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ABSTRACT. Nanostructured silicon-graphite composites range among the best options for 

achieving next generation high-energy anodes for high performance lithium-ion batteries. 

Growing silicon nanowires on graphite gives access to composites with high capacity and stability, 

as the silicon distributes homogeneously in the electrode, and the direct contact provides enhanced 

mechanical stability even in silicon-rich (>30 wt%) active materials. However, cost effective 

production of such composites remains a challenge. Here we introduce low-cost catalysts, tin 
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sulfide and tin oxide, enabling silicon nanowire growth at lower temperature than with widely used 

gold catalysts, and investigate their impact on the composite nanostructure and composition. The 

small difference detected in the composition of the products obtained with both catalysts required 

the development of a reliable method to measure the low-level oxygen content and distribution 

within the composite. It revealed that oxygen from the SnO2 growth seeds is incorporated into the 

silicon nanowires, while no sulfur from the SnS catalyst could be detected. We show that SnS 

seeds results in an Si-rich anode material (22wt% Si) of superior initial Coulombic efficiency of 

81%, while capacity, stability in cycling and rate capability are less affected by the choice of the 

catalyst. The composite anodes, optimized for a capacity of 1000 mAh g-1 at C/5 rate, deliver an 

areal capacity up to 3.6 mAh cm-2 and 82% capacity retention over 200 cycles. Their rate capability 

of 780 mAh g-1 at 5C surpasses that of gold-seeded silicon-graphite composites. The insight 

obtained from this study provides guidance for the reliable low-cost synthesis and quality control 

of silicon-containing active materials for Li-ion battery anodes.  

 

 

Increasing the capacity of the anode active material in lithium-ion batteries (LIBs) is an efficient 

way to enhance their energy density, and thus reduce their weight. The optimal specific capacity 

for the anode is around 1000 mAh/g,1 taking into account the limited capacity of the present 

cathode active materials. Thanks to the high theoretical capacity of 3579 mAh g-1 of silicon and 

the compatible redox potentials of Si (0.4V vs Li+/Li) and graphite (0.1 V), silicon-graphite (SiGt) 

composites offer a wide range of possibilities towards this target. We recently demonstrated that 

our indigenously developed composites of silicon nanowires (SiNWs) directly grown one-pot on 

graphite perform well in long-term cycling due to the improved mechanical integrity of the 
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electrode via an effective nanoarchitecture engineering.2 However, SiNW growth requires metal 

seeds, for which gold is the standard and most active catalyst.3  

Gold as a seed metal increases of course the cost of the SiGt composite, and previous literature 

reported a significant capacity fade in cycling due to the gold seeds.4 A wide series of alternative 

metals can be used as SiNW seeds, such as copper (Cu),5 nickel (Ni)6 or tin (Sn).7 Sn appears as a 

particularly attractive candidate for several reasons. First, the Sn-Si eutectic temperature at 232°C 

allows for SiNW growth at lower temperature (Au-Si eutectic at 363°C). Second, Sn is also a 

lithium-alloying material that will add to the active material’s capacity. Nevertheless, Sn(0) 

oxidizes readily in air,8,9 and tin must be in its reduced state to form a Sn-Si eutectic for SiNW 

growth. Early studies used in-situ generated Sn seed particles from the dewetting of Sn-metal films 

deposited on a substrate prior to SiNW growth.7,10 For bulk growth of SiNWs in a superfluidic 

solvent,8 Sn nanoparticles were synthesized in-situ from a molecular Sn source in parallel with the 

growth.   

Here, we use nanoparticles of simple Sn-based compounds in colloidal suspension for an 

efficient impregnation of the graphite powder with the seed catalyst. We investigate two 

compounds: tin sulfide and tin dioxide. SnS nanoparticles, obtained with a narrow control of 

diameter by colloidal synthesis,11 provide an air-stable source of Sn with a low content in oxygen. 

Alternatively, a number of literature studies reported that SnO2 could be used as a SiNW seed.10,12–

14 We thus compare SnS seeds with SnO2 particles as a low cost source of Sn, with a wide 

distribution of sizes and higher oxidation degree. From SnS and SnO2 seeds, we obtain two SiGt 

composites named SnS-SiGt and SnO2-SiGt. We compare in detail their structure and composition, 

in particular their oxygen content as oxygen present in the active material will increase lithium 

consumption in the solid-electrolyte interphase (SEI). Interestingly, the electrochemical 
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performances of SnS-SiGt and SnO2-SiGt in terms of capacity, cycling stability and rate capability 

were increased as compared to Au seeded SiGt composites. Our approach sheds light on the 

engineering of SiGt composite anodes for lithium-ion batteries (LIB) with a desirable morphology 

and composition, to stabilize high-energy anodes. This method is suitable foreasily scalable and 

could be translated to industrial mass production in advanced LIBs due to its easy scalability.  

 

RESULTS AND DISCUSSION 

SiGt composite growth 

Seed size tuning is a potent method to control the diameter of SiNWs, which later directs the 

electrochemical performance of SiNW-containing anodes in LIB.15 As SnS seeds for the growth 

of SiNWs, we thus chose nanocrystals (NCs) with a narrow size distribution around 6 nm (Figure 

S1a), synthesized by colloidal growth. SnS NCs are stabilized by a combination of surface ligands 

(trioctylphosphine, oleate and oleylamine). SnO2 nanoparticles (NPs), purchased as an aqueous 

suspension, show a wide size distribution from 10 to 100 nm (Figure S1b). 

We first optimized the growth conditions at a lower temperature than for SiNWs from gold 

seeds. Diphenylsilane is a very favorable silicon source for SiNW growth from gold catalysts15–17 

at 420-500°C but tin catalysts are active at much lower temperature of 250-400 °C,18,19 at which 

diphenylsilane reactivity is more sluggish. We thus substituted with a mixture of diphenylsilane 

and phenylsilane (70/30 mol%) as the silicon precursor, to increase the reactivity at 380 °C 

(reaction time: 4 hours).20 Si loadings up to 25 wt% were attained, with a Sn content of about Sn/Si 

= 15 wt%.  

Note that no preliminary Sn reduction was performed before SiNW growth,20 although in the 

literature a preliminary step of reduction by hydrogen was found necessary.10,12,13 SnO2 NPs are 
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stable up to at least 1000 °C,21 and SnS NCs up to 350 °C.22 However, the highly reducing 

conditions of the growth in our high pressure reactor are expected to reduce Sn(IV) and Sn(II) 

compounds to Sn(0) in-situ, since the pressure of the phenylsilane/diphenylsilane hydride23 vapors 

attains 1 bar at 250 °C.20  

No significant difference between SnS and SnO2 seeds was observed in pressure/temperature 

records at the beginning of growth, the pressure starting to rise by 170 ± 20 °C (Figure S2). 

However, SnS NCs were more active as a catalyst than SnO2 NPs, yielding about 40% more growth 

for the same amount of catalyst. The lower activity of SnO2 NPs was compensated for by 

increasing the quantity of seeds (160 mg of SnO2 NPs instead of 100 mg of SnS NCs).  

SnS-SiGt and SnO2-SiGt composites show a similar structure on SEM and TEM micrographs 

(Figure 1). The obtained SiNWs have an average diameter of about 35 nm with a wide size 

distribution from 8 to 100 nm. It is noteworthy that the SiNW diameter is not directly correlated 

to the seed size. Indeed the rate of growth of a SiNW depends on the curvature of the eutectic 

droplet and its supersaturation with Si3, so that an optimal diameter is thermodynamically favored 

for a given set of growth conditions. As shown by  high partial pressure of silane favors small 

SiNWs, and a low silane pressure favors large diameters so that small seeds have time to merge 

before growth starts. Small amounts of SiNWs of 11 nm could easily be obtained from SnS seeds 

when the growth was performed in a sealed glass tube, the fast heating of which allows for a fast 

rise in silane pressure (Figure S3). Alternatively, we have shown in our recent study using SnO2 

catalyst nanoparticles in the presence of Ar gas that a kinetic control of the SiNW diameter is 

possible20: increasing the overall pressure shifts up the onset of the reaction by 100 °C, and reduces 

the SiNW diameter to 12 nm with a narrow size distribution.  
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The SiNWs obtained in the present work show a crystalline core according to TEM (Figure 1c,f), 

electron (Figure S4e) and X-ray diffraction (Figure S6) and a kinked structure already reported for 

Sn-based SiNW growth.7,8 In the purpose of making LIB anode materials, intermediate diameters 

(20-40 nm) are most appropriate.15 It is a trade-off between larger diameters, which reduce the 

specific area and thus the amount of SEI to be formed during the first cycle, and smaller diameters, 

which reduce the capacity loss due to the formation of c-Li15Si4 at the end of lithiation.   

The specific areas of SnS-SiGt and SnO2-SiGt, measured by the BET method, were the same at 

32 ± 3 m2/g. This value is in line with the expected specific area calculated from the composition 

obtained via quantitative elemental analysis by EDX (Table 1) and the specific areas of pure 

graphite (6 m2/g) and pure SiNWs with the same average diameter15 (92 m2/g). 

 

Figure 1. Electronic microscopy images of SnS-SiGt (a,b,c) and SnO2-SiGt (d,e,f) by SEM 

(a,b,d,e) and TEM (c,f). Back scattered electron images are displayed in Figure S4 and S5. 
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Oxygen content and localization in the SiGt composites 

An important difference between the SnS and SnO2 catalysts is the quantity of oxygen brought 

in the growth vessel. SnO2 reduction produces water, which reacts with silanes and with crystalline 

silicon to form silanol bonds Si-OH.24 This reaction, slow at room temperature, is a fast process 

above 250°C.25 As oxygen has a detrimental effect on the anode capacity retention, we measured 

carefully the O content in composites by XPS and quantitative EDX. Table 1 reports the average 

elemental compositions in SnS-SiGt and SnO2-SiGt composites, measured by EDX. As expected, 

oxygen is twice more present in the sample when SnO2 is used as the catalyst. The carbon, tin and 

silicon contents are in good agreement with the estimates by weighing the reagents and products. 

 

Table 1. Composition in weight of SnS-SiGt and SnO2-SiGt measured by quantitative EDX. 

The composition of pure graphite and pure SiNWs grown on NaCl from SnS and SnO2 

catalysts are given as references. (a The detection limit of EDX is  around 0.1%) 

wt% by EDX C Sn Si O S 

SnS-SiGt 76 ± 5 3.6 ± 0.9 19 ± 4 1.3 ± 0.2 ≈ 0.02a 

SnO2-SiGt 70 ± 2 5.2 ± 0.7 22 ± 1 2.3 ± 0.2 < 0.01 

Gt 97.5 ± 0.1 - - 2.05 ± 0.04 < 0.01 

SnS-SiNW 0.7 ± 0.1 21 ± 2 77 ± 2 1.6 ± 0.2 0.1 ± 0.05 a 

SnO2-SiNW 1.0 ± 0.1 23.5 ± 0.5 73 ± 1 2.3 ± 0.1 <0.01 

 

SiGt composites are composed of several phases (SiNW, graphite (Gt), and tin nanoparticles 

SnNP) which can all contain oxygen, with different impact on the anode material cycling 

performance. Oxygen in silicon or tin consumes lithium by forming Li2O at the first lithiation, and 

then will form water and ultimately HF by reaction with the electrolyte,26 while oxygen covalently 

Tableau mis en forme
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linked to graphite will not. Besides, SiNW also contain C from their native organic layer of 

phenyls.16 To sort out the contributions of each component, we computed the O content in Si and 

Sn through an in-depth elemental analysis. The composites were pressed into dense pellets for 

quantitative EDX analysis on a calibrated SEM. A series of measurements was performed on each 

pellet from small regions (20x20 µm2) close to the graphite particle size, so that different SiNW/Gt 

ratios were probed. Correlations between elemental ratios allowed inferring the relative O content 

in the different phases of the composite. Figure 2 presents the correlation diagrams of Sn with Si, 

and of O with Si, taking C as the reference. This analysis was carried out on 3 independent samples 

of each kind with consistent results.   

Figure 2a shows that Sn and Si contents are proportional in both composites, indicating that the 

ratio of Si and Sn is homogeneous all over the material. This indicates a homogeneous average 

SiNW length in the composite, and thus a homogeneous growth process and growth rate in the 

graphite powder. However, as Si and Sn are everywhere present in the same ratio, it will not be 

possible to distinguish whether trace elements belong to the silicon or the tin phases by such 

correlations. We will thus consider the ensemble SiNW-SnNP as one phase.   

We now try to localize O as a trace element in relation to the SiNW-SnNP phase, by looking at 

the correlation of O and Si contents in Figure 2b.  A sharp discrepancy appears between the two 

composites. For SnS-SiGt, the O content is independent of the Si content. As the O/C weight ratio 

is constant, it shows that all O is located in the graphite phase. As for SnO2-SiGt, the O content 

increases linearly with the Si content, showing that a significant part of the O is located in the 

SiNW-SnNP phase. Other correlations, drawn between O and Sn for instance, give similar results 

(Figure S7). 
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Table 2. Calculated O content in the components of the composites, from EDX correlation 

O content (wt%) in graphite in SiNW-SnNP 

Pristine Gt 2.05 ± 0.04 - 

SnS-SiGt 1.8 ± 0.15 0.0 ± 0.3 

SnO2-SiGt 1.6 ± 0.15 5 ± 1 

 

Figure 2. Correlation diagrams for elemental analysis by quantitative EDX from SnS-SiGt 

(squares) and SnO2-SiGt (circles), plotting the content in Sn (a) and the content in O (b) vs the 

content in Si. As the most abundant element, C is taken as the reference. Lines are best linear fits, 

slopes are indicated as s values (all fit parameters in Figure S7).  

Using the slope and intercept of these correlation curves, and developing a quantitative model 

taking into account the elemental composition of each phase, we could quantify reliably the O 

content as presented in Table 2 (refer to supplementary information for complete calculation). It 

appears first that 10-20% of the oxygen initially present in graphite is eliminated during the growth 
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process, probably through chemical reduction of C=O or C-OH by the reactive gases, hydrogen or 

hydrides. As for the SiNW-SnNP component, it contains a significant amount of oxygen when the 

growth is carried out on SnO2 seeds, and no detectable oxygen for a growth on SnS seeds. Let us 

note that, if all the oxygen gathered in a SiO2 passivation layer on the SiNW surface, the layer 

would be only 0.7 nm thick (based on the specific area of the material) for SnO2-SiGt. This very 

low oxidation, even after months of exposure to air, is possible due to the hydrophobic protection 

of the SiNW by the native phenyl layer grown from diphenylsilane in our process.16  

Figure 3. XPS O 1s (a), C 1s (b) and Si 2p (c) spectra of SnS-SiGt. (d) Comparison of SnS-SiGt 

(orange) and SnO2-SiGt (black) Si2p spectra. Complete XPS data in Figure S8. 



 11 

The XPS analysis brings complementary data on the surface composition of the composites. The 

amount of oxygen of 5 to 6 wt% detected by XPS (Table S1) is much higher than the bulk content 

measured by EDX, showing that oxygen concentrates at the surface. The O 1s and C 1s spectra 

are very similar for SnS-SiGt and SnO2-SiGt (Figure 3 a,b and S8). The C 1s spectra show a main 

peak at 284.2 eV corresponding to graphite (fitted using a peak model from ref27), and smaller 

peaks at 287-288 eV due to C-O/C=O/CO2H species in graphite defects and possible surface 

contamination. A notable peak at 283.4 eV, attributed to carbides,28,29 is due to the Si-C bonds 

anchoring the native phenyl layer to the SiNW surface, as already reported for SiNWs grown from 

diphenylsilane.16 The Sn concentration is lower than measured by EDX because tin is mostly 

present as large NPs (Figure S4c & S5c), the core of which escapes XPS probing (2-5 nm 

penetration depth). The Sn signal and the O 1s spectra are consistent with tin in the form of tin 

oxide SnO2.  

In the Si 2p XPS spectra (Figure 3c), the major signal at 99.2 eV is the Si(0) peak from the SiNW 

core, indicating that the oxide and phenyl layer present at their surface2,16 are very thin. The large 

peak at 102.5 eV is ascribed to silicon oxides,6,30 and the SiOx/Si(0) ratio is twice larger for SnO2-

SiGt than for SnS-SiGt (Figure 3d), in line with our findings by EDX (Table 1). Finally, a 

secondary peak at 97 eV appears reproducibly with a significant intensity for SnS-SiGt and to a 

much lower extent for SnO2-SiGt. Such peak can only be attributed to silicides that normally 

appears in metal-silicon alloys.31,32 It is not usually observed for Si/Sn systems33 because the Si 

concentration in the Si/Sn eutectic is very low,34 so that Si and Sn phase-separate. We attribute 

this unexpected contribution to a small amount of silicon alloyed in tin, and we assume that Si 

dissolution in Sn may increase in the presence of S. This may explain why SnS is a more potent 

catalyst than SnO2, as we observed from SiNW mass yields. 
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Electrochemical behavior and cycling performance 

Cyclic voltammetry (CV) for SnS-SiGt and SnO2-SiGt (Figure S9) composite anodes was very 

similar to our previous findings on Au-seeded SiGt.2  A broad cathodic peak at 0.1 V in the first 

cathodic scan corresponds to crystalline Si alloying with Li and Li intercalation into graphite. 

Then, the expected anodic peaks at 0.2 V (LiC6 delitiation), 0.3 and 0.5 V (LixSiy delithiation35,36), 

and cathodic peaks at 0.2 V (Si lithiation) and 0.06 V (graphite lithiation37,38) were observed. The 

magnitude of the current peaks increased, suggesting that more material is activated at each scan, 

until it stabilizes at cycle 5 to 10, ensuring an excellent stability and reversibility. Small peaks 

characteristic of Sn cycling33 appear in lithiation at 0.6/0.4 V, and in delithiation at 06/0.7/0.8 V, 

but they only contribute a very low capacity to the anode cycling (the capacity contribution from 

Sn at 4 wt% translates into only 40 mAh g-1).  
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Figure 4. Electrochemical performance of SnS-SiGt and SnO2-SiGt anodes tested in half-cell 

configuration vs Li metal. (a,b) Charge-discharge profiles of SnS-SiGt (a) and SnO2-SiGt (b) 

cycled at C/5 rate (except cycle 1 at C/20) at room temperature in the 0.01-1.0 V vs Li+/Li potential 

window with 1 M LiPF6 electrolyte in 1:1 (v/v ethylene carbonate (EC) and diethylene carbonate 

(DEC) with 2 wt% of vinylenecarbonate (VC) and 10 wt% of fluoroethylene carbonate (FEC)). (c, 

d) Long-term cycling performances of SnS-SiGt (orange squares) and SnO2-SiGt (black circles) 

at C/5 rate (1st cycle at C/20): charge/discharge capacity vs cycle number (c), corresponding 

Coulombic efficiency (d). Mass loading SnS-SiGt 1.7 mg cm-2, SnO2-SiGt 1.3 mg cm-2. 
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The charge-discharge profiles of SnS-SiGt (Figure 4a) and SnO2-SiGt (Figure 4b) cycled under 

galvanostatic-potentiostatic conditions in lithium half cells are found to be similar to those of other 

SiGt composites from the literature.2,39–44 The steady decay of the voltage / capacity profile at the 

beginning of the first lithiation for both composites relates to the formation of the solid electrolyte 

interphase (SEI). SnS-SiGt exhibits a lithiation/delithiation capacity of 1230/1000 mAh g-1 during 

the formation cycle at C/20, with an initial Coulombic efficiency (ICE) of 81%. This ICE is among 

the highest reported for  silicon-rich SiGt composites,35,39–45 including our own reports.2,15,20 The 

initial lithiation/delithiation capacity of SnO2-SiGt is 1370/1060 mAh g-1, with an ICE of 77%. 

The lower ICE of SnO2-SiGt compared to that of SnS-SiGt may be associated to the higher surface 

oxygen content of SnO2-SiGt.  

In the long-term cycling, SnS-SiGt and SnO2-SiGt exhibit a capacity retention of 82% and 80% 

(795 and 780 mAh g-1) after 200 cycles from their 10th cycle (Figure 4c), which is better than those 

of other Si-Gt composites with higher or lower Si content.2,35,43,44,46–54 Accordingly, both 

composites show very similar Coulombic efficiencies in the first 30 cycles (Figure 4d), then the 

Coulombic efficiency of SnO2-SiGt stabilizes at 99.5%, while that of SnS-SiGt attains 99.8%. This 

slight but reproducible difference might ensue from electrochemical loss in SnO2-SiGt cycling due 

to a higher oxygen-content in the initial active material and then in the SEI.  

Both composites deliver their full theoretical capacity close to 1000 mAh g-1, indicating a full 

electrochemical utilization of Si and Gt. In other words, our unique advanced material architecture 

ensures the complete utilization of Si in the anode. A further analysis of the capacity contribution 

from the potentiostatic phase to the total capacity of SnS/SnO2-SiGt was performed. The 

potentiostatic capacity contribution to the total capacity is very low (5-8%, Figure S10), indicating 
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a high electrode conductivity. This is a hint of maintained mechanical integrity of the electrode 

throughout cycling.  

Figure 5. (a) Areal capacity vs cycle number of SnS-SiGt anodes with mass loadings 1.6, 2.2, 2.9, 

3.5 and 4.0 mg cm-2 at C/5 rate in half-cell configuration vs Li metal. Corresponding specific 

capacity profiles on Figure S11. (b) Areal capacity at 50th cycle vs SnS-SiGt anode loading.  

Investigating further on the conductivity of the anode layer, we prepared SnS-SiGt electrodes of 

increasing thickness with mass loadings ranging from 1.6 to 4.0 mg cm-2. Figure 5a shows the 

corresponding areal capacities in cycling. Areal capacities of 1.5, 2.0, 2.7 and 3.2 mAh cm-2 were 

attained at mass loadings of 1.6, 2.2, 2.9 and 3.5 mg cm-2 after 50 cycles at C/5, respectively. This 

translates in a full linearity of the areal capacity with loading (Figure 5b). Moreover, an areal 

capacity of 3.6 mAh cm-2 is obtained even at a high areal mass loading of 4.0 mg cm-2, qualifying 

SnS-SiGt among the highest density SiGt electrodes.2,3,22-32 The average specific capacity on this 

series attains the remarkable value of 920 mAh g-1 (Figure S11). In general, because of the poor 

mechanical stability and low electrical conductivity of silicon-rich electrode, increasing the Si 

mass loading to achieve the desired areal capacity severely affects the battery performances. Here, 
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SnS-SiGt demonstrates outstanding stability even at high mass loadings, inferring a complete and 

effective electrochemical utilization of the whole active material in thick electrodes. This indicates 

that the SiNW-grown-on-graphite design provides both high Li+ accessibility and efficient electron 

transport throughout the whole electrode thickness, a promising asset towards the objective of 

energy-dense, industrially relevant electrodes delivering up to 5mAh cm-2. 

 

Figure 6. Rate capability behavior of SnS-SiGt (dots) and SnO2-SiGt (squares) under increasing 

rates from C/20 to 5C (charge/discharge profiles provided in Figure S13). Mass loading of the 

electrodes 0.9-1.0 mg cm-2.  

Figure 6 displays the rate capability behavior of SiGt anodes. Both composite anodes exhibit a 

very good rate performance up to the higher current rate of 5C. The observed high capacity of 780 

and 760 mAh g-1 at 5C rate (for SnS-SiGt and SnO2-SiGt respectively) is still twice higher than 

the capacity of commercial graphite cycled at a lower current rate. Moreover, when the current 

rate is reverted to C/10, a reversible capacity of 990 and 970 mAh g-1 (97% capacity retention with 

respect to the capacity at initial C/10) is recovered readily from SnS-SiGt and SnO2-SiGt 
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respectively, further demonstrating the excellent structural and cycling stability. SnS-SiGt and 

SnO2-SiGt show a capacity of 840 and 820 mAh g-1 after 100 cycles at 1C with a good capacity 

retention of 85 and 87% (with respect to 1C) respectively, even after subjecting the cell at higher 

charge-discharge current rates, demonstrating excellent rate performance. Moreover, the 

potentiostatic capacity contribution still stays well within the acceptable limit, below 15% up to 

2C, and only 22-23% at 5C (Figure S13c). It endorses the high electronic conductivity of the 

electrode via efficient interconnection between SiNWs and Gt. 

Therefore, our results indicate that the choice of SnS or SnO2 as the SiNW seeds has no or very 

little effect on the rate capability of the SiGt anode. Instead, the SiGt rate capability is mainly 

sensitive to the electrode mass loading (Figure S12). As the electrical conductivity of the SiGt 

electrode proved very high from low potentiostatic capacity, this hints towards a main limitation 

in lithium ion diffusion along the electrode thickness at very high current density.  

Post-mortem morphology characterization: pristine vs cycled electrodes 

In order to achieve a better understanding of the good electrochemical results of SiGt, we ran 

pristine and post-mortem focused-ion beam sampling-scanning electron microscopy (FIB-SEM) 

analysis on the SnS-SiGt samples (Figure 7). Similarly to our first study on gold-seeded SiGt,2 

part of the SiNWs were embedded inside the graphite particles, between the flakes as clearly seen 

in Figures 7a and b. As shown on the FIB-SEM images, the as-synthetized composite contains 

finely mixed SiNWs and graphite whose contact zones are wide and multiple, thus promoting the 

electron and Li+ exchanges between the two phases. SnS-SiGt can be described as micro-sized 

particles of SiNWs embedded in graphite. In fact, the main porosity in the electrode comes from 

the space between the SiGt particles, that could be reduced by varying the graphite size.55 
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Figure 7. Morphological evolution upon cycling by cross-sectional FIB-SEM of SnS-SiGt 

electrodes: in pristine state (a) and after 10 cycles (b). 

In the close-up image on Figure 7b, additional nanoporosity is clearly seen. This internal 

nanoporosity provides enough space for silicon swelling and electrolyte access, beneficial for 

cycling without adding over-proportionated porosity. Figure 7c and d show FIB-SEM images of 

the SnS-SiGt electrode after 10 cycles, in the lithiated state. The intimate mix between SiNWs and 

graphite remains the same, and nanoporosity is still present to let the electrolyte penetrate the 

sample, thus providing good rate performances by allowing fast exchanges with both phases.  

Summarizing, the overall improved electrochemical performances of SiGt composite anodes 

using Sn based catalysts presented in this work could be ascribed to the following aspects: 
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(i) The specifically designed architecture provides the key features required to obtain stable 

electrochemical performances in terms of capacity, stability, and rate capability with the 

industrially accepted active material loading, such as uniform distribution of SiNWs and the 

effective ratio between Si and graphite.    

(ii) The growth process provides an effective connection between graphite and silicon, 

mechanically resilient and electrically stable. Besides, the nanoporosity in between the SiNWs 

insures good, durable contact with the electrolyte. All active materials thus fully participate in the 

electrochemical reactions even at very high loading via offering high overall electrode 

conductivity throughout cycling and the formation of a stable SEI layer.  

(iii) With the addition of commercially well proven graphite anode, mechanical integrity of the 

composite electrode is highly preserved throughout cycling by effective accommodation of the Si 

volume changes.2 

 

CONCLUSION 

Looking for a lower-cost and more sustainable synthesis of high-energy-density silicon-graphite 

composites, we show that replacing Au catalysts by Sn-based nanoparticles induces an increased 

capacity, long-term cycling stability and high initial Coulombic efficiency at an industrial 

electrode density of 1.6 g cm-3. It also allows the reduction of the synthesis temperature by 50°C, 

and thus a drop-in energy consumption. SnS is more efficient than SnO2 as seeds for SiNW growth 

on graphite, but both produce SiGt composites with similar structural characteristics. A difference 

appears, however, in the elemental composition of the composites. The small gap in composition 

between SnS- and SnO2-seeded composites could be reliably evidenced by developing an accurate 

analysis method based on the widely available EDX analytical tool. The oxygen contained in the 
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SnO2 seeds ends up in the SnO2-SiGt composite as a thin SiO2 layer that induces a lower initial 

Coulombic efficiency, and possibly a slight long-term drop in Coulombic efficiency. As for the 

SnS seeds, very little sulfur finally enters in the SnS-SiGt composite, but an unexpected effect of 

SnS seeding is an increased dissolution of Si in the eutectic droplets. This feature is currently under 

study, as it favors a faster growth process, and thus an additional cost reduction. Our proof-of-

concept offers insights into the rational design of low-cost high-energy silicon-graphite composites 

with high Si loading for advanced electrochemical energy storage. 

EXPERIMENTAL METHODS 

Materials. Thioacetamide, oleylamine, trioctylphosphine, carboxymethylcellulose sodium 

(CMC), tin (IV) oxide (SnO2), tin (II) chloride (SnCl2) and sodium choride NaCl were purchased 

from Sigma Aldrich. Diphenylsilane was purchased from ChemicalPoint, Germany. Graphite 

(grade: SLP-30 and specific surface area: 6.5 m2/g) and carbon black Super-P (CB) were purchased 

from TIMCAL. 

SnS NCs synthesis. SnS NCs of 6 nm diameter (Figure S1) were synthesized as previously 

described.56 Solution A, a solution of SnCl2 (380 mg, 2 mmol), ocatedecene (5 mL, 15.6 mmol), 

trioctylphosphine (3 mL, 6.7mmol) and oleic acid (4,5 mL, 14.3 mmol) is degassed under vacuum 

at 60 °C for 1 h. Solution A is then heated to 120°C under Argon. Solution B, a solution of 

thioacetamide (75 mg, 1 mmol), trioctylphosphine (3 mL, 6.7 mmol), oleylamine (5 mL, 15.2 

mmol) is quickly added to solution A with a syringe under fast stirring. After 5 minutes of reaction, 

the medium is cooled down with an ice bath. Chloroform (20 mL) and ethanol (40 mL) are added 

and the suspension is centrifuged (5000 rpm, 3 minutes). The supernatant is removed and the 

nanoparticles are mixed again with 10 mL chloroform and 20 mL ethanol. After centrifugation 

(5000 rpm, 3 minutes) the transparent supernatant is removed. The agglomerated SnS NCs are 
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finally dispersed in 10 mL chloroform.  The concentration of SnS NCs is determined by drying a 

100 µL drop of the colloidal solution and adjusted to 13 mg/mL.  

SiNW growth on graphite. SiNWs are grown in a stainless-steel pressure reactor of inner 

volume 150 cm3 heated by induction, as described previously.2,15 SnS NCs (80 mg) in chloroform 

diluted in 5 mL of hexane/isooctane 10:1 or SnO2 NPs (≤ 50 nm, 80 mg) in water diluted in 5 mL 

of ethanol is added to 800 mg of graphite (SLP30) in a warm mortar (80 °C). The mixture is ground 

with a pestle until complete evaporation of the solvent. The SnS NCs or SnO2 NPs-loaded graphite 

is sealed with diphenylsilane (12 mL) in the reactor under vacuum before heating at 390 °C for 5 

h. After cooling down, the collected black powder is washed thrice with dichloromethane to 

remove impurities and dried at 80 °C to yield SnS-SiGt or SnO2-SiGt (1120 mg, roughly 22-23 

wt% of Si), respectively.  Growth of reference pure SiNWs was done as previously reported15,16 

by using finely ground NaCl powder as a sacrificial substrate loaded with SnS NCs or SnO2 NPs 

as described above. NaCl was removed by washing with water after growth. At least 8 batches 

were grown for each material (SnS-SiGt, SnO2-SiGt, SnS-seeded SiNWs).  

Materials characterization. Phase characterization was performed with powder X-ray 

diffraction technique on a Bruker D8 advance diffractometer θ-2θ configuration with a Cu anode. 

We used a scanning step of 0.02° and a counting time of 1.2 s per step. Scanning Electron 

microscopy was operated on a Zeiss Ultra 55 microscope at an accelerating voltage of 5 kV and a 

working distance of 5 mm. For TEM and HRTEM observations, a JEOL 2010 high resolution 

transmission electron microscope (HRTEM) operated at 200 kV was used. For TEM 

measurements, the powder was dispersed in ethanol and nanoparticles separated with intensive 

ultrasound using the Hielscher Ultrasound Technology VialTweeter UIS250V. Then, the 

dispersion was dropped on a grid made of a Lacey Carbon Film (300 mesh Copper – S166-3H). 
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X-ray photoelectron spectroscopy (XPS) analyses were carried out with a Versa Probe II 

spectrometer (ULVAC-PHI) equipped with a monochromated Al Kα source (hν = 1486.6 eV). The 

core-level peaks were recorded with a constant pass energy of 23.3 eV. The XPS spectra were 

fitted with CasaXPS 2.3 software using Shirley background. Binding energies (BEs) are referenced 

with respect to adventitious carbon (C 1s BE = 284.8 eV). The Brunauer, Emmet, and Teller (BET) 

method was used to measure the SBET specific surface of the different samples using a 

Micromeritic apparatus (Tristar II and Flowsorb 2300).  

Electrochemical characterization. The electrode was fabricated from a mixture containing 

active material, super P carbon black (additive) and CMC (binder) diluted in pure distilled water 

in the weight ratio of 80:10:10. The resultant slurry was coated using doctor blade method on thin 

copper foil (12 µm) and dried at 80 °C for overnight (mass loading 1.6-1.7 mg cm-2 unless 

otherwise stated, thickness 20 µm). The Celgard separator was soaked with an electrolyte of 1 M 

LiPF6 in 1:1 v/v ethylene carbonate (EC) and diethylene carbonate (DEC) with 2 wt% of 

vinylenecarbonate and 10 wt% of fluoroethylene carbonate. 2032 coin cells were assembled with 

lithium metal as reference and counter electrode in an Argon-filled glove box and crimp sealed. 

Electrochemical properties of the half-cells were evaluated in the potential window between 0.01 

V to 1.0 V. Along the manuscripts all the potentials measured in half cell configuration refer to Li 

metal counter electrode and are thus expressed as vs Li+/Li. All the capacity values shown in this 

paper are based on the total mass of the active material, unless otherwise stated (theoretical 

capacities and electrochemical test details in Tables S2 and S3). Electrochemical studies, including 

electrochemical impedance spectroscopy, were carried out using Biologic VMP3 multichannel 

potentiostat and ARBIN charge–discharge cycle life tester. At least 50 cells prepared from at least 

8 different batches were tested for each composite SnS-SiGt and SnO2-SiGt. Direct comparison 
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were obtained from at least two independent material and electrode sets on simultaneous 

electrochemical tests in triplicate.  

Quantitative Energy Dispersive X-ray Spectroscopy. 2 mg of composite were pressed into a 

5 mm-diameter pellet in a hydraulic press (Specac) under 2 tons of pressure for 2 minutes, to obtain 

a dense sample (>85%) with a flat surface, to allow for a quantitative analysis. Energy Dispersive 

X-ray spectroscopy (EDX) spectra were recorded on a Zeiss Ultra 55+ microscope at an 

accelerating voltage of 10 kV at working distance of 7 mm. The apparatus was first calibrated with 

a series of elemental standards (Zeiss). A dozen scans were then recorded on each pellet, first on 

wide zones (typically 500x500 µm2) to determine the average composition, then on small zones 

(typically 20x20 µm2) for correlations.  

FIB-SEM imaging. The disassembled electrodes were transferred through a special transfer 

holder from the glove box to a Zeiss NVision 40 focused ion beam (FIB-SEM) without air 

exposure. SEM images were acquired using secondary electron (SE) and energy selective 

backscattered electron (BSE) detectors with a primary beam energy of 2 kV. Current is not 

monitored on the NVision microscope but an aperture of 60 µm was used to acquire all images at 

a roughly constant 2 nA current. Details of the sample preparation steps are given in ref57. Coarse 

trenches were dug at 30 kV, 15 nA. The cross section polishing and cleaning was carried out at 30 

kV and a low beam current of 690 pA. Considering the smaller size of SiNWs (typically 40 nm), 

global SEM images were recorded with a pixel size of 30 nm and the close-ups were recorded at 

a pixel size of 5 nm. 

ASSOCIATED CONTENT 
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additional SEM, STEM, XRD, XPS, correlation diagram for EDX analysis, pressure-temperature 

recording for the synthesis, electrochemical performances, and comparison parameters with the 

recent literature reports.  
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