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ABSTRACT

The volumetric energy density of today’s lithium-ion batteries is limited mostly

by the graphitic carbon anode. Silicon is a promising replacement but its

excessive volume expansion on lithiation limits its long-term cyclability per-

formance. A nano-sized aluminium containing silicon, leached in acid, with a

porous structure is shown to maintain its capacity higher than pure bulk silicon

or nano-sized silicon by over 700 mAh/g. The capacity of leached silicon is

maintained at 1400 mAh/g for more than 60 cycles. X-ray diffraction, scanning

electron microscopy, transmission electron microscopy and nuclear magnetic

resonance spectroscopy have been used to correlate the electrochemical per-

formance with the materials’ morphology and composition.

Introduction

There is an increasing demand for energy storage for

a variety of portable and stationary applications

including portable electronics, electric vehicles and

grid smoothing and storage. Lithium-ion batteries,

with a significantly higher energy density than

aqueous nickel-based systems or lead acid batteries,

have become the dominant storage medium [1]. Since

their first commercialization, secondary lithium-ion

batteries have used graphitic carbons as the active

host for lithium at the anode because of its excellent

cyclability. However, its capacity is only 0.8 Ah/cc,

and takes up almost half the volume of today’s

lithium-ion batteries. In addition, they operate at a

potential close to that of metallic lithium, which

introduces the possibility of lithium plating and

dendrite formation with a catastrophic short circuit in

the cell during cycling [2, 3].

A number of elements, such as aluminium, tin and

silicon react rapidly with lithium under ambient

conditions and are being considered as replacements

for carbon. Each of these can store twice as much

lithium as carbon on a volumetric basis, and generate

much less heat and gas than carbon per lithium ion

stored on thermal runaway and oxidation [4]. Elec-

trochemical alloying of lithium with silicon forms

alloys of LixSi with x as high as 4.4 [2, 3], resulting in
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a much higher capacity than graphite (*4200 vs.

372 mAh/g). Moreover, the issue of solvent co-in-

tercalation that can occur in graphitic carbons is cir-

cumvented in the case of Li–Si alloys [5–7]. However,

the very high undesirable volume change on cycling

leads to the decrepitation of the anode composite and

necessitates the continuous rebuilding of the solid

electrolyte interphase layer (SEI), leading to an

exponential increase of cell resistance, material pul-

verization and loss of electrical contact between the

active material and current collector [8]. Conse-

quently, capacity fading and short battery life have

been reported for observed Si bulk, Si thin films [9]

and micron-sized particles [10]. The nanostructuring

of silicon has been reported to improve the perfor-

mance [11–14]. A number of nanoscale morphologies

have been investigated to minimize electrode pul-

verization and subsequent cycling instability, such

that nanostructured materials accommodate expan-

sion and material stress by incorporating pores or

voids, or by exploiting high surface-to-volume ratios

[15]. Meanwhile, nanostructuring shortens lithium

diffusion distances within the electrode, which ben-

efits high rate capability [16]. For instance, Kohan-

dehghan et al. reported that silicon nanowires

(SiNWs) coated with magnesium and tin show sig-

nificant improvement in electrochemical perfor-

mance, the optimum architecture 3Sn/SiNWs

maintained a reversible capacity almost double of

baseline uncoated SiNWs [17, 18]. There is also some

evidence that thin films of silicon with dimension of

1.2 lm prepared by chemical vapour deposition

(CVD) obtains a discharge capacity of up to

4000 mAh/g over ten cycles, and evaporated thin

films (40 nm) have shown stable capacities of up to

3000 mAh/g over 25 cycles [19, 20]. Nevertheless, as

capacity is limited by cathode materials, exceedingly

high capacity is not necessary for anodes, instead,

long cycling life is indispensable. It has also been

reported that Si nanotubes prepared by reductive

decomposition of a silicon precursor in an alumina

template and etching [21, 22], and Si nanowires

realized using vapour–liquid–solid (VLS) or vapour–

solid (VS) template-free growth methods [23], can

both achieve the theoretical capacity of silicon with

little fading during lithium insertion and removal

process, but the improvement is limited, considering

their tedious fabrication. Mechanical milling can

significantly increase the specific surface area of the

composite material [11, 24–26]. Graetz et al. reported

that the cycle life depends on the nanostructured

nature of the materials [26]. Introducing protection

layers on the surface of silicon particles has been

reported as an effective way to reduce side reaction

and form stable SEI layers. Gaeun et al. reported that

Si/Al2O3 foam anode with Al2O3-coated Si as the

outer shell and Al2O3 as the core exhibits good

cycling stability [27].

To address these issues, our research group has

developed a new silicon anode with high loading and

good electrochemical performance, which was

derived from an Si–Al eutectic rather than from pure

silicon [28]. The precursor eutectic contains 87.4 wt%

Al and 12.6 wt% Si [29]. All but 5% of the Al can be

removed by acid leaching. Most of this *5 at.% of Al

is dissolved as a solid solution in this nano-sized Si

material. Here, we build on our earlier communica-

tion [29], determining the characteristics of this nano-

sized porous aluminium containing silicon and

comparing it with bulk silicon and nano-sized silicon.

Materials and methods

Three silicon materials were studied. A leached sili-

con was formed by etching a low-cost Al–Si alloy (325

mesh, 99%, Al:Si = 88:12 wt%, Alfa Aesar) in an

excess of a 3 M aqueous solution of HCl for about

6 h, following our earlier procedure [28]. A second

nano-Si was formed by milling bulk Si for 2 h, and a

reference standard silicon from Umicore Company

was provided by Lawrence Berkeley National Labo-

ratory (LBNL).

The materials were characterized by synchrotron

powder X-ray diffraction (XRD) on the beamline

X14A at National Synchrotron Light Source with a

wavelength of 0.7785 Å. The data were recorded

during step scan in the 2h range of 10�–60�. The

Rietveld refinement of the XRD patterns was done

using the GSAS/EXPGUI package [30, 31]. The

morphology and elemental distribution were char-

acterized by scanning electron microscopy (SEM) and

energy-dispersive X-ray spectroscopy (EDS), on a

zeiss supra field emission SEM operating at 10.0 and

15.0 kV, respectively. The electron diffraction and

high angle annular dark field (HAADF) imaging in

scanning transmission electron microscopy (STEM)

imaging were carried out by transmission electron

microscopy (TEM) JEOL JEM2100F with STEM and

EDS elemental analysis. The chemical shift analysis
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was conducted by 29Si nuclear magnetic resonance

spectroscopy (NMR) equipped with a Bruker AC 300

spectrometer with a Doty 7 mm CP/MAS probe. The
29Si frequency was 59.6 MHz under direct polariza-

tion experiment with an MAS spinning speed of

4 kHz, 5 ls 90� pulse, 4500–5500 scans and 15 s

relaxation delay.

Electrochemical properties of these Si materials

were evaluated in 2325-type coin cells under an argon

atmosphere with lithium foil as the counter electrode,

a Celgard 3501 separator, and a 1:1 volume mixture

of ethylene carbonate and dimethyl carbonate

(Novolyte) with 10% fluoroethylene carbonate addi-

tive were tested on a VMP2 multi-channel poten-

tiostat (Biologic) at C/40 rate (current density

0.12 mA/cm2, *48 mA/g) for the first cycle, fol-

lowed by C/10 rate (0.5 mA/cm2, *200 mA/g) for

the remaining cycles from 2.0 to 0.01 V. The com-

posites of the active material, carbon black (Cities

Service Company) and sodium carboxymethyl cellu-

lose (CMC, VMR) in a weight ratio of 70:20:10 were

cast on copper foil, using an DI water slurry and

dried at 85 �C in air for 12 h. Capacities were calcu-

lated based on the weight of Si (2–3 mg/cm2).

Figure 1 Electrochemical

data for Si electrodes. Capacity

and efficiency versus cycle

number, and voltage profiles

for the first two galvanostatic

cycles of a and b leached Si,

c and d standard Si, and e and

f milled Si. For all three

materials, the first cycle was

performed at 0.12 mA/cm2(C/

40) and all subsequent cycles

at 0.5 mA/cm2 (C/10).
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Results and discussion

The electrochemical behaviour of the silicon anode

materials is shown for the first 60 cycles in Fig. 1. The

leached Si material shows the most stable cycling,

maintaining a capacity of *1400 mAh/g over 60

cycles, whereas the standard Si although having the

highest capacity over the first ten cycles fades

rapidly. The milled Si material has the highest first

cycle capacity of around 4800 mAh/g, which is over

the theoretical capacity, but falls off very rapidly with

a capacity of under 200 mAh/g at the 60th cycle. In

the first cycle, some lithium ions are consumed to

form SEI layer, and this amount of electron transfer is

included in the first cycle capacity, so it is possible

that the experimental capacity is greater than the

theoretical capacity, especially for particles with

dense defects and disorder structures. It is consistent

with the morphological results shown in SEM figures,

which will be discussed further in the following

analysis. Based on the density of 0.96 g/cc for Li4.4Si

and the capacity observed here of 1400 mAh/g, the

calculated volumetric capacity of the leached Si is

1.3 Ah/cc after 60 cycles. This is significantly higher

than the theoretical 0.75 Ah/cc for lithiated graphitic

carbon, LiC6. For comparison, pure Li has a volu-

metric capacity of 2.1 Ah/cc. The capacity of the

electrode is 980 mAh/g, which is still almost two

times higher than graphitic carbon, the current anode

in market.

All three materials showed a significant first cycle

loss. The higher the first cycle capacity, 3300, 3700

and 4800 mAh/g, respectively for the leached, stan-

dard and milled silicon, the greater the loss in mAh/

g. The Coulombic efficiency of the leached Si is 68%

in the first cycle and increases to a steady 99% after a

few cycles as indicated in Fig. 1a, which is higher

than those of the other materials after the first few

cycles. This initial irreversible capacity loss has been

observed by others [23, 32], and can be attributed to

surface reactions stemming from both SEI formation

and lithiation of surface oxides. Although SEI for-

mation has been observed for Si [33], we do not

believe this to be the major cause of the initial excess

capacity of any of the three silicon materials, because

there is no appreciable capacity in the voltage range

of the SEI formation (0.5–0.7 V) during the first cycle,

[26] as observed in the voltage profiles in Fig. 1.

Compared to the high charge capacity, the capacity

involved in the SEI layer formation would be very

small. Other side reactions with, for example, the

added carbon may be possible causes, but the

mechanism is not yet understood.

The leached silicon retains its high capacity even at

high rates of reaction with lithium, as shown in

Fig. 2. The capacity of leached Si at 0.15 mA/cm2 (C/

15) is 1700 mAh/g, which is more than 50% higher

than that of standard Si and 60% higher than that of

Figure 2 Capacity as a function of cycling rate for leached Si,

standard Si and milled Si.

Figure 3 XRD patterns and Rietveld refinement of a leached Si,

b standard Si and c milled Si.
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milled Si both at the same C rate. Impressively, the

capacity of leached Si at 2.3 mA/cm2 (C/1) still

maintains 750 mAh/g, at which rate both standard Si

and milled Si lose essentially all their capacity.

The difference in electrochemical properties among

the three silicon materials may be related to their

Figure 4 SEM images for a leached silicon material, b standard Si and c milled Si. The EDS results are also inserted into the images.

Figure 5 TEM images of leached Si and AlSi alloy (precursor):

a STEM HAADF image of leached Si; EDS elemental mapping of

b Si and c Al in leached Si; d STEM HAADF image of AlSi alloy

(precursor); EDS elemental mapping of e Si and f Al in AlSi alloy;

the selected area electron diffraction patterns of g leached Si,

h particle A and i particle B in AlSi alloy.

Table 1 Refinement results of the three pristine silicon materials

Si sample a (Å) V (Å3) Rp (%) Crystallite size (nm)

Leached 5.451 161.9 7.0 40

Standard 5.431 160.2 7.8 81

Milled 5.430 160.1 4.7 20
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different structures and morphologies. Accordingly,

XRD measurements were carried out for the pristine

powder of these materials. The XRD patterns with

Rietveld refinement plots are shown in Fig. 3; and the

detailed refinement results are summarized in

Table 1, together with the crystallite size calculated

using the Scherrer equation. All three pristine silicon

materials show only diffraction peaks associated with

Si. The standard silicon has the sharpest peaks, and

this is at least in part due to the larger 81 nm crys-

tallite size; it also has a lattice parameter identical to

that of pure Si, 5.431 Å [34]. The leached silicon has a

larger unit cell volume, which can be associated with

the dissolution of some Al into the Si [28]. The unit

cell volume of the milled silicon is again typical of

that of pure silicon, and the broader peaks can be

associated with the very small crystallite size, 20 nm.

The nano dimension is likely due to the strain intro-

duced by the milling.

The morphologies of these silicon materials were

studied by SEM, as shown in Fig. 4. As reported by us

[28] earlier the leached Si particles are spheres with

dendritic flower-like structure, with each stem (di-

ameter under 50 nm) packed side by side to form the

outer layer. This morphology reveals that during

solidification of the Al–Si eutectic, the Si dendrites

grow before Al solidification and stop when they

impinge on each other. After etching, almost complete

absence of aluminium (*88 wt% or 86 vol% in the

original Al–Si) leaves a very porous structure inside

the etched Si spheres [28]. The good performance of

leached Si may be related to this porous structure: it

is beneficial as a buffer media via leaving sufficient

room for the particle’s expansion during lithium

insertion, so as to enhance the capacity retention

upon cycling the lithium in and out of the structure.

In contrast, the other silicon materials do not have

such an open morphology: standard Si exhibits a

solid spherical morphology with a broad particle

size distribution; the milled Si is aggregated into

cube-like particles (*100 nm), also with a broad size

distribution.

Energy-dispersive X-ray spectroscopy mapping

shows that there is around 5 wt% Al evenly dis-

tributed in the leached Si material (Fig. 4, inset),

which is consistent with the XRD results. Overnight

etching with vigorous stirring resulted in no change

in the elemental distribution. The *1 at.% Al in the

standard Si (shown in EDS) might be an impurity

introduced in the fabrication process, as the lack of a

lattice parameter change suggests that it is not dis-

solved into the silicon. The microstructure of the

leached Si along with its precursor AlSi alloy was

investigated using TEM. The TEM images are shown

in Fig. 5. The STEM high angle annular dark field

(HAADF) image of leached Si (Fig. 5a) indicates

dendritic particles, which are the broken parts of the

flower-like silicon in Fig. 4. Figure 5b, c displays

respectively an even distribution of Si, and just a

trace of aluminium consistent with the EDS results.

The precursor AlSi alloy shows an even distribution

of both the Al and Si, and is consistent with

around *88% Al and 12% Si. The selected area

electron diffraction patterns (Fig. 5g–i), exhibit well-

defined spots indicative of predominantly crystalline

Si in the leached material and predominantly Al in

the precursor alloy.

Solid-state 29Si nuclear magnetic resonance (29Si

NMR) spectra for the three Si materials and the pre-

cursor SiAl alloy shown in Fig. 6 indicate the char-

acteristic peak of crystalline silicon, with a chemical

shift of -81 ppm [35]. The lower broad peak seen in

three of the materials at around -69 ppm can be

associated with amorphous silicon [35, 36]. The signal

seen around -115 ppm in the leached material is

likely due to the presence of Si–O species formed

during the acid leaching; the peak at -115 ppm is

found in SiO2 [35].

Figure 6 29Si MAS NMR spectra for the three Si materials and

the SiAl alloy.
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Conclusions

A rational control of morphology and composition

plays a critical role in enhancing the electrochemical

performance of Si as anode in lithium-ion batteries. A

leached silicon material with its nano-sized crystal-

lites and its nanoporosity shows enhanced capacity

retention on cycling over both milled silicon and

standard silicon particles. This may be associated

with the openness of the morphology, which allows

for the ready expansion of the lattice on reaction with

lithium. These findings emphasize the importance of

the control of crystallite size, porosity and chemical

composition for silicon-based anodes for lithium

batteries. This leached Si has a volumetric energy

density 80% greater than that of graphitic carbon.
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