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Highlights

Non-stoichiometric silica-carbon composite was pred by mechanochemical method.
The heat generation assisted the fusion of nanofesrinto 3D porous structure.
The structure facilitated shortening diffusion patleviating volume expansion.

Partial reduction, homogenous distribution ensesazkllent electric conductivity.

The composite with high performance and low costpsomising candidate of anode.
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Abstract

A large number of new electrode materials aadeh structural designs are emerging for

lithium-ion batteries, yet scalable synthesis aad material costs still hinder the practical



application of such materials. Here, we designatifabricated a low-cost SY composite by

a facile and scalable mechanofusion route with lanbidling method. We selected aerosil and
graphite precursor-needle coke, which are two wideled materials in industry, as a silicon
source and carbon source, respectively. This/S8i©@omposite shows a high reversible capacity
(ca. 550 mAh g') at the 180th cycle and good rate performance.daliable synthesis route of
electrode materials can stimulate the progressh@raenergy storage technologies for practical

applications.
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lithium ion batteries, mechanofusion, aerosil,dleeoke, Si-based anodes.

1 Introduction

Lithium-ions batteries (LIB) are not only widely used in portable devices dab important for
applications in electric vehicles and smart gritisere are increasing demands on lighter and
smaller LIBs, which can be achieved by increasimg tapacity of electrode materials. The

conventional graphite anode has a limited theaaksipecific capacity of 372 mAhgwhich is



difficult to satisfy the current demahd Silicon has received much attention as an altizma
anode material in next-generation LIBs s, due $ohigh theoretical specific capacity (about
4200 mAh g% and relative abundance in nafurelowever, silicon anode suffers from poor
cycle life due to substantial volume changes (a lasis 30096)during repeated charging and
discharging. Several strategies have been proposed to impheveyclic stability, including but
not limited to the use of nanopartidieform alloys or composites with other elemémtscarbon
coating™®. Amongst them, silicon nanoparticles can mostiffitly alleviate the considerable
volume changes, but still, the high production cwstnanoparticles limits the practicality.
Recently, silica-derived materials have attracteasalerable attention as an anode for LIBs. For
example, Chang et &.used commercial SiOpowder (Quartz, Aldrich, 325 mesh) as a raw
material to prepare the LIB anode, which exhibigeteversible capacity of 800 mAR gver
200 cycles. Lv et &f synthesized porous silica particles coated wit@orphous carbon film
using tetraethoxysilane (TEOS) as the source ighsibllowed by ball milling in ethanol. Guo et
al.'® prepared an amorphous composite with a reversipacity of 600 mAh §after 12 cycles
via a hydrothermal method. Yao et'alused a simple solid-liquid mixed method to prepare
SiOJ/C composite material, showing an initial dischargpacity of 536 mAh ¢ and a
reversible capacity of 500 mAH'cat the 50th cycle. During the charging processorahous
silica and lithium ions react to generate lithiumhosilicate, lithium disilicate and nano-size
silicon™. As in most ceramic-based electrodes, the silavéved electrodes suffer from poor
cyclic performance due to the low conductivityFurthermore, the charging mechanism involves
the reaction between amorphous silica and lithiengénerate lithium orthosilicate, lithium
disilicate and nano-size silicbh* Although this mechanism may help to reduce tis¢éodion

by sudden volumetric expansion, the repeated ptteeseges significantly reduce the cycle life of
the electrod®¥. Adding carbonaceous materials to the electrodieusing nano-silica have been
reported to overcome both the phase changes andaiductivity problertf. The carbon
materials act as major active sites for lithium iotercalation and as a buffer to the stress
generated by the volume and phase chdnidgesowever, adapting this solution is impractical
due to the complicated proc&SsY' of preparing the silica nanoparticles and obtajnim
homogeneous dispersion of the carbon materialsteidre, a more straightforward synthetic
method and more advanced material structure drewsfiited for the silica-based electrodes to

find their way to commercial LIBs.



Ball milling is an old metallurgical process thatshbeen traditionally used for blending powders
or reducing the particles siZelt has been proven as a powerful technique tdymre controlled
compositions and sized powders with a homogenetustgre in different systems, which is
difficult to obtain with other methods The mechanical power of the ball mill has beesdu®
drive many chemical reactions and accelerate kiakyi slow processes in what is known as
mechanochemical proces¥es These mechanochemical processes are relativelycdst

techniques that have been used on a large-scabenaderials productidr.

In this work, a simple mechanochemical synthesigeravas employed to partially reduce silica
and form a porous network of metallic-like part&lembedded in a carbon matrix. The process
used aerosil as a cheap silica precursor and neellte particles as the source of carbon. The
heat generated from the milling process induceéifggion between the non-stoichiometric
silica particles, adding another sustainable fattiothe advantages of the process. The/8IO
composites electrode shows a high reversible cgpambust cycle stability and excellent

rate-capability as an anode material for lithium-imatteries.

2 Experimental

2.1 Preparation of SO,/C core-shell composite

The fabrication process of ST core-shell composites is illustrated in SchemBdedle coke
(0.3 g) and aerosil (0.7 g) were placed into arteaga (80 crf) with agate balls (30 g, 4 mm in
diameter)., The mixture was ball-milled with higimeegy mechanical milling (QM-QX2)
(HEMM) at a constant rotation speed of 500 rpm1f2th at room temperature. The mixture was
then sintered at 700C for 2 h under a flow of argon to give the finahgoosite (denoted as BM
Aerosil/NC-700). For comparison, we have preparedrdrolled sample by heating a mixture of
aerosil and needle coke after gentle mixing usingrtan and pastel (donated as SM
Aerosil/NC-700). We also separately prepared pamban and Si@from heated needle coke

and pure aerosil at the same conditions and dentitech as NC-700and Aerosil-700,



respectively. Lastly, a SiOcontrol sample (99.99%, metals basis, 200-mesly wsed for

comparison.

2.2. Materials Characterization

The crystal structures of the samples were deteinby XRD analysis using Bruker D8a. The
surface morphology of the particles was charaadrizy using a scanning electron microscope
(SEM, HITACHI SU8010) with energy dispersive spestiopy (EDS) and a transmission
electron microscope (TEM, JEOL JEM-3000F). For rdow the FTIR spectra of the samples,
we used a Fourier transform infrared spectroscdpR, SHIMADZU IRAffinity-1) in the
range 400-4000 cth The carbon content of the composites was confirmsing a
thermogravimetric analyser (TGA, Pyris Diamond600B/DTA, PerkinElmer Co, America).
X-ray photoelectron spectroscopy (XPS, VG ESCALABM) experiments were used for

determining the elemental composition of the contponaterials.

2.3. Electrochemical characterization

The electrode was prepared by mixing the activeeriat(80 wt. %), acetylene black (10 wt. %)
and polyvinylidenefluoride (10 wt. %), with N-metk8rpyrrolidone as a solvent. This was
spread onto copper foil as a current collectorthed dried overnight in a vacuum oven at 80
The electrodes were then punched into 8 mm diangiétes, with a mass of around 1 mg. For
testing the electrochemical performance of the asite materials, the coin cells (CR2032 3 V)
were assembled in an argon-filled glove box, whertd moisture and oxygen contents were less
than 0.1 ppm. Metallic lithium was used as the teurlectrode, and porous polypropylene
(Celgard 2400) was used as a separator. The digetomnsisted of 1M LiPFn a non-aqueous
solution of ethylene carbonate (EC), ethyl methgtbonate (EMC) and dimethyl carbonate
(DMC) with a volume ratio of 1:1:1. The electrochieat performance of the composite
materials was tested by galvanostatic charge-digehasts using Arbin battery cycler (BT2000),
Cyclic Voltammetry and Electrochemical Impedancee@mscopy measurements were
conducted using Princeton Applied Research Versd¥TAotentiostat. The galvanostatic
charge-discharge tests were performed at variousriudensities of 100200, 400. 800 mA ¢

in the potential range from 0.001 to 3.0 V. Cyalialtammograms were conducted in the voltage
range of 0.001-3.0 V at a scan rate of 0.1 itVEectrochemical Impedance Spectroscopy was

carried out in the frequency region of 100 kHz 1@10Hz with a perturbation voltage of 5 mV.



3 Resaultsand discussion

The X-ray diffraction patterns of pure NC-700 andeaerosil-700 are shown in Figure 2a (i,
iii), in which the diffraction peaks located in 20 0 2) and 43 (1 1 0f° can be attributed to

the crystalline graphitic carbon. The two broadkgeat around 30 and 42 are due to the

amorphous characteristics of aerbsilThe XRD pattern of the BM Aerosil/NC-700 compesit

overlaps with those of both needle coke and aeragsiicating that homogeneous mixing

occurred between the components of the,/&@omposites. Moreover, no peaks of SiC and Si
were observed, confirming that the Si@anoparticles have not been fully reducedhe BET

measurements of needle coke, aerosil and compftiemechanochemical synthesis were also
conducted to investigate the coating effect by balling. As can be seen from the results, the
BET surface area of BM Aerosil/NC-700 compositerdased to 127.6 iy after coating aerosil
(198.6 ni/g) on needle coke2@ m?g) by mechanochemical method. The type of N
adsorption/desorption isotherms is not changedrbedad after mechanochemical synthesis as

showed in Fig. S2.

Despite the XRD results, the XPS scanning of th2pSpeak in the composite materials shows a
sign of a partial reduction. As can be seen frogufé 2d, the Si 2p peak can be fitted with four
distinctive peaks: the peak at 103.05 eV is attebduo SiQ (Si4+)24, while the other peaks,
located at 100.6 eV, 101.2 eV and 101.85 eV, andated to the other oxidation states of
silicon SP*, S?*, SP* respectivel§” 22 By our calculations, the content of'Sin the composite
accounts for about 16%, on the other hand, theectsiof St*, S¥* and S account for about
26%, 27 % and 31%, respectively. The results ofGhe peak also show a sign of Si-C bond
after milling and calcination. Figure 2e shows ttheg C 1s can be fitted by three peaks; the one
at ~284 is for the Spcarbon, the peak at ~282 is on the position of@8&i bond, and the peak
at higher binding energy could be for the C-O bofithese results are similar to that reported for

the oxycarbide phas&s™ These kinds of mixed phases are very difficubéodetected by XRD,
due to the overlaps in the peaks positfns



The surface chemistry of the prepared particles wasstigated further by FTIR. The FTIR
spectra of the BM Aerosil/NC-700, BM Aerosil/NC cposite and commercial S&amples are
shown in Figure 2b. The spectrum of the commeBi@l has three peaks at 1089.7-¢n786.9

cm-! and 457.1 cnt that can be assigned to the Si-O rocking vibratiba symmetric Si-O-Si

ﬁl,22

stretching vibration and the asymmetric Si-O-Setstning vibration“, respectively. After

milling and calcination, the spectrum of the BM #&it/NC-700 composites samples kept the

characteristic peaks of the Si-O bond suggestiagiloxane network of the commercial SiO has
been maintain€d. Compared to the commercial SiO, the intensitytlod peaks for BM
Aerosil/NC-700 composite is weaker due to the lo®@é8i ratio in SIQ/C composites than that

of SIO™. In addition to the Si-O bond’s peaks, there are peaks appeared after calcination at

13-15
a LT

~ 1053 cm*and 1220 cnt, which may be assigned to the C-O stretching tiitam he

appearance of the C-O bonds on the surface of €res/NC-700 particles further support the
formation of the Si-O-C compound.

To study the effect of the synthesis process omtbghology of the aerosol we used electron
microscopic techniques. The SEM images of NC-700 BM Aerosil/NC-700 powders are
shown in Figure l1a, 1b. The heat-treated aerosohpke NC-700, showed flake-like particles
with clear straight edges and size distribution cat10-20 um. Ball-milling for 12 hours
destroyed the ordered structures of the flakes, taedBM Aerosil/NC-700 sample exhibits
irregular shapes of the micron-sized powder (Figlee The particles have more round edges
suggesting that the particles are more metallissiiidy due to the partial reduction. The particles
also seem to sinter together by the effect of tleat hgenerated during the ball milling.
Furthermore, the composite particle size is appgramaller than the needle coke size. The
TEM images of the BM Aerosil/NC-700 (Figure 1e dfdure 1f) revealed that the particles size
is as small as 20 nm aggregated in micron-sizestenisL This kind of aggregated nanoparticles is
usually very porous, which may facilitate the idrensfer process at the electrode/electrolyte
interface of the BM Aerosil/NC-700. Elemental scagn using energy-dispersive X-ray
spectrometry (EDX) reveals the presence of C, d, Sin The elemental mapping of the three
elements is represented in Figures 1g-j. The lonatiof the silicon, oxygen and carbon are

roughly overlapping, further proving the formatiofithe oxycarbide phase composite.



A more profound study of the reaction mechanism vasied out by electrochemical methods.
The cyclic voltammogram of the BM Aerosil/NC-70@efrode is presented in Figure 3b. The
first cycle of the CV curve has two peaks in théhodic scan and another two peaks in the
anodic scan. The first cathodic peak @ppears at around 0.75 V, corresponding to the

decomposition of the electrolyte solution and therfation of the solid electrolyte interface (SElI)
Iayer29. The other cathodic peak (ii) at around 0.2 V u® do the chemical reactions between

lithium ions and the SiPparticles. The two anodic peaks can be attribtiethe delithiation

of the LbS,0s, LisSiOs compounds and the reduction of the amorphous S&Doparticles (or
the Si-O sites in the oxycarbide pha%‘oé}‘r’. Moreover, it should be noted that an anodic pak
around 0.3 V (iii) can be observed, which is duehi® partial reversibility of LiSi,Os to SiQ

and LisSiy to st Due to the complex nature of the electrode malerthe delithiation process

is taking place in more than one step. The readtetween lithium ions and Sj@an be

summarized as foIIov@gﬂ:
ZSiO2 4L + 4e” —»Li4SiO5 + Si (1)
SiO2 +4Li T+ 4e” —»2Li20 + Si (2)

. .+ - R . .
55i0, + 4Li © + 4e < 2Li,Si,0c + Si (3)

4si + 154/ 7 + 15" < Li .Si, (4)

As expressed in Egs. (1) and (2), the newly fortig8iOs and LO might consume some
lithium ions, resulting in irreversible capacity time process of discharging. On the other hand,
the newly formed nano-silicon can be dispersed iyBi0Ds and LbO uniformly, which can

effectively relieve the volume expansion effectswng the high reversible capacity of the
composite during repeated charge and dischargcesprse%z. The above equations are also valid

for SiO; because the non-stoichiometric $i® composed with Si£and SiO, which is partially
reduced from aerosil(SKp Likewise, the amorphous SiO is formed with anhays Si and

SiOxlike clusters as well as unique interface dont4ins



Figure 3a displays the chardescharge curve of the first three cycles of contpasaterials at a

current density of 100 mA'g The composite exhibits an initial discharge cityaxf 887.2 mAh
g* and a charge capacity of 507.4 mAhwith an initial coulombic efficiency of 57.19 %h@&

reversible capacity of the composite is much highan that of the carbon materials (372 mAh
g‘1)14. Figure 3c shows the cycle performance of BM A#E-700. NC-700. SM

Aerosil/NC-700 and Aerosil-700 composites. At arent density of 100 mA Y the reversible
specific capacity of the BM Aerosil/NC-700 compesihaterial is about 550 mAhgeven after
180 cycles, indicating high reversibility and exeet cycle stability. Furthermore, the coulombic
efficiency of BM Aerosil/NC-700 composite maintaieficiency of 97.9% from the 2nd cycle.
On the other hand, the specific capacity of thadteaeedle coke is only 220 mAh'gand that

of the pure aerosil heated at 700is as low as 10 mAhgdue to their poor conductivity. The
SM Aerosil/NC-700 composite prepared by the simplxing of aerosil and needle coke
materials in mortar has a capacity of 80 mAh a a current density of 100 mA'gThe
enhanced electrochemical performance of BM Aemd€it/700 is attributed to the unique
structure of the composite, in which needle cokavigdles not only efficient electron and’Li
transportation, but also accommodate the volumeresipn during lithination. Interestingly,
the specific capacity of the composite BM AerosAY00 slightly increased during the first few
cycles. It is generally believed that the silicgstal size diminishes during the repeated lithium
ion insertion/extraction process, leading to a &ratiffusion path of the lithium ion and higher
utilization of silice:lgS’SG, thereby, achieving higher reversible specificaa'mf?. The composite
of BM Aerosil/NC-700 also exhibits excellent ratgpability at various rates as shown in Figure
3d. When the current density is gradually incredsaah 100 mA @ to 800 mA ¢, the specific
capacity of the composite material is ca. 550 mAh480 mAh ¢, 450 mAh ¢, and 390 mAh
g*, respectively. Upon decreasing the current dersigk to 100 mA @, a specific capacity of

520 mAh g is recovered, displaying outstanding rate perforcea
To further explore the reasons for the excepticglattrochemical performance of the BM

Aerosil/NC-700 composite, EIS was employed to exanthe interfacial impedance. Figure 4
shows the Nyquist plots of BM Aerosil/NC-700 comp@sand the SM Aerosil/NC-700
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composite electrode after different cycles. Theiseahe in the high-frequency region can be

assigned to the charge transfer resistance (Rat),tlae line in the low-frequency region is
attributed to the diffusion impedance (Warburg idﬂmace?s. Due to the overlapping between
the SEI film and the charge transfer impedances@assed semicircle in the high-frequency is
presented range after several cy?(’:?élg. For the BM Aerosil/NC-700 composite electrodes th

semicircles representing the charge-transfer eegist (Rct) are much smaller than that of the
SM Aerosil/NC-700 composite materials after the &8t and 10th cycles, as displayed in Figure
4a-c. Moreover, the Rct of the BM Aerosil/NC-700waosite has almost no noticeable change

from the 5th to the 10th cycle, as shown in Figlole owing to the stable interfacial impedance
of the unique structure of the compozs?teThe charge-transfer resistance is decreasedtheath

temperature increased from 60@o 8007 due to higher carbonization of green needle cake a

shown in Fig. S4. It is well known that charge-sfem resistance in cells has a negative impact
on their capacitéill. The unique structure of the BM Aerosil/NC-700 qmsite prepared by

ball-milling facilitates interfacial charge transfend Li" diffusion, leading to better performance

than that of the composite prepared by simple mgixin

4  Conclusions

In summary, a low-cost SYQ/C composite was prepared by a simple mechanochémigthod.
The process made maximum utilization of the enérgysing the heat generated during the ball
milling to fuse the nanoparticles into a 3D porastrsicture. This novel porous structure played
an important role in shortening the diffusion patiywand alleviating of the volume expansion
during the lithiation step. The partial reductionthe silica and the homogenous distribution of
the carbon in the composite ensured an excellextdtred conductivity, which significantly
improved the cyclic performance of the anode. Asaaade material for lithium-ion batteries,
this composite presents excellent cycling stabiihd large reversible capacity of about 550
mAh g after 180 cycles. Also, when current density iases to 800 mA the discharge
capacity of this composite is still as high as 3@8h g, showing excellent rate performance.
Considering the low-cost of the raw materials amel $simplicity of the synthesis process, this

new SiQ/C composite is a promising candidate as an armdéHium-ion batteries.
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Figure Captions

Scheme 1 The schematic illustrations of synthesis procesiscamposite material.

Table 1 The content of Si valence states by XPS.

Fig. 1 a SEM micrograph of NC-700 powddn, ¢ SEM micrograph of BM Aerosil/NC-700
powders before cyclej after 180 cycles and f TEM micrograph of BM Aerosil/NC-700

powders before cycle.g, h, i, ] EDS elemental mappings of C (blue), Si (yellow)d dheir
overlap.
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Fig. 2 a XRD patterns of () pure aerosil-700,.() BM Aerosil/NC-700 and((/) pure NC-700b
FTIR spectra of () the commercial SiO, () the prepared BM Aerosil/NC-700 composite)) (
the prepared BM Aerosil/NC composite before caliddma ¢ The TGA curve of as-prepared
BM Aerosil/NC composites recorded under Air atmasehwith a heating rate of 10 min™. d
XPS Si 2p sprctra of BM Aerosil/NC-700 compositetenals. e XPS C 1s sprctra of BM
Aerosil/NC-700 composite materials.

Fig. 3 a The charge—discharge curve at a constant curremsity of 100 mA g andb the
cyclicvoltammogram of BM Aerosil/NC-700 compositatarials of first three cycles at a scan
rate of 0.1 mV $ between 0 and 3.0 V. Electrochemical performarid@\d Aerosil/NC-700.
NC-700. SM Aerosil/NC-700 and Aerosil-700 composttes cycling performance at a current
density of 100 mA g andd rate-capability of BM Aerosil/NC-700 composite.

Fig. 4 Electrochemical impedance spectra of cells aténe first,b the 5th cyclec the 10th
cycle: BM Aerosil/NC-700 composite materials and 3&rosil/NC-700 composite materials
andd BM Aerosil/NC-700 after different cycles.

Scheme 1
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