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Polymorphic Transition to Metastable Phases in Hollow Structured Silicon 
Anode in a Li Battery 

 

Abstract: 
In contrast to previous findings, a high-temperature phase Li4.1Si, rather than the 
commercial phase Li15Si4, was observed in the hollow-structured silicon anode of a Li-
ions battery after lithiation. The formation of Li4.1Si, as well as other lithium silicides, 
could be ascribed by the polymorphic transition theory that promoted the formation of 
a metastable phase. The phase transition began with a nucleus composed of a specific 
octahedral, which led to the final phases containing similar short-range ordering. Due 
to the formation of the Li4.1Si, the hollow-structured silicon anode had an ultra-high 
capacity that remained at 2500 mAh/g after 250 cycles. This kind of phase transition 
may occur not only in hollow-structured silicon nanoparticles but also in other particles 
with specific morphologies if the requirements for polymorphic transition are satisfied.  

 

Introduction 

The increasing utility of Li-ion batteries has stimulated the development of new-
generation Li-ion batteries in the recent years, especially as electric vehicles and large-
sized storage devices increase in popularity. With the increase in demand, the 
requirements for the properties of Li-ion batteries are also becoming stricter. The most 
urgent need is to increase the energy density of Li-ion batteries to increase the usage 
time of devices [1]. A good candidate for a new anodic material in Li-ion batteries is 
silicon [3-6]. The theoretical capacity of silicon, 4200 mAh/g [4], is more than eleven 
times greater than that of the traditional anode, graphite, which is 372 mAh/g [4]. One 
can thus expect the energy density of a Li-ion battery to be highly improved by 
replacing the traditional graphite with silicon as a new anode. However, the volume 
expansion of over 300% hinders the use of silicon anodes in practice. Volume expansion 
will delaminate an anode and cause the failure of a Li-ion battery. Up to now, the 
volume expansion of silicon has remained a major unsolvable issue despite the need to 
develop high-energy-density Li-ion batteries. One compromise is to add just 10% 
silicon to graphite anodes. In this way, the capacity of the anode can be increased 
slightly with tolerable volume expansion, and 10% silicon in graphite is used as a 
commercial anode today. However, the final goal is still to use 100% silicon as the 
anode in Li-ion batteries to achieve ultra-high capacity. If the capacity can be greatly 
increased, the applications of such batteries can be expanded to not only vehicles but 
also other areas. 

Many researchers have tried to solve the issues of silicon anodes. A hollow 
structure appears to be a good solution to prevent the destruction caused by volume 



expansion [3, 7-11]. Because the inner pores can provide space for the expansion of the 
material, the anode will not undergo delamination and the battery can remain stable. 
Even though the hollow-structured design appears to be a good concept, two issues still 
need to be considered. The first one is that the hollow structure might lose energy 
density if the inner pores are not utilized for lithiation. The advantage of a silicon anode, 
its high capacity, would thus be reduced. Another issue is that this design is an 
engineering approach to avoiding volume expansion, without scientific understanding. 
The mechanism of volume expansion in hollow-structured silicon anodes is still poorly 
understood. It is only known that the material expands into the cores of hollow-
structured silicon nanoparticles during lithiation [3, 6]. The details of the crystalline 
evolution, especially on the atomic scale, are still not fully understood. However, 
understanding the crystalline evolution is essential to control the volume expansion of 
silicon anodes. Only when the volume expansion is effectively controlled can silicon 
anodes be used in practice. In addition, understanding of the crystalline evolution would 
allow the design of silicon anodes with specific structures to optimize the energy 
density and prevent the failure of the batteries. Most of all, the crystalline evolution of 
hollow-structured silicon anodes during the lithiation and delithiation processes should 
be determined clearly.  

Previous studies have proposed electrochemical lithiation/delithiation processes 
of silicon nanoparticles by TEM, XRD, and theoretical calculations [12-19]. Lithiation 
of crystalline silicon is regarded as a two-phase reaction. Initially, lithium ions are 
embedded in crystalline silicon particles and cause the formation of amorphous LixSi 
in the shell. A sharp reaction front between the crystalline silicon core and amorphous 
silicon shell moves into the core of the particle and completes the reaction. Highly-
lithiated LixSi crystallizes quickly and exclusively to Li15Si4 when the concentration of 
lithium reaches a certain level. Li15Si4 forms because it has the lowest formation energy 
and Gibbs free energy difference [15, 17-19].  

Although the formation of crystalline Li15Si4 from amorphous LixSi has been 
reported in the literature, the congruent nature associated with this phase transformation 
has never been realized previously. More importantly, most research has focused on 
silicon nanoparticles [15-16] or silicon nanowires [12-14]. The phase transition of 
hollow-structured silicon nanoparticles during lithiation and delithiation processes has 
not been well explored. It is possible that the phase transition of hollow-structured 
silicon nanoparticles is similar to that of nanoparticles or nanowires. The final phase 
should also be Li15Si4, as reported in the literature [4-5, 16, 20]. However, in this study, 
we found that the phase transition of hollow-structured silicon nanoparticles is different 
from those of solid nanoparticles or solid nanowires. The reason is that the phase 
transition in a solid nanoparticle depends on both the movement of the interfacial 



reaction and lithium-ion diffusion into the particle. In such a situation, the formation 
energy causes preferred phases to form easily after lithiation [14, 17-19]. In a hollow-
structured nanoparticle, on the other hand, the phase transition is only determined by 
the surface reaction in the shell because the lithium ion flow is constrained within a 
limited space. This surface reaction includes nucleation and phase transition in the shell. 
Based on a polymorphic phase transition mechanism [21], it is possible to introduce 
metastable phases as the surface energy is reduced and the energy barrier for the phase 
transition falls to a certain level due to heterogeneous nucleation accompanied by high 
supersaturation. The phase transition in the shell of a hollow-structured silicon anode 
exhibits characteristics similar to those of a polymorphic transition to produce 
metastable phases.  

This study presents evidence that the final phase of a hollow-structured silicon anode 
after lithiation is not Li15Si4 but Li4.1Si (~ Li16.4Si4). Li4.1Si is a high-temperature phase 
proposed by Zeilinger from thermodynamic calculations [22]. As a high-temperature 
phase, Li4.1Si exists only at high temperature, above 480 °C, and not at room 
temperature. Consequently, no one has observed Li4.1Si in the silicon anode of a Li-ion 
battery at room temperature after lithiation. In this study, we show why Li4.1Si can be 
observed based on a polymorphic transition that allows the formation of a metastable 
phase.   

 With detailed analyses of the crystalline structure, this study provides fundamental 
knowledge for utilizing hollowed-structured silicon nanoparticles as the anode of a Li-
ion battery in practice. This knowledge also applies to silicon nanoparticles with other 
morphologies, such as porous or other specific structures, that satisfy the requirements 
for polymorphic transition. Meanwhile, a complete picture of the structural evolution 
of the silicon anode will open a door to the design of new materials with new structures 
to solve the issue of the volume expansion of silicon anodes by an intrinsic method. 
Consequently, the results are not only important to scientific research but also essential 
to industrial applications.  

 

Results 

Hollow-structured silicon nanoparticles 

We used a magnesium thermal reduction method and a selective etching process 
to produce hollow-structured silicon nanoparticles. Scanning electron microscopy 
(SEM) (Figure 1 (a)) and transmission electron microscopy (TEM) (Figure 1 (b)) 
confirmed that hollow-structured silicon nanoparticles with diameters of 450 nm and 
shells of 10–20 nm were synthesized. In addition to being hollow, the silicon 
nanoparticles also had porous shells, as shown in Figure 1(c). Such a hollow structure 
can provide space to accommodate the expansion of silicon into the core, and the porous 



structure of the shell can also modulate the volume expansion of the silicon. We thus 
expected our hollow-structured silicon anode to exhibit high stability during lithiation 
and delithiation.  

 

Figure 1 (a) SEM and (b)-(c) TEM observations of hollow-structured silicon 
nanoparticles. 

 

Electrochemical performance of the silicon anode in a half-cell 
The electrochemical performance of a hollow-structured silicon anode was 

evaluated with a coin-type half-cell at 25 °C. Figure 2 presents the potential curves 
during the lithiation and delithiation processes. The discharge capacity of the hollow-
structured silicon anode achieved about 3460 mAh/g in the first cycle. A clear potential 
plateau presented as a “L” shape, reflecting the occurrence of the first-order phase 
transition [23-24]. In the second cycle, no plateau was observed, indicating that the 
phase transition in the second cycle was different from that in the first cycle. A detailed 
mechanism of the phase transition will be discussed below.  

Figure 3 further shows the potential curves of a hollow-structured silicon anode at 
different charging/discharging rates. The capacity clearly remained above 850 mAh/g 
even at a charging rate of 4C. This result indicates that this material is a candidate for 
the anode of a fast-charging Li-ion battery.  

The testing of the cycle life in Figure 4 shows that the hollow-structured silicon 
anode had a capacity of about 2500 mAh/g after 250 cycles. In contrast, the capacity of 
a solid-structured silicon anode fades continuously. This result reflects the good 
stability of the hollow-structured silicon anode. The hollow structure can effectively 
prevent cracking of the anode and fading of the Li-ion battery because the hollow space 
can accommodate the volume expansion that occurs during lithiation; the volume 
extends into the empty cores of the particles and not outside them. Consequently, 
hollow-structured silicon anodes can maintain their integrity and the Li-ion batteries 
can continue to function after many cycles. The theoretical capacity of graphite, 372 
mAh/g, is embedded in Figure 4 as a green line for reference [4]. After 250 cycles, the 
capacity of the hollow-structured silicon anode was five times higher than that of a 



graphite anode. The ultrahigh capacity of the hollow-structured silicon anode can be 
attributed to the final phase after lithiation being Li4.1Si (~Li16.4Si4), rather than the 
Li15Si4 observed in other silicon anodes. The estimated theoretical capacity of Li4.1Si, 
3913 mAh/g, is higher than that of Li15Si4, 3578 mAh/g [4].  

 

Figure 2 Potential curves of hollow-structured silicon anode after lithiation and 
delithiation processes.  

 



 

Figure 3 Potential curves of a hollow-structured silicon anode at different charging 
rates. The theoretical capacity of a graphite anode is also presented [4]. 

 

 

Figure 4 Cycle testing of a hollow-structured silicon anode, black line, as compared 
with a solid silicon anode, red line. The theoretical capacity of a graphite anode is 

indicated by the green line. 



 

Phase transition in a hollow-structured silicon anode 

To understand the phase transition clearly, we used synchrotron X-ray diffraction 
and X-ray absorption to measure the variation in the crystalline structure of the hollow-
structured silicon anode during lithiation and delithiation. The X-ray diffraction 
patterns are shown in Figure 5. In the early stage of the lithiation process, the hollow-
structured silicon anode maintained a cubic structure. As the lithiation voltage 
decreased to 0.08 V, the crystalline structure of the silicon anode suddenly changed 
from a cube to polymorphic phases. Precise refinement of the diffraction patterns and 
comparison with the ICSD database revealed that the polymorphic phases consisted of 
LiSi, Li2Si, Li3.25Si, and Li4.1Si, as shown in Figure 6. During the delithiation process, 
when the voltage changed from 0.01 V to 1.5 V, the polymorphic phases suddenly 
disappeared and the hollow-structured silicon anode became amorphous. This finding 
is consistent with other silicon anodes in reference [4].  

 

Figure 5 X-ray diffraction patterns of hollow-structured silicon anodes during 
lithiation (a) and delithiation (b) processes. Experimental x-ray wavelength is 0.6888 

angstrom, we transfer the wavelength to 1.5406 angstrom to present diffraction 
pattern for better comparison.  



 

Figure 6 Index of X-ray diffraction of hollow-structured silicon anodes after 
lithiation. For clear comparison, the peak positions of Li15Si4 are marked with grey 

lines (MP-569849). 
 

Four phases, LiSi, Li2Si, Li3.25Si, and Li4.1Si, are not usually observed in silicon 
anodes, and especially not Li4.1Si, which is a high-temperature phase. According to 
thermodynamics, Li4.1Si will only exist above 480 °C and not at room temperature [22]. 
That why Li4.1Si has not previously been detected in the silicon anode of a Li-ion battery. 
To further confirm the formation of Li4.1Si, we used synchrotron X-ray absorption to 
probe the changes in the local structure of a hollow-structured silicon anode during 
lithiation and delithiation. X-ray diffraction measurement reflects the formation of 
long-range ordering as well as the formation of unit cells, while X-ray absorption 
spectroscopy can detect atomic short-range ordering as well as the local environment 
around a specific atom. Using X-ray absorption spectroscopy to deduce the structure 
could include the highly disordered phase.  

Figure 7 shows Si K-edge X-ray absorption spectra. A specific feature at 1847 eV 
appeared when the lithiation process began. This feature became stronger in the later 
stage of the lithiation process and remained after the delithiation process. Due to a lack 
of references on what this feature represented, we used the FDMNES package to 
simulate the spectra of different kinds of lithium silicide, as shown in the bottom of 
Figure 7, and compared the results with our data. The X-ray absorption spectra of the 



hollow-structured silicon anodes during the lithiation and delithiation processes were 
analyzed as a linear combination of the spectra of Si and those of other phases at 
different lithiation and delithiation stages. The main features of the simulated spectra 
of LiSi, Li2Si, Li13Si4, and Li4.1Si were close to the specific feature at 1847 eV in the 
experimental spectra, indicating the existence of these phases. In contrast, the X-ray 
absorption spectra of the other lithium silicides, Li5Si2, Li12Si7, Li15Si4, and Li17Si4, 
calculated by FDMNES, were located far away from 1847 eV. The results indicated that 
the local environment around a silicon atom in a hollow-structured silicon anode was 
not similar to those in these phases. Both synchrotron X-ray diffraction and X-ray 
absorption indicated the same thing, confirming the existence of LiSi, Li2Si, Li13Si4, 
and Li4.1Si in the hollow-structured silicon anodes and the absence of Li15Si4. The 
precisely established crystal structure of LiSi, Li2Si, Li13Si4, and Li4.1Si is presented in 
Figure 8. We found that these four phases contained similar octahedrals in the unit cells. 
The similar octahedrals led to the specific feature at 1847 eV in the X-ray absorption 
spectra. Along with the volume of the unit cell, the number of specific octahedrals 
increased as well. We thus expected the volume expansion in the hollow-structured 
silicon anode to be related to the stacking of these specific octahedrals.  

 



 

Figure 7 X-ray absorption spectra of hollow-structured silicon anodes during 
lithiation (a) and delithiation (b) processes. (c) and (d) display simulated spectra by 

using FDMNES package 



Figure 8 Crystalline structures of LiSi, Li2Si, Li13Si4, and Li4.1Si. 
 

 It was very interesting that the specific feature of 1847 eV in the X-ray absorption 
spectra (Figure 7) appeared at the beginning of the lithiation process, while the X-ray 
diffraction patterns (Figure 5) did not show an obvious change at that moment. That 
difference indicated that the specific octahedrals, a short-range ordering, appeared at 
this moment but the long-range ordering phase transition had not yet occurred. The 
specific octahedrals could arise from lithium ions being embedded in the hollow-
structured silicon anode, distorting the crystalline structure, breaking parts of the Si–Si 
bonding, and finally introducing a specific short-range ordering. The number of 
octahedrals increased as the lithiation process progressed, as reflected by the increased 
intensity of peaks at 1847 eV in the experimental spectra, and promoted supersaturation 
as lithium ions were continuously embedded into the hollow-structured silicon anode 
and lithium ions were constrained within a limited space, the shell of 10 nm. We believe 
the specific octahedral acted as a nucleus center and facilitated the subsequent phase 
transition. In this situation, the phase transition could be ascribed to heterogeneous 
nucleation on the specific octahedral. Heterogeneous nucleation lowers the effective 
surface energy to reduce the free energy barrier. The nucleation can thus occur easily 
and the progressive phase transition can proceed. Supersaturation and heterogeneous 



nucleation satisfy the requirements for polymorphic transition and metastable phase 
formation proposed by Sun [21]. Polymorphic transition can thus be used to describe 
why the three phases and the high-temperature phase can appear at the same time.  

This kind of phase transition is different from that which occurs in solid 
nanoparticles. In a solid silicon nanoparticle, the phase transition during lithiation is 
completed by the diffusion of lithium ions into the particles and the movement of the 
reaction interface into the core. In a hollow-structured silicon anode, in contrast, neither 
lithium ion diffusion nor interfacial movement is required for the lithiation reaction. 
Because the lithium ions are constrained in a limited space, phase transition only occurs 
in the shell. The diffusionless characteristic of hollow-structured silicon anodes is a 
main factor in the occurrence of the polymorphic transition.  

 Another interesting point in Figure 7 is that the specific feature at 1847 eV 
persisted after the delithiation process. We expected the specific octahedral to be the 
source of irreversible capacitance in the hollow-structured silicon anode. Meanwhile, 
the specific octahedral could also act as the nucleus center for the next-cycled phase 
transition. Charging a Li-ion battery with a hollow-structured silicon anode could thus 
occur quickly. As shown in Figure 3, the capacity remained above 850 mAh/g even at 
a charging rate of 4C.  

In summary, this study presents evidence that the structural evolution of a hollow-
structured silicon anode during the lithiation process is based on polymorphic transition. 
Initially, a specific octahedral forms and facilitates heterogeneous nucleation, under the 
confinement of lithium ion transport space. The phase transition from crystalline silicon 
to Li4.1Si, as well as other lithium silicides, can thus begin. This is the first time a high-
temperature phase, Li4.1Si, has been found in a silicon anode of a Li-ion battery at room 
temperature. With Li4.1Si, the hollow-structured silicon anode displays a much higher 
capacity than those of other silicon anodes with Li15Si4 as the final phase. The 
kinetically-metastable phase Li4.1Si, can occur not only in a silicon anode with a hollow 
structure but also in silicon anodes with other morphologies, especially when the 
lithium ion transport space is confined and the requirements for polymorphic transition 
are satisfied.     

 

Methods 

Synthesis of hollow-structured silicon nanoparticles 

The magnesium thermal reduction method and a selective etching process were 
used to synthesize hollow-structured silicon nanoparticles. Initially, magnesium powder 
and SiO2 particles were put in a tube furnace. After pumping and drying, the magnesium 
powders were heated to 625 °C and the SiO2 particles to 740 °C with Ar flow. After the 
magnesium thermal reduction process, the obtained powders were washed with HCl 



solution to remove by-products and with HF solution to etch the cores of the SiO2 
particles. After that, hollow-structured silicon nanoparticles were obtained.  

 

Half-Cell assembly  

A half-cell, coin cell 2302, was assembled in a glove box with precise control of 
H2O and O2 concentrations below 1 ppm. The anode of the half-cell was composed of  
hollow-structured silicon nanoparticles with a consistent volume of 70 wt%, super-P 
(conductive agent) of 15 wt%, and polyacrylic acid (binder) of 15 wt%. The electrolyte 
was 1 M LiPF6 in EC/DEC+10% FEC. The cathode in the half-cell was a lithium foil.  

 

Synchrotron X-ray diffraction and absorption measurement 
Synchrotron X-ray diffraction and X-ray absorption measurement were performed 

in the BL07, BL16 and SP12B1 beamlines at the National Synchrotron Radiation 
Research Center (NSRRC), Taiwan. An incident X-ray wavelength of 0.6888 Å, 
generated from the superconducting wavelength-shifter beamline using a Si (111) 
double-crystal monochromator, was used for XRD measurements. The energy 
resolution of the incident X-ray was 10-4 (ΔE/E). The XRD pattern was recorded with 
a MAR345 imaging plate. The 1D XRD pattern was transformed from 2D diffraction 
rings using the program FIT2D. The diffraction data were structurally refined with the 
Rietveld method implemented in the software package GSAS (general structure 
analysis system). A CeO2 powder standard was used to determine precisely the 
wavelength and the distance from sample to detector. As calculated, the spatial 
resolution of synchrotron X-ray diffraction measurement is 0.14 Å.  

Si K-edge X-ray absorption measurements were conducted with a Lytel detector. 
For the measurement of the Si K-edge, we changed the double-crystal monochromator 
from Si (111) to InSb (111) because a Si (111) double-crystal monochromator would 
have absorbed the X-rays and prevented them from reaching the sample. 

Before the measurement, the coin cell was disassembled in a glove box and the 
anode particles were washed with fresh electrolyte and alcohol. After being dried, the 
particles were obtained by scraping the anode plate and placed on a Kapton tap for 
measurements. 

 

SEM and TEM observations 

The morphology of the silicon nanoparticles was observed by high resolution 
thermal field emission scanning electron microscopy (SEM, JEOL JSM-7610F) and 
transmission electron microscopy (TEM, JEOL JEM-2010). SEM was used to check 
the uniformity of the nanoparticles synthesized. If the synthesis were not corrected, we 
would have observed broken pieces of the spherical nanoparticles. From the contrast of 



electron absorption, TEM allowed the hollow structure of the silicon nanoparticles to 
be checked. The shell part absorbed more electrons and appeared dark, and the hollow 
core absorbed fewer electrons and appeared bright.     
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Figures

Figure 1

(a) SEM and (b)-(c) TEM observations of hollow-structured silicon nanoparticles.

Figure 2



Potential curves of hollow-structured silicon anode after lithiation and delithiation processes.

Figure 3

Potential curves of a hollow-structured silicon anode at different charging rates. The theoretical capacity
of a graphite anode is also presented [4].



Figure 4

Cycle testing of a hollow-structured silicon anode, black line, as compared with a solid silicon anode, red
line. The theoretical capacity of a graphite anode is indicated by the green line.



Figure 5

X-ray diffraction patterns of hollow-structured silicon anodes during lithiation (a) and delithiation (b)
processes. Experimental x-ray wavelength is 0.6888 angstrom, we transfer the wavelength to 1.5406
angstrom to present diffraction pattern for better comparison.



Figure 6

Index of X-ray diffraction of hollow-structured silicon anodes after lithiation. For clear comparison, the
peak positions of Li15Si4 are marked with grey lines (MP-569849).



Figure 7

X-ray absorption spectra of hollow-structured silicon anodes during lithiation (a) and delithiation (b)
processes. (c) and (d) display simulated spectra by using FDMNES package



Figure 8

Crystalline structures of LiSi, Li2Si, Li13Si4, and Li4.1Si.


