields a very high-performance lithium storage material which is only slightly degraded by any oxidation during exfoliation and preparation. 


The fit parameters  and n allow us to assess the rate performance of these electrodes. While  is a measure of the minimum charge/discharge time, this cannot be considered as a figure of merit (FoM) because it is known to depend strongly on electrode thickness.71 Because of the details of this thickness scaling, we have proposed that the appropriate figure of merit for rate performance in battery electrodes is  where LE is the electrode thickness.71 Analysis of a large number of published data sets shows this FoM to vary from <10-13 m2/s to ~10-9 m2/s depending on lithium storage material and other details of electrode architecture.71 Here, our electrodes were ~4.5 m thick, yielding ~6×10-14 m2/s, a value at the very low end of the overall FoM distribution. This analysis would imply that although GeS nanosheet-based electrodes can store a lot of charge at low rate, their rate performance is intrinsically poor, in spite of the high solid-state Li diffusion coefficient associate with GeS.

To understand this we turn to the value of n=0.39, found for these GeS/SWNT electrodes. This is close to the value of n=0.5 associated with diffusion-limited electrodes. However, it is unlikely that these diffusion limitations are associated with diffusion of Li ions within the nanosheets. The solid state diffusion coefficient for GeS is believed to be69 ~170 times that of graphite (DGraphite ~10-14 m2/s)75  yielding a value of roughly DGeS~1.7×10-12 m2/s. Combining this value with the  lateral size of the nanosheets used here (<L>~250 nm) yields a solid state diffusion time of ~0.01 s. This time is much lower than the characteristic time associated with charge/discharge (=0.099h=355s) indicating that solid state diffusion cannot be rate limiting. Of course, this discrepancy may be due to inaccuracies in the reported solid-state diffusion coefficient for GeS. However, for the charging time of GeS to be dominated by the solid-state diffusion time (i.e. SSD>/2) would require DGeS<10-16 m2/s. This would be a significant deviation from the published data.69
While a number of other factors are likely to contribute to ,71 if the predominant diffusive contribution is not solid state diffusion, it is likely to be the timescale associated with ion transport through the electrolyte within the porous interior of the electrode. Indeed Heubner et al.70 have shown this factor to be rate limiting in battery electrodes fabricated from a number of active materials. 
Why should diffusive limitations associated with the electrolyte inside the electrode yield such poor rate performance for GeS nanosheet-based systems? A clue lies in figure 4A. This SEM image shows the nanosheets within the electrode to be highly aligned in the plane of the film. It is well known that such a morphology severely reduces the diffusion coefficient of migrating species within the structure.76 The resultant low diffusion constant will significantly increase this contribution to the charge/discharge time contributing to the observed poor rate performance. As solution-processed nanosheet networks tend to be aligned,59, 61 this result could imply a more general problem with rate performance in nanosheet-based battery electrodes. 
In reality, we expect the poor rate performance to be linked to a combination of sluggish diffusion within the electrolyte-filled pores as well as slower than expected solid state diffusion. As mentioned above, for the latter factor to be true, the solid-state diffusion coefficient for Li ions in GeS must be lower than expected. This highlight the importance of measuring diffusivity for promising lithium storing materials. 

Conclusions
In conclusion, we have demonstrated that layered GeS can be liquid-exfoliated in ambient conditions to give near-pristine nanosheets. Although oxidation does occur over a period of days, it appears to be limited to the edges, leaving the basal plane intact. The relatively slow oxidation process means that the nanosheets can be processed before significant oxidation occurs. For example, we were able to size-select the nanosheets and measure the dependence of nanosheet size on the optical properties of the dispersions. In addition, we were able to process the dispersions into thin films for use as lithium ion batteries anodes. Once carbon nanotubes are added to enhance the electrical and mechanical properties of the films, these anodes show near theoretical lithium storing capability and relatively good stability. However, we found poor intrinsic rate performance with our analysis suggesting that this may be due to problems general to 2D materials. 

Experimental methods:
Dispersion preparation:
Germanium sulfide powder was ordered from Sigma Aldrich (5 g, 99 %), and used as received. When not in use the powder was stored in an argon atmosphere in a glovebox. GeS was sonicated numerous times times using different solvents in order to choose the optimal candidate for exfoliating the material. 100 mg GeS was added to a glass vial containing 20 mL solvent, and was sonicated for 1 hour using a tapered tip at 25 % amplitude, with an on/off pulse ratio of 6s/2s. After sonication the dispersions were centrifuged for 2.5 hours at 2500 rpm (665 g). UV vis spectroscopy analysis of each dispersion allows the concentration to be measured and plotted as a a function of the Hildebrand solubility parameter. Only the candidates with the highest dispersion concentration were considered, and NMP was ultimately chosen as the best option. All dispersions for further testing were made using NMP as solvent. 
Solvents used in this study: Cyclohexyl-pyrrolidone (δ = 20.49 MPa1/2), dimethyl formamide (δ = 24.86 MPa1/2), isopropanol (δ = 23.58 MPa1/2), deionized water (δ = 47.81 MPa1/2), methanol (δ = 29.41 MPa1/2), pentane (δ = 14.5 MPa1/2), 1-methyl-2-pyrrolidone (δ = 22.96 MPa1/2), chloroform (δ = 18.95 MPa1/2). 
GeS (400 mg) was added to NMP (80 mL) in a cooled aluminium vessel and sonicated using a horn-tip sonic probe (Vibracell CVX, 750 W) at 60 % amplitude for 6 hours with an on/off pulse ratio of 6s/2s. After sonication, the resulting dispersion was centrifuged (using a Hettich Mikro 220r with a fixed angle rotor), for one hour at 500 rpm (26.6 g) to remove unexfoliated material. The sediment was discarded, and the supernatant centrifuged at 5000 rpm (2660 g) for one hour to separate the extremely small nanosheets. The sediment from this second centrifugation step was redispersed in fresh NMP. The GeS dispersion produced in this manner is referred to as the standard sample and contains a range of flake sizes.
Size selection:
It is possible to exert a level of control on the size of nanosheets by subjecting a dispersion to a process called liquid cascade centrifugation. After sonication, the GeS dispersion was centrifuged at 500 rpm. The sediment consisted of large unexfoliated material and was discarded, while the supernatant was centrifuged at 1000 rpm. After this step, the supernatant was decanted and subjected to further centrifugation. The sediment represents the material from the 500-1000 rpm fraction and can be redispersed to any desired concentration. Repeating this process with incremental increases in the centrifugation speed allowed the initial dispersion with a range of sizes present to be segregated into distinct size fractions. The average length of nanosheets in any given fraction can be ascertained from TEM analysis. In this manner, through a combination of exfoliation and selective centrifugation, samples of GeS nanosheets can be produced to the length range desired.  
Characterization:  
The nanosheets were imaged using a JEOL 2100 series Transmission Electron Microscope (TEM). Dispersions of GeS were prepared by drop casting on holey carbon TEM grids (Agar Scientific) placed on filter paper to absorb any excess solvent. After imaging, the lengths of nanosheets were ascertained using ImageJ software and histograms of the flake size distribution were compiled. The longest dimension observed for any given nanosheet was designated as the flake length. 
Optical characterization was performed in a quartz cuvette (path length 4 mm), using a Perkin Elmer Lambda 1050 series ultraviolet-visible spectrometer, equipped with an integrating sphere for isolating the absorption spectrum (extinction with scattering effects removed).
A Veeco Nanoscope-IIIa system (Digital Instruments) was used in tapping mode for AFM measurements. Samples were prepared by drop casting 15 μL of diluted dispersion (O.D. approx. 0.4) onto a preheated, cleaned Si/SiO 2 (285 mn oxide layer) at 180 ° C. Individual nanosheets were then analysed using previously established length corrections for pixilation effects and tip broadening. Step height analysis as reported for previous materials was used to convert the apparent thickness of nanosheets to the number of layers.
Raman spectra were acquired using a Horiba Jobin Yvon LabRam HR800. A green laser (532 nm) was chosen as excitation laser line. Signal was collected using a 100x objective (0.8 N.A.). 600 grooves per mm grating has been chosen in order to obtain ~1 cm-1 spectral resolution. Measurements were done in air at room temperature. Beam size on sample is approximately 2 µm diameter and the laser power was kept below 0.2 mW. No degradation or heating effects were observed at the chosen fluence. Each plotted spectrum is the result of acquiring signal for 60 seconds and the average of 15 spectra is displayed.
Electrochemical characterization: 
The GeS dispersions were mixed with SWCNTs (20 wt %), which both increases conductivity and functions as a binder. The SWCNTs were prepared by adding 10 mg P3-SWCNT to 100 mL IPA and sonicating for one hour in a Fisherbrand Sonic Dismembrator (30 W, 40 % amplitude). The combined dispersion was vacuum-filtered using a porous cellulose membrane (MF-Millipore membrane, mixed cellulose esters, hydrophilic, 0.0025 µm pore size, 47 mm diameter) to give thin films. The films produced were cut to the desired dimensions (A=0.178 cm2) for electrochemical testing and then transferred to copper foil using IPA to adhere the film to the substrate. The cellulose membrane was removed by treatment with acetone vapour and subsequent immersion in multiple acetone baths. The mass loading of GeS is 0.5 mg cm-2, with 20 wt.% SWCNTs (0.125 mg cm-2). Assuming an electrode porosity of 50%, we estimate the electrode thickness to be 4.5 m. For comparison, the electrodes for bulk GeS materials were also prepared by filtration of GeS powder dispersed in IPA by hand-shaking for 5 mins and mixed with 25wt% CNT. The active GeS mass loading in Bulk GeS/CNT electrodes was ~0.5 mg/cm2. For the electrochemical measurement, metallic lithium foils (diameter: 14 mm, MTI Corp.) were used as the negative electrodes. The electrolyte used was 1.2 M LiPF6 in a 1:1 (volume ratio) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) with 10wt% fluoroethylene Carbonate (FEC). A Celgard 2320 was used as the separator. The cells were assembled in a glovebox filled with highly pure argon gas (O2 and H2O levels < 0.3 ppm).  The electrochemical properties of the electrodes were measured within a voltage range of 3.0−0.05 V vs. Li+/Li (chosen to maximize capacity in line with ref56) using constant current (CC) mode on an automatic battery tester (VMP 3, Biologic). The open circuit potential for the fresh cells was close to 2.5 V. For rate capability measurement, cells were running at different current rates of 0.1 A g-1, 0.2 A g-1, 0.5 A g-1, 1 A g-1, 2 A g-1, 4 A g-1, and then went back to 0.1 A g-1. There are only 4 cycles at 0.1 A g-1, then there are 10 cycles for the next steps at different current rates. For cycling capability tests, the cells were performed at 1 A g-1 for 100 cycles after 4 cycles activation at 0.1 A g-1. Cyclic voltammetry of the cells was carried out using a galvanostat–potentiostat between 0.05 and 3.0 V vs. Li+/Li at a scanning rate of 0.1 mV s−1 for 50 cycles. Impedance measurements were performed using a battery tester (VMP 3, Biologic) with a frequency range of 1 MHz–0.1 Hz and a voltage amplitude of 10 mV. EC-Lab
Z-Fit software was used to model the acquired spectra. Unless otherwise stated all capacity values are normalized to the active (GeS) mass. The Coulomb efficiency was calculated from the ratio of charge capacity to discharge capacity. 
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Figure 1: Basic characterization of liquid-exfoliated GeS. A) Measured nanosheet concentration as a function of Hildebrand solubility parameter for GeS nanosheets exfoliated in a range of solvents. Inset: A photograph of a dispersion of GeS in NMP illuminated by a laser to show the Tyndall effect. B) Representative TEM and AFM (bottom right) images of GeS nanosheets produced by exfoliation in NMP. C-D, inset) TEM (C, 370 counts) and AFM (D, 220 counts) histograms for length of GeS nanosheets. The inset in C shows an EDX spectrum acquired in the TEM from 5-10 nanosheets. D) AFM histogram (220 counts) showing nanosheet layer number for GeS nanosheets. E) Extinction, absorption and scattering spectra for a dispersion of GeS nanosheets in NMP. F) Photograph of a film of GeS nanosheets deposited as a long strip. G) SEM image of a film similar to that in F. H) Raman spectra measured on a film prepared from freshly exfoliated MoS2 nanosheets with an unexfoliated powder spectrum for comparison.







Figure 2: Stability of GeS nanosheets exfoliated in NMP. A) Absorption spectra (scattering removed) of GeS dispersions which had been left to stand in ambient conditions for various times. B) Absorption spectra normalized to the absorption 800 nm measured after 1hr, 20 hr and 354 hr. C) The absorption at 500 nm normalized to cell length as a function of time for GeS nanosheets exfoliated in both NMP and water/surfactant (sodium cholate). D) Raman spectra for drop casted GeS nanosheets prepared from a fresh dispersion measured 1 day after exfoliation and the same film 10 and 34 days after drop casting. F) TEM histograms showing nanosheet length on day 1 and 34 after exfoliation. F) Mean nanosheet length as a function of time after exfoliation. 
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Figure 3: Size selection of GeS nanosheets. A) TEM images of nanosheets collected from the XL, M and S fractions. (Anti-clockwise from top left) B) Examples of nanosheet length distributions for the XS and XL samples. The labels also include the central RCF. The lines illustrate lognormal behavior. C) Mean nanosheet length as a function of centrifugation speed. D) Normalized extinction spectra for samples of a range of nanosheet lengths. E) Ratio of extinction at 550nm to that at 300 nm as a function of mean nanosheet length, as measured by TEM. Inset: Extinction coefficient at 400 nm plotted versus nanosheet length. F-G) Scattering (F) and absorbance (G) spectra for the dispersions shown in D. In each case, the spectra are normalized to their values at 300 nm. H) Optical gap as a function of mean nanosheet length, as measured by TEM. The dashed line shows the approximate value for bulk GeS. The top axis shows the nanosheet thickness (expressed as layer number) estimated as described in the text.
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Figure 4. Performance of composites of GeS flakes/SWCNT (20 wt%) as lithium ion battery anodes. A-B) SEM image of the surface (A) and cross-section (B) of a GeS/SWCNT electrode. C) Cyclic voltammograms at a scan rate of 0.1 mV s−1 for various cycles. D) Cycling capacity versus cycle number for composite electrodes based on both nanosheets and bulk GeS cycled initially at 0.1 A g-1 and then at 1.0 A g-1. Coulombic efficiency is shown in the inset. E) SEM image of the surface of a GeS/SWCNT electrode after 60 charge/discharge cycles.  F) Galvanostatic charge−discharge curves measured at different charging currents. G) Capacity as a function of charging current with Coulombic efficiency shown in the inset. H) Specific capacity as a function of charging rate (defined as (I/MT)/(C/MT)). The lines are fits to equation 4.
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