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Abstract: 1 

An oxide layer on the surface of silicon particles is inevitable and is necessary for their 2 

application as anode materials for lithium ion batteries with high capacity and durability. 3 

However, a thick surficial oxide layer could significantly reduce the capacity of a Si anode. 4 

In this study, Si nanoparticles with a thick surficial oxide layer of ~20 nm (Si@SiOx) were 5 

fabricated through thermal oxidation and investigated electrochemically. The results 6 

revealed that very low current density is needed to activate Si@SiOx anodes during the first 7 

formation cycle. Once activated, the Si@SiOx anode can deliver reversible capacity as high 8 

as ~1000 mAh/g with low current density. Then, the Si@SiOx can be cycled at higher 9 

current densities of >700 mAh/g. Electrochemical impedance spectroscopy (EIS) shows 10 

that the lower current density results in lower charge-transfer resistance of the Si@SiOx 11 

anode, suggesting a higher degree of lithiation of the surficial oxide layer during low-12 

current activation. EIS analysis also reveals that the lithiation of the surficial oxide is 13 

irreversible. We believe that the surface silicon oxide layer is lithiated and forms lithium 14 

silicate during the initial activation process. Lithium silicate has high conductivity and 15 

allows the lithiation/delithiation of Si core under the oxide layer during following charge 16 

and discharge. 17 

Key words: Silicon anode, silicon oxide layer, current density, lithium batteries 18 
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1. Introduction 1 

Silicon has been considered as one of the most promising anode candidates for 2 

lithium-ion batteries (LIBs) because of its extremely high theoretical capacity of 4200 3 

mAh/g, which is 10 times higher than that of graphite anodes.[1, 2] However, the wide 4 

adoption of Si anodes in commercial LIBs is hindered by their notoriously fast capacity 5 

decay, originating from their poor conductivity[3] and large volume change during the 6 

lithium insertion/extraction process[4]. The large volume change results in the repeated 7 

generation of cracks, leading to the continuous growth of a solid-electrolyte interface (SEI) 8 

film at the surface of the Si,[5] degradation of the electronic connectivity of the electrode, 9 

and consequently the capacity decay of the cell. Further, the propagation of cracks will 10 

cause the Si to pulverize and peel off from the electrode,[6] accelerating the capacity fading 11 

of the LIB. To address these issues, various strategies have been developed.  12 

Fabricating nano-featured Si with the objective of suppressing the formation and 13 

propagation of cracks is an effective approach to improving the cycle life of Si anodes. 14 

Successful examples include Si nanowire,[7] Si nanoparticles,[8] Si thin films,[9] and Si 15 

nanotubes.[10] These approaches can effectively mitigate the Si pulverization and peeling 16 

off of active material from the current collector, but have little effect on suppressing the 17 

formation of SEI films. This shortcoming has led to efforts to develop Si anodes with inert 18 

coatings, including Si-based composites such as Si/C composite,[11] Si/graphene,[12] and 19 

Si-based alloys,[13] to suppress the formation and growth of the SEI films. These coating 20 

materials are generally carbonaceous materials, such as amorphous carbon,[14] 21 

graphene,[12] and carbon nanotubes.[15] Recently, silicon oxide, a native oxide layer 22 

formed at the surface of Si products when they are exposed to the air, has emerged as a 23 



4 
 

promising coating material to improve the performance of Si anodes. Owing to the stronger 1 

bond energy of Si-O relative to Si-Si,[16] this surficial oxide layer has two functions in Si-2 

based anodes: One is to act as a barrier preventing direct contact between the Si and the 3 

electrolyte, and the other is to provide a mechanically constrained interface during both 4 

lithiation and delithiation. Thus, this bifunctional surficial oxide layer could enable the 5 

formation of a stable SEI at the surface of active materials and significantly improve the 6 

electrochemical performance of Si-based anodes. The presence of this surficial oxide layer 7 

could effectively improve the durability of Si-based anodes, such as double-walled Si-SiOx 8 

nanotube (DWSiNT) anodes,[17] SiOx-coated Si nanowire anodes,[18] and nanosized Si 9 

anodes coated with SiOx.[19] However, the improved durability of oxide-coated Si anodes 10 

is a trade-off for reduced specific capacity.[20] Furthermore, increasing the thickness of 11 

the surficial oxide layer could significantly reduce the capacity of Si anodes,[19] and it 12 

even leads to a negligible capacity when  the thickness of the surficial oxide layer is >6 13 

nm.[21] Given the promise for improving the durability of LIBs, it is still very worthwhile 14 

to develop an effective approach to extract a high capacity from Si anodes with thick 15 

surficial oxide coating. Apparently, an in-depth understanding of the lithiation mechanism 16 

of oxide-coated Si is crucial. 17 

To date, the lithiation mechanism of oxide-coated Si is still ambiguous. Using 18 

finite-element simulations, McDowell and co-workers proposed that the formation of a 19 

surficial oxide layer can induce a compressive hydrostatic stress in a Si anode.[16] This 20 

oxide-induced stress could suppress the volume expansion and consequently limit the 21 

extent of lithiation in the Si anode. This study successfully revealed the thermodynamic 22 

effect of the surficial oxide layer on the behavior of the Si core, but was unable to elucidate 23 
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the lithiation process occurring in oxide-coated Si, especially the lithiation of the surficial 1 

oxide layer. There is no doubt that the Si lithiation is reversible, but the lithiation of silica 2 

is still a matter of controversy. A few studies have reported that SiO2 lithiation is largely 3 

irreversible because of the formation of the irreversibly lithiated products Li4SiO4 and 4 

Li2O.[22, 23] However, the reversible lithiation of SiO2[24, 25] and the at least partially 5 

reversible formation of Li4SiO4[26] have been reported by other researchers. It has also 6 

been reported that, when the surficial SiO2 coating on a Si wafer anode is thicker than 3 7 

nm, a localized lithiation along the pinholes existing in the surficial oxide layer dominates, 8 

leading to the initiation of lithiation at negative voltages or at long-duration positive 9 

voltages.[27] However, the occurrence of lithiation above 0.01 V (vs. Li+/Li) at a rate of 10 

0.2 C has also been observed on Si nanowires with 7-nm or thicker SiO2 coatings.[20] 11 

Furthermore, the type of lithium salt in the electrolyte can profoundly influence the 12 

lithiated products in the surficial oxide layer and consequently the lithiation process of 13 

silica at the surface of a Si anode.[28] Regardless of these divergent observations and 14 

mechanisms of silicate lithiation, it is well known that lithiated silicate products, such as 15 

Li4SiO4 and Li2O, are superior to the original SiO2 in both electronic and ionic 16 

conductivity.[29, 30] In addition, it has been reported that the lithiation of silica is a kinetic 17 

process and strongly depends on the operating conditions. In particular, the formation of 18 

lithiated silicate is favored at low current density.[31] This observation inspired us to 19 

initiate the lithiation of a thick surficial oxide at low current density and take advantage of 20 

the conductive lithiated silica coating to exploit the high capacity of the Si core, with high 21 

current density in the following cycles.  22 
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In the present study, Si particles with an ~20-nm-thick surficial oxide layer were 1 

prepared by thermally oxidizing Si nanoparticles at ambient atmosphere, and the as-2 

synthesized Si@SiOx composite was utilized as the LIB anode. The effect of current 3 

density during the initial cycle on the utilization of active Si was studied. Meanwhile, the 4 

root cause of low utilization of active Si with a thick surficial oxide layer was also 5 

investigated. 6 

2. Experimental 7 

2.1. Material preparation 8 

To prepare Si@SiOx powders, Si nanoparticles (average size of ~80 nm) contained 9 

in an alumina crucible were placed inside a muffle furnace. The temperature of the furnace 10 

was increased from room temperature to various temperatures with a ramp of 25C/min 11 

and kept at the targeted temperatures for 15 h. After they cooled down to room temperature 12 

naturally, the resulting Si@SiOx powders were kept in a desiccator for further 13 

characterization and applications. The mass weights of the Si samples before and after 14 

thermal treatment were recorded. On the basis of the weight gain, the thickness of the 15 

surficial oxide layer in the Si@SiOx samples obtained at various temperatures was 16 

calculated by using the method of Zhang et al.[21] Details of the calculation can be found 17 

in the Supporting Information. 18 

2.2. Material characterizations 19 

Phase information for pristine and thermally treated Si nanoparticles was 20 

determined by using X-ray diffraction (XRD) analysis, performed on a Bruker D2 Phaser 21 

Diffractometer with a Cu Kα (=1.5406Å). Scanning electron microscope (SEM) images 22 
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were collected with a JEOL IT-100 InTouch microscope at 3 kV. To accurately measure 1 

the thickness of the surficial oxide layer, the thermally treated Si was examined with a 2 

JEM-2010F high-resolution transmission electron microscope (TEM) at an accelerating 3 

voltage of 200 kV. The Fourier-transform infrared spectroscopy (FTIR) measurements 4 

were performed on a PerkinElmer 100 FTIR spectrophotometer to identify compounds of 5 

thermally treated Si powders, as-prepared Si anode and cycled Si anodes. FTIR spectra 6 

were collected in an attenuated total reflectance (ATR) mode at 600-2000 cm-1 with a 7 

resolution of 4 cm-1. Before FTIR analysis, the cycled electrodes were harvested from cells 8 

underwent discharge with the current density of 10 mA/g following by charged to 1.5V, 9 

rinsed with dimethyl carbonate (DMC), and dried inside a glovebox.  10 

2.3. Electrode fabrication and cell assembly 11 

First, the active Si@SiOx material and carbon black were combined in an aqueous 12 

solution containing 10 wt.% polyacrylic acid (PAA), with continuous stirring. The 13 

resulting slurry was cast onto Cu foil, dried at 50C for 2 hours, and then dried overnight 14 

at 120C in a vacuum oven to completely remove the moisture. The final dried electrodes 15 

are composed of 70% active material, 10% carbon black, and 20% PAA binder. These 16 

electrodes were cut into 9/16-in.-diameter disks and assembled in 2032-type coin cells with 17 

lithium metal counter-electrodes. An electrolyte solution containing 10% fluoroethylene 18 

carbonate (FEC) and 1.2 mol/L LiPF6 in ethylene carbonate/ethyl methyl carbonate (3/7 19 

by weight) was used in all cells. 20 

2.4. Electrochemical evaluations 21 
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Galvanostatic cycling tests of Li/Si@SiOx half-cells were conducted on a Neware 1 

BTS-4000 cell tester; constant currents were applied at room temperature in the initial 2 

cycles. The voltage window applied to all cells was 0.001–1.5 V (vs. Li/Li+). The 3 

electrochemical data were used to calculate the thickness of the oxide layer at the surface 4 

of Si@SiOx; details about the calculation can be found in the Supporting Information. 5 

Electrochemical impedance spectroscopy (EIS) data were collected using a Gamry 6 

Interface 1010 Electrochemical Workstation system with a potential amplitude of 5 mV 7 

over the frequency range of 50 mHz–100 kHz. Before EIS measurement, cells were 8 

discharged or charged to various states and then rested for at least 4 hours. 9 

3. Results and Discussion 10 

The formation of an oxide layer at the surface of Si particles was first revealed by 11 

measuring the weight change of samples before and after the thermal treatment. Figure 1 12 

shows that the weight change of samples gradually increases as the temperature of thermal 13 

treatment increases to just below 800C. Given the experimental conditions used here, 14 

involving only the oxidation reaction of Si in air, the weight gain implies the formation of 15 

an oxide layer on the surface of the Si particles, and the higher the sintering temperature, 16 

the thicker the oxide layer. However, the weight change of the samples remained constant 17 

when the sintering temperature was above 800C. From the weight gain, the thickness of 18 

the surficial oxide layer could be calculated by using the method proposed by Zhang et 19 

al.[21] Calculated results show that the thickness of the oxide layer increases with the 20 

treatment temperature and reaches a constant value of ~19.6 nm when the treatment 21 

temperature is above 800C (Table 1). This finding indicates that there is a limit to 22 

increasing the thickness of the oxide layer on the surface of Si powder through increasing 23 
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the temperature of the thermal process. Therefore, the following characterizations were 1 

carried out on samples that were either pristine or thermally treated at 800C.  2 

The formation of an oxide layer was further confirmed through XRD measurements 3 

(Fig. 2). Before the thermal treatment, all reflections could be identified as crystal Si 4 

(Fd3̅m, a = 5.42 Å) without discernible secondary phase and/or impurities. The sharp 5 

diffraction peaks observed in the XRD pattern indicate that the pristine Si powders are 6 

highly crystalline. After thermal treatment at 800C, a broad peak located at about 22° is 7 

found in addition to the sharp peaks belonging to Si crystal. This broad peak is ascribed to 8 

amorphous silica.[32] The effect of thermal treatment on the morphology of Si powder was 9 

revealed by SEM observations, as shown in Fig. 3. Before the thermal treatment, the 10 

pristine sample is composed of uniform particles with a spherical shape and an average 11 

size of ~80 nm (Fig.3a). After thermal treatment at 800C, the spherical shape is still 12 

observable, but the particle outlines are severely blurred (Fig. 3b), indicative of the 13 

formation of an oxide layer with poor conductivity at the surface of the Si particles. The 14 

formation of a surficial oxide layer and its thickness could be further verified through TEM 15 

observations. A TEM image obtained from a representative Si particle after 800C 16 

treatment clearly shows a boundary line between the inner core and outer shell (Fig.3c). 17 

The high-resolution TEM (HRTEM) image (Fig. 3d) shows that, across the whole field of 18 

view, a single orientation of lattice planes is observable on the inner core and the 19 

interplanary spacing is approximated to 3.3Å, corresponding to Si (111) lattice spacing of 20 

3.2Å. No lattice fringes are visible surrounding this Si crystal core, indicative of the 21 

coexistence of a crystalline core and an amorphous oxide shell in an individual Si particle. 22 

In further, the thickness of the oxide shell is measured to be ~21.7 nm (Fig. 3c). Given the 23 
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error in measurement, this agrees well with the calculated values based on the weight gain 1 

and electrochemical characterization, which will be discussed below.  2 

The thermally treated Si powders (Si@SiOx) were used as the active materials of 3 

LIB anodes for electrochemical characterizations. Figure 4 shows the voltage profiles of 4 

the Si@SiOx anodes during the initial formation cycle at various current densities. At a 5 

current density of 100 mA/g, only a slope-like feature with two shoulders, one located at 6 

~1.5 V and the other at ~0.7 V, was found on the discharge (lithiation) curve (Fig. 4b), and 7 

an extremely low capacity of 68 mAh/g was delivered by the cell (Fig. 4a). The positions 8 

of the two shoulders moved to higher voltages when the current density was decreased (Fig. 9 

4b). In addition, a very short plateau at ~0.05 V was observable on the discharge curve 10 

when the current density was reduced to 20 mA/g (Fig. 4b). The specific capacity increased 11 

slightly when the current density was reduced, and reached ~71 mAh/g at 50 mA/g and ~ 12 

97 mAh/g at 20 mA/g (Fig. 4b). Our observations here are consistent with reports from 13 

other researchers that an almost negligible capacity could be delivered by Si powders after 14 

thermal treatment at a temperature above 700C.[21] It is believed that the existence of a 15 

surficial oxide could reduce the equilibrium concentration of Li in the Li-Si phase,[16] 16 

leading to a Si anode with very low capacity.[16, 20, 21, 33] However, an extremely long 17 

plateau at ~ 0.05 V was found on the discharge curve when the current density was further 18 

reduced to 10 mA/g (Fig. 4a). During the following charge (delithiation) process, a plateau-19 

like feature was also found at ~0.4 V, characteristic of the transformation of crystallized 20 

Li-Si alloy to amorphous Si.[34] Correspondingly, an unprecedently high discharge 21 

capacity of ~1832 mAh/g was delivered by the cell at this low current density. Obviously, 22 

the current density plays a crucial role in the electrochemical performance of a Si anode 23 
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with a thick surficial oxide layer. It seems that there is a threshold value for the current 1 

density applied to the cell, below which the lithiation of Si wrapped by a thick oxide layer 2 

could take place. To the best of our knowledge, this is the first time a reported capacity 3 

of >1000 mAh/g was delivered by Si with such a thick surficial oxide layer. The Coulombic 4 

efficiency (CE) was calculated to be ~38% at a current density of 100 mA/g, and stayed 5 

constant even when the current density was reduced to 20 mA/g. However, the value of CE 6 

increased to 58% when the current density was reduced to 10 mA/g. The specific capacities 7 

and CEs measured for cells at various current densities are summarized in Table 2. Because 8 

the Si samples used here consist solely of nanoparticles, a large amount of solid electrolyte 9 

interface (SEI) film will inevitably form at the surface of the active materials. We believe 10 

that the formation of SEI film, combined with the irreversible reaction between silicon 11 

oxides and lithium, led to the low CE during the first cycle.   12 

It is easier to see the effect of current density on the intercalation/deintercalation of 13 

lithium ions in the Si@SiOx anode through the analysis of differential capacity curves 14 

(dQ/dV vs. V) of cells in the first cycle, shown in Fig. 5. At the high current density of 100 15 

mA/g, two broad peaks are observed at ~1.5 V and ~0.7 V during the discharge process 16 

(Fig. 5b). Both broad peaks shift to higher voltages with decreasing current density, and 17 

reach ~1.7 V and ~1.0 V, respectively, at 10 mA/g. Given the potential range of ~0.4–1.0 18 

V for SEI formation,[35, 36] the appearance of these two high-voltage peaks implies that 19 

the electrochemical reaction of silicon oxide with lithium is also involved during the first 20 

discharge process.[25] Besides these two high-voltage peaks, a sharp peak at ~0.05 V (low-21 

voltage peak) is found in the initial discharge process at a current density of 20 mA/g (Fig. 22 

5b), and a broad peak at ~0.45 V could also be observed in the subsequent charge process. 23 
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This observation implies the occurrence of the lithiation of the Si phase during the 1 

discharge process and conversion of crystallized Li-Si alloy to an amorphous Si phase[34] 2 

during the subsequent charge process. Further reducing the current density to 10 mA/g 3 

leads to the significantly increased intensities of these two additional peaks during the 4 

initial cycle. In addition, it is worth noting that, regardless of the current density applied, 5 

no broad and/or sharp peaks are observed above 0.6 V during the subsequent charge 6 

process, indicating that the reaction of lithium with oxides is irreversible. The analysis of 7 

the differential capacity curves and voltage profiles suggests that the current density plays 8 

a crucial role in lithiating the Si phase in the Si@SiOx sample, and that there is a threshold 9 

value for the current density, ~10 mA/g here, below which the lithiation of the Si phase 10 

can take place in Si powders with a thick surficial oxide layer. 11 

The low current density applied in the initial cycle has an “activating effect” and 12 

enables the high utilization of the Si phase in the Si@SiOx anode at high current densities 13 

during the following cycles. Figure 6 exhibits voltage profiles of Si@SiOx anodes that 14 

were subjected to the same low current density of 10 mA/g during the initial cycles, but to 15 

higher current densities for the following cycles. Regardless of the current density used, 16 

the plateau-like feature observed on the initial cycle was replaced by a sloping potential in 17 

the 2nd and 3rd cycles for all cells, and the voltage curves of the 2nd and 3rd cycles for a 18 

given cell almost overlap, indicating excellent capacity retention. More importantly, an 19 

unprecedentedly high reversible capacity could be delivered by all cells in the 2nd and 3rd 20 

cycles even at high current densities. At a current density of 10 mA/g, the charge capacity 21 

of the 2nd and 3rd cycles is ~990 mAh/g, and it decreases slightly when the current density 22 

is increased, but still has a high value of ~ 729 mAh/g even at 100 mA/g (Fig. 7a). This 23 
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observation suggests that a low current density is only necessary in the initial cycle to 1 

enable the Si@SiOx anodes’ high reversible capacities. Therefore, a low current density 2 

applied to cells in the initial cycle serves to “activate” the Si@SiOx and enable the repeated 3 

lithiation/delithiation of Si during the following cycles. In addition, the CE increases 4 

gradually from ~58% in the 1st cycle to ~85 % in the 2nd cycle, and reaches ~91% in the 3rd 5 

cycle (Fig. 7b) at a current density of 10 mA/g. With increasing current density, the CEs 6 

for each cycle remain almost constant. This observation implies the independence of the 7 

side reactions from the current density applied in the 2nd and 3rd cycles, and further verifies 8 

the “activating” effect of the low current density applied to the Si@SiOx anode in the initial 9 

cycle. This is the first report of the “activating” effect of current density on a Si anode with 10 

a thick surficial oxide layer.   11 

A thick oxide layer is formed at the surface of Si powders after thermal treatment 12 

(Figs. 1 to 3). That is to say, the lithiation of the Si phase in Si@SiOx will start after the 13 

complete lithiation of oxides, owing to the relatively higher potentials for the formation of 14 

lithium silicate and/or lithium oxide compared with the formation of Li-Si alloys.[25] The 15 

reaction mechanism of lithium with silicon oxide is still under debate, and different 16 

reaction products are observed in lithiated silicon oxides.[1, 2] However, the thickness of 17 

the surficial oxide layer on Si@SiOx obtained after 800C treatment is calculated to be 18 

~22.5 nm, assuming that the lithiation product is Li4SiO4 and assuming reaction 19 

mechanism 2 (Table 3). This value agrees well with those obtained from weight gain and 20 

TEM observations, given the underestimated capacity loss from the formation of SEI film 21 

used here for nanosized particles. These findings imply that Li4SiO4 is the major lithiation 22 

product of Si@SiOx with the thick surficial oxide layer seen here. Compared with silicon 23 
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oxide, Li4SiO4 has much higher electronic conductivity,[37] which could enhance the 1 

conductivity of Si@SiOx. This hypothesis is corroborated by the FTIR analysis on the 2 

thermally treated powders, pristine and cycled electrodes, shown in Figure 8. The FTIR 3 

spectra of both thermally treated Si powders and the pristine electrode display two broad 4 

SiO2 bands[21], one from 1000 to 1250 cm-1 and the other from 765 to 865 cm-1. Both 5 

bands largely disappear from the FTIR spectrum of the cycled electrode, which is 6 

consistent with observations on the battery performance that most SiO2 was 7 

electrochemically reduced during the initial formation cycle with the low current density 8 

of 10 mA/g. More important, the FTIR spectrum of the cycled electrode shows a new mode 9 

at 833 cm-1 with broad overlapping bands between 900 and 1200 cm-1, characteristics of 10 

[SiO4]
2- tetrahedral arrangements[38]. This suggests that Li4SiO4 is the most likely product 11 

of lithiated oxide after one formation cycle, but we could rule out the formation of other 12 

silicates, such as Li2SiO3, and Li2O. In addition, the carboxylate stretching mode at 1700 13 

cm-1 from PAA binder[39] in the spectrum of the pristine electrode disappears in the 14 

spectrum of cycled electrode due to substitution of acidic protons from COOH groups in 15 

PAA by lithium ions after the formation cycle. The new mode at 1300 cm-1 and the 16 

relatively increased intensity of the broad bands at 1400, 1559 and 1640 cm-1 displayed in 17 

the spectrum of cycled electrode are the results of the formation of lithium carbonate[40], 18 

which is commonly found in SEI[41]. 19 

The formation of Li4SiO4 with high conductivity could be further verified by EIS 20 

measurements shown in Figure 9. After discharge to the same capacity of ~100 mAh/g 21 

(Fig. 4b), the charge-transfer resistance (Rct), i.e., the intercept of the semicircle with the x 22 

axis in the middle frequency, for the cell at the low current density of 10 mA/g, is much 23 
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lower (~510 ) than that at the high current density of 20 mA/g (~940 ) (Fig. 9a). The 1 

lithiation of silica is a kinetic process. The lower the current density applied, the more silica 2 

lithiated.[31] Thus, the cell with low current density applied exhibits significantly reduced 3 

charge-transfer resistance because of the formation of a large amount of highly conductive 4 

Li4SiO4 in the surficial layer of the Si@SiOx. Meanwhile, there exists a value of current 5 

density below which all surficial silica could be lithiated, making wrapped Si accessible to 6 

lithium at a given cutoff voltage in the discharge process. This hypothesis is confirmed by 7 

our experimental observation on the high capacity of Si@SiOx anodes when the current 8 

density applied in the initial cycle was below a threshold value of 10 mA/g. It is worth 9 

noting that we cannot exclude the existence of other lithiation products, owing to the 10 

insufficient experimental data. In particular, the formation of Li2O, which has superior Li-11 

ion conductivity relative to silicon oxide,[42] in the surficial layer could also significantly 12 

reduce the charge-transfer resistance of the Si@SiOx anode. 13 

The reaction between lithium and silica to form Li4SiO4 is irreversible, and the 14 

retention of Li4SiO4 in the surficial layer will benefit the electrochemical performance of 15 

Si@SiOx anodes. The EIS spectra collected on Si@SiOx anodes in various lithiated states 16 

with the low current density of 10 mA/g show that, as expected, the value of Rct decreases 17 

during the discharge process and reaches its minimum at the end of the discharge process 18 

(Fig. 9b). However, the charge-transfer resistance of the Si@SiOx anode at the end of the 19 

subsequent charge process is almost the same as that at the end of the discharge process. 20 

This observation implies that the reaction of lithium with silica is irreversible, or at least a 21 

major portion of the lithiated silica is retained at the end of the charge process. Once the 22 

lithiation of silicon oxide is completed, only reversible reactions of Si with lithium will 23 
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occur in the Si@SiOx anode during the following cycles, and the overpotential of the cell 1 

will be almost independent of the current density.[31] The reaction between lithium and 2 

silica to form Li4SiO4 and Li2O is irreversible, and the substitution of silicon oxide by 3 

Li4SiO4 and Li2O, with relatively higher electronic and ionic conductivity, in the surficial 4 

layer makes the inner Si accessible to lithium. This hypothesis is confirmed by our 5 

experimental observation that Si@SiOx anodes which underwent the initial cycle at a low 6 

current density of 10 mA/g could deliver the high capacity of ~ 729 mAh/g during the 7 

following cycles, even at the high current density of 100 mA/g. That is to say, the low 8 

current density applied in the initial cycle has an “activating” effect to endow Si@SiOx 9 

anodes with high capacity. It is worth noting that, owing to the limited experimental data, 10 

we cannot exclude the possibility that weak points, such as pinholes, cracks and defects, 11 

might form at the surficial layer during the initial cycle. The formation of these weak points 12 

is also irreversible, facilitating the lithiation of the oxide-coated Si anode,[27] and could 13 

also contribute to the “activating” effect observed here. In addition, the current density for 14 

“activation” depends on the thickness of the surficial oxide layer, and a relatively high 15 

current density might be sufficient to utilize the Si core with a thin oxide shell for the high 16 

capacity application, which has been reported by other researchers[21, 27]. 17 

4. Conclusions 18 

The effect of the current density on the electrochemical performance of Si anodes 19 

with thick surficial oxide layers was investigated here. Studies on the initial cycle show 20 

that there exists a threshold value of the current density applied to the cell, below which 21 

the utilization of the Si phase in Si@SiOx could be realized to endow cells with high 22 

capacity. The low current density also has an “activating” effect, such that the low current 23 
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density is necessary to lithiate silica in the initial cycle but is unnecessary to endow cells 1 

with high capacity during the following cycles. The analysis of EIS measurements indicates 2 

that the observations of a threshold value and an “activating” effect of the current density 3 

applied in the initial cycle are associated with the irreversible formation of lithium silicates 4 

with high conductivity. 5 
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Table 1. Thickness of surficial oxide layer on Si@SiOx after thermal treatment at 4 

various temperatures 5 

Temperature  

(C) 

Weight gain 

(%) 

Weight ratio of SiO2 

(%) 

Calculated thickness of SiO2 layer 

(nm) 

600 13.3 33.6 5.6 

700 32.5 56.8 11.2 

800 59.6 78.9 19.6 

900 60.5 79.6 20.0 

1000 61.8 80.2 20.3 

The following assumptions were used to calculate the weight ratio and thickness of the 6 

surficial oxide layer: 7 

1.  Initial particle has a spherical shape. 8 

2. Initial particle has a Si core with a radius of 38 nm, and a 2-nm-thick SiO2 shell. 9 
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Table 2. Summary of electrochemical performance of Si@SiOx anode at various 4 

current densities in the initial cycles 5 

Current 

density (mA/g) 

Discharge 

capacity (mAh/g) 

Charge capacity 

(mAh/g) 

Capacity loss 

(mAh/g) 

Coulombic 

efficiency (%) 

10 1832 1063 769 58 

20 97 38 59 39 

50 71 27 44 38 

100 68 26 42 38 
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Table 3. Thickness of surficial oxide layer of 800C-treated Si@SiOx anode, 1 

calculated from electrochemical performance 2 

Mechanism Reaction equations Irreversible 

lithiation 

product 

Weight ratio 

of SiO2 

(%) 

Calculated thickness 

of SiO2 layer 

(nm) 

1 1 5𝑆𝑖𝑂2 + 4𝐿𝑖+ + 4𝑒 
↔ 2𝐿𝑖2𝑆𝑖2𝑂5 + 𝑆𝑖 

5𝑆𝑖 + 22𝐿𝑖+ + 22𝑒 
↔ 𝐿𝑖22𝑆𝑖5 

N/A N/A N/A 

2 2 2𝑆𝑖𝑂2 + 4𝐿𝑖+ + 4𝑒 
→ 2𝐿𝑖4𝑆𝑖𝑂4 + 𝑆𝑖 

5𝑆𝑖 + 22𝐿𝑖+ + 22𝑒 
↔ 𝐿𝑖22𝑆𝑖5 

Li4SiO4 83.9 22.5 

3 2 𝑆𝑖𝑂2 + 4𝐿𝑖+ + 4𝑒 
↔ 2𝐿𝑖2𝑂 + 𝑆𝑖 

5𝑆𝑖 + 22𝐿𝑖+ + 22𝑒 
↔ 𝐿𝑖22𝑆𝑖5 

Li2O 42.0 7.4 

The following assumptions were used to calculate the thickness of the surficial oxide 3 

layer from electrochemical data: 4 

1. Silicon in the core of Si@SiOx was not involved in the lithiation process when the 5 

current density was above 20 mA/g. 6 

2. Capacity loss is only associated with the formation of SEI and irreversible lithiation 7 

product. 8 

3. The reaction between Si and lithium is reversible. 9 
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Figure 1. The weight change of silicon powders as a function of the temperature of the 13 

thermal treatment. 14 
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Figure 2. X-ray diffraction patterns of pristine and thermally oxidized silicon powders. 12 

The thermal treatment was conducted at 800C for 15 hours. 13 
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 15 

Figure 3. SEM images of pristine (a) and thermally oxidized (b) Si powders. Low 16 

(c) and high (d) magnification TEM images of thermally oxidized Si powder. The 17 

thermal treatment was conducted at 800C for 15 hours. The dashed line in panel d shows 18 

the boundary between the crystalline core with a single orientation of lattice fringes and 19 

amorphous oxide shell. 20 

a b 

c d 
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Figure 4. Full (a) and enlarged (b) voltage profiles of Si@SiOx anodes at various current 17 

densities during the initial cycles. 18 
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Figure 5. Full (a) and enlarged (b) differential capacity curves of cells with Si@SiOx 16 

anodes at various current densities during the initial cycle. 17 
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Figure 6. Voltage profiles of cells with Si@SiOx anodes at a current density of 10 mA/g 15 

(a), 20 mA/g (b), 50 mA/g (c), and 100 mA/g (d) during the 2nd and 3rd cycles. The same 16 

current density of 10 mA/g was applied to all cells in the initial cycles. 17 
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Figure 7. The dependence of specific capacity (a) and coulombic efficiency (b) on the 15 

current densities applied in the 2nd and 3rd cycles. The same current density of 10 mA/g 16 

was applied to all cells in the initial cycles. 17 
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Figure 8. FTIR spectra of the thermally treated Si powders, the pristine and 12 

cycled electrodes containing thermally treated Si. The thermal treatment on Si powders 13 

was conducted at 800C for 15 hours. The cycled electrodes were harvested from cells 14 

underwent discharge with the current density of 10 mA/g and then charged to 1.5V. 15 
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Figure 9. EIS of Si@SiOx anodes discharged to the same capacity of 100 mAh/g 14 

with different current densities (a), and to various depth of discharge states (b) with the 15 

same current density of 10 mA/g. 16 
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