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SiO2 is one of the most abundant materials on Earth. It is cost-effective and also environmentally 

benign when used as an energy material. Although SiO2 was inactive to Li, it was engineered to 

react directly by a simple process. It exhibited a strong potential as a promising anode for Li-ion 

batteries. 

 

Broader context 

We are proposing innovative and practical concepts employing facile amorphization of quartz 
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powders by high energy mechanical milling to obtain high performance anode materials for Li-ion 

batteries. Silica (SiO2) is one of the most abundant materials on Earth and the main constituent of 

sand. It has been known inactive to Li, but was engineered, for the first time, to react directly with 

Li by simple mechanical milling. Surprisingly, metallic Si and amorphous silicon dioxide as well 

as gaseous oxygen were evolved from the very stable crystalline silicon dioxide during milling. 

The size of silicon crystallites was approximately 5 nm and dispersed randomly within the 

amorphous silicon dioxide matrix. The engineered material reacted with Li exhibiting an excellent 

electrochemical performance with the capacity of 800 mA h g−1 over 100 cycles without any 

buffering media when the electrode was subjected to cycling. Also, in spite of the low initial 

Coulombic efficiency ( 37%), we successfully enhanced it up to 70% by controlling voltage. 

This process provides a simple, cost-effective and environmentally benign anode material with 

high capacity for Li-ion batteries.  

Introduction 

Development of new, safe, low cost and environmentally friendly materials for lithium ion 

batteries is an essential part of the technological advance of portable electronic devices and 

electric vehicles. To meet the requirements, such as high capacity, power and stable cycle 

performance, diverse research has been performed, in the case of the anode, to search for 

Li-alloying materials with a higher capacity than graphite (LiC6: 372 mA h g−1).1 Although alloy 

systems provide large capacities, i.e. Li–Si (Li4.4Si: 4198 mA h g−1),2–4 Li–Sn (Li17Sn4: 959.5 mA h 

g−1),5–7 Li–Sb (Li3Sb: 660 mA h g−1)8,9 and Li–P (Li3P: 2596 mA h g−1),10,11 severe cracking and 

pulverization of electrode materials occur due to a large volume change during the 

alloying/dealloying with Li. To alleviate this problem, the nanosized or nanostructured materials 

as well as active/inactive composite materials have been suggested. Nanosized electrode materials 

can afford to accommodate mechanical strain during cycling. Also, cycle performance could be 

enhanced by reducing the volume variation that originates from the alloying/dealloying with Li.12 

In the case of Si, it was reported that nanosized Si (78 nm) exhibited a better capacity retention 

than Si powder (−250 mesh) by Li et al.13 In addition, a reduced diffusion path for ions improved 

ionic conductivity.14 There have also been reports of morphology refinement and using favorable 

structures for the volume variation of Si.15–17  
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Various volume buffering matrices around Li-active materials have been employed to limit the 

mechanical strain. Carbon has been employed mostly due to its low cost and excellent 

conductivity.18–20 Other Li inactive matrices have been tested for elasticity and hardness.21,22 Even 

though they presented equivalent problems to carbon, these also offered mechanical rigidity and 

elasticity to the composite, so that the composite could be robust enough against the stress 

generated from the volume variation. 

Silica (SiO2) is one of the most abundant materials on Earth, and widely utilized in the glass 

and electronics industries. However, when applying silica as the anode material for Li secondary 

batteries, it does not react with Li due to its stability as an oxide. It was reported that it exhibited 

Li reactivity in amorphous states such as a thin film or hollow sphere,23–25 but the processes 

required complex procedures employing high cost precursors. Also the reaction mechanism is not 

yet clearly understood. 

We herein report on the simple, cost-effective and ecologically acceptable material, SiO2 

(quartz), as a precursor, to be used as an anode material for Li secondary batteries by high energy 

mechanical milling (HEMM). 

Experimental 

Preparation 

HEMM was employed with commercially available SiO2 (Quartz, Aldrich, −325 mesh) powder. 

The powder was placed into a hardened steel vial (80 cm3) with steel balls of two different sizes 

(3/8 inch, 3/16 inch) at a ball/powder ratio of 20 : 1. The whole apparatus was assembled in an Ar 

filled glove box. The HEMM process was conducted at 800 rpm.  

Materials characterization 

Milled SiO2 samples were characterized by XRD (Rigaku, D-MAX2500). Ex situ HRTEM (JEOL 

3000F operating at 300 kV) images were obtained at the indicated potential in DCP (Fig. 2b). For 

the TEM observation, the electrodes were taken off the cell and washed with diethyl carbonate 

(DEC), and dried in a vacuum chamber. This dilute suspension of the sample was dropped onto a 

carbon-coated TEM grid and dried in a vacuum chamber for 3 h. Beads were fabricated using LiB 

for XRF (Bruker S4 Pioneer) analysis. In AES (Perkin-Elmer PHI 660) analysis, sputtering was 

performed at 3 different sites with a 17 nm min−1 rate. FT-IR (Nicolet 6700) analyses were 

performed in attenuated total reflectance (ATR) mode. For the gas analysis, a steel vial containing 
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the 24 h milled sample was immersed and opened within a mineral oil (Samchun chemical, Korea) 

filled container. Bubbles from the vial were collected in a beaker and the gas was captured by a 

gastight syringe (Hamilton, USA), followed by injecting the samples into a gas-chromatography 

mass spectrometer (Perkin Elmer Clarus 600T). The injected quantity of each gas (the gas samples 

from the milling vial and glove box) was 200 μl. Each run was performed for 15 min.  

Electrochemical measurements 

Electrodes were fabricated for the electrochemical evaluation. Pristine and milled SiO2 samples 

(70 wt%) were mixed with N-methyl pyrrolidinone (NMP) (solvent), polyamide imide (15 wt%, 

binder, Solvay) and Ketchen black (15 wt%, conducting agent) at 55 °C. The slurries were coated 

on copper foil and dried under vacuum at 200 °C for 4 h. Coin-type cells were assembled in an 

Ar-filled glove box using Celgard 2400™ as the separator. Li foil was used as the counter and 

reference electrodes. 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (3 : 7 by 

volume) and 10% fluoroethylene carbonate (Panax Starlyte) was used as the electrolyte. Cells 

were tested galvanostatically between 0.0 and 2.0 V (vs. Li/Li+) at a current of 100 mA g−1. In the 

case of voltage control, the potential was lowered to 0.27 V and held for 24 h, then followed by a 

charging step at the 1st cycle only. Li was inserted while the cell was discharging and was 

extracted during charging.  

Results and discussion 

Pristine SiO2 (Aldrich, −325 mesh), a main constituent of sand, and 24 h milled samples (<300 nm) 

were characterized by using an X-ray diffractometer (XRD), and they are compared in Fig. 1a and 

b (SiO2 samples with different milling times are illustrated in Fig. S1a†). All the characteristic 

peaks corresponding to crystalline SiO2 vanished and the peaks were broadened, revealing an 

amorphous nature, with a further increase in milling time. A Fourier transform infrared 

spectrophotometer (FT-IR) was employed in the absorbance mode, and the spectra are compared 

in Fig. 1c. In the case of the 24 h milled sample, broadening of the full width at half-maximum 

(FWHM) of the Si–O stretching peak could be noticed, and a red shift (1056 cm−1 to 1018 cm−1) of 

frequency occurred. The red shift phenomenon due to amorphization was also observed by Liu et 

al.,26 in which the Si stretching peak of the amorphous state shifted to a lower position and the 

FWHM became narrow after annealing. This result agrees well with our result. FT-IR spectra with 
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different HEMM operation hours are given in Fig. S1b†.  

 

 

 

Fig. 1 (a) Beach sand with XRD pattern and 

pristine silica powder (upper right). (b) XRD 

patterns, (c) FT-IR spectra and (d) HRTEM 

image of 24 h milled SiO2, respectively. 

 

 

 

In order to observe the microstructural change during milling, a high resolution transmission 

electron microscope (HRTEM) was employed, and the image for 24 h milled sample is shown in 

Fig. 1d. SiO2 had started to be amorphized in the case of the 12 h milled sample but, unexpectedly, 

Si crystallites of nanometre size ( 5 nm) were observed in the 24 h milled sample (12 and 36 h 

samples are shown in Fig. S2a and S2b†, respectively). This indicated that the O/Si ratio of the 

milled SiO2 samples should be decreased; thus, X-ray fluorescence (XRF) spectrometry and Auger 

electron microscopy (AES) with a depth profile (to 200 nm) for the solid phase (quantitative) as 

well as gas chromatography (GC) for gas phase analyses (qualitative) were carried out. Tests were 

performed three times for each sample. The average ratios of O/Si, based on XRF data, were 

1.9997, 1.989, 1.929 and 1.935 for pristine SiO2, 12 h, 24 h and 36 h milled SiO2 samples, 

respectively. Also according to the AES profiles, pristine SiO2 exhibited a consistent ratio (oxygen 
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to Si) of 2.0, while the average O/Si ratio for 42 points along a channel of 200 nm depth in the 24 

h milled SiO2 sample was 1.91, which compared with 1.93 from the XRF data. The oxygen 

concentration in the gas phase in the vial during milling for the 24 h milled SiO2 sample was 

dramatically increased compared to that of the Ar sample, taken from the Ar filled glove box as 

illustrated in Fig. S3†. This result explained the evolution of a small amount of nanosize Si 

crystallites ( 2.15 wt%) in the amorphous SiO2 phase, and also confirmed the AES and XRF data 

mentioned above. The oxide reduction by the HEMM was also observed by Jung et al. using 

MoO3 oxide.27 

Preliminary experiments showed that the 24 h milled SiO2 sample showed the best 

electrochemical performance among the three samples, and the electrochemical behaviors of the 

24 h milled SiO2 sample were analyzed in detail. Fig. 2a shows the voltage profile of the 24 h 

milled SiO2 sample at the 1st and 10th cycles. The discharge and charge capacities of the 1st cycle 

were 2243 and 827 mA h g−1, respectively, with a low initial Coulombic efficiency of 37%. The 

corresponding differential capacity plots (DCPs) are illustrated in Fig. 2b. A large surge in the 

profile was detected at 0.22 V during the first discharging step, but this did not occur during the 

second cycle. This was caused, in general, by the large overpotential associated with the metal 

oxide electrode during the reaction with Li.28 
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Fig. 2 (a) Voltage profile of 24 h milled SiO2 at 

the 1st and 10th cycles. (b) Differential capacity 

plot (DCP) of 24 h milled SiO2 (at the 1st and 10th 

cycles). Ex situ HRTEM images (c) discharge at 

0.27 V, (d) discharge at 0.24 V, (e) discharge at 

0.0 V, (f) charge at 0.34 V and (g) charge at 

0.39 V, respectively. 

 

 

 

The SiO2 (α-quartz) consisted of a 144° bond angle of Si–O–Si, which indicated 6-membered 

rings. The thermally grown oxide on the Si substrate also mainly consisted of a 144° bond angle 

of Si–O–Si with a smaller population of bond angles of 120° (4-membered rings) and 160° or 

more (7-, 8-membered rings).29 When this oxide on the Si substrate was bombarded with static 

defocused He+ ion beams, the bond angles were widely redistributed into 4-membered rings as 

well as 7- and 8-membered rings.29 Such a change of the bridging bond angle occurred not only in 
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the presence of new chemical species but also during local atomic rearrangement (geometry), and 

could induce a valence charge redistribution, causing the core-level binding energies to shift 

(chemical shift).30 The binding energy of each Si 2p and O 1s level in the network was directly 

dependent on the structure of the network,31 and atomic rearrangement from the crystalline to 

amorphous state would occur due to repeated impacts during the HEMM process. The structural 

transformation may lead to the change in the valence charge, and this could be related to the 

Li-reactivity of milled amorphous SiO2 similar to that of SiO consisting of various valence states 

of Si,32,33 while crystalline quartz did not react with Li. 

To identify the reaction mechanism, since no distinguishable peaks in the XRD patterns were 

observed, ex situ HRTEM images were obtained at selected potentials indicated in the DCPs, and 

the results are shown in Fig. 2c–g. When the potential was lowered to 0.27 V, unreacted Si and 

Li2Si2O5 phases appeared (Fig. 2c). At 0.24 V, another Li silicate, Li4SiO4, also formed (Fig. 2d). 

As the potential reached 0.0 V, the Li15Si4 phase was observed, as shown in Fig. 2e. Among the 

above Li-silicates, it was noted that the formation of the Li2Si2O5 phase was reversible for the SiO2 

thin film anode,23 while the Li4SiO4 formed during synthesis of the SiOx/C composite was 

irreversible34 during cycling. When Li was extracted during charging, decomposition of Li15Si4 was 

observed at 0.34 V (Fig. 2f). Upon further charging, Si nanocrystallites, SiO2 and Li4SiO4 phases 

were detected at 0.39 V (Fig. 2g). 

Based on the HRTEM results, the reaction with Li during the 1st cycle can be expressed as 

follows (a-SiO2 = amorphous SiO2), 

Discharge reaction 

• 0.27 V  

  

a-SiO2 + (4/5)Li+ + (4/5)e− → (2/5)Li2Si2O5 + 

(1/5)Si 
(1) 

• 0.24 V  

  a-SiO2 + 2Li+ + 2e− → (1/2)Li4SiO4 + (1/2)Si (2) 

• 0.0 V  

  Si + (15/4)Li+ + (15/4)e− → (1/4)Li15Si4 (3) 

Charge reaction 
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• 0.34 V  

  Li15Si4 → 15Li+ + 4Si + 15e− (4) 

• 0.39 V  

  Li2Si2O5 + (1/2)Si → (5/2)SiO2 + 2Li+ + 2e− (5) 

In reaction (3), Si released from the above reactions (1) and (2), as well as that evolved during 

the milling, reacted with Li at this potential. In the 10th cycle, reversible phases such as Li15Si4 and 

Li2Si2O5 were repeatedly formed and decomposed into Si and SiO2, respectively (Fig. S4†). 

The crystalline structures of reversible Li2Si2O5 (S.G. Ccc2, a = 5.807 Å, b = 14.582 Å, c = 

4.773 Å) and irreversible Li4SiO4 phases (S.G. P121/M1, a = 5.147 Å, b = 6.094 Å, c = 5.293 Å) 

are illustrated in Fig. 3a. The b-axis length of the unit cell for orthorhombic Li2Si2O5 is 2.4 times 

longer (14.582 Å) than that of monoclinic Li4SiO4 (6.094 Å). The open tunnel structure along the 

c-axis in the Li2Si2O5 phase could provide easy diffusion paths for Li ions, a fact which supported 

the reversibility of the Li2Si2O5 phase. 
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Fig. 3 (a) Ball–stick models of crystal structures 

of Li2Si2O5 and Li4SiO4 (red: lithium, green: 

silicon, purple: oxygen). (b) Comparison of 

cycle performance between pristine and 24 h 

milled SiO2 (inset: Coulombic efficiency over 

 



200 cycles). (c) Cycle performance of Al added 

and voltage controlled SiO2 samples (inset: 

increasing tendency of Coulombic efficiency 

due to the addition of metal (b) or voltage 

control (c)). 

 

 

Cycle performances of pristine and 24 h milled samples are compared in Fig. 3b. Cycle 

performances with different HEMM operation times are also given in Fig. S5†, and 12 h milled 

SiO2 exhibited a negligible reactivity with Li. On the other hand, reversible Li insertion and 

extraction were observed for the 24 h and 36 h milled SiO2 samples. In the case of the 24 h milled 

sample, the drastic decrease of the charge capacity compared to the discharge capacity during the 

1st cycle was attributed to the formation of an irreversible Li silicate (Li4SiO4) ( 928 mA h g−1) 

and some of the Li remained in the conducting agent ( 488 mA h g−1). Although 24 h milled SiO2 

showed a low initial Coulombic efficiency of 37%, it was recovered to 99% from the next cycle 

as illustrated in the inset. Furthermore, the capacity retention of the electrode was 90% at the 

100th cycle and over 80% over 200 cycles. 

Fig. 3c shows the cycle performances of Al added (15 wt%) and voltage controlled SiO2, 

respectively. Addition of Al metal, which can reduce the SiO2 during milling, could enhance the 

initial efficiency from 37% to 52%. Also, controlling the voltage down to 0.27 V to form the 

reversible Li2Si2O5 phase only at the 1st cycle was suggested to increase the initial Coulombic 

efficiency. It is a similar concept to the memory effect.35 In this case, the initial Coulombic 

efficiency was dramatically enhanced to 70%. Both methods did not affect the cycle 

performance. 

Since the amount of metals added, the voltage control, and the operating conditions of HEMM 

would significantly affect the electrochemical performance, these factors should be optimized to 

increase the 1st cycle Coulombic efficiency. 

Conclusions 
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In conclusion, we have fabricated, for the first time, nanosized Si embedded in amorphous silica 

using bulk crystalline quartz (SiO2) powders through a HEMM method. When applied as an anode 

material in Li-ion batteries, the 24 h milled SiO2 exhibited a reversible capacity of 800 mA h g−1 

over 200 cycles. The advantages of the milled SiO2 anode material designed here include its low 

cost for mass production, the abundance of raw material, and its high reversible capacity with 

excellent cyclability. These advantages could trigger further research for commercialization of 

silica based high performance anodes for Li-ion batteries.  
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