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Abstract 12 

Yolk-shell carbon-coated silicon nanoparticles (Si@void@C NPs) have been 13 

demonstrated to have a great promise in solving the problem of significant volume 14 

change of silicon-based anode materials during lithiation and delithiation cycling. 15 

However, our in situ lithiation experiments show that Si@void@C NPs may still subject 16 

to fracture upon lithiation, depending on their characteristic structural features such as the 17 

size of Si yolk, the thickness of carbon shell, and the interspace between the yolk and 18 

shell. Given the size of Si yolk, to ensure structural integrity of Si@void@C NPs during 19 

lithiation and delithiation, thicker carbon shell and larger yolk-shell interspace are 20 

preferred. On the other hand, from the perspective of attaining higher effective capacity, 21 

thinner carbon shell and smaller yolk-shell interspace are favored. To find the optimal 22 

structural design which yields the maximum capacity and meanwhile ensure the integrity 23 
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of Si@void@C NPs during lithiation, mechanics-based theoretical modeling is carried 24 

out. A diagram for structural optimizations is obtained, by which the optimized 25 

Si@void@C NPs are synthesized and found to have improved capacity and capacity 26 

retention compared to the unoptimized ones. The results of this paper provide a guideline 27 

for the design of Si@void@C NPs as anode materials for high-capacity lithium ion 28 

battery. 29 

 30 
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1. Introduction  34 

Lithium ion battery (LIB), as an energy storage and supply unit, has been widely used  35 

in various devices from household electrics to industrial facilities [1]. In order to achieve 36 

high capacity and long lifespan, a variety of electrode materials of LIB have been applied. 37 

The prevailing carbon-based anode materials, despite of long cycle life, exhibit low 38 

capacity (372 mA h·g-1) [2,3]. In contrast, silicon (Si) anode materials possess high 39 

capacity (4200 mA h·g-1) but suffer from fracture and pulverization due to the large 40 

volume change (~400%) during lithiation and delithiation cycling, leading to poor cycle 41 

life [4]. Although reducing the Si anode materials to nanoscale has been demonstrated to 42 

have improved performance, solid electrolyte interface (SEI) would form on their 43 

surfaces whose repeated fracture and thickening, upon cyclic lithiation and delithiation, 44 

consume the Si and electrolyte, leading to the degradation of electrochemical 45 

performance of the battery [5-7]. To solve this problem, carbon-coated Si nanowires and 46 

nanoparticles (NPs) have been developed and found able to improve the cycle life of pure 47 
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nano Si materials [8-10]. However, because of the adding of carbon whose specific 48 

capacity is much lower compared to that of Si, the effective capacity of the anode 49 

material decreases. Structural optimization was applied to maximize the capacity on the 50 

condition that the structural integrity got ensured [11,12]. More recently, yolk-shell 51 

carbon-coated Si (Si@void@C) NPs, which incorporate spare space between the Si yolk 52 

and carbon shell, have been developed, exhibiting much better electrochemical 53 

performance [13-20]. The improved cycling performance is mainly due to the interspace 54 

that can accommodate the lithiation-induced expansion of the Si yolk and thereby 55 

mitigates the stress and deformation of the carbon shell. As a consequence, the SEI 56 

formed on the surface of carbon shell will not fracture during the electrochemical cycling. 57 

Nevertheless, in literature the capacities of the LIBs using Si@void@C NPs as anode 58 

materials exhibit a wide spectrum ranging from a few hundreds to more than 2000 mA 59 

h·g-1, implying much room in optimizing the Si@void@C NPs. For example, it is still 60 

unclear how much space should be spared between the Si yolk and carbon shell and how 61 

thick the carbon shell should be so as to achieve the highest capacity and simultaneously 62 

maintain the structural integrity of Si@void@C NPs during lithiation and delithiation 63 

cycling. The objective of this paper is to find such optimal design of Si@void@C NP, at 64 

least in principle, for high-capacity LIBs. 65 

The remaining of this paper proceeds as follows. First, we carry out in situ lithiation 66 

on individual Si@void@C NPs with different sizes and shell thicknesses to deduce the 67 

factors determining the failure of Si@void@C NPs during lithiation. Then, a rigorous 68 

theoretical model is established to formulate the dependence of structural integrity of 69 

Si@void@C NP during lithiation on its structural attributes such as the shell thickness, 70 
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yolk size and yolk-shell interspace. Then, the theoretical effective capacity of 71 

Si@void@C NP is estimated simply by combining the fractional contributions from the 72 

carbon and Si compositions. By considering the requirements from structural integrity 73 

and effective capacity together, a diagram of structural optimization is proposed and used 74 

to guide the synthesis of the optimized Si@void@C NPs. Using the optimized 75 

Si@void@C NPs as the anode material, coin-type half-cells are prepared and the 76 

electrochemical performance is characterized. The whole paper is concluded by 77 

analyzing the results and discussing the limitation of the present work. 78 

2. Results  79 

2.1. In situ lithiation of individual yolk-shell carbon-coated silicon nanoparticles  80 

The Si@void@C NPs were synthesized by using Stöber method [13,21,22] and the in 81 

situ lithiation of the NPs is carried out inside TEM by using a nanoscale battery setup as 82 

shown in Fig. 1a (See Supplementary Material for details). The morphologies of the 83 

pristine Si@void@C NPs are shown in Fig. 1b. After 43 s of lithiation, the Si yolks are 84 

found to be lithiated partially as seen from their volume expansion and the clear interface 85 

between the lithiated and unlithiated Si (Fig. 1c). As the Si yolk swells, the gap between 86 

the yolk and shell becomes smaller and smaller. It can be seen from Fig. 1d that one of 87 

the NPs (indicated by red arrow) has been fractured at 101 s. Fig. 1e shows the 88 

morphologies at full lithiation, when more NPs (indicated by red arrows) are fractured 89 

while some NPs (indicated by blue arrows) remain continuous.  90 
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 91 

Figure 1. (a) Schematic of the setup for in situ lithiation. (b-e) Snapshots of the lithiation 92 

process for the Si@void@C NPs.  93 

The above in situ lithiation is repeated on dozens of Si@void@C NPs and the 94 

consequences of lithiation (fractured versus unfractured) are displayed on the CR - t  plane, 95 

as shown in Fig. 2. Here CR  and t  are the radius of carbon shell CR  and the thickness of 96 

carbon shell t  normalized by the radius of Si yolk SiR . It can be seen that the 97 
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Si@void@C NPs tend to be fractured with lower CR  and t  while remain continuous if 98 

CR  and t  are higher, indicating clear dimension-dependent fracture of Si@void@C NPs 99 

upon lithiation.  100 
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 101 
Figure 2. Dimension-dependent fracture of Si@void@C NPs. 102 

2.2. Theoretical modeling of structural integrity 103 

In order to account for the dimension-dependent fracture of the Si@void@C NPs 104 

observed during in situ lithiation, the stress in the carbon shell caused by lithiation-105 

induced expansion of the Si yolk is examined by theoretical modeling based on the theory 106 

of elasticity [23] (see Supplementary Material for details). The analytical solution to the 107 

maximum tensile stress 
max

t  in the carbon shell is given by 108 

( )

( ) ( )( ) ( )( )






−−+











−−+−





−+−

+
+−+=

tRvtR
E

E
tRv

ttRtRR

ttR
tRE

x

x

t

5.015.021
2

5.02            

125.025.25.13

25.03
/5.01

CC

2

CSiLi

SiLi

C
CC

32

C

2

C

3

C

32

C
C0C

max





 (1) 109 



7 

 

where 0  is the linear expansion ratio of a free Si NP at full lithiation. In this paper, we 110 

take 6.00 =  corresponding to volume expansion of ~400% [24]. Additionally, both 111 

lithiated Si and amorphous carbon are assumed as elastic with Young’s moduli and 112 

Poisson’s ratios being GPa 3.5SiLi =
x

E  [25], 23.0SiLi =
x

v  [26] and GPa 300C =E , 113 

25.0C =v  [27], respectively. For lithiated Si which possesses large ductility, such elastic 114 

assumption is also reasonable because the stress state in the yolk is hydrostatic 115 

compression which causes no plastic deformation.  116 

According to the maximum tensile stress criterion [28], the carbon shell will fracture 117 

if the maximum tensile stress, 
max

t , exceeds the fracture strength, 
f , of the material. 118 

By equating the 
max

t  in Eq. (1) with the fracture strength of amorphous carbon, the 119 

critical condition for the fracture can be determined in terms of CR  and t . Taking the 120 

fracture strength of amorphous carbon as 2 GPa and 6 GPa respectively, the critical 121 

condition for fracture is plotted as two curves on the CR - t  plane (Fig. 2). If the structural 122 

features of NPs, characterized by CR  and t , fall in the region below the critical curve, the 123 

carbon shell will be cracked. Otherwise, it remains continuous. Comparing the 124 

experimental observations (the scattering symbols in Fig. 2) and the theoretical prediction 125 

(the solid curves in Fig. 2), we can see that all the fractured cases are below the curve of 126 

f  = 6 GPa while all the unfractured cases are above the curve corresponding to f  = 2 127 

GPa, implying that the fracture strength of the carbon coating in our samples is not 128 

uniform but in the range from 2 to 6 GPa. This agrees well with the spectrum of the 129 

fracture strength of amorphous carbon as reported in literature [29]. As a conservative 130 
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design ensuring structural integrity, the dimensions of Si@void@C NPs ( CR  and t ) 131 

should fall in the region above the critical curve corresponding to f  = 2 GPa in Fig. 2. 132 

2.3. Capacity optimization and experimental verification  133 

Besides the structural integrity of the Si@void@C NPs, it is also important to attain 134 

high capacity of the Si@void@C NPs. The theoretical capacity of the Si@void@C NPs 135 

can be estimated from the theoretical capacities, mass fractions, and volume expansion of 136 

the Si and carbon compositions. Assuming that for unfractured Si@void@C NPs the 137 

amount of inserted Li+ in Si yolk is proportional to its volume change and carbon shell is 138 

fully lithiated, the theoretical capacity of the Si@void@C NP can be expressed as (see 139 

Supplementary Material for detailed derivation) 140 
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 143 

In above expressions, SiC  and CC  are the theoretical capacities of Si and carbon  [24],    144 

denotes the density ratio between carbon and Si, and Si  is the radial strain of the fully 145 

lithiated Si yolk under the constraint of the carbon shell. Taking the typical values of 146 

1

Si ghmA  4200 −=C , 
1

C ghmA   372 −=C , 9660.=  [24], GPa 3.5SiLi =
x

E  [25], 147 
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23.0SiLi =
x

v  [26] and GPa 300C =E , 25.0C =v  [27], 6.00 = ， the  capacity C  given in 148 

Eq. (2), as a function of CR  and t , is shown by the contours on the tR -C  plane, as in Fig. 149 

3a. Here, only the unfractured zone corresponding to f  = 2 GPa is considered due to 150 

the unpredictability of the capacity of the fractured Si@void@C NPs. 151 
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Figure 3. (a) Dependence of the predicted capacity of the unfractured Si@void@C NPs 154 

on CR  and t . The black and red solid spheres represent the distributions of the 155 

dimensions of the optimized and unoptimized Si@void@C NPs respectively, while the 156 

hollow symbols represent the dimensions ranges of the Si@void@C NPs in the 157 

literatures. Here, samples A and B correspond to the “YS Si@50mC” and “YS Si@10mC” 158 

in Ref. [14] respectively. (b) Lithiation (solid symbols) and delithiation (hollow symbols) 159 

capacities for galvanostatic cycles of the optimized and unoptimized Si@void@C NPs. 160 

The current density is 200 mA·g-1 for the first two cycles while 500 mA·g-1 for the later 161 

cycles which is close to that taken in Ref. [13-16].  162 

Fig. 3a provides the guideline for gaining higher capacity by optimizing the 163 

dimensions of Si@void@C NPs. Under the direction of Fig. 3a, a new batch of 164 

Si@void@C NPs are synthesized. The dimensions ( CR  and t ) of some representative 165 

optimized NPs are shown by the black spheres in Fig. 3a, in comparison to those of the 166 

unoptimized ones (denoted by the red spheres) used in the in situ lithiation above. It can 167 

be seen that most of the optimized Si@void@C NPs possess dimensions falling in the 168 

unfractured zone (corresponding to =f 2 GPa). The averaged capacity of the optimized 169 
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NPs, as estimated on the basis of Eq. (2), is around 2250 mA h·g-1. To verify such 170 

theoretical predictions, electrochemical cycling measurement is conducted by using the 171 

as-fabricated optimized NPs as the anode materials (See Supplementary Material for 172 

details).  The results are shown in Fig. 3b in comparison to those of the control case using 173 

the unoptimized Si@void@C NPs. Clearly, the galvanostatic cycling performance of the 174 

optimized Si@void@C NPs is more stable than that of the unoptimized one. The 175 

unoptimized NPs exhibit 67.8% capacity retention with reversible capacity of 787.6 mA 176 

h·g-1 after 80 cycles, while the optimized NPs achieve capacity retention of 75.1% and 177 

reversible capacity of 1666.9 mA h·g-1 after 80 cycles. Clear improvement of the 178 

electrochemical cycling performance is observed by dimensional optimization of the 179 

Si@void@C NPs. 180 

In literature, similar Si@void@C NPs with various dimensions have also been 181 

produced using different protocols. It might be also interesting to use our theory to make 182 

an estimation of the capacities of these Si@void@C NPs and then make a comparison 183 

with their measured values. The hollow symbols with error bars in Fig. 3a show the 184 

ranges of the dimensions of the Si@void@C NPs reported in Ref. [13-16]. Among them, 185 

three groups of Si@void@C NPs have dimensions distributed in the “unfractured” zone. 186 

According to Eq. (2), their capacities are estimated to be 1546-2169 mA h·g-1, 1135-1631 187 

mA h·g-1 and 535-972 mA h·g-1, agreeing well with their measured values ~2100 mA 188 

h·g-1, ~1000 mA h·g-1 and ~646 mA h·g-1, respectively. For the other two groups, our 189 

theory indicates that they will be fractured during lithiation. This prediction may explain 190 

why the capacities of these samples drop quickly with cycling.   191 

 192 
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3. Discussion and conclusion 193 

For our optimized Si@void@C NPs, the capacity we obtained above is 1666.9 mA 194 

h·g-1, which is lower than the theoretical estimation of ~2250 mA h·g-1. This might be 195 

due to the capacity loss after first delithiation, which results from the formation of SEI 196 

and the irreversible alloying of Li+ with Si and carbon [13,30]. Besides, the dimensions 197 

of our Si@void@C NPs are not uniform. There are still some NPs in our optimized 198 

sample being fractured during lithiation and delithiation, resulting in the decrease of 199 

capacity [31]. For higher capacity, further optimization of the dimensions of the NPs is 200 

needed. 201 

In conclusion, in this communication, in situ lithiation on the synthesized 202 

Si@void@C NPs is conducted, showing the dependence of structural integrity on the 203 

dimensional features including the radius and thickness of the carbon coating and the 204 

radius of the Si core. A design guideline for ensuring the structural integrity of 205 

Si@void@C NPs is proposed which, in combination with the consideration of the 206 

capacity as a function of these dimensional features, provides the direction for 207 

maximizing the capacity of Si@void@C NPs. Optimized NPs are fabricated and found to 208 

have improved capacity in comparison to the unoptimized ones. The results in this paper 209 

should be of great value to the design of yolk-shell structured anode materials for lithium 210 

ion battery with high capacity and excellent cycling performance. 211 
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