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Abstract: 

The main drawbacks of silicon as the most promising anode material for Li-ion batteries 

(3572 mAh.g-1) are lithiation-induced volume changes and the continuous formation of a 

Solid Electrolyte Interphase (SEI) upon cycling. A recent strategy is to focus on the influence 

of coatings and composite materials. To this end, the evolution of the SEI, as well as an 

applied carbon coating, on nanosilicon electrodes during the first electrochemical cycles is 

monitored. Two specific techniques are combined: Transmission Electron Microscopy (TEM) 

is used to study the surface evolution of the nanoparticles on a very local scale, whereas 

Electrochemical Impedance Spectroscopy (EIS) provides information on the electrode level. 

A TEM-EELS fingerprint signal of carbonate structures from the SEI is discovered, which 

can be used to differentiate between SEI and a graphitic carbon matrix. Furthermore, the 

shielding effect of the carbon coating and the thickness evolution of the SEI is described. 

 

1. Introduction 

Scientists agree that the 21st century will be defined by an energy transition, in which 

hydrocarbons will be replaced as the privileged global fuel by sustainable energy sources. To 

fulfill the ever-increasing demand for portable electrical energy, e.g. electrical vehicles and 

portable electronics, there will be a need for an efficient and reliable storage mechanism.[1] 
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Lithium ion batteries are the most suitable candidates for these applications, due to their high 

volumetric and gravimetric energy density, reliability and energy efficiency.[2, 3] Many small 

improvements have been achieved on the level of high energy cathode materials.[4] However, 

a significant improvement of total battery capacity can only be achieved if the anode capacity 

is improved correspondingly. Since the commercialization of the first Li-ion battery by the 

Sony corporation in 1990 with graphite as anode active material, researchers have been 

searching for an alternative to graphite in order to meet the high energy capacity demands of 

today.[5] 

The possibility of an electrochemical Li-alloying reaction with semi metals such as Si, Sn, etc. 

with a high theoretical capacity was proven in the 1970’s and was shown to be highly 

promising.[6] Silicon is the best candidate with a theoretical capacity of 3579 mAh.g-1 (10-fold 

higher theoretical capacity than graphite: 372 mAh.g-1). However, commercial uses have been 

limited because of two major issues concerning the use of silicon as an anode material. The 

first is the large volume changes (~275%) that are associated with the (de)alloying reaction of 

silicon with lithium,[3, 5-7, 8] causing pulverization of the silicon particles and disintegration of 

the electrode.[9, 10] The second is the formation of the so-called Solid Electrolyte Interphase 

(SEI) on silicon surfaces, due to reaction with the electrolyte, which also cannot support the 

huge volume expansion.[11] New silicon surfaces are exposed every electrochemical cycle, 

causing continuous SEI-formation, consumption of active lithium and consequently capacity 

loss.[12] To overcome these issues, one approach is to change the morphology of the anode 

material to avoid the problems with the volume variation.[13] The use of nanowires has been 

described,[3, 14] where the volume increase is limited to only one direction (longitudinal 

direction of the nanowires). In addition, it was demonstrated that the integrity of nanoparticles 

with a small diameter can also be maintained.[15] Indeed, large particles have the tendency to 

fracture upon cycling, whereas this has not been observed for particles with a diameter 

smaller than 150 nm.[10] Besides the morphology, researchers also investigate the possibility 
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of SiOx as an anode material. An outstanding cycling durability with a reversible capacity of 

1000 mAh.g-1 after 2000 cycles was achieved by electrodeposition of SiOx on a copper 

substrate, due to the suppression of crack formation in this matrix.[16] Another approach is the 

use of carboxymethyl cellulose (CMC), poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA) 

or alginate instead of poly(vinylidene fluoride) (PVDF) as an electrode binder.[17] They favor 

a better bonding between Si nanoparticles, resulting in a better electrode unity and capacity 

retention.[5, 18] The last major strategy is to act on the electrolyte and thus indirectly on the 

nature of the SEI. Electrolyte additives such as fluoroethylene carbonate (FEC) and vinylene 

carbonate (VC) can tune the SEI-stability and under specific conditions, the electrochemical 

performances of Si-based anodes were drastically improved.[19, 20] 

Today, the main effort for commercialization is oriented on the use of coatings and 

composites in order to solve the problems due to volume expansion.[21, 22-25] This strategy is 

known to improve the conductivity of the electrode while retaining the capacity. However, 

many parameters like the impact of a coating on the silicon anode material and on the SEI-

formation are still unknown and are of crucial importance for further development 

(improvement). 

In order to use these materials on an industrial scale, the interface between a coating or 

composite matrix and silicon has to be completely understood, taking particular interest in the 

influence on SEI formation and stability. Because the interface between silicon and the 

composite matrix is in the nanoscale region and is extremely sensitive, it is definitely not 

straightforward to investigate. A wide range of techniques has already been used, each one 

with its own advantages and disadvantages. Examples of techniques that are frequently used 

are: Scanning Electron Microscopy (SEM),[11, 23, 24] X-Ray Diffraction (XRD),[26, 27] X-ray 

Photoelectron Spectroscopy (XPS) [11, 12, 28, 29] and Infra-Red spectroscopy (IR).[11, 28] The 

main drawback of the mentioned techniques is that they are active on the electrode-level and 

less suitable for the particle surface-level.  
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In this study, two dedicated techniques, Transmission Electron Microscopy (TEM) and 

Electrochemical Impedance Spectroscopy (EIS), were used to investigate the impact of a 

carbon coating on silicon during electrochemical cycling. Advanced TEM is a technique that 

can give a unique insight into the mechanisms that are of importance at the electrode interface, 

at nanoscale and even atomic resolution. EIS on the other hand is a powerful analysis tool to 

study the different aspects of electrode kinetics, interfacial changes and the formation of 

SEI.[22-26, 30, 31] The combination of both techniques gives us the opportunity to link 

information on the nanoscale (TEM) with more averaged data on the electrode scale (EIS). 

This in-depth study was performed on two silicon materials: a pristine silicon nanopowder (p-

Si) as a reference together with a carbon-coated silicon powder (c-Si). Both silicon materials 

(coated and uncoated) were studied with TEM and EIS at different states of charge. 

Comparing both materials during electrochemical cycling will allow us to study the influence 

of a carbon coating on the behavior of the silicon materials. The system simplicity makes the 

materials ideal to study the processes that play at the electrode interface.  

 

2. Results and discussion 

 

2.1. Interface evolutions during the first two electrochemical cycles 

 

2.1.1. Local study by TEM 

The TEM images of the initial electrode materials p-Si (Figure 1a) and c-Si (Figure 1b) 

display the crystallinity of the materials. The specifications of the surface layers of the 

particles are provided in the experimental section below. Both silicon powders, p-Si and c-Si, 

were electrochemically cycled and stopped at four selected points (Figure 1c), namely at the 

end of lithiation and delithiation in the first two cycles, for a detailed TEM investigation. 

Figure 2a and b show a TEM image and an electron energy-loss spectroscopy (EELS) 

chemical map respectively of some p-Si particles in fully lithiated state (0 V) in the first cycle. 

The chemical maps were generated using the program EELSModel.[32]  This approach can 
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provide insight into the bonding and/or valency of the probed elements through the fine 

structure of the acquired EELS edges. For example, the shape of the Si L2,3 edge, allows to 

differentiate between  Si0 and Si4+.[33] By fitting the Si L2,3 edge with a reference for Si0 and 

Si4+, the distribution of both can be mapped out, like in Figure 2b. Compared to the initial 

material in Figure 1a, large surface modification has taken place. The lithiated silicon 

particles have become partly amorphous [34] and the oxide layer at the surface has become 

much thicker (average 16 ± 1 nm). A crystalline core remains, indicating an incomplete Li-

insertion process. It is interesting to mention here that a polygonal shape of the crystalline 

silicon core, originating from the preferential lithiation of certain facets in crystalline silicon, 

can be observed.[8, 35] The chemical map shows the distribution of various elements present in 

the sample and indicates that the surface layer is composed of oxidized silicon products. This 

observation corresponds with reports in literature where the native oxide layer is converted in 

lithium silicates (Li4SiO4) due to reactions with the electrolyte and SiOxFy due to reaction 

with the lithium salt LiPF6.
[12, 28, 29, 36, 37] It is important to keep in mind that the acquisition of 

the EELS data involves an intense interaction of the electron beam with the electrode material 

under investigation. As a result, there is the possibility that some of the volatile components, 

especially in the SEI, are altered or evaporated during data acquisition. Although this makes 

the technique less suitable to study the exact composition of the SEI, it remains well-suited to 

visualize the chemical distribution at the surface of the electrode materials.  

Figure 2c and d show TEM images of the p-Si powder when cycled for one complete first 

cycle, from OCV to 0.01V and back until 1.5 V. The SEI layer at the surface of the particles 

was observed to be slightly thinner (14 ± 1 nm) but less stable under the electron beam as 

compared to the lithiated state. A similar phenomenon has been reported for graphite 

surfaces,[38] where a dynamic behavior of the SEI layer was observed, with thickening of the 

SEI at lower potentials and a thinning-out of the layer at 1.5 V. The distribution map in Figure 

2d indicates that the surface of the particles is composed of oxidized silicon components. 
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Furthermore, a specific carbon signal can be observed at the extreme surface of the particles 

(see Figure 3 and Figure 4). This signal originates from carbon-containing components of the 

SEI, such as Li2CO3 and/or lithium alkyl carbonates.[39, 40] It is described in literature that the 

outer part of the SEI layer is composed of organic components, whereas the inner part 

consists of inorganic species (silicates).[40] Note that part of the SEI can also be formed by the 

conductive agents present in the electrode, since they also participate in the lithiation reaction.  

During lithiation in the second cycle, the thickness of the SEI layer continued to increase 

(Figure 2e and f). The presence of the SEI layer makes the surface of the particles very rough. 

Furthermore, we managed to observe a trace of lithium at the surface, indicating that this SEI 

layer is composed of Li-containing structures. Si-Li alloy could not be observed, as lithium in 

this state evaporates immediately upon illumination by the electron beam. Furthermore, a 

carbonaceous SEI was also observed. Finally, the SEI layer again decreased in thickness in 

the delithiated state of the second electrochemical cycle (Figure 2g and h). Here, no lithium 

was detected at the surface. This is again in accordance with literature, where it is reported 

that some Li-containing components are only present in the lithiated state.[37] 

Figure 3 shows similar results for the carbon coated electrode powder. As mentioned 

previously, 150 nm was known as the lower limit of crack formation in Si nanoparticles. 

However, cracks were observed in carbon-coated particles with a diameter lower than the 

previously mentioned limit (arrows in Figure 3a and g). We suggest that, during the lithiation-

induced volume increase, the carbon coating applies some additional stress on the surface, 

causing the coating and particle to crack faster. The composition map in Figure 3b indicates 

that the initial oxide layer between the silicon and the carbon coating is kept intact during 

lithiation and still has the initial thickness of 4 nm. However, outside the carbon coating, Si4+ 

was also observed close to the crack in the coating. In these areas, electrolyte was able to react 

with silicon surface, resulting in the conversion of the native oxide layer into silicates. In the 

areas where the carbon coating shielded the silicon surface from the electrolyte, the native 
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oxide layer was kept intact. These observations clearly prove the creation of electrolyte-

silicon interfaces at the level of the carbon crack. Consequently, the carbon coating is no 

longer fully protective even after only one electrochemical cycle. We managed to differentiate 

between the EELS signal of the carbon coating (Figure 4a) and another carbon source we 

observed at the outer surface of the particles (Figure 4d). The signal of the carbon coating is 

very similar to the signal of a graphite reference (Figure 4b) and clearly different from an 

amorphous carbon reference (Figure 4c). Consequently, the carbon coating has a graphite-like 

structure. The signature signal of the other carbon source at the outer surface of the particles is 

very similar to the signal of pure Li2CO3 (Figure 4e). The similarity of both EELS signals, 

suggests that the unknown signal originates from a compound (or family of compounds) very 

similar to Li2CO3. This suggests that the signal originates from alkyl carbonates in the SEI, 

formed by electrolyte decomposition. As a result, this fingerprint signal could be used in the 

future as a reference to map the presence of SEI in a carbon-based matrix, such as composite 

materials, making this a very powerful analysis tool. At the end of the first cycle, in the 

delithiated state (1.5 V), the initial oxide layer is still intact (Figure 3c and d). Furthermore, 

the morphology of the SEI layer is becoming more and more inhomogeneous. The thickness 

of the surface layer (SEI + coating) appeared to be larger in the lithiated than in delithiated 

state (24 ± 1 nm vs. 18 ± 1 nm), as was also the case with p-Si.  

Figure 3e and f show the electrode material during the second cycle, in the lithiated state (0 

V). The carbon coating shows more and more cracks and the morphology of the SEI becomes 

rougher. At the right side of Figure 3f, a separated piece of carbon coating with SEI at the 

surface was observed, indicating the process of degradation where the carbon coating 

detaches from the silicon surface. Also, similar to the case with p-Si, a lithium signal was 

observed at the surface of the particle. At the end of the second cycle, in the delithiated state 

(1.5 V), more cracks in coating and particles can be observed (Figure 3g). Figure 3h 

summarizes nicely the shielding effect of the carbon coating. In areas where the carbon 
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coating is still attached to the silicon surface, the native oxide layer is preserved. In areas 

where the coating was removed during the lithiation-induced volume changes, a lot of Si4+ 

was observed at the silicon surface, originating from silicates. A detached piece of the SEI can 

also be observed, highlighting the changes in morphology of the surface. In the delithiated 

state, no lithium signal was observed in the SEI layer. 

 

2.1.2. Global study by EIS 

p-Si and c-Si three electrode cells were electrochemically cycled over two charge-discharge 

cycles. At specific potentials, EIS spectra were recorded. The different features of a typical 

impedance spectrum are discussed in the experimental section. The evolution of the three 

most important parameters that were extracted from the recorded impedance spectra, RSEI 

formation, Rct and Rfilm is discussed below.  

As illustrated in Figure 5, the impedance spectra present an inductive loop at low potentials, 

in both coated and uncoated samples. This phenomenon was first described by Radvanyi and 

Van Havenbergh et al.[19] The inductive loop is explained by a mechanism that states that both 

Li+-ions and electrons are involved in a 2-step competitive reaction of the Volmer-

Heyvrovsky-type, where lithium-insertion and SEI-formation are both interdependent. Via a 

set of analytical equations, the parameter RSEI formation is introduced in the equivalent circuit. 

RSEI formation (Figure 6) can be interpreted as the thermodynamical ease to form SEI. Since RSEI 

formation is related to the formation of SEI, it can be used as a tool to monitor at which 

potentials SEI is likely to be formed. To be clear: the couple RSEI formation//LSEI formation in the 

equivalent circuit in Figure 5 solely describes the process of SEI-formation and not the 

irreversible capacity loss due to SEI-formation. The irreversible character of the SEI-

formation is introduced by the Rfilm//Cfilm circuit (SEI-deposit on the surface of the electrode) 

that highlights the fact that some compounds are kept on the electrode surface, whereas some 

are dissolved or removed from the surface. 
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In the beginning of the first lithiation of both the p-Si and c-Si electrode, RSEI formation has a 

high value until the potential reaches 0.15 V. A high value of RSEI formation means that SEI-

formation on silicon surfaces is difficult in this potential region. However, this parameter does 

not give any information on other kinds of SEI-formation, such as the conversion of surface 

SiO2 into silicates and SEI-formation of carbon surfaces. That is also the reason why the 

values of RSEI formation are lower in the case of c-Si, since most SEI is formed on carbon surface 

instead of silicon surface, because of a shielding effect of the carbon coating on the silicon 

surface. 

As shown in Figure 1c in the experimental section, the first Li-insertion reaction of the 

pristine silicon material starts at 0.15 V. Below 0.15 V for both p-Si and c-Si, RSEI formation 

drops to a constant, low value. During the Li-insertion reaction, SEI-formation will become 

easier, until the lithiation ends at 0 V. The volume increase is linear to the Li-insertion, 

explaining the constant value of RSEI formation. In the case of c-Si, cracks appear in the coating 

due to the volume increase and SEI is formed on the exposed silicon surface. During the 

delithiation and in the next cycle, the inductive loop was only observed in the potential region 

of the Li-insertion and Li-extraction process, with a decreasing value of RSEI formation with 

increasing potential. There are actually two possibilities for a low value of RSEI formation: or 

SEI-formation is becoming easier (the inductive phenomenon is no more limiting and the 

inductive loop is becoming smaller) or the SEI-formation is stopping (the phenomenon is 

progressively disappearing and the inductive loop is becoming smaller). In this case, SEI-

formation will stop for both electrode materials around 0.4 V in the delithiation (both cycle 1 

and cycle 2) and start in the lithiation around 0.2 V (cycle 2). 

The second parameter extracted from the impedance spectra is the charge transfer resistance 

(Figure 6). This parameter indicates the resistance that Li-ions encounter during the electron 

exchange when forming a Li-Si alloy. Intuitively, this resistance will be high at potentials 

where the Li-insertion process is not favored, as is the case above 0.15 V for both silicon 
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materials (pristine and coated) during the first lithiation (due to the amorphization process). 

The curves of Rct present a sharp decrease at 0.15 V, indicating once more the start of the Li-

insertion process at this potential. In addition to the similarities with p-Si, c-Si also has an 

additional decrease in Rct around 0.8 V in the first cycle, which is linked to the Li-insertion 

reaction of the carbon coating.[23] Hence, the Li-insertion reaction will take place in a two-step 

process. 

During the Li-insertion process in silicon, below 0.15 V, Rct remains constant for both 

electrode materials. Ideally, the value should increase near 0 V; when fully lithiated, charge 

transfer will become more difficult, because the system will be almost saturated with lithium. 

Since the value of Rct does not increase here, we can conclude that a fully lithiated state is not 

achieved. This is confirmed by the presence of a crystalline core in the TEM image in Figure 

2b. The delithiation process is similar. Around 0.45 V, the curves for both electrode materials 

show an increase in charge transfer resistance, indicating that the Li-extraction process will 

become more difficult, since almost all Li-ions have been extracted from the silicon system. 

The increase in charge transfer resistance is less pronounced in the case of c-Si. The reason 

for this is the shielding effect of the carbon coating, which keeps the initial oxide layer intact. 

This SiO2-layer is known to be insulating for Li-ions, acting as a trap for Li-ions during the 

Li-extraction process.[28] Since the charge transfer process is dependent upon the active 

surface area and especially the concentration gradient of the involved specie (Li+), the Li-

extraction process will be favored, resulting in a low value of RCT. The second 

electrochemical cycle has similar evolutions for Rct as the first. However, there is no sudden 

decrease during the lithiation as in the first cycle. Rct decreases gradually from 1 V until 0.2 V. 

The difference is that after the first cycle, Si has become mainly amorphous, whereas it was 

crystalline before the first lithiation. Since the extra energy barrier for charge transfer caused 

by the amorphization process is not present in the second cycle, Li-insertion will already start 

at higher potentials. In the case of c-Si, the lithiation in the second electrochemical cycle starts 
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at the same low value of Rct where the lithiation in the first cycle ended. Since the Li-

extraction process was not completely finished, Li-insertion in the second cycle will start with 

less resistance.  

Figure 6 shows the evolution of the surface film resistance (Rfilm). The term ‘film’ represents 

every layer at the surface of silicon (i.e. SEI layer, coating, etc.). Since the resistance is 

proportional to the thickness of the film (as well as proportional to the resistivity and inverse 

proportional to the active surface), this parameter is a useful tool to monitor the evolution of 

this surface film during cycling. Unfortunately, it is not possible to differentiate between the 

carbon coating and the SEI layer.[22, 23, 26] Both will contribute to one suppressed semi-circle 

in the impedance spectrum. The value for Rfilm is low during the first lithiation step in both 

electrode materials. In the case of p-Si, Rfilm increases slightly between 0.3 V and 0.2 V, 

followed by a sudden increase until a maximum value is reached at 0.15 V. The slight 

increase between 0.3 V and 0.2 V is attributed to the conversion of surface SiO2 into lithium 

silicates, a process that typically takes place in this potential window.[30] This conversion 

results in a thicker surface film and hence a higher value for Rfilm. In the case of c-Si, Rfilm 

already starts increasing between 0.8 V and 0.2 V, the potential window where the SEI is 

formed on carbon surface. This illustrates that the SEI-formation here also follows a two-step 

process, with a formation on carbon surface between 0.8 V and 0.2 V and a formation on 

silicon at lower potentials. During the Li-insertion process, below 0.15 V, the value of Rfilm 

decreases slightly with both electrode materials. Bear in mind that the value is here 

proportional to the electrode surface, not the real active surface. If one would normalize the 

value with the active surface, thus correcting for the volume increase, the value of Rfilm would 

remain constant during the Li-insertion process. During the delithiation step in the first cycle, 

Rfilm shows a sudden decrease around 0.45 V, the potential where the Li-extraction process 

stops for both electrode materials (cfr. Rct,). The dynamical behavior of the SEI at this point 

results in a decrease of Rfilm. The second electrochemical cycle is comparable to the first in 
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the case of p-Si, with the exception that in the lithiation step there is a more gradual increase 

in Rfilm starting from 0.6 V, as the Li-insertion reaction also starts at higher potentials 

compared to the first electrochemical cycle (cfr. Rct). Since SEI-formation is not yet active at 

this potential (see RSEI formation), the increase in Rfilm can be explained by the increase in surface 

area, due to the volume expansion and the dependence of Rfilm on this surface are. The 

delithiation step in the second cycle is very similar to the first cycle. In the case of c-Si, the 

second electrochemical cycle is somewhat different. The sharp increase in Rfilm during the 

lithiation appears only at very low potentials. This is also caused by the insulating effect of 

the unreacted oxide layer at the surface of silicon, due to the shielding effect of the carbon 

coating.  

In conclusion, we have monitored that in the first lithiation, in the case of p-Si the surface 

SiO2-layer is converted into lithium silicates between 0.3 V and 0.2 V. In the case of carbon-

coated silicon, SEI-formation and Li-insertion in the coating take place between 0.8 V and 

0.15 V. The alloying reaction between lithium and silicon and SEI-formation on silicon 

surface is active below 0.15 V. The dealloying reaction during the delithiation is active until 

0.45 V. However, when a carbon coating is present, the native oxide layer at the surface of 

silicon, will block the Li-extraction process, resulting in very low values for Rct. 

 

2.2. Interface evolutions upon cycling 

EIS results were also consistently acquired at the end of the lithiation (10 mV) and the end of 

the delithiation (1 V) during 30 electrochemical cycles. Figure 7 compares the evolution of 

the three impedance parameters of p-Si with c-Si. In the case of p-Si, the evolution of RSEI 

formation has two drops: around cycle 4 and cycle 19. The first drop around cycle 4 can be 

attributed to a first pulverization of the electrode. Fresh silicon surface will be exposed to the 

electrolyte, resulting in the formation of new SEI and consequently a decrease in RSEI formation. 

The pulverization of the electrode also translates into a decrease in Rct (Figure 7c), because 
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the electrode reaction surface will increase.[41] Due to additional SEI-formation in the 

following cycles (cycle 5 until cycle 10), Rct and RSEI formation will increase again. After cycle 

10, both RSEI formation and Rct decrease until cycle 18. Every electrochemical cycle, the 

electrode will pulverize more and new SEI will be formed. As described by Radvanyi et al.[29] 

and illustrated in Figure 2 and Figure 3, the interaction between the silicon particles and the 

SEI will no longer be purely core-shell. The SEI will start to detach from the surface and fill 

up bigger gaps in the electrode. In addition, the increased reaction surface will result in a 

decrease in Rct. After a certain point, the 18th cycle in this case, the matrix will become more 

or less saturated with SEI.[29] Additional cycling will then not generate new SEI. 

Consequently, the inductive phenomenon attributed to the formation of SEI will go away and 

RSEI formation will become small or ultimately disappear. The evolution of Rfilm of p-Si is shown 

in Figure 7g. Rfilm increases gradually until cycle 18, after which the value decreases again. 

This first increase confirms that the SEI is fractionated upon cycling and that every cycle new 

SEI will be formed. The decrease after cycle 18 could be explained with electrode material 

that loses connectivity with the electrode due to volume changes and pulverization, thus no 

longer participating in the electrochemical reaction and contributing the averaged value of 

Rfilm. 

 

In the case of c-Si, RSEI formation has a sudden decrease at cycle 2. The main SEI-formation on 

silicon surfaces will occur in the first cycle. In the consequent cycles, the inductive 

phenomenon will become small, since only new SEI on silicon surface will be formed when a 

crack appears in the carbon coating. The carbon coating will protect the silicon surface against 

most SEI-formation. Even though the carbon coating will crack, it will still cover most of the 

silicon surface. A small increase in RSEI formation can be observed around cycle 12, suggesting a 

small re-activation of the inductive phenomenon. At this point, the carbon coating will have 

degraded enough to make the surface behave more like the surface of p-Si. To confirm this, 
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an energy-dispersive X-ray (EDX) map was recorded after 30 electrochemical cycles (Figure 

8a and b). The results for c-Si (Figure 8b) are very similar to p-Si (Figure 8a). It is no longer 

possible to distinguish a carbon coating at the surface of c-Si. For both the coated and 

uncoated electrode material, the silicon particles are completely fractionated after 30 cycles 

and covered with SEI. Rct (Figure 7d) is even lower compared to p-Si. Besides from the first 

cycle where the value is higher, there is a gradual increase over cycling. This evolution of Rct 

confirms that the carbon coating exhibits a shielding effect on the silicon particle. The Li-

insulating native oxide layer is protected by the carbon coating and blocks the Li-insertion 

process of silicon. This theory is strengthened further with the evolution of Rct in the 

delithiated state (1 V) (Figure 7f). The values here are low, whereas they are high and 

constant with p-Si (Figure 7e). As already described above, in a normal Li-extraction process, 

the charge transfer resistance is high in the delithiated state. In the case of c-Si however, the 

charge transfer resistance is low and gradually increases over cycling, since the shielding 

carbon coating is being destroyed during cycling and thus hindering the Li-extraction process 

less and less. The evolution of Rct can therefore be used to monitor the degradation of the 

carbon coating. As the coating degrades, the charge transfer resistance will increase in both 

the lithiated and delithiated state. It is expected that Figure 7f will reach a plateau around 250 

Ω.cm2, the value of p-Si, indicating the carbon coating has degraded completely and the 

charge transfer process behaves as a silicon-like system. Rfilm increases gradually (Figure 7h), 

indicating once more that the carbon coating is being degraded during cycling. The thickness 

of the SEI layer will hence increase accordingly. The loss of electrode material, as was the 

case for p-Si, is avoided here because the (fractured) carbon coating will retain the 

conductivity and connectivity of the electrode. 

 

 

3. Conclusion 
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TEM observations confirm that the surface SiO2-layer of the silicon nanoparticles is 

immediately converted into lithium silicate structures during the first lithiation. However, the 

application of a carbon coating effectively shields the native silicon surface from the 

electrolyte, avoiding a conversion into silicates. The unreacted SiO2-layer appears to have an 

insulating effect for lithium, hindering the (de)alloying reaction of silicon. Despite the coating 

being 11 nm thick, the integrity is destroyed after just 2 cycles, causing a gradual conversion 

of SiO2 into silicates and an exposure of the silicon surface to the electrolyte during further 

cycling. A thicker coating could be a valid approach but with consequences on the capacity. 

These observations were also confirmed by EIS measurements. The impedance parameters Rct 

and Rfilm proved to be a simple tool to monitor the degradation of the carbon coating over 

cycling. Parameters RSEI formation and Rct can be used to monitor the pulverization of the 

electrode. In this study, the 18th electrochemical cycle showed to be a critical point for the 

pulverization of the electrode and the formation of SEI, which can easily be monitored via 

RSEI formation and Rct. The main SEI-layer is formed during the first lithiation of the electrode, 

above 0.15 V, whereas during further electrochemical cycling, SEI is only formed on newly 

exposed silicon surfaces due to lithiation-induced volume changes, between 0.15 V and 0 V. 

In the case of carbon-coated silicon, a two-step process is active, where SEI-formation on the 

carbon surface takes place between 0.8 V and 0.15 V in the first lithiation. TEM observations 

also confirmed that the SEI is a dynamical layer, as the thickness is not constant during one 

electrochemical cycle. Furthermore, a trace of lithium ions was observed in the SEI only in 

lithiated state, whereas this was not the case for delithiated state. Finally, we managed to 

detect an EELS fingerprint for carbonate structures in the SEI layer, making it possible to map 

the SEI and differentiate it from a carbon matrix. 

 

 

4. Experimental Section  
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Material characteristics: Two silicon nanopowders were used for this case study: a pristine, 

commercial nanopowder from Umicore (p-Si) and a carbon-coated variant (c-Si), synthesized 

by a thermal vapor deposition of toluene on the commercial nanopowder. Both powders have 

an average particle diameter of 50 nm. A TEM image of both initial materials is presented in 

Figure 1. p-Si has a specific surface area of 23 m2.g-1 and a native oxide layer thickness of 3 

nm (Figure 1a). The crystallinity of the silicon particles is confirmed with the diffraction 

pattern as inset in Figure 1a. c-Si has a specific surface area of 20 m2.g-1, a native oxide layer 

of 4 nm and a carbon coating with a thickness of 11 nm. The thick carbon coating at the 

surface of c-Si can be observed in Figure 1b. The inset in the image shows that the carbon 

coating has a layered structure, with a graphite-like composition. 

Electrode fabrication and battery assembly: Both silicon powders were used to make battery 

electrodes. For the electrochemical tests, an aqueous mixture of p-Si powder (80 wt %, 

Umicore), carbon black (12 wt %, Timcal C-NERGY SuperP) and CMC (8 wt %, Alfa Aesar) 

was used to produce a battery paste. In the case of c-Si, carbon black was left out of the 

mixture, while maintaining the ratio of active material and CMC. By using a doctor blade, the 

paste was coated onto a copper foil current collector at a thickness of 100 µm. After an initial 

drying at 70 °C, electrodes of 0.95 cm2 were punched and dried overnight at 110 °C under 

vacuum, after which they were transferred into an argon-filled glove box. Here, 3-electrode 

Swagelok®-type cells were assembled. Metallic lithium was used as both counter and 

reference electrode. The electrodes were separated by glass fiber separators, soaked with 

electrolyte (1 M LiPF6 in a 1:1 wt % mixture of ethylene carbonate (EC) and diethyl 

carbonate (DEC)).  

For the TEM experiments, only silicon powder was used to make 2-electrode Swagelok®-

type cells in a similar way as described above. In the case of p-Si, 13% of conducting carbon 

nanofibers (Showa Denko) were used to improve the conductivity. 

Galvanostatic cycling was carried out with a Biologic® VMP3 machine. 
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Electrochemical fingerprints: As can be seen from Figure 1c, both silicon powders have a 

similar galvanostatic behavior in the first cycle of lithiation/delithiation and feature an 

amorphization plateau during lithiation around 50 mV. During delithiation there is a plateau 

in the galvanostatic curve at 420 mV. It is clear that p-Si (3850 mAh.g-1) reaches a higher 

capacity than c-Si (2600 mAh.g-1), because c-Si consists of almost 30% of carbon material, 

contributing to a lower theoretical capacity (3304 mAh.g-1 for p-Si compared to 2340 mAh.g-1 

for c-Si). Note that both measured capacities exceed the theoretical value, indicating 

irreversible capacity loss due to SEI formation. Furthermore, p-Si has a much higher 

irreversible capacity loss in the first cycle compared to c-Si (442 mAh.g-1 and 298 mAh.g-1 

resp.). The carbon coating provides a better protection of the silicon surface, changing the 

surface chemistry and resulting in less and/or different SEI formation. In addition, the good 

conductivity of the carbon coating will also improve the electrical integrity of the electrode. 

Figure 5 compares the impedance spectra of both electrode materials at 0.2 V in delithiated 

state of the first electrochemical cycle. Several regions in the impedance spectra can be 

differentiated: a semi-circle in the high-frequency region (~30 kHz) originating from a film at 

the surface (SEI, SEI + coating, …), a mid-frequency semi-circle (100-2000 Hz) 

characterizing the charge transfer at the silicon surface and a low-frequency region associated 

with diffusion of Li+ into silicon bulk. An equivalent electrical circuit (inset in Figure 5) was 

used to fit the recorded impedance spectra, by calculating values for the different parameters 

in the equivalent circuit. 

TEM measurements: TEM measurements were performed at several stages during lithiation 

and delithiation. 2-Electrode batteries were cycled at a C-rate of C/100, after which they were 

transferred to an argon-filled glove box and opened. The reacted electrode powder was soaked 

for 1 minute in pure DEC to wash off remaining Li-salts. Afterwards, the powder was 

dispersed in DEC and dropped onto a holey carbon film, coated on a copper mesh TEM grid. 
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This grid was mounted onto a specialized Gatan TEM holder, to transfer the sample from 

glove box to microscope without contact to air. 

All battery samples were investigated on an FEI TITAN 80-300 “cubed” microscope 

equipped with an aberration-corrector for the probe forming lens and operated at 120 kV 

acceleration voltage. Electron energy-loss spectroscopy (EELS) measurements were 

performed in scanning transmission electron microscopy (STEM) mode. Typical experimental 

settings used were; convergence angle α of 22 mrad, EELS collection angle β of 61 mrad, 

spectra acquired at an energy dispersion of 0.5 eV/pixel. To generate the chemical maps, the 

EELS spectra in the acquired “spectrum image” datacubes were fitted in the EELSModel[32] 

software package using a power-law background AE-r combined with reference spectra (for 

Si0, Si4+, the carbon coating and the carbonaceous SEI). The intensities of the reference 

components as well as the power-law background were fitted to the acquired spectra, and the 

signal intensities were plotted to generate the component maps. The model was fitted using a 

Levenberg-Marquardt method for Poisson statistics. Energy-dispersive X-ray (EDX) 

measurements were performed with a Tecnai Osiris microscope, equipped with a Super-X 

detector and operated at 200 kV acceleration voltage. 

EIS measurements: The 3-electrode batteries for EIS measurements were cycled at a C-rate of 

C/50, using a Biologic® VMP3 machine. All EIS measurements were performed after a CV-

step at the desired potential for 2 hours, after which the deviation of the current was smaller 

than 5 µA.h-1. The perturbation amplitude was 5 mV and the frequency was scanned in a 

range from 100 kHz to 100 mHz. Zview software was used to fit the acquired impedance 

spectra. 
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Figure 1. (a, b) TEM images of (a) p-Si with a clear indication of the amorphous oxide layer 

at the surface and the crystallinity of the Si core (FFT in inset) and (b) c-Si with the layered, 

graphitic carbon coating (higher magnification of the carbon coating in inset).  
(c) galvanostatic curve of the first complete electrochemical cycle of both p-Si and c-Si. The 

electrodes were cycled between 0.01 V and 1.5 V. Numbers 1 and 2 indicate the stages of 

TEM measurement in the first cycle. The TEM measurements in the second cycle were 

performed at similar potentials. 

 

 

 
Figure 2. TEM images (a, c, e, g) and chemical maps (b, d, f, h) of p-Si particles at different 

states in the (de)lithiation process. (a, b) lithiated state (0 V) in the first cycle; (c, d) 

delithiated state (1.5 V) in the first cycle; (e, f) lithiated state (0 V) in the second cycle; (g, h) 

delithiated state (1.5 V) in the second cycle. 
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Figure 3. TEM images (a, c, e, g) and chemical maps (b, d, f, h) of c-Si particles at different 

states in the (de)lithiation process. (a, b) lithiated state (0 V) in the first cycle; (c, d) 

delithiated state (1.5 V) in the first cycle; (e, f) lithiated state (0 V) in the second cycle; (g, h) 

delithiated state (1.5 V) in the second cycle. 

 

 
Figure 4. EELS fingerprint spectrum of (a) the carbon coating of c-Si, (b) a graphite reference, 

(c) an amorphous carbon reference, (d) the carbonaceous SEI and (e) a pure Li2CO3 reference. 

 



  

23 

 

 
Figure 5. Typical impedance spectrum for p-Si and c-Si, recorded at 0.2 V during delithiation 

in the first electrochemical cycle. Inset: equivalent electrical circuit used for spectra fitting. 
 

 
Figure 6. Evolution of RSEI formation, Rct and Rfilm obtained for the EIS spectra of p-Si and c-Si 

during the first two electrochemical cycles. 
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Figure 7. Evolution of the parameters obtained for the EIS spectra during the first 30 

electrochemical cycles of p-Si (a, c, e, g) and c-Si (b, d, f, h). (a, b) RSEI formation (10 mV); (c, d) 

Rct (10 mV), (e, f) Rct (1 V) and (g, h) Rfilm (10 mV). 

 

 
Figure 8. EDX map of (a) p-Si and (b) c-Si at the end of 30 electrochemical cycles. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

25 

 

The impact of a thin carbon coating at the surface of Si nanoparticles on the formation 

and evolution of the SEI is monitored during the first electrochemical cycles by TEM, EELS 

and impedance spectroscopy. TEM measurements demonstrate a shielding effect of the 

carbon coating on the native SiO2-layer, while EIS measurements enable a fast monitoring of 

the SEI-formation. 
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