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Amorphous carbon coated Si@3 developed by the sedfacrifice of seHassembled Nafion/Sigand
explored as anode materials for lithilom batteries to overcome the sever pulverization and the
resultant loss of specific pacity caused by the volume expansion of Si during the lithium ions
insertion/extraction process. The amorphous carbon coated(SiQ/C) is prepared by using self
assembled Nafion/Sicas the precursofpllowing by magnesium reduction of Si@nd carbaization

of Nafion ionomers. XPS, TEM and XRD results indicate that most of 8&3 reduced to amorphous
Si° with small amount of $f and St*, which are coated by amorphous carbon. As the amorphous
carbon coating can effectively reduce the volume charfig@iO-based material during the charge
discharge process and enhance the electronic conductivity of the material, the-déafred
amorphous carbon coated {i€xhibits improved reversible capacity, better cycling stability and rate
capability than tht of pure amorphous carbon at Si loading below 10 wt%
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1. INTRODUCTION

Lithium-ion batteries(LIBs) are widely used in portable electronic productsasucéll phones,
laptops and digital camelfds 2] because of their high capacity, fast reversible chdigghage, high
coulomb efficiency and €8, 4]. With the advancement in science and technology, the extended
application of LIBs from electronic terminal equipment to thédfief electric vehicles technologies
becomes an inevitableend5-7]. However, an increase of specific electrode capacity is required to
achieve reasonable energy amivpr densities for these applications, which is by far still a challenge
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for the lithium ion battery industf8-10]. Thus, the development of novel electrode material is
necessary to meet these challenges.

Currently, silicon has been considered as one of the most promising anode materials for the
nextgener ation of LI Bs because of i t s whiclyifitent h e o
times higher than that of the commercial graphite, ~372 nmiAhlg, abundance reserves in earth and
low working potential for lithium insertion and extraction (<0.5 Wi ")[12, 13]. However, several
intrinsic drawbacks of silicon make it still far from commercialization as LIB anodes. Among them,
the large volume expansion (>300%) in silicon anode during thieirfithons insertion/extraction
process is considered to be one of the critical challenges. The volume expansion of silicon brings a
cracking and cause a severe pulverization in silicon anode, which results in a rapid decrease in the
specific capacity withather low stable performaridd]. In addition,the large volume change also
leads to the continuous formation of unstable solid electrolyte interphase (SEI), which consumes a
considerable amount of electrolyte and lithium iAblitery15]. As a result, the side effect from the
volume expansion of silicon has to be solved before its commercialization.

To overcome the volume expansion of Si durihg lithium ions insertion/extraction process,
researchers have done plenty of explorations on the route to decrease the stress generated from tl
volume expansion of silicon. Nasstructured Si electrodes is one of the potential solutions as nano
sized Sicould accommodate the mechanical stain and shorten the transmission distance of lithium ions
during lithiation and delithiation procdd46]. As a result, nansilicon with various morphology,
including nanoparticlgd7, 18], nanowirg[19], nanotubd®0], porous silicof2l] were synthesized
and studied as anode materials for LIBsaddition,X.H. Liu [22] studied the lithiation of individual
silicon nanopatrticles in real time with an in situ transmissi@ct@microscopy and discovered a
critical particle diameter (~150 nm), below which the particles neither cracked nor fractured upon first
lithiation. Besides that, another effective way is to introduce conductive buffer matrixes (i.e.,
Si/famorphous {23, 24], Si/graphen5], Si/ conductive polymef26]) that could highly improve the
conductivity of silicon material and prevent the rapid loss in the capacity of[L@sHoweve, the
interaction between nargilicon and carbon base is still a concern if one wants to synthesis Si/C with
high cycle and rate performance. This has been confirmeX. tdhoy27] who concluded that the
physical mixed SrGO had low cycle and rate performance because of the lack of chemical bonding
between Sand rGO.

Perfluorosulfonic polymers such as Nafion, which was constituted by a flexible and
hydrophobic carbon main chain (i.e(CFCF)(CFRCF,)n]-) and large amount of side chains
terminated with a hydrophobkSO;H group, i.e{OCR(CR)OCRCFSO;H, has been intensively
studied as proton exchange membrane fue[28ll Moreover, since theSO;H group in Nafion
molecular are negatively charge®Qs) in aqueous condition, and the surficial charge of randes
can be modified by aqusting the pH of preparation solution, electrostatic-asfembly method was
developed by researchers to synthesize Nafionfoaies composites, such as Nafion/$E9],
Nafion/TiO,[30], Nafion/CeQ[31]. In the procedure of electrostatic saffsemble, the positively
charged oxides precursors were coated by the flexible and negatively charged Nafion ionomers,
resulting a small and uniform oxides particle size. For exankhld,and29] prepared Nafion/Si©
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through a setassembly process. The Si@articles in the composite could be downsized to 2.8+0.5
nmdue to the strong interaction between Sa@d Nafion limits the growth of SO

Since amorphous carbon usually are obtained by pyrolysis of polymer materials at high
temperature, the strong interaction between Nafion angd iSie selfassembled Nabin/SiG could
offer a small SiQ@ size. More interestingly, Nafion is the ideal source for thsitin formation of
amorphous carbon coated silica. In this work,-asfembled Nafion/Si¥Owvas used as the precursor
for the synthesis of amorphous $IO ano@ material for LIBs and excellent electrochemical
performance of the anode was demonstrated.

2. EXPERIMENTAL SECTION

2.1 Preparationof amorphous carbon coated Si@bmposite

In this study, Nafiorderived carbon coate8iO, sample (SiQC) with differert Si loadings
including 2 wt%, 5 wt%, 7 wt%, 10 wt% and 15 wt%of Si, were prepared bgelf-sacrifice process,
including: self-assembly process, thermal reduction of Sa@d carbonization of Nafion ionomers, as
it was illustrated in Figure 1.

In detaile, Nafion/SiQ precursor waprepared through electronicstatic setisembly process
as described previou$B9]. Briefly, Nafion ionomers (EW=1000, 5 wt% Nafion, DuPont, USA) were
transferred to Nmethyl2-pyrrolidone (NMP, Fluka) solution by distilling a mixing solution
containing 100 mL Nafion and 100 mL NMP til] t
Befor t he transferring, the pH of Nafion sol ut.i
stirring. Tetraethoxysilane (TEOS, Shanghai Reagent Co. Ltd.) was weighted and dissolved into 50
mL Nafion/ NMP mi xture wusing a hombw% HCI,Skanghai T h e
Reagent Co. Ltd.) was dropped into the mixture under vigorous stirring. During this step, TEOS was
expected to hydrolysis with nano Si@rmation. Meanwhile, positively charged nano Swas
electronically adsorbed on the negativelpiged-SG; sites of Nafion ionomers as it was presented in
Figure 1. SeHa s s e mb | eRIO, p¥eauisormwere obtained after the mixture was stirred for 8 h and
dried overnight in a vacuum oven at @0

After t hat ,,prechregor aNchrietallic/ mMagn€siumwazr were uniformly mixed
with a Si/Mg molar ratio of 1:2, and calcined at 650 °C for dnldernitrogenatmosphere with a
heating rate of 8C min'. After cooling down to room temperature (Rifje product was washed in 1
mol L™ HCI solution for 12 h taemove MgO andseparated from the liquid by centrifugation and
subsequently washed withitra-pure water and centrifuged (five times), followed by drying under
vacuum at 8GC for 24 h. After that, the solid product was transferred into quartz boat atetiite
900 °C under nitrogen atmosphere for 3h, with a heating rate 5 °€ Fimally, SiQ./C sample was
obtained with different normal Si loading 2, 5, 7, 10 andvi%. For comparison, the pure Nafion
derived carbon coating was prepared under the saotedure without TEOS as the reference.
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Figure 1. Scheme for the formation of the Nafiderived carbon coatefiO,. The inset shows the
STEM-HAADF and EDS ofSiO/C sample

2.2 Material characterizations

2.2.1Physicalcharacterizations

The crystaktructure of all prepared samples was studied byrayXiffractometer (D8 Bruker
Company) using the Cu Ka radiation (1.5483 A;
under air. The morphology of prepared samples was imaged by transmissitvanetaicroscopy
(TEM, JEM-2100F, Japan) operating at 200 kV and statistical analysis of the p@i@icle size
distribution (PSD) in SIQC samples was obtained by counting more than 100 particles, using the
software Image J. The average particle diameger deduced from the equatiog=d=;th® Sdif where
n is the number of the particles of diametgr @he state of carbon was analyzed by Raman
spectrometer (Raman, In Via, RENISHAW, 514.5 nm wavelength) and X ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, Al K486.6 E) was employed in obtaining
the further information abut:cand Sj,. The decomposition behavior of the samples was analyzed by
the thermogravimetric analysis (TGA, a Seiko 320 thermobalance) under air (20 M)Lfrain room
temperature to 80U with a heating rate of 15 °C min

2.2.2Electrochemicatharacterizations

The electrochemical properties of all samples were tested using coin cell (CR2016), which was
assembled in the glove box protected by argon.
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As for the assemble of coin cell,mount of weighed carboxymethyl cellulosEMC™ was
firstly poured into a small beaker of water and stirred vigorously for 10 h to homogeneityCSiO
composite and acetylene black were mixed by grinding dish for 1 h. Then the mixture was added to the
CMC solution under magnetic stirring for 10 hours to prepare a slurry, which contaip&C SiO
composite: acetylene black: CMC = 6: 3: Then, the slurry was coated with a predetermined
thickness on the preleaned copper foil, and dried in a vacuum oven @ 42 for 24 h. The
electrolyte was 1 M LiPEin ethylene carbonate (EC)/ ethylmethyl carbonate (EMC)/ dimethyl
carbonate(DMC) with a volume ratio of 1:1:1, the counter electrode was lithium metal and the
separator membrane was a celgard 2400 micropoxygrppylene.

The electrochemical performance of thepaspared SiQJC were studied by galvanostatic
chargedischarge cycling tests and electrochemical impedance spectroscopy (EIS) with the pure carbon
coating as a reference. Galvanostatic charge/digeheycles and rate performance were tested at
different current densities on a Land battery test system in the voltage region between 0.01 and 2 V.
The EIS was tested with the frequency range from 0.01 Hz to 106 Hz and the voltage amplitude of 5
mV at opercircuit potential (OCP).

3. RESULTSAND DISCUSSION

3.1 Thephysicalpropertiesof the materials
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Figure 2. Thermogravimetric analyses was performed on the pre@@@dC sample with different Si
loadings;
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As confirmed ly TGA analyzation (Figure 2), the pure carbon coating can be fully oxidized
and its weight percentage decreased rapidly from ~100% to O in the temperature range between 40
and 700°C under air, thus the silicon loading in SO samples could be evaluateg TGA method. It
can be seen that the weight loss of the res}/Si®@amples between 4@dd 700 °C was resulted from
the combustion of carbon coating, and it agrees with the TGA curve of the pure-tiafieed carbon
reference. The silicon loading imd Si/C samples determined by the residual mass was highly
consistent with the expected Si loading (2, 5, 7 10 and 15 re8pectively.

Figure 3 shows the Xay diffraction (XRD) patterns of all the SU@ samples. The pure
carbon coating only show twadmd peaks, 26.0° and ~43.0°, which are assigned to the (002) and
(101) plane of carbon (JCPDS:-6212]23, 25], respetively. The large full width at half maximum
(FWHM) indicates that the carbon coating mainly existed in amorphous form. After introducing Si to
carbon coating, with loading increased from 2 to 15 wt%, Figure 3 shows that they have similar XRD
curves, whib was similar to the pure carbon coating. Besides that, no detailed crystal information
about SiQ can be observed, and it means that either the particle size of silica wanaibdosbe
recognized by XRD or the phase of Si®as also amorphous. As a result, further characterization
need to be carried on the samples.

15 wt%Si/C

HMI N - 10 wt%Si/C
"M \ " 7 wt%Si/C

.w 'N 9 5 wt%Si/C
M INI ﬁ 2 wt%Si/C

M k ™ * pure carbon coating

20 30 40 50 60 70
2d(degr ee)

Intensity(a.u.)

Figure 3. XRD of the prepare®iO,/C sample with different Si loadings
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The structue of the carbon coating in all samples was further analyzed by Raman spectra
(Figure 4). In Figure 4, all samples show two main peaks: 1350 disbond and 1590 cit (G-
band). Since the strong peak at ~135@* (D-bond is associated with the amorphousrbzm
material§32], while the weak peak at ~1590 ¢niG-band) is &ributed to the vibration of spbonded
carbon atoms in a 2D hexagonal laff83}. In addition, absence of 2D peak, which is an character
peak of graphite structure, also indicate that the cadoating support are composed of two structures
of spf and sphybrids, which implies these samples have low graphitization degrees.
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Figure 4. Raman of the prepar&lO,/C sample with different Si loadings.

To obtain furtherinformation about the morphology of tlwarbon coatingand SiO,, TEM
technique was applied on &iO,/C samples (Figure 5), withure carbon coatings reference. The
carbon coatings transparent while dark points are amorph®i@. It can be found the&&iOy particles
were coated by the amorphous carbon irS&lk/C samples. As presented in the inset of Figure 5, the
particle size of silica are similar, ~75 nm. Besides that, combing with the XRD results (Figure 3), it
allows to conclude that tH&O, component inSiO,/C samples was amorphous.

The chemical states of the samples were further evaluated-ray ¥hotoelectron spectra
(XPS) spectrum (Figure 6). Compared with the pure carbon coating reference, Figure 6a shows that al
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SiO/C samples contain B, N, C, S and Si elements, the characteristic binding energy of which were
685.7, 531.8, 398.4, 285.8, 164.3 and 100.1 eV, respe¢Bdilyeteroatoms such as FaBdN may

be from the unevaporated Nafion residual during carbonization thermal treatmentwhild O may
come from the adsorbed oxygen on the samples and jn [BiGigure 6bf, The peak belongs 80
component can be divided into°399.8 eV), Si* (101.8 eV), Si* (103.6 eV), which was also
observedn previous studjB5].
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Figure 5. TEM of the pure carbon coating (a) and the prep&@8ud/C sample with different Si
loadings: 2 wt% (k)5 wt% (c), 7 wt% (d), 10 wt% (e), 15 wt% (f).

In addition, the main peak corresponded tba®id other two peaks (i.e.,’5i Si*") with weak
intensity also indicates the fact thaf @ias the main phase existed in all $samples. Moreover,
the C paks of all samples can be divided into three peaks: 284.7, 286.3 and 288.2 eV, corresponding
to C-C, GO and C=0 groups, respectively (Figurelgviost of C component in all samples stayed in
the form of CC bond, and only a small number of hydroxyl grewn the surface. The XPS results
show a direct evidence that the formation of,&@d amorphous C.
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3.2 Electrochemicaperformanceof the materials
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Figure 7. Electrochemical properties of SUC samples with different Si loadings: (a) the cycling
property at 0.2 Ag™, (b) the rateperformance at different current densities, (c) First charge
discharge curves at 0.2 " and (d) the electrochemical impedance plots of all the/SiO
composites.

The stability of the SIC samples as anode material for LIBs was evaluated by the gyclin
performance, which was tested by a repetition of discharging and charging process between 0.01 and
V at a current density of 0.2 g for 70 cycles, shown in Figure 7a. The pure carbon coating reference
shows the lowest initial specific capacity of528 mAhg™, which slightly decreased to around 280
mAhg? after 70 cycles. As for SIIC samples, the initial specific capacity increased gradually from
384.1 to 750.5 mAly* with Si loading changed from 2 to 15 wt%. It indicates that the addition of
amaphous SiQ could largely improve the initial capacity of carbon coating materials as the high
theoretical s p edilicofi (4200mapgd)cBesides thatf thepadditian of Si decreases
the stability of carbon coating (Figure 7a) as may be caused tgrd¢jgevolume evolution (>300%) of
SiOy during chargealischarge process. However, interestingly, the balance between the specific
capacity and stability of the anode could be achievesiliabn loading staying lower than 10 wt%.
Specially, for SIQC with 10 wt% Si, the specific capacity wat4.5mAh g™ at the beginning of
cycling test. During the stability test for 70 cycles, it decreased gradually to ~41@ymAwhich is
still much higher than the initial capacity of the pure carbon coating.
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Figure7b reveals the rate capability of tB&D,/C samples at different current densities of 0.2,
0.5, 1, 2 and & g™ between 2.0 and 0.01 V versug/Li for 10 cycles with the pure carbon coating
as a reference. At low current desity, i.e., 0.2/A the dscharge capacity of the cells based on the
pure carbon coating and the $iO with different Si loadings2( 5, 7, 10 and 15 wt%) anodé0.2 A
g ' was 286.9, 324.8, 399.7, 428.8, 431.4 and 432.1 gi}i\hfter 10 cycles, respectively, similar as it
was observed in Figure 7a. With an increase of the current density from 0.2 t@3,.@ha reversible
capacity decreased gradually. For example,itiiteal specific capacity of Si@C with 10 wt% Si
sample are 614.2, 435.7, 378.6, 325.4 at 264.4 for the testraht densities of 0.2, 0.5, 1, 2 and 3 A
g*, respectivelyHowever, for all the samples, the specific capacity becomes more stable avith th
increase of current density, and IO samples showa higher capacity than that of the pure carbon
coatingat 3 Ag™. It mainly because the amorphous carbon can withstand more external stress, the
internal structure becomes very loose, and abundant internal voids can provide sufficient space for the
volume change of SiOwhen SiQ reacts with lithium ions to produceolme change. Meanwhile,
such a composite structure facilitates infiltration of the electrolyte and shortens the ion transport
distance. As a result of these favorable features, the sample exhibits higher lithium storage capacity
and stability at high cuent densities. When the chardischarge current returned to 0.2gA again,
all SiG/C samples maintained a good stability in 51~70 cycles. Exceptionally, the battery with 15
wt% SiO/C anode shows a serious decay from ~300 to 150 giAls maybe the destroyed anode
structure resulted in a rapid decline for lithium ag® capacity. As a result, it allows to conclude that,
at Si loading lower than 10 wt%, the rather high stable specific capacity QfCSEamples is
explained by the protection and promotion effect of the amorphous carbon coating.

Figure 7c shows the firscharge and discharge curves of 81€,/C composites at a current
density of 200 mA @. The first discharge capacities (lithium ion insertion) of battery containing
SiO/C anode materials with different Si loadings, 2, 5, 7, 10 and 15 wt% Si are andu295.5,

384.1, 479.5, 538.9, 614.5 and 75@\h g, respectively, meanwhile, the first charge capacity
(lithium ion extraction process) wemround 270, 322.3, 400.7, 458.1, 553.9 and 653.5 mAh g
respectively. The first irreversible capacity of JO composites is mainly due to the decomposition
of the electrolyte and the formation of a solid electrolyte membrane on the electrode surface.

Table 1. Impedance parameters for the Oelectrode with different Si loadings after 70th cycles

Silicon locading/ wt% Ry Q Rse/ Q Rcrl Q
0 5.332 130.8 70.39
2 5.673 134.3 72.75
5 6.014 142.6 75.48
7 6.132 152.4 7852
10 6.374 168.7 83.33
15 7.019 198.3 92.71
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To further investigate the effect of additional gi@h the electrochemical impedance of the
carbon coating, |aLi-battery cells were tested by electrochemical impedance spectroscopy (EIS)
measurement after 70th cycling test (Figure 7d) with detailed data summarized id.Tabberding
to the model of equivalent circuit (inset in Figure 7d), the resistancée@xis Libattery can be
divided into three sectioff3-38]: the internal contact resistancesRhe ionic diffusion resistance of
Li* (Res) and the charge transfé@npedance (Br). Meanwhile, the CPEand CPE represent the
capacitance of the SEI layer and the electrode/electrolyte, respectively. (e tde Warburg
diffusion impedance from the lithium diffusion prod&8j. As it was reflected in ESI Nyquist curves,
the semicicle part of high frequency-itercept corresponds to the, Rhe midfrequency semicircle
responds to the 48, and the oblique line of the low frequency region is mainly relate¢:toIR Table
1, the pure carbon coating shows thatviRs around 5.332 @M, with Rsg; ~130.8 Ohm and &
~70.39 Ohm. The Rof SiO,/C samples was similar to that of the pure carbon coating. Besides that,
SiO,/C samples have highersR and Rt than that of the pure carbon coating. The higher Si loading,
the larger are & andRct as included in Tablé. It means that the addition of Si component hinders
the Li" ionic diffusion in SEI layer and the charge transfer in the electrode/electrolyte interphase.

Table 2. Compaison of the electrochemical properties of the ,80Omaterials with earlier reported
anode materials for thattery

Anode
materials

SiO.@graphen
e aerogel
SiO,/C fibers
Sig@C
nanorods
SiISIG@C

SiO,/C with
different Si
loadings

Si
loading /
wt%

55.9
22.1
41.8
80

0

2
5
7
10

15

Initial
discharging
capacity

/ mAh g*

1042.7
~750
1324
1763.4
295.5

384.1
479.5
538.9
614.5

750.5

Initial

charging
capacity
/ mAh g*

453.3
500
906
1001.9
270

322.3
400.7
458.1
553.9

653.5

Initial
coulombic
efficiencies
[ %

43.5%
66.7%
68.4%
56.8
91.4

83.9

83.6

85.0

90.1

87.1

Final
capacity
/ mAh g*

~300
465
700
~510
280

308.2
331.4
345. 8
408.5

270.1

Capacity
retention
after 70
cycles
1%

28.8
62

52.8
28.9
94.7

80.2
69.1
64.2
66.5

36

Ref

[40]
[41]
[42]

[43]

This
work
This
work
This
work
This
work
This
work
This
work

The electrochemical performance of JiObased batteries were summarized in Table 1, which
also includes some previous similar studies focused on silica/carbon anode materials. Comparison witt
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previousstudy, the low initial capacities (<750 mAH)gobtained in our study were mainly due to the
rather low silica loadings (<15 wt%). However, Si/C samples exhibit a much higher coulombic
efficiencies (>80%) as maybe the ssdfcrificed process of Nafion nemular provides a high S}O
particle dispersion with close interaction between C and.SiOwvas also verified by the similar
electrochemical impedance between ,S&amples and C base (Table 1). Besides that, from the
capacity retention after 70 cyclesafile 2), SiQ coated by the amorphous carbon derived from
Niafion (SiQ/C) performed in this study also shows a higher cycles retention (>60%) than the
previous similar study that focused on O materials. For example, the capacity of Sgraphene
aera@el based Li battery only has ~28.8% capacity retention, which is twice lower than that presented
in this study.

4. CONCLUSION

In this paper, amorphous carbon coated ,SEO prepared through a facile ssHcrificed
synthesis approach and used as amodterial for Lithiumion batteries. The experimental Si loadings
in the SIQ/C samples, as verified by TG test, are highly in agreement with the theoretical value,
demonstrating the high efficiency of the approach. XRD and Raman measurements revéia¢s that
carbon base that derived by Nafion carbonization was amorphous. Combining with TEM, XRD and
XPS, it can be concluded that most of Sias reduced to iwith small amout of 8f and Sf*
formation, through the magnesium reduction treatment, and thg & also mainly stays in
amorphous. As for the electrochemical property, y&Oshow slightly higher electrochemical
impedance than that of pure carbon coating, but the addition of §slaitarger reversible capacity,
better cycling stability andigherrate capability than purearbonwhenSi loadingis no more than 10
wt%. The present results demonstrate the promises of thasselinbled SiQC composite for
lithium-ion batteries applations.

However, the particle size of Si@ slightly large (i.e., ~75 nm in 2t% Si/C), further work
could be explored on the preparation of Naftterived carbon coated Si@ith high Si loading and
small particle size, which might show a rathethsgability performance.
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