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Silane-based self-assembly was employed for the surface modification of carbon-coated Si electrodes and their surface 
chemistry and electrochemical performance in battery electrolyte depending on the molecular structure of silanes was 
studied. IR spectroscopic analyses revealed that siloxane formed from silane-based self-assembly possessed Si-O-Si 
network on the electrode surface and high surface coverage siloxane induced the formation of a stable solid-electrolyte 
interphase (SEI) layer that was mainly composed of organic compounds with alkyl and carboxylate metal salt function-
alities, and PF-containing inorganic species. Scanning electron microscopy imaging showed that particle cracking were 
effectively reduced on the carbon-coated Si when having high coverage siloxane and thickened SEI layer, delivering 
> 1480 mAh/g over 200 cycles with enhanced capacity retention 74% of the maximum discharge capacity, in contrast 
to a rapid capacity fade with low coverage siloxane.

Key Words: Silane-based self-assembly, Carbon-coated Si, Surface chemistry, Electrochemical performance, 
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Introduction

Silicon (Si)-based materials (e.g., intermetallics, carbon com-
posites) based on alloy reaction with lithium recently have re-
ceived a particular attention as a next-generation anode ma-
terials to replace graphite that is currently used in commercializ-
ed lithium-ion batteries, because of larger theoretical specific 
capacity 3759 mAh/g (Li15Si4) of Si at room temperature than 
that of graphite.1-3 A significant crystal structural volume change 
(>300%) during Li insertion and extraction to/from crystalline 
Si, which is followed by electrochemical and mechanical disin-
tegration of particles,4-7 has however been noticed as a major 
drawback responsible for poor electrochemical performance. 
Although the volume change could be reduced with amorphous 
Si, which lowers activation energy barrier and reduces structural 
strain when reacting with lithium, a capacity decline during elec-
trochemical reaction was inevitable.6 Many approaches of 
improvement in the electrochemical performance of Si-based 
materials have been employed, mostly in a manner which sup-
presses structural volume changes by modifying bulk materials.6 
Carbon coating on the surface of Si-based materials8,9 or Si par-
ticles embedded into carbon matrix10-12 seems to be one of the 
most effective methods. Carbon can enhance electronic conduc-
tivity of the electrode and accommodate the volume change. 
With respect to nanostructure control, much efforts have been 
ongoing for the development of synthetic strategies by tuning 
the micro- and nano-structures of Si-based materials releasing 
the structural stress and enhancing the kinetics.13-15 Nonetheless, 
the issues of volume and particle morphology changes seem to 
be unavoidable, showing the continuous capacity loss with long 
term Li insertion and extraction. 

Recollecting that lithium ion transport should begin to occur 
at the electrode/electrolyte interface, structural volume change 
followed by particle cracking event will accompany the change 

in active surface area that should be correlated to the surface 
chemistry of Si-based materials. Consensus regarding the sur-
face chemistry and its relationship with performance are yet to 
be reached. We found that the Si reacted with lithium salt- 
derived species more actively than carbonate-based organic 
solvents in the conventional electrolyte,16 which was somewhat 
different interfacial process from that of lithiated graphite that 
formed a stable solid-electrolyte interphase (SEI) layer compos-
ed of primarily organic compounds mostly during initial cycl-
ing.17 It was claimed that the surface of Si needed to be protected 
from lithium salt of electrolyte.16

Organoalkoxysilane is of our particular interest as a surface 
modifying agent to Si, since the organoalkoxysilane can form 
the Si-O-Si molecular linkages with the surface silanol groups 
of Si.16,18,19 The Si-O-Si molecular cross-linking for the forma-
tion of siloxane occurs via axial self-assembly following inter-
molecular condensation; ―Si-OH  + Si(R)4-x(OR)x → ―Si- 
O-Si(R)4-x(OR)x-1 + ROH (R = alkyl group).20 The presence of 
trace water assists the hydrolysis of silanes and equatorial poly-
condensation on neighboring silane molecules, forming three 
dimensional (3D) self-assembled siloxane network. 

Systematic studies of thin-film model electrode that possesses 
enlarged surface to volume ratio can provide a clearer insight 
into self-assembly phenomena, electrode/electrolyte interfacial 
reaction and electrochemical processes of material, and permit 
convenient analyses of the SEI composition without complica-
tions from carbon and binder additives that are necessary in 
bulk materials.16,21-24 Polymeric binder often gives interfering 
signals in IR spectroscopic data, which obstructs distinguishing 
newly formed surface species from the binder. Thin-films pre-
pared with pulsed laser deposition (PLD), which generally 
possess a strong physical interfacial adherence to electronically 
conductive substrate, allow the observation of material’s in-
trinsic surface structure and reaction, and inhibit a peel-off 
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event of the film during extended cycling in lithium cells. For 
the surface characterization, we focus on ex-situ IR measurement 
with attenuated total reflection (ATR) geometry that is very 
sensitive to surface species and provides direct information on 
the functional groups of surface molecules.22-26 

Here we report a surface modification approach to stabilize 
surface structure and cycling performance of carbon-coated 
Si thin-film electrode. Surface modification by self-assembly 
of organoalkoxysilanes with different number of organoalkoxy 
group and SEI layer formation resulting from electrode/electro-
lyte interfacial reactions were determined using ex-situ IR 
spectroscopy with attenuated total reflection (ATR) geometry. 
Interfacial reaction behavior-performance relationship is dis-
cussed.  

Experimental 

Films of Si were first prepared on stainless steel substrates 
with PLD at 200 oC with 20 min deposition in 5 mtorr of Ar. 
Deposition utilized a KrF eximer laser with an energy density 
of 3 - 4 mJ/cm2 at 10 Hz impinging on a target (ICM Engi-
neering). Film thickness and morphology were evaluated by a 
field emission scanning electron microscope (FE SEM, Jeol 
JSM-7000F) at 5 kV. The observed film thickness of the as- 
prepared Si film was 47 - 74 nm. The 10 nm thick carbon film 
was coated over the film of Si (denoted as C-Si hereafter) by pre-
cision etching coating system (PECS, Gatan Inc. 682 PECS™) 
with ion beam current of 200 - 250 µA. Elemental distribution 
of Si and C over the film was obtained using electron mapping 
of SEM. The film structure was identified by X-ray diffraction 
using an X-ray diffractometer (Rigaku D/MAX-2200) with 
Ni filtered Cu Kα radiation at 40 kV and 40 mA, and a scan rate 
of 1.5o/min from 20 to 70o 2θ with 0.02o steps. Further structural 
characterization of Si and coated carbon was carried out using 
Raman spectroscopy. Raman spectral measurement was con-
ducted for 120 - 240 s using a closed prototype Raman cell, 
where the film surface was placed below the glass window in 
the glove box, then, the cell was tightly sealed. Raman spectra 
were recorded using a Raman microscope (Tokyo instrument 
Co., Nanofinder 30) at ambient conditions, using the 632 nm 
line of a He-Ne laser at 1 mW. Backscattering optics geometry 
with double-notch filter and a standard charge-coupled device 
(CCD) detector were used to collect, process, and analyze the 
Raman signal. The size of the laser beam at the sample was 
less than 200 nm.  

In order to examine self-assembly of silanes on the C-Si, 
several identical as-prepared C-Si film electrodes were immers-
ed in the jars filled with approximately 5 mL of 1-(trimethyl-
silyloxy)-1,3-butadiene (CH2=CHCH=CHOSi(CH3)3, Aldrich), 
methyltrimethoxysilane (CH3Si(OCH3)3, Aldrich), and tris(2- 
methoxyethoxy)vinylsilane (CH2=CHSi((OCH2CH2)2OCH3)3, 
Aldrich) for 3 hrs, respectively. Then, the films were separated 
from the silane solution and thoroughly washed with dimethyl 
carbonate (DMC, Techno Semichem) for 30 s and dried in the 
glove box at room temperature. For the film immersed in tris 
(2-methoxyethoxy)(vinyl)silane, longer washing of 3 hours with 
DMC was conducted for further removal of silane moiety. 
Surface identification for the C-Si obtained after self-assembly 

reaction with different silanes was carried out with ATR FTIR 
spectroscopy, using IR spectrometer (Bruker optics IFS66V/S) 
equipped with a mercury-cadmium-telluride (MCT) detector. 
Prior to the measurements the films were directly mounted on 
the closed single reflection ATR unit with a Ge optic in the 
Ar-filled glove box, then, the FTIR spectra were acquired. There 
was no moment of atmospheric contamination. Spectral resolu-
tion was of 4 cm‒1 and a total of 512 scans were co-added. 

Electrochemical cells, containing C-Si film electrode as a 
working electrode with Li reference and counter electrodes, 
have been used for electrochemical evaluation. The lithium 
cells with the film electrode were cycled at a constant current 
of 35 µA/cm2 between 0.1 and 1.5 V vs. Li/Li+ at room tempera-
ture, in the electrolyte of 1 M LiPF6/ethylene carbonate (EC): 
diethyl carbonate (DEC) with 1:1 volume ratio (Techno Semi-
chem) without or with 5 wt % silanes as additives, using a multi-
channel cycler (Wonatech). The cycled films were separated 
from the lithium cells and thoroughly washed with DMC and 
dried in the glove box at room temperature for ex-situ charact-
erization. All self-assembly reactions and electrochemical ex-
periments with lithium cells were conducted in the Ar-filled 
glove box with the water and oxygen contents of about 1 ppm. 
Surface chemistry of the film electrodes obtained after cycling 
was studied using ex-situ ATR FTIR spectroscopy. Changes in 
the film morphology of C-Si film electrodes before and after 
cycling were characterized by ex-situ FESEM and Raman spec-
troscopy.

Results and Discussion

Characterization of carbon-coated Si electrode. Surface mor-
phology of the as-prepared C-Si appears smooth in Fig. 1a. 
Raman spectrum of the film in Fig. 1b exhibits a sharp band at 
516 cm‒1, characteristic of crystalline Si,27 and equally intense 
and broad bands at 141, 320 and 472 cm‒1 that are due to amor-
phous Si.28,29 Although the as-prepared Si only film was crystal-
line, discernable from the XRD pattern (not shown), after car-
bon-coating the film became partly disordered or amorphous. 
Also shown is a broad band at around 1500 cm‒1 corresponding 
to graphite-like sp2 carbon (G-band),30,31 which indicates that 
graphite-like carbon is dominant in the coated carbon layer. 
Fig. 1c and d exhibit elemental distribution of Si and C atoms 
in the film. Homogeneous but scattered distribution of C atoms 
is indicative of a porous feature of the carbon layer, as often 
occurs on carbon-coated Si and Si-carbon composite bulk ma-
terials. Note that bare Si of the film could be exposed to elec-
trolyte. 

Surface modification of carbon-coated Si electrode. Forma-
tion of siloxane between the as-prepared C-Si film and silane 
was monitored by ATR FTIR spectroscopy. Figure 2 shows IR 
spectra for the surface of the C-Si film obtained after immersing 
in three different silanes (Fig. 2a-c) followed by DMC washing. 
The surface layer of the as-prepared Si before carbon coating 
showed the IR signature of silanol (-Si-OH) group at 850 - 830 
cm‒1 16,18 (not shown). For the film surface immersed in 1-(trime-
thylsilyloxy)-1,3-butadiene, Fig. 2a’ exhibits prominent peaks 
at 1103 and 1024 cm‒1 due to asymmetric stretching modes of 
Si-O-Si functionality.31-33 Sharp peaks at 1268 and 814 cm‒1 
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Figure 1. SEM image of surface morphology (a) and Raman spectrum
(b) for the as-prepared carbon-coated Si film, and electron mapping 
results of (c) Si (red) and (d) C (green) elements.
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Figure 2. Molecular structure of 1-(trimethylsilyloxy)-1,3-butadiene
(a), methyltrimethoxysilane (b) and tris(2-methoxyethoxy)vinylsilane
(c). IR spectra for the as-prepared Si film and the carbon-coated Si 
obtained after immersing in the (a’) 1-(trimethylsilyloxy)-1,3-buta-
diene, (b’) methyltrimethoxysilane and (c’) tris(2-methoxyethoxy) 
vinylsilane followed by DMC washing for 30s, (c’’) washing for 3 hrs
and drying.

are attributed to deformation of -CH3 from Si-CH3 group and 
stretching mode of Si-C together with -CH3 rocking, respective-
ly.31,32 Signature of silanol group was no longer clearly distingui-
shed and must be used up for self-assembly. This evidences 
that siloxane formed at the surface of C-Si by self-assembly 
condensation between surface silanol group and one alkoxy 
group from this silane, resulting in the formation axial 1D 
Si-O-Si molecular linkages. Three methyl groups of 1-(trime-
thylsilyloxy)-1,3-butadiene remains perhaps available for furth-
er reaction with electrolyte components or physical interaction 
with electrolyte or SEI component. Tiny peaks at 2965 - 2851 
cm‒1 due to -CH3 group support this assignment. 

Similar spectral feature was observed for the film immersed 
in methyltrimethoxysilane in Fig. 2b’, except that the peaks at 
1108 and 1045 cm‒1 due to Si-O-Si group of siloxane became re-
latively stronger than that of Si-C functionality observed near 
830 cm‒1. Since three methoxy groups in methyltrimethoxy-
silane could be consumed for the formation of Si-O-Si linkages, 
one axial Si-O-Si bond from each silane to the silanol of Si 
surface can be produced, whereas two other remaining alkoxy 
groups are utilized for equatorial condensation between silanes 
leading to 3D Si-O-Si network. In this case the siloxane chain 
of Si-O-Si functionality should be longer and branched compar-
ed to the siloxane with only axial linkage from single alkoxy- 
containing silane, thereby, enhances the peaks absorbance and 
makes the peaks broader. Surface coverage with 3D siloxane 
network however may be limited because of physical dimension 
by the presence of porous carbon layer. 

With tris(2-methoxyethoxy)vinylsilane the film surface in 
Fig. 2c’, obtained after DMC washing for 30s, shows the peaks 
for both asymmetric Si-O-C stretching of silane and Si-O-Si 
functionality of siloxane at 1150, 1112 and 1024 cm‒1, respec-
tively,31-33 referred to the original spectrum of tris(2-methoxy-
ethoxy)vinylsilane.33 This indicates that some alkoxy group of 
silane is utilized for the formation of siloxane, whereas others 
remained as attached to the siloxane. Other peaks at 2985 - 2821 
cm‒1 for -CH2- and CH3 stretching and their deformation at 
1454 - 1403 cm‒1, and also -O-C group at 1201 cm‒1, symmetric 
Si-O-C stretching at 973 and 846 cm‒1 and 783 cm‒1 for -CH2- 

rocking of oxaethylene chains -(OCH2CH2)2-OCH3,
31,32 respec-

tively, and -CH2 wagging of vinyl group at 973 cm‒1 support the 
presence of silane moiety. In general, the condensation reactions 
become sluggish with greater bulk alkoxy group because of 
steric hindrance. In Fig. 2c’’, further DMC washing for 3hrs 
resulted in a disappearance of the peaks corresponding to the 
silane moiety. However several sharp peaks, attributed to oxa-
ethylene -(OCH2CH2)-OCH3 of silane, are still discernable. 
Eventually the film surface became decorated with the organic 
silane moiety, like “artificial” surface layer. This enlarges sur-
face coverage of siloxane at most among the silanes used in this 
work. The resultant data ensures that in the presence silane, 
self-assembly of siloxane occurs on the surface of the C-Si. 

Cycling behavior of surface modified electrode. Cycling 
behavior of the C-Si in the presence of silanes was evaluated 
using constant current cycling at 35 µA/cm2 (~ 1C for Li15Si4) 
in the voltage region of 0.1 - 1.5 V vs. Li/Li+, where structural 
stress by amorphization-crystallization of Si was avoided.3 The 
capacities of a lithium cell with C-Si were obtained by calcula-
tion based on the film thickness of Si film and coated carbon 
layer, electrode area (0.283 cm2) and crystallographic densities 
of Si (2.33 g/cm3) and carbon (1.4 g/cm3). Some errors (ca. 10 - 
20%) in capacity values can come from film thickness evalua-
tion and the use of theoretical crystallographic densities of Si 
and carbon. The capacity vs. voltage plots are shown in Fig. 
3a-d. Differential capacity plots (Fig. 3a’-d’), obtained from the 
voltage profiles in Fig. 3a-d, show a better peak resolution of 
the Si reaction with lithium. In 1 M LiPF6/EC:DEC electrolyte 
in the absence of silane, the first charge (cathodic) curve (Fig. 
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Figure 3. Capacity vs. voltage plots of the lithium cells with carbon-coated Si electrode in 1 M LiPF6/EC:DEC  without silane (a), and with (b) 
1-(trimethylsilyloxy)-1,3-butadiene, (c) methyltrimethoxysilane and (d) tris(2-methoxyethoxy)vinylsilane between 0.1 and 1.5 V vs. Li/Li+, and
their differential capacity (dQ/dV) plots (a’)-(d’).

3a’) showed a broad and significant cathodic contribution from 
2.0 to 0.5 V, which has been attributed to the reduction of the 
electrolyte components of EC (calculated reduction potential 
1.46 V vs. Li/Li+), and DEC (calculated reduction potential 
1.33 V),34,35 and decomposed and hydrolyzed species of LiPF6 
salt.35 Reduction of electrolyte components on the C-Si seems 

to be severe. The salt of LiPF6 is known to be in the equilibrium 
as LiPF6 ⇆ PF5 + LiF. The presence of a trace of water in the 
electrolyte produces PF3O; PF5 + H2O → PF3O + 2HF.36 Since 
both gaseous PF5 and PF3O are strong Lewis acids, they can 
readily react with the C-Si that possesses a plenty of electrons 
to donate in our operating voltage region, forming M-PF5 or 
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Figure 4. Capacity retention (a) and Coulomb efficiency (b) of the lithium cells with carbon-coated Si electrode without and with silanes, as a
function of cycle number.

M-PF3O (M = Li/Si) type precipitates followed by participating 
in the further electrochemical reduction. The HF, the hydrolysis 
product of PF5, is predicted to etch and modify the surface mor-
phology of the C-Si. At the voltage region below 1.0 V, further 
reduction of surface species that were formed at higher voltages 
took place showing still large cathodic contribution, which indi-
cates the reformation of surface composition. This process is 
followed by the large capacity shoulder at approximately 0.25 V, 
corresponding to main Li insertion into amorphous Si, forming 
Li3.25Si and/or the amorphization of Si, consistent with earlier 
literatures.1,3,37 After the first charge process, all the peaks dis-
appeared. Such irreversible capacity loss continuously occurred 
over 200 cycles, resulting in very low capacity retention 28% in 
Fig. 3a-a’ and Fig. 4a, and poor efficiencies ((discharge capa-
city/charge capacity) × 100) as displayed in Fig. 4b. In addition 
to electrolyte reduction, irreversibility in Li insertion and ex-
traction should be responsible for this continued irreversible 
capacity loss. 

With 1-(trimethylsilyloxy)-1,3-butadiene, Fig. 3b-b’, the 
C-Si shows sharper peaks for Li insertion and extraction, in 
contrast to the film without silane (Fig. 3a-a’). The film main-
tained structural resolution till the 100th cycle despite a large 
capacity loss to 66% of maximum capacity. In the first charge 
curve, Fig. 3b’, cathodic contribution down to 0.4 V is little, in 
contrary to the film without silane (Fig. 3a’). This reveals that 
reductive electrolyte decomposition is dramatically reduced. 
The cathodic peaks between 0.1 and 0.3 V are due to Li insertion 
for the phase change to Li12Si7 to Li3.25Si.37 On the subsequent 
discharge process, the anodic peaks at 0.3 - 0.5 V are due to Li 
extraction toward the regeneration of Si. Self-assembled silox-
ane from 1-(trimethylsilyloxy)-1,3-butadiene was effective in 
suppressing electrolyte decomposition and increasing the rever-
sibility in the early cycles. Nonetheless, after ~100 cycles the 
film exhibited a disappearance of all the peaks with the occur-
rence of a drastic capacity decline to 36% of maximum dis-
charge capacity over 200 cycles (Fig. 4a), with poor efficiencies 
>100% in Fig. 4b. Although silanols at the surface of bare Si 
and 1-(trimethylsilyloxy)-1,3-butadiene formed self-assembled 
siloxane, the axial Si-O-Si linkages only and low surface cover-

age must be insufficient to endure the changes in structural 
volume and particle morphology during repeated Li insertion 
and extraction. Since the low surface coverage of siloxane 
allows direct electrode-electrolyte interfacial contact, during 
discharge the electron transfer from electrode to electrolyte 
followed by reductive electrolyte decomposition can provide 
additional discharge capacity to that by delithiation process. 
This is related to the efficiencies higher than 100%. Silane 
with a single alkoxy group appears to offer only limited effect 
on the performance. 

In Fig. 3c-c’, the C-Si with methyltrimethoxysilane that com-
prises three methoxy groups exhibited somewhat improved 
cycling ability compared to single alkoxy-containing silane. 
The film electrode shows 71% capacity retention of the maxi-
mum discharge capacity at the 200 th cycle but capacities lower 
than 1000 mAh/g, in Fig. 4a. The 3D siloxane network confers 
improved surface protection of the C-Si and capacity retention. 
However, efficiencies in Fig. 4b were reduced to 92% after 150 
th cycle. Even though cycling performance was much improved 
when having 3D siloxane, in contrast to 1D or absence of silox-
ane, the ability of surface protection by siloxane in this case 
appeared to be limited. 

For the tris(2-methoxyethoxy)vinylsilane the C-Si showed a 
remarkably improved capacity retention with enhanced capacity 
values. In Fig. 3d-d’, except the first cycle, the prominent struc-
tural resolution is remained throughout the 200th cycle. In the 
first charge process, Fig. 3d’, significant cathodic capacity bet-
ween 2.0 and 0.5 V is observed, which is not observed in the 
following cycles. This is related to the SEI formation by reduc-
tive electrolyte decomposition. The -(CH=CH2) vinyl function-
ality of tris(2-methoxyethoxy)vinylsilane is known to undergo 
cathodic electro-polymerization around 0.8 V at the surface of 
electrode.38,39 The polymerization process could increase addi-
tionally the cathodic capacity, despite its low concentration level 
5 wt %. Large capacities of 1480 - 2130 mAh/g and preserved 
capacity retention of 74% over 200 cycles in Fig. 4a should be 
due to the effective surface protection of the C-Si with high 
surface coverage siloxane and silane moiety first and then addi-
tional passivation with the SEI components.
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Figure 5. IR spectra for carbon-coated Si electrode obtained after cycling (a) without silane, and with (b) 1-(trimethylsilyloxy)-1,3-butadiene, (c)
methyltrimethoxysilane and (d) tris(2-methoxyethoxy)vinylsilane between 0.1 and 1.5 V vs. Li/Li+, followed by DMC washing and drying, and
(a’)-(d’) their magnifications.

Figure 4 compares the impact of the type of silane on the 
cycling performance of the C-Si. Overall, in the presence of 
silanes discharge capacities and capacity retention were improv-
ed, in contrast to a rapid capacity decline after the first cycle in 
the absence of silane. However, even in the presence of self- 
assembled siloxane, the initial irreversibility due to the reductive 
decomposition of electrolyte components forming the SEI layer 
(Fig. 3b’-d’) was observed in common. Considering that greater 
cycling performance was obtained when using the silane that 
contains three alkoxy functionalities with relatively longer or-
ganic chain (Fig. 2c-c’), the surface coverage of self-assembled 
siloxane network was determined to be the key factor affecting 
cycling performance of the C-Si. 

Characterization of the SEI layer using IR spectroscopy. 
Surface chemistry of the C-Si in the silane-containing elec-
trolyte was investigated by characterizing the surface species 
produced on the film electrode surface due to cycling, using 
ex-situ ATR FTIR spectroscopy. Figure 5 shows IR spectra for 
the C-Si surface obtained after cycling without and with silanes. 
Tentative assignments to the vibrational modes are made as the 
following. Note that when the electrodes were rinsed in DMC 
prior to IR analysis, soluble surface species could be washed 
off.

After cycling in the electrolyte without silane, Fig. 5a-a’, 
the C-Si surface shows strong IR features below 900 cm‒1, most-
ly originated from inorganic compounds. Predominant peaks 
below 890 cm‒1 are assigned to stretching modes of P-F probably 
in different molecular bonding nature. The LiPF6-derived com-
pounds, PF5 and PF3O 16,36 must be involved in the formation of 
PF-containing species and as a consequence LiF salt may form 
automatically as described above. However LiF is not detectable 
in the mid-IR region used in this work. The data indicate that 
PF-containing species (e.g., M ― PnFm (M = Li/Si)) are the 
major surface species. This may indirectly indicate that LiF also 
forms on the electrode surface. The film also shows the trace 
of C=O for alkyl carbonate metal salt R-OCO2

‒ Mn+ (R= alkyl, 
M = Li/Si) and/or R-CO2

‒ Mn+ carboxylate metal salt in the 
region of 1720 - 1550 cm‒1 and CH3-CH2- alkyl group at 2960 - 

2800 cm‒1, related to the reduction of organic carbonate sol-
vents.16,17,22-24,31,32,40-42

With 1-(trimethylsilyloxy)-1,3-butadiene, Fig. 5b-b’, the C- 
Si surface also shows strong IR features below 900 cm‒1, where 
they are mostly due to PF-containing inorganic compounds. No 
signature of Si-O-Si functionality from siloxane between 1000 
and 1130 cm‒1 is observed. Reminding that the film with 1- 
(trimethylsilyloxy)-1,3-butadiene had only axial 1D Si-O-Si 
linkages and exhibited a rapid capacity decline around the 100th 
cycle (Fig. 3b-b’ and 4), self-assembled siloxane may be col-
lapsed at some point in the middle of cycling. Then, at the 200th 
cycle the film surface is eventually covered by only PF-contain-
ing species, like the surface composition obtained after cycling 
without silane. 

On the C-Si surface after cycling with methyltrimethoxy-
silane, Fig. 5c-c’, IR signatures from P-F containing species are 
mainly observed. Trace of some organic species is visible but 
in a very low absorbance. Tiny peaks due to alkyl and C=O 
group of R-CO2

‒ Mn+ carboxylate salts are shown near 1544 
cm‒1.16,17,22-24,31,32 Newly appeared tiny peaks at 1307, 1153, 
1016, 833 cm‒1 are ascribed to stretching modes of P=O, P-O-C 
and P-F group from -O=PF-OR organic phosphorus-fluorine 
compounds.31,32,43 They are partly overlapped with the peaks 
at 1108 and ~1045 cm‒1 characteristic of siloxane chain,16,31,32 in 
Fig. 2b’. Note that for the C-Si comprising no siloxane or low 
surface coverage siloxane, inferior cycling performance (Fig. 
3a-b) and mainly PF-containing surface species (Fig. 5a-b) were 
observed. In this context, the presence of mainly PF-containing 
surface species indicates the limitation in surface protection 
of siloxane. This is why capacity retention relatively improved 
but low capacities and a decrease in efficiency in the late stage 
of cycling (Fig. 4).

On the other hand, cycling the C-Si with tris(2-methoxy-
ethoxy)vinylsilane resulted in a very different spectral feature 
from those cycled with other silanes. In Fig. 5d-d’, signatures 
from CH3CH2- alkyl group at 2960 - 2850 cm‒1 are significantly 
strong, indicating that organic compounds including alkyl func-
tionality are one of the major SEI components. Lower absor-
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Figure 6. SEM images of surface morphology for carbon-coated Si 
electrode obtained after cycling (a) without silane, and with (b) 1-(tri-
methylsilyloxy)-1,3-butadiene, (c) methyltrimethoxysilane and (d) 
tris(2-methoxyethoxy)vinylsilane.
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Figure 7. Raman spectra for carbon-coated Si electrode obtained 
after cycling (a) without silane and with (b) 1-(trimethylsilyloxy)-1,3-
butadiene, (c) methyltrimethoxysilane and (d) tris(2-methoxyethoxy)
vinylsilane.

bance peaks near 1471 - 1405 cm‒1 come from the deforma-
tion of alkyl group. Remind that after self-assembly the film 
showed the alkyl and other functionallities from silane moiety 
(Fig. 2c’-c’’). The presence of silane moiety and/or polymeriza-
tion of vinyl group of silane contributes to enhancement of 
absorbance of alkyl group. Another strong peaks at 1581 and 
1568 cm‒1 are assigned to C=O carbonyl group of R-CO2

‒ Mn+ 
(R = alkyl, M=Li/Si) carboxylate metal salt functionalities in 
different chemical bonding nature of -CO2

-
.
31,32 Lower absor-

bance peaks near 1260 - 1020 cm-1 attributed to finger prints of 
C=O and C-O stretching of carboxylate support this assign-
ment.31,32 Alkyl and carboxylate metal salt groups are included 
to the decomposition products of carbonate-based organic sol-
vents (EC, DEC). Intense features from organic phosphorus- 
fluorine compounds and other P-F containing inorganic species 
are also observed in the region of 1260 - 835 cm‒1.31,32,43 Over-
lapping of a number of peaks in the region of 900 - 800 cm‒1 in-
cluding P-F stretchings enhances the peak near 835 cm‒1. For the 
peak weakening of the funtionalities for siloxane and silane 
moiety, the SEI layer components must be in a higher concentra-
tion level than them, thereby, their peaks are hidden under other 
intense peaks from SEI components. Effective surface passiva-
tion of the electrode by those accumulated SEI species is of 
benefit in protecting the film surface from direct interfacial 
reaction with electrolyte, improving capacity retention as obs-
erved in Fig. 3d-d’ and 4.

The IR analysis results indicate that the SEI layer formed 
by cycling with tris(2-methoxyethoxy)(vinyl)silane is compos-
ed of mainly organic compounds with the functionalities of 
alkyl, and carboxylate metal salt, and inorganic compounds 
including organic phosphorus compounds and other P-F con-
taining species. Self-assembled siloxane and the presence of 
silane moieties induced the formation of a plenty of the SEI 
components. Since more stable capacity retention of the C-Si 
was attained when large amounted organic and PF-containing 
inorganic SEI compounds were produced, the efficient protec-
tion of the C-Si surface with high coverage siloxane network 
is believed to be the origin of improved electrochemical per-
formance. 

Morphology changes with cycling. Morphology change in 
the C-Si due to cycling was examined using ex-situ SEM. Figure 
6a-d show the surface SEM images of the C-Si after 200 cycles 
without and with silanes. After cycling without silane, Fig. 6a, 
film cracking was severe and film appeared brittle, as often 
observed on Si-based alloy materials.4-6 Film surface obtained 
after cycling with 1-(trimethylsilyloxy)-1,3-butadiene, Fig. 6b, 
was quite a coarse and porous. The particles were somewhat 
separated from each other. Drastic performance decline during 
cycling (Fig. 3b-b’ and 4) is correlated to this severe morphology 
change, supporting that surface protection was inferior (Fig. 
5b-b’). With methyltrimethoxysilane, Fig. 6c, overall film sur-
face was relatively smooth but film had cracks, although the 
film appeared still dense. By contrast, with tris(2-methoxyetho-
xy)vinylsilane the film surface, Fig. 6d, remained smooth, with 
several round particles in the diameter of 70 - 330 nm. Neither 
film cracking nor particle aggregation was observed. Surface 
modification with high coverage siloxane network was effective 
in reducing the mechanical disintegration of particles. This de-

monstrates that film morphology change of the C-Si with cycling 
is strongly dependent on surface chemistry. 

Raman spectroscopy provided supportive information on 
changes in film morphology and surface composition on the 
C-Si. Figure 7 shows Raman spectra of the C-Si obtained after 
200 cycles without and with silanes. After cycling without 
silane, the spectral feature (Fig. 7a) of the film resembles the 
as-prepared film (Fig. 1b). However, with cycling in the pre-
sence of silanes the films showed spectral changes. In Fig. 7b-d, 
the sharp band at 515 cm‒1 from crystalline Si 27 disappeared but 
a new band at 489 cm‒1 characteristic of amorphous Si appeared 
instead.28,29 All crystalline Si must be converted to amorphous 
Si, consistent with previous report.16 Newly noticed was the 
appearance of a strong and broad band near 1360 cm‒1 due to 
diamond-like sp3 carbon (D-band).30,31 Diamond-like carbon is 
associated with the presence of organic SEI compounds and 
siloxane, which include sp3-coordinated carbon. Or graphite- 
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like carbon (G-band), which was originally of the as-prepared 
C-Si, could be partly converted to diamond-like one by cycling.

Conclusions

The surface of carbon-coated Si was modified by self-as-
sembly of siloxane network using monoalkoxy-, trialkoxy- and 
trialkoxy-silane with long oxaethylene chain as additives for 
stabilizing cycling performance of carbon-coated Si in the elec-
trolyte of 1M LiPF6/EC:DEC. The use of longer chain trialkoxy-
silane was effective in building up 3D siloxane network with 
high surface coverage and suppressing direct electrode/elec-
trolyte interfacial reaction after the early stage of cycling, which 
increased the reversibility in cycling. Self-assembled siloxane 
network led to the formation of a stable SEI layer primarily 
consisting of organic compounds and PF-containing inorganic 
species. Simultaneously particle cracking event was efficiently 
reduced, and capacity value and retention were dramatically 
improved. Since cycling performance, surface composition and 
particle morphology change were strongly dependent on the 
surface coverage of siloxane network, the selection of an appro-
priate silane is of great impact on the performance control of 
carbon-coated Si. The data suggest that the control of surface 
chemistry is necessary to attain high performance lithium-ion 
batteries employing Si-based alloy anode materials.
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