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The Si-O-C bonding and its evolution upon electrochemical cycling in Si coated-carbon nanotube anode are unveiled by X-ray 

absorption spectroscopy studies.   
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The chemical bonding nature and its evolution upon 

electrochemical cycling in amorphous Si coated-carbon 

nanotube (Si-CNT) anode has been investigated using 

comprehensive X-ray absorption spectroscopy (XANES) at Si L- 

and K-edges along with C and O K-edges.  The Si nanolayer on 

CNT is found to be anchored to CNT via Si-O-C bonding.  This 

bond weakens upon electrochemical cycling accompanied with 

generation of Li2CO3 on the surface of Si-CNT. Those findings 

are crucial in designing further improved Si-C composite anode 

for lithium ion battery. 

 

Nanostructured Si, especially when hybrided with carbon, offers a 

plausible solution to utilize the high theoretical capacity of Si but 

without concerns of the structural damage due to the extremely large 

volume change (300%) during the lithiation/delithiation cycle1, 2.  

Given that the Si-C composite relies on the electronic conductivity 

of carbon, the interaction of Si with carbon and its maintenance 

during electrochemical lithiation/delithiation cycling are crucial for a 

high performance lithium ion battery anode. In-situ TEM 

investigation has been applied to study phase transformation and 

microstructural evolution of amorphous silicon nano-layer coated 

carbon nanotube (Si-CNT), which finds that the Si layer is strongly 

bonded to CNT and no spallation during lithiation and delithiation 

cycles2. However a deeper and fundamental understanding of the 

electronic nature of bonding between Si layer and CNT in Si-CNT 

and its evolution upon cycling is still needed to provide insights of 

the structural stability in Si-CNT as the anode and its failing 

mechanism. This information will not only benefit Si-CNT study but 

will serve as a model for other Si-C3 based lithium ion battery 

anodes to lead further performance improvements. In addition to the 

Si-C interaction in Si-CNT, study of the solid-electrolyte interface 

(SEI), a layer of decomposed electrolyte upon cycling on the surface 

in this Si-CNT anode is also needed for further understanding of its 

stable cycling performance. Relevantly, Si oxidation state change 

upon lithiation shall unveil the charge compensation mechanism 

during lithiation4, which is important to a full understanding of the 

lithiation process.  X-ray absorption near edge structure (XANES) 

spectroscopy involves the measurement and interpretation of the 

photoabsorption cross-section across a particular core level 

(absorption edge) of an atom in a chemical environment up to ~50 

eV above the threshold. The absorption features in XANES track 

bound to bound and bound to quasi-bound (multiple scattering) 

transitions thus affording element specificity and they are very 

sensitive to the local chemical environment of the absorbing atom. 

XANES has been applied successfully to reveal the fundamental 

structure and bonding in nanomaterial, particularly carbon 

nanostructure hybrid5-7, and also chemical interaction in graphene 

based lithium ion battery electrode materials4, 8.  O K-edge XANES 

is known to be very sensitive to various Li oxide and carbonate 

compounds9 which are the major components of a SEI layer10. This 

letter reports an application of C, O, Si K-edges and Si L-edge 

XANES to study the chemical nature of the Si-C interaction and 

its evolution along cycling in Si-CNT. Along this main goal, the 

SEI and Si oxidation state and their change upon cycling will 

also be studied. Such goals can only be achived with a 

comprehensive X-ray spectroscopic study by probing different 

elements and/or different edges of the same element in a complex 

system. The former allows a full perspective view of a bonding 

enviroment involving of different elements while the latter can 

access the different orbitals for the same element.   

 

Si-CNT was prepared by chemical vapor deposition of a thin 

layer Si (~ 13 nm) onto CNTs with a diameter of 100-200 nm 

(Figure S1a in the support information). CNT before Si coating 

has amorphous surafce which could be served as a link layer to 

anchor the coated Si as being seen in Figure S1a. TEM and EDX 

mapping also clarifies the uniform Si coating (Figure S1d and 

S1e in the support information). The silicon to carbon ratio is 1:3 

and the specific capacity of ~ 1000mAh/g of Si-CNT (Figure S1f 
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in the support) was determined in a coin cell which consisted of 

Si-CNT electrode and Li metal counter electrode with EC/DEC 

as the electrolyte2. The coin cell was cycled at the current rate of 

1A/g with the cut-off voltage at 0.05V for lithiation and 1.5V for 

the delithiation. The XANES experiment of pristine and cycled 

Si-CNTs was performed at SGM and PGM beamline in a vacuum 

chamber  at ~10-8 torr and data was recorded in the surface 

sensitive total electron yield (TEY, sensitive to the top ~ 5 nm) 

and bulk sensitive fulorence yield (FY). For the cycled samples, 

coin cell was disassmbled in a glove box which is attached to the 

beamline, and loaded directly into the vacuum chamber. XANES 

data were first normalized to the incident photon flux I0 

measured with a fresh gold mesh at SGM and a Ni mesh at PGM 

located upstream of the sample. After background correction, the 

XANES was normalized to the edge jump (the difference in 

absorption coefficient just below and at a flat region above the 

edge).  

 The Si-C interaction in Si-CNT is first explored by comparing C 

K-edge XANES between CNT and Si-CNT as shown in Fig.1a. C 

K-edge XANES reflects the transition from C 1s eletrons to 

mainly C 2p states following the dipole selection rules. It is 

featured by two main transitions at ~285 and ∼292 eV 

attributable to C 1s transition to the graphitic C-C (sp2 carbon) 

π* and C-C σ* state, respectively, in CNT and its composite. The 

observation of C-C π* and C-C σ* in Si-CNT confirms the 

existence of the graphitic network after Si coating.  Along with 

those two features, a broad peak centered at ~ 288 eV presents in 

both samples. This peak has been observed in various carbon 

nanostructures and can be attributed to C-O bond6, 8, 11, 12. It is 

also well accepted that this feature will be enhanced whenever 

the carbon nanostructure is hybrided with another components 

including metal oxide and phosphate which then has been 

identified as a reliable spectroscopic indicator of the covalent 

bonding in thoses nano-hybrids12-14. Apprently, this absorption 

feature is greatly enhanced in Si-CNT relative to that in pristine 

CNT and this is the first solid spectroscopic evidence of covalent 

bonding between Si and CNT in Si-CNT, quite possibably in the 

form of Si-O-C. Such bonding also alters the electronic structure 

in C 2p orbitals in Si-CNT as seen of the negative energy shift 

and decreased intensity of the C-C π*peak.  This could suggest a 

even better electronic conductivity in Si-CNT due to the increase 

of the electrons closer to the conduction band, which might be 

comparable to the situation in the conductive polymer binder in 

high capacity battery anode15. The proposed Si-O-C bonding can 

be further evaluated by O K-edge XANES of Si-CNT and CNT 

which are shown in Fig. 1b. O K-edge probes the uncocupied O 

2p projected states which could be hybridized with carbon or 

silicone states. CNT presents a broad peak at ~532eV which can 

be due to the π* of the C-O bond16.  The observation of this peak, 

together with the assignment of ~ 288 eV peak in C K-edge in 

Fig. 1a, confirm the existence of oxygen functional groups in 

pristine CNT. This C-O bonding has an associated σ*  bonding 

feature at ~ 540 eV which is also called shape resonance peak 

due to its intrinsic sensitivity to the bond length similar to the 

case in the N K-edge XANES study of C-N bond17. Interestingly, 

upon Si coating this shape resonance peak shifts to lower energy 

which means a loose bonded O relative to that in prestine CNT. 

This agrees well with the fact that Si has larger atomic radius and 

weaker electron affinity compared to carbon, thus  a Si-O bond is 

expected to have a weaker covalent feature than in a C-O bond. 

Therefore this is the second spectroscopic evidence of the 

formation of Si-O-C bond in the interface between Si and CNT in 

Si-CNT. Si takes sp3 hybridization to bond with oxygen therefore 

the Si-O-C bond results in lower intensity of π* at ~ 532 eV.  

 

Fig.1 TEY C K-edge XANES (a) and O K-edge XANES (b) of CNT 
and Si-CNT. 

 We will focus next on the C and O K-edge XANES of lithated 

Si-CNTs to explore the Si-O-C bond change upon 

electrochemical lithiation and cycling of lithiation/delithiation 

before we use Si L and K-edge XANES to explore this Si-O-C 

bonding and its evolution. Upon lithiation, a passivating SEI 

layer with Li2CO3 as the majority18 was expected to form on Si-

CNT which blocks TEY signal from CNT from being detected, 

resulting in a much lower C-C π* in lithated Si-CNT relative to 

that in pristine Si-CNT (see Fig S.2 for the C K-edge TEY 

spectra in the support information). To probe the Si-O-C bond in 

the SEI coated Si-CNT, bulk sensitive FY mode was used to 

collect C K-edge XANES of lithiated Si-CNT along with the 

pristine Si-CNT and the spectra are displayed in Fig. 2a. 

Apprently lithiation dramatically sharpens the Si-O-C bond peak 

(288 eV) which could be due to the strain caused by the large 

volume expansion in the lithiated Si layer. The intensity of this 

feature decreases further after 100 cycles of lithation/delithiation 

which is highly likely related to a weaker Si-O-C bond in the 

cycled samples. The weaker Si-O-C bond can also be reflected 

by the O K-edge XANES as displayed in Fig. 2b. As being 

discussed above in Fig. 1b, the shape resonance peak at around 

540 eV can be used to understand the Si-O-C bonding in Si-CNT.  

It can be observed that lithiation broadens this peak and cycling 

shifts this peak to a higher energy, similar to that of pristine Si-

CNT. This alligns well with the decrease in the intensity of the 

288 eV peak in C K-edge XANES as Si-O-C bond becomes 

weaker upon lithiation and electrochemical cycling. Along with 

this observation, the sharp peak at ~ 290 eV at C K-edge  and  at 

~535 eV at  O K-edge XANES of lithiated Si-CNT indicates the 

presence of Li2CO3
19

 in SEI.  It should be noted that the SEI is 

very complex and contains other Li species, such as LiOx which 

could be identified by O K-edge XANES19. The spectroscopic 

difference between lithiated Si-CNTs (cycle 1 and cycle 100) 

should also be caused by the SEI difference.  For instance, there 

might be more Li2CO3 in Si-CNT with 100 cycles and there 

might be more LiOx in Si-CNT with only one cycle as shown by 

the broadened feature close to 535 eV19.     
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Fig.2  XANES of Si-CNT and lithiated Si-CNTs at C K-edge 
recorded in FY mode (a), and O K-edge (b) recorded at FY mode. 

 

The Si-O-C bonding in Si-CNT and its evolution is further 

explored from Si perspective with the Si L-edge XANES 

displayed in Fig. 3. Si L-edge XANES involves electronic 

transition of  Si 2p states and it is also sensitive to the oxidation 

state. Again, due to the shallow probing depth at TEY mode (~ 

5nm) only bulk sensitive FY is possible to explore the Si-O-C 

interface in Si-CNT and lithiated Si-CNT. TEY mode Si L-edge 

XANES of Si-CNT shows elemental Si feature at ~ 100 eV but 

no Si-O feature detectable (Support information Fig. S3) which 

strengthens the buried interface nature of Si-O-C bond in Si-

CNT. Elemental and lithiated Si are present in FY mode Si L-

edge XANES but we will only focus Si-O region in Fig.3, as the 

FY Si L-edge suffers from the self-absorption with partially 

inverted features20 (Support information Fig. S4). The first two 

well resolved peaks are transitions to the first unoccupied 3s like 

states from the spin-orbit split Si 2p (2p3/2 and 2p1/2). Peak at ~108 

eV is owing to 2p to 3d transition which features a broad peak (due 

to multiple scattering). It is generally agreed the splitting and relative 

peak ratio of first two peaks relates to the long range order of Si-O 

tetrahedral coordination: the splitting of the peaks becomes more 

resolved and the peak ratio of first/second peak increases with the 

increase of the shared oxygen atoms21. Clearly, lithiation and further 

cycling reduces the peak splitting and also the peak ratio of 

first/second peak which indicates a more amorphous Si-O bond. This 

must be closely related to a weaker Si-O-C bond in lithiated and 

cycled Si-CNT. Along with the change of the first two peaks the 

broad peak at 108 ev also slightly shifts to higher energy upon 

lithiation which could be linked to a compressed Si-O bond caused 

by the strain effect due the volume change in Si.   
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Fig.3 Si L-edge XANES of Si-CNT and lithiated Si-CNT recorded 

in FY mode.  

Finally, the chemical state of Si and Li in lithiated Si-CNT was 

examined by Si K-edge XANES (TEY) to glean an insight of the 

lithiation process as being shown in Fig. 4. The Si K-edge arises 

from the transition of excitations of Si 1s electron to the 

unoccupied orbitals with p character dominated. It is very 

sensitive to the Si oxidation state such as that SiO2 has a 

charateristic peak at ~ 1850 eV and Si shows up at ~1845 eV22. 

With this as the guide it is clear that the oxidation state in Si-

CNT is close to elemental Si with detectable Si-O feature as 

being observed in Si L-edge and C and O K-edge in above 

section. Lithiation shifts the absorption edge to lower energy 

which indicates the oxidation state of Si goes to negative. It 

makes sense with the consideration of the low electron affinity of 

Li relative to that of Si thus a charge transfer from Li to Si is 

expected resulting in a negative covalence for Si in SiLi alloy. In 

addition to the negative edge shift, a new feature at ~ 1848 eV 

shows upon lithiatio. This might be also due to the lithiation but 

we could not exclude the possibility of a distorted Si-O in the Si-

C interface or contribution from SEI. Further cycling moves the 

Si K-edge absorption back to higher energy though the oxidation 

state shall still be negative. Such spectroscopic difference 

between lithiated Si-CNT with different cycles clarifies their 

chemical difference which could be used to explore the electrode 

fading mechanism.  
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Fig.4 Si K-edge XANES of Si-CNT and lithiated Si-CNT( 1 cycle 
and 100 cycles).  

 

In summary, the detailed chemical interaction nature at the Si-C 

interface in Si-CNT structur have been studied by comprehensive 

XANES involving mutliple elements and edges. The most 

possible interaction which anchors the Si layer onto CNT is 

found to be the Si-O-C bond. This bond was distorted upon 

lithiation and repeated cycling which becomes more amorphous. 

Such observation agrees with our previous publication that 

repeated cycling changes the morphology of Si coating2 and also 

matches the TEM results in the support information (Fig. S1. b 

and c). Lithiation also generates a passivating layer which 

consists of Li2CO3. Finally, the charge goes to Si site upon 

lithiation as being examined by the Si K-edge. These 

observations shall be useful for further development of better Si-

C based Si composite anode, especially when theoritical 
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calculation and modelling are combined to fully understand the 

Si-O-C bonding nature and its behaviour in the lithiation.             
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