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Abstract

SEI layer on Si-based anodes should have high mechanical properties to adapt the
volume changes of Si, with low thickness and good ionic conductivity. To better
understand the influence of carbonate solvents on SEI composition and mechanism of
formation, systematic studies were performed using dimethyl carbonate (DMC) and
propylene carbonate (PC) in LiPFg based electrolyte. 1 M LiPF¢/EC-DMC was used
for comparison. The surface chemical composition of Si electrode was analyzed at
different potentials of lithiation/delithiation and after a few cycles. Ex situ X-ray
photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry
results demonstrate that a thinner and more stable SEI layer is formed in LiPF¢/DMC.
The in situ Fourier transform infrared spectroscopy proves that the coordination
between Li* and DMC is weaker and fewer DMC molecules take part in the formation
of SEI layer. The higher capacity retention during 60 cycles and less significant
morphological modifications of Si electrode in 1 M LiPFs/DMC compared to other
electrolytes were demonstrated, confirming a good and stable interfacial layer. The
possible surface reactions are discussed and the difference in the mechanisms of
formation of SEI in these three various electrolytes is proposed.

Keywords: Si thin film electrode; SEI layer; XPS; in situ FTIRS; ToF-SIMS;
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1. Introduction

Silicon is one of the most promising candidates for the next generation of
negative electrodes for Li-ion batteries due to its remarkably high specific capacity
(reaching 3579 mAh g™ at room temperature which corresponds to the formation of
Lis7sSi alloy), high safety and low cost.> However, the cycle stability of Si anode is
still limited by the huge volume expansion of Si (around 280% upon lithiation)

resulting from the high ratio of Li in Li-Si alloy.®® The volume expansion causes
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material pulverization,’® electrical contact loss and poor cycle performance.
Moreover, the volume expansion/contraction during each cycle of
lithiation/delithiation process also damages the solid electrolyte interphase (SEI) layer
formed on the surface of Si electrode.® Thus, the SEI layer has to reconstruct on an
uneven electrode surface and consumes an extra amount of lithium and electrolyte
components during every cycle, which leads to irreversible capacity.>*> The
irreversible capacity observed during the first lithiation can be as high as 30 %.* The

composition of the SEI depends on the electrode material,*®

the nature of electrolyte
(salt, solvent, additive)'’*® and the conditions of lithiation/delithiation **. The SEI is
formed by the electrochemical reduction of electrolyte at low potentials (close to 0.5
V).!* The properties of the SEI can significantly influence the reversible capacity
(columbic efficiency and energy efficiency) and battery cycle life.***® Therefore,
understanding the SEI formation mechanism and interfacial properties are considered
as one of the key parameters for Li-ion battery design. The formation and composition
of SEI have been widely studied on graphite electrode materials but much less on
Si-based electrode materials. For commercial graphite anode, ethylene carbonate (EC)
is an indispensable electrolyte co-solvent because it plays a key role in the formation
of passive layer on the graphite surface to protect the graphite from Li-solvent
co-intercalation, graphite exfoliation and continuous decomposition of electrolyte.?
Thus, the other carbonate solvents such as DMC, PC and diethyl carbonate (DEC)
cannot be applied without EC for graphite anode.?®?! However, they could be used as

the electrolyte solvents alone for Si anode, because Si is not a layered structure. The
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electrolyte for Si anode is required to form the SEI layer that has better mechanical
properties to adapt the volume changes and has lower thickness allowing better
electrode conductivity."® Therefore, different kinds of electrolytes were employed on
the Si-based anodes. Ohara et al. applied two different electrolytes 1 M LiCIO4/PC
and 1 M LIiCIO/EC-DMC (1:1) on Si film electrodes. The electrodes in both
electrolytes exhibit long stable cycle life.?* Schroder et al. applied the 1 M LiPF¢/EC
DEC (1:1) electrolyte on Si wafer electrodes and tested the cells by linear sweep
voltammetry (LSV), cyclic voltammetry (CV) and chronoamperometry (CA) methods.
X-ray photoelectron spectroscopy (XPS) data showed that the ratios of different
species in the SEI layers became quite different after these electrochemical
treatments.?® Our research group employed previously 1 M LiClIO4#/PC and 1 M
LiPFs/EC-DMC electrolytes on a-Si:H and Si nanowire electrodes and analyzed the
SEI layers by XPS and time-of-flight secondary ion mass spectrometry (ToF-SIMS).**
These studies allowed to conclude that the SEI layer formed in the PC-based
electrolytes was thicker and richer in alkyl carbonate species, than that formed in
EC:DMC-based electrolytes, which was mainly composed of salt decomposition
products (LiCl or LiF).

In order to improve the Si-based electrode performances and the SEI properties
on these electrodes, some electrolyte additives were also widely investigated for

Si-based electrode materials such as vinylene carbonate (VC)** %

and fluoroethylene
carbonate (FEC)***?. These additives have some advantages of decomposition
potentials higher than the main electrolyte solvents. However, the addition of the VC
leads to higher cell impedance due to formation of the thicker SEI layer.*® The FEC in
electrolyte results in gas evolution at high temperatures, fast FEC consumption and
finally a cell failure.®* Therefore, the understanding of the reaction mechanisms of
each single electrolyte component, the formulation of new electrolytes as well as a
good approach in terms of analytical methods and fundamental studies of surface
chemistry are necessary to optimize the performance of Si electrode.

The efficient approach in the chemical and structural characterization of the SEI

layer is very important but not straightforward. For example, a lot of information
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about the organic species on the SEI layer could be obtained by Fourier transform
infrared spectroscopy (FTIRS) method. **** In situ FTIRS was already applied for
SEI studies on Si electrode.**** Another powerful technique in characterization of
the surface chemistry of electrode materials (organic and inorganic species) is
XPS. 1224453054 Hg\wever, XPS has also different limitations: it is an ultrahigh vacuum
ex situ technique, i.e. the sample needs to be rinsed and dried before analysis, which
can lead to some surface modifications. Moreover, some of the peaks corresponding
to different species can overlap (e.g. the Si-O or Si-F bonds in the region of Si 2p core
level like demonstrated hereafter). ToF-SIMS, an extremely surface sensitive
analytical method, can be used to analyze both surface and bulk electrode
modifications (by means of ion in-depth profiling).?*®**>® However, ToF-SIMS as a
technique under vacuum has similar limitations as XPS.

The ex situ techniques such as scanning electron microscopy (SEM) and atomic
force microscopy (AFM) are common techniques to observe the surface morphology
of the electrode and the SEI layer.®*"*® As the surface topography might be changed
after solvent washing and the sample exposition to the ambient air, several in situ
techniques such as in situ electrochemical-AFM (EC-AFM) and in situ scanning
transmission electron microscopy (STEM) can be applied to follow the surface
modifications induced by lithiation/delithiation processes.>®®? It should be noticed
that to have a good insight into the formation of the SEI layer, the combination of
different ex situ and in situ methods is necessary. Moreover, the good choice and
simplified electrode materials (e.g. without binders) to avoid the ambiguities in the
surface chemical and morphological characterization and to better understand the
influence of the intrinsic properties of electrode materials on the SEI layer formation.

In this work, the systematic studies of surface characterization of Si thin film
electrode in three electrolytes (1 M LiPFs/EC-DMC, 1 M LiPFs/DMC and 1 M
LiPFe¢/PC) were performed in order to better understand the influence of solvent on
the SEI layer composition. Application of model thin film electrode allowed to avoid
interference from other electrode components and additives such as binder and to

determine more easily the different surface reaction mechanisms. It should be noticed
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that the surface modifications of commercial composite Si-based electrodes can vary
slightly. The analyses of the Si thin film were performed at different lithiation and
delithiation potentials and after several cycles (5 cycles) by XPS, in situ microscope
FTIRS and ToF-SIMS. The morphology of the Si thin film electrode was also
examined by SEM. The capacity and columbic efficiency induced by cycling of Si

thin film electrode were also tested as a function of electrolyte composition.

2. Results and discussion

2.1 Influence of lithiation/delithiation on the surface modifications of Si by XPS
2.1.1 Cyclic voltammetry of Si thin film electrode

The first cycle (CV curves) performed on Si thin film electrodes in different
electrolytes (1 M LiPFg/EC-DMC, 1 M LiPF¢/DMC and 1 M LiPF¢/PC) is shown in
Figure 1. The two broad cathodic peaks particularly visible for EC-DMC electrolyte
between 0.3 V and 2.0 V (also shown in the inset of Figure 1) correspond principally
to the decomposition of electrolyte and the formation of SEI layer . The peak
corresponding to the electrolyte decomposition on the Si-based electrodes is the peak
observed frequently at around 0.75 V.*?+41498% Here for EC-DMC electrolyte, this
peak is observed between C1 and C2 point. A reduction of small quantity of surface
contaminations and/or traces of water occurring at higher potentials of around 1.5-1.0
V cannot be completely ruled out?*** The most intense, narrow cathodic peaks
between 0.01 V and 0.4 V correspond to the formation of Li-Si amorphous phases
(Li,Si),>®" whereas the high intensity two anodic peaks between 0.1 and 0.6 V
corresponds to the phase transfer from Li-Si alloy to amorphous Si.**% " |t should be
noted that CV curves does not show a significant influence of electrolyte on their
shapes. To demonstrate the differences in the surface composition of Si electrode
cycled in these three different electrolytes, six points of lithiation (cathodic, C1-C4)
and delithiation (anodic, Al to A2) were chosen for XPS analysis:

- point C1 (~0.9 V) corresponding to the state after electrolyte

decomposition and SEI formation and point C2 (~0.25 V) to the state before
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lithiation,

- points C3 (~0.08 V) and C4 (~0.01 V) corresponding to the state after
the first and the second lithation peak,

- point Al (at ~0.015 V) corresponding to the beginning of delithiation
process and point A2 (~1.0 V) to the end of delithiation process.
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Figure 1 First CV cycle for Si thin film electrodes performed in different electrolytes:

1 M LiPF¢/EC-DMC, 1 M LiPF¢/DMC or 1 M LiPF4/PC (scan rate v = 0.02 mV s'l).

2.1.2 SEI layer formation in DMC-based electrolyte

The high resolution XPS spectra of Si 2p, C 1s, F 1s and O 1s for pristine Si
electrodes and for the Si electrode after formation of SEI layer (point C2) and before
delithiation (point Al) and after delithiation (point A2) in 1 M LiPF¢/DMC electrolyte
are shown in Figure 2. For clarity of presentation, the detailed decomposition was
only presented here for selected stages of lithiation/delithiation of Si in 1 M
LiPFe/DMC. The XPS decompositions (C 1s, F 1s and O 1s peaks) for all electrolytes

and at all stages of lithiation/delithiation (points C1 to C4 and Al, A2) are presented
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in the supplementary information (Figure S2, S3 and S4). All carbon, oxygen, fluorine
and silicon characteristic species, their binding energies (BE) and full width at half
maximum (FWHM) used in the peak decomposition are presented in Table 1.

In Figure 2, the Si 2p spectrum displays Si 2pz, and Si 2py/, spin orbit doublet. A
theoretical value (1:2) of area ratio of Si 2p;»:Si 2ps, peak was fixed for
decomposition. The decomposition of Si 2p core level peak shows that the surface of
the pristine Si thin film electrode prepared by magnetron sputtering is covered by a
thin native Si oxide layer. The lowest binding energy peak at ~99.1 eV (Si 2p3/2) can
be attributed to Si° ®*"? and three higher binding energy peaks (Si 2ps;,) to different Si
oxides (Si* at ~100.2 eV, Si*" at ~101.8 eV and Si** at ~103.5 eV, Table 1).697> 7"
After the lithiation (C2) and delithiation (Al and A2), the SEI layer was formed on
the surface of Si thin film. The intensity of Si signal decrease significantly, but it
could still be detected from the electrode bulk, probably due to the fractures, pores in
the SEI layer or its not homogenous formation. After correction of binding energy
versus carbon peak (C-C at 285.0 eV), the Si 2p peaks shift to lower binding energies
because of the differential charging effects on different compounds formed on the
surface of Si electrode.?*®® Therefore, after electrochemical processes these Si 2p
peaks were assigned to different Si compounds by calculating the difference in the
binding energies corresponding to Si° and other Si peaks (ABE=BEsio-BEsio+ or 4+ aS
shown in Table 1). Then, the Si 2ps), peak at ~97.8 eV was assigned to Si°, a peak at
~100.8 eV to Si** (Si-O, Si-F or LiSix0y).®*"®" The Si 2ps;, peak at ~102.9 eV
could be assigned to Si** oxide and fluoride.”>"® The peak at ~104.7 eV corresponds
to SiOxF,.">"*"

The C 1s profile (Fig.2) shows a large C-H, C-C peak (~285.0 eV) and small
peaks corresponding to the -OCHj; (~287.1 eV) and O-C=0 (~288.9 eV)
contaminations on pristine Si sample.>**787° After the electrolyte decomposition and
SEI formation processes (point C2), the -OCHj3 peak becomes very intense principally
due to the electrochemical reduction of DMC solvent according to reaction (3) shown
in scheme 1.224% A small amount of -CH,0OCO,-, Li,COs (~290.0 eV) can be also

4,11,24,79,

observed.* 8182 The most probably principal component here is Li,CO3 due to
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the decomposition of DMC according to reaction (5). The relative intensities of
0-C=0 and -CH,0CO,-, Li,CO3 peaks becomes much higher after lithiation (at point
Al). This phenomenon could be related to the changes of SEI layer composition
during the lithiation process. After delithiation (at point A2), the -CH,OCO,-, Li,CO3
peak disappears and the intensity of O-C=0O peak decreases, while the intensity of
peak -OCHj; peak increase. It probably indicates that the -CH,OCO,- and Li,COs
species decomposed or some new C-H, C-C and -OCHjs species formed and covered
the surface during the delithiation process on the Si electrode in 1 M LiPFs/DMC

electrolyte.



EC+2e +2Li"— Li,CO; + CH=CH, ------------------------ (1

2EC+2¢ +2Li"—— (CH,0CO,Li), + CHy=CH, -------------- 2)
CH30Li + CH30CO*® -----=----smomsmeoomoeoos 3)
R
T — CH30CO,Li + CHy®  ==--==--s=mmsmmmmoanneaes (4)
DMC +2 e +2 Li" = LiCO3 + CyHg ~--7----==---mmmmmmmmmesooos (6))
PC+2¢ +2Li" — Liy)CO3 + CH,=CH-CHj ~------------=====- (6)
2PC+2e +2Li'"—> (CH,0CO,Li), + CH,=CH-CH; ---------- (7
n R-—> R, (polymers) -----------------s--c--omssccooooocooooons (8)
Re+e + Li" ——3 RLi ==-------smmmmmmmmmm e )
2 ROCO,Li + H,0 — > Li,CO; + 2 ROH + COz -----------=----=--- (10)
LiPF LiF + PFg--rommmmmrsmmommssso s (11)
PFs+ H,0 —— PF30 + 2 HF -----------smoommmmoomooommeoooees (12)
ROCO,Li + HF — ROCO,H (sol) + LiF ----------------oomoeooe- (13)
Li,CO; +2 HF — H,CO; (sol) + 2 LiF ------------msmeoomoeoooeee (14)
ROLi + HF—— ROH + LiF  --------r-smmmmmsmamomroe e (15)
SiO, +4 e +4 Li'——3 Si+2Li0 ------r--smmrmsomeeeoneeo e (16)
58i0,+4 ¢ +4 Li"—> Si+2 Li,Si)05 ~=-----rrrmmmmmmmmmmmeeees 17)
28i0, +4 e +4 Li'—> Si+2LiySi0, ------r--oormeoomomeoooe (18)
PF;0 + DMC — PF,00CH; + CO, ---==---==--rsmmmmmmmmoans (19)
PF;0 +n EC — PF,0(CH,CH,0),;CH,CH,F +n CO, -----------" (20)

PF;0 + n PC —> PF,0[CH(CH;)CH,0], ;CH(CH;)CH,F + n CO,---(21)

Scheme 1. Reduction reactions on Si thin film electrode with different electrolytes (1

M LiPF¢/EC-DMC, 1 M LiPFg/DMC and 1 M LiPF¢/PC).



There is no F on the pristine Si sample. However, the high intensity of F 1s peak
appears already after the first stage of lithiation (point C2). This peak can be
decomposed in three components: Li-F (at ~685.1 eV),>*?*7¥8 SiOF (at ~686.8
eV)"3 758 and P-F (at ~688.1 eV)**#*7982 35 shown in Table 1. A very high intensity
of SiOF component (e.g. SiOxFy) at different stages of lithiation/delithiation illustrates
that the SEI layer formed on the Si electrode in 1 M LiPFs/DMC samples is not very
thick. The P-F signal (at ~688.1 eV) keeps at a relatively low intensity during the
whole cycle and the Li-F signal (~685.1 eV) increases during the lithiation process

and decreases during the delithiation process, demonstrating a formation and

e H H - 31,41,84,85
decomposition of LiF salt according to reactions (11)-(15).>"*"
Si2p C1s F1s O1s
10000 8000 280 76000
2 7500 i 2 6000 2 8600 57000
o | o G ik
Fprn z £ 4000 2 gang ) 38000 i\
Pristine & % = s i i\
o o z I
£ 2500 ] £ 2000 £ s200 19000
: 0 ol
2 a00 2 3900 o 180000 2 20400
8 S s g
= > >
C2 £ %‘ 2600 2 120000 Z 13800
c c c -4
2 2 ] 2
= £ 1300 £ 60000 £ 6800
] o [
27000
° 2 1800 & 138000 g
5 5 5 &
A1 z 2 1200 E g0 Z 1000
c c c c
o & . a
= £ s00 Z 600 £ 9000
] o [
13500
2 2 so00 & 114000 2
A2 -: 3000 :; 2000 ‘: i 9000 /
= E = 7600 & i
2 2000 2 g 2 /
g £ 1000 2 £ 4500 /
E 000 " ; ] £ 38000 = /
gy 0 ° 4 -,
0 . d )
108 105 102 99 96 291 288 285 282 692 690 688 686 684 682 680 536 534 532 530 528
Binding Energy / eV Binding Energy I eV Binding Energy / eV Binding Energy / eV
sio m— C-H, C-C — LiF mmmm ROL|, Li,SiO,
s Si* oxide -OCH, = SiOF s C=0, P=0
S Si2* oxide, fluoride s O-C=0 P-F Si-0, C-0
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Si** oxide, fluoride
m— SiO,F,

Figure 2 High resolution Si 2p, C 1s, F 1s and O 1s core level spectra obtained on the
pristine surface of Si thin film electrode and on Si thin film after different stages of

lithiation/delithiation (points C2, Al and A2) in 1 M LiPF¢s/DMC.
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The O 1s profile for pristine Si sample shows as a major component the peak at
~532.9 eV corresponding to Si-O bonding, which is in agreement of Si 2p core level
peak where the presence of SiOy is observed.®*?48182 The other two peaks at around
533.6 eV and 531.8 eV correspond to -CH,OCO,- and C=0O surface organic
compounds and/or organic surface contaminations, respectively (Table 1). After
electrolyte decomposition and SEI formation processes (point C2), RCH,OCO,Li,
P=0 species and Li,CO3 were formed. Thus, the RCH,OCO,L.i (~533.5 eV) and C=0,
P=0 peaks show the higher intensity. After the lithiation process, a new peak
corresponding to ROLi, Li,SiOs (~530.5 eV) appears.*?*3828887 Then after the
delithiation process, this peak still exists, but shows a slightly lower intensity. The
formation of silicates (Li,SiO4) according to reaction (18) cannot be ruled out. The
RCH,0OCO,Li (~533.6 eV) peak decreases, which is in agreement of C 1s core level
peak where the -CH,OCO,- peak is observed.
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C species C-H, C-O ether _ -CH,0CO,-,
C1s c-C linkage OCH. 0-C=0 Li,COs
BE 285.0 286.5 287.1 288.8 290.0
(x0.1eV) ' ' ' ' '
FWHM =15 £ 0.2eV
O species . ROLiI, C=0, Si-0, .
O1ls WO Lisio, | P=0 c.o |REROCOL
BE 528.1 530.5 531.8 532.9 533.6
(x0.1eV) ' ' ' ' '
FWHM=1.6 £ 0.2eV
F species . .
Li-F SiOF P-F
F1s
BE
: . A
(£0.16V) 685.0 686.8 688
FWHM =175 £ 0.25eV
S species 0 . o 4+ .
Si 2p32 Si Si Si Si SIO\Fy
BE 100.2 101.8 103.5
(x0.1eV)
.. 99.1 ABE= ABE= ABE= -
Pristine
BEsi+-BEsio=1.1|BEsj»+-BEsjp=2.7 | BEsiss-BEsjp=4.4
sample
BE 99.3 100.8 102.9 104.7
(x0.1eV)
97.8 ABE= ABE= ABE= ABE=
Cycled
BEsi+-BEsio=1.5 |BEsi24-BEsjp=3.0 | BEsis:-BEsjo=5.1 | BEsioxry-BEsio= 6.9
samples
FWHM 1.0 *
_|_
V) 0.2 16 = 0.2

Table 1. Binding energies (BE) and full width at half maximum (FWHM) of different
species in C 1s, F 1s, O 1s and Si 2p XPS spectra.

2.1.3 SEI layer evolution in EC-DMC, DMC and PC-based electrolytes
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To discuss the surface modifications of the Si electrode, the evolution of the
amount of Si was measured by XPS on the Si thin film pristine electrode surface and
at different stages of lithiation and delithiation of Si in three electrolytes. To do so the
atomic percentage of Si (a total Si 2p core level signal) was calculated. From the Si 2p
intensity variation (as observed in Figure 2 and S2), the SEI thickness modifications
can be deduced. As discussed above after formation of SEI layer (C2) or at lithiated
state (Al), the principal Si 2p components are the Si oxide and Si fluoride species,
which are difficult to be distinguished due to their close binding energies and
problems of overlapping.”>™® Thus, the changes of Si-related species on the Si
electrode as a function of different electrolytes are not straightforward. However, it
can be concluded that the SEI layer is not stable during the first cycle of lithiation and
delithiation in these three electrolytes and undergoes thickening and thinning,
respectively (as shown in Figure S2). At the end of the delithiation process the Si 2p
signal is considerably attenuated compared with the C1 point confirming the
irreversible surface modifications after the first cycle. A similar behavior was
observed on the nanosilicon composite electrodes cycled in LiPFe/EC-DEC.311:6488
This dynamic behavior of the SEI layer, showing its thickening and thinning during
lithiation and delithiation, respectively, was also observed on the other types of
negative electrode materials.

To compare other surface components than the Si-related components formed on
Si electrodes cycled in 3 different electrolytes (1 M LiPF¢/EC-DMC, 1 M LiPFs/DMC
and 1 M LiPF¢/PC), the relative intensity ratios for C 1s, F 1s and O 1s peaks were
calculated for different lithiation/delithiation potentials (C1-C4, Al, A2) (Figure 3).
The details of peak decompositions are shown in supplementary information (Figure
S3, S4 and S5). From Figure 3 for C 1s peak, it can be observed that the major species
formed on the Si electrode cycled in 1 M LiPF¢/EC-DMC are RCH,OCO,Li, Li,CO3,
-OCH; and C-O ether link, which are typical species originated from an
electrochemical decomposition of EC and DMC solvents according to the reactions
(1)-(4), (9), (10), (19) and (20).204+8084887 Tha main species on the Si electrode

cycled in 1 M LiPF¢/DMC is -OCHgs, due to the electrochemical decomposition of
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DMC according to reaction (3).”%*! The quantity of RCH,OCO;Li species is lower
and no signal of C-O ether link (~286.5 eV) is observed on Si sample cycled in 1 M
LiPFe/DMC in comparison to the other two electrolytes. The ether species are clearly
evidenced in PC- and EC-DMC-based electrolytes in agreement with previous
works.?® It is reported that LiPFs could react with solvents EC and DMC differently
according to the reactions (8), (11), (12), (19) and (20).2*% A component with C-O
ether link could form in the electrolyte with ring EC structure but could not form with
only linear DMC molecules, which supports the XPS results. The electrode in 1 M
LiPFe/PC also shows C-O ether link during the cycling. Thus, the reaction (21)
between LiPFg and ring structure PC molecules could be inferred. On the surface of Si
electrode cycled in 1 M LiPFg/PC, the peaks corresponding to RCH,OCO,Li, Li,COs3,
according to electrochemical reactions (6) and (7), increase during the lithiation and
then decrease during the delithiation, indicating that the thickness of the SEI layer

changes.
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Figure 3 A comparative analysis of relative intensity ratios of different species for C
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1s, F 1s and O 1s core levels peaks obtained for Si electrodes lithiated and delithiated
at different potentials (C1-C4, Al, A2) in three different electrolytes (1 M
LiPFs/EC-DMC, 1 M LiPFs/DMC and 1 M LiPFg/PC).

Looking at the presence and relative intensity ratios of F-like components (F 1s
profiles in Figure 3), the SiOF signal is the principle peak on the electrode cycled in 1
M LiPFs/DMC, while the Li-F is the principle peak on the electrode cycled in 1 M
LiPF¢/EC-DMC and 1 M LIiPFg/PC. The SIiOF signal can be attributed to the
formation of SiOxFy on the bulk electrode material.”®®" Therefore, the SiOF signal
decrease can be attributed to the increase of the SEI layer thickness. On the other hand,
the volume variations of Si during the lithiation and delithiation processes could lead
to the fracture of the SEI layer and the exposition of the Si electrode not covered by
the SEI layer. The SiOF signal can be a fingerprint of these new revealed parts of the
Si electrode. Therefore, it is difficult to firmly conclude about the changes of SiOF
signal as a function of lithiation/delithiation as the signal intensity can be influenced
by a modified morphology of the Si electrode (e.g. the increased roughness). However,
it can be observed a clear tendency for PC and EC-DMC electrolytes showing a
decrease of SiOF signal intensity with lithiation and increase with delithiation
confirming a thickening and thinning of the SEI layer, respectively, as discussed
above. The highest relative intensity of SiOF signal observed for DMC electrolyte can
confirm the formation of the thinner SEI layer than in the other two electrolytes.

In the O 1s profiles (Figure 3), the Si-O signals could be only observed at the
beginning of lithiation corresponding to decomposition of electrolyte (point C1) on
the electrodes cycled in 1 M LiPF¢/EC-DMC or 1 M LiPFg/PC. Then, the Si-O signal
disappears suggesting that the surface of Si electrode is covered by a thick SEI layer,
while the Si-O signal is well observed during the whole cycle on the electrode cycled
in 1 M LiPF¢/DMC, demonstrating a formation of thinner SEI layer. After the full
lithiation (C4), the Si electrode can undergo a huge volume change which results in
some cracks on the SEI layer. Thus, a small Li,O signal near the Si surface is detected,

and then disappears when the volume change decreased after delithiation (A2) in
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these three different electrolytes. The formation of Li,O can be according to reaction
(16).% On the electrode with 1 M LiPF¢/DMC, -OCH; becomes the main species at
the lithiated state (point C4) as already confirmed from decomposition of C 1s peak,

while the Si-O signal becomes lower, indicating the thicker SEI layer at this point.

2.1.4 SEI layer evolution with cycling

Figure 4 shows the C 1s, F 1s and O 1s core level spectra for Si electrodes
obtained after 5 cycles (CV) at delithated state in three different electrolytes (1 M
LiPF6/EC-DMC, 1 M LiPF¢/DMC and 1 M LiPF¢/PC). Comparing with the XPS
spectra after the delithation stage of the first cycle (point A2, shown in Figure S3, S4
and S5), the shapes of the spectra on the electrode with 1 M LiPFg/PC do not show
significant changes, but the intensities of F 1s peak decrease significantly. It
demonstrates that the ratios of fluorine-related components decrease in the SEI layer
after 5 cycles. On the electrode with 1 M LiPF¢/DMC, the shape of the F 1s and O 1s
spectra after 5 cycles are similar to those after the first cycle, illustrating that the
thickness of the SEI layer on the electrode does not change significantly. The C 1s
peak shows a significant difference with a -OCHg3 relative intensity decrease, while a
C-O ether linkage peak (~286.5 eV) and a small -CH,OCO,-, Li,CO3 peak (~290.0
eV) appear, which can be attributed to the reactions (5) and (8).*%"%” On the electrode
with 1 M LiPF¢/EC-DMC, the shape of O 1s after 5 cycles is nearly the same as that
after the first cycle, while the SiOF and P-F relative intensities decrease in the F 1s
region, indicating that the SEI layer becomes thicker and more LiF is generated
instead of P-F. The C 1s peak shows the C-O ether linkage ratio increases, while the
-OCH3; and -CH,0CO»,-, Li,CO3 relative intensities decrease. It demonstrates that
more polymers with C-O ether linkage are formed instead of CH3OLi, RCH,OCO,Li

and Li,COj3 on the surface.®*®°
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Figure 4 High resolution C 1s, F 1s and O 1s core level spectra obtained for Si
electrodes after 5 CV cycles in three different electrolytes (1 M LiPFg/EC-DMC, 1 M
LiPFe/DMC and 1 M LiPFg/PC).

2.2 Surface and bulk thin film Si electrode modifications by ToF-SIMS ion depth
profiles

To have a better insight into the surface and bulk modifications of Si thin film
electrode material induced by lithiation and delithiation process in the three different
electrolytes a ToF-SIMS in depth profile analysis was performed at fully lithiated
(0.01 V) and delithiated (3.0 V) states. First, the ToF-SIMS ion depth profiles
(expressed as a function of sputtering time) are presented for the pristine Si thin film
(Figure 5(a)) and then compared with fully lithiated (Figure 5(b)) and delithiated
(Figure 5(c)) samples in LiPFs/DMC electrolyte. The used sputtering conditions and

specifically the sputtered area (300 um*300 um) are optimized to get a sufficiently
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high sputtering rate to be able to reach the Cu substrate, while maintaining a
sufficiently high depth resolution to have a good overview of surface as well as bulk
modifications of Si electrode material. The intensities are shown with a logarithmic

scale in order to magnify the low intensity signals.
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Figure 5 ToF-SIMS negative ion depth profiles for (a) pristine Si thin film; (b) Si
electrode after half CV cycle in LiPF¢/DMC; (c) Si electrode after a full CV cycle in
LiPFs/DMC (sputtering area 300 um*300 um, CV scan rate 0.2 mV s™).

For the pristine Si thin film electrode (Figure 5(a)), the stable intensities of SiH"
and SiO in the beginning 255 s of sputtering can be attributed to a homogenous Si
thin film distribution over the sputtered depth. Then, between 255 s and 400 s, one
enters the interfacial region between Si thin film and Cu substrate, where an obvious
increase of Cu signal and decrease of SiH and SiO" signals are observed. In the
interfacial region, the maximum intensity for SiC’, P~ and CH; signals (attributed to
Si electrode material and some electrode and/or Cu substrate contaminations) can be
observed. These intensities increase in the interfacial region can be explained by
enrichment in carbon, hydrocarbon and phosphorus-like contaminations on the
surface of Cu substrate (current collector). For longer sputtering times (over 400 s),
the Cu’ intensity becomes high and stable while all other signals are decreasing,

indicating that the Cu substrate is reached.
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Figure 5(b) shows the ion depth profiles of Si thin film electrode after half CV
cycle performed in LiPFg/DMC. Comparing with the pristine Si, the significant
increased intensities of organic (CH3O™ and CHy), lithium (Li", LiF", LiO™ and LiSI")
and P" related species, illustrate the formation of SEI and the diffusion of electrolyte
decomposition products into the Si film. The presence of organic (C-H- like
components) and inorganic (Li-containing components) is in agreement with XPS
results discussed above. The high intensity of organic and inorganic components is
particularly observed for around first 200 s of sputtering time. Appearance of new
LiSi” signal showing a high intensity over the long sputtering time (up to ~1500 s),
confirms the formation of Li,Si alloy. The decrease of the SiO™ and SiC" intensity can
be also attributed to the formation of LiSi alloy.

The sputtering time to reach the interfacial region increases from about 255 s (for
pristine Si electrode, Figure 5(a)) to about 1400 s (for lithiated Si electrode, Figure
5(b)), demonstrating the increase of thickness of Si thin film electrode material related
to volume change and the pulverization of Si electrode after lithiation. The increase of
sputtering time is higher than 5 times indicating huge electrode modifications. This
strong increase of sputtering time can be also related to changes in the electrode
composition (formation of Li,Si alloy), i.e. a slower sputtering yield of the lithiated
sample than the pristine sample. The significant increase in the sputtering time is also
observed for the interfacial region (from around 150 s for the pristine sample to over
1000 s for the lithiated sample) which can be related to the roughness increase
induced by formation of Li,Si alloy. Similar huge increase of interfacial region of Si
thin film electrode after electrochemical treatment has also been observed by
energy-dispersive X-ray (EDX) analysis according to previously published paper.*

Figure 5(c) shows the Si electrode after a full CV cycle performed in
LiPFs/DMC. The sputtering time to reach the interface region decreases to around 400
s, indicating the Si electrode contraction. However, the electrode contraction is not
completely reversible as it can be deduced from the lower sputtering time of Si
pristine electrode (around 255 s). The irreversible process of delithiation can be

explained by some Li trapping in the Si thin film electrode material,®***® which can
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also be confirmed from the relatively high intensity of LiSi" signal in the delithiated
sample. The intensities of CH3O™ and CH;" decrease in the bulk Si in comparison to
lithiated Si electrode (Figure 5(b)) but not on the surface confirming the presence of
SEI layer on the electrode surface after delithiation. A significant decrease of SEI
sputtering time for the delithiated sample (around 30 s) in comparison to lithiated
sample (200 s) is observed, indicating the thinning of the SEI layer. This dynamic
behavior of the SEI layer with the increase and successive decrease of the SEI layer

d** and conversion-type negative electrodes.**

was previously reported for Si-base

In order to better observe and understand the surface modifications and the
composition of SEI layer on the Si electrodes cycled in different electrolytes after half
and full CV cycle, ToF-SIMS depth profiling with lower sputtering rate (by enlarging
the sputtering area from 300 um*300 um to 500 um*500 pm) are obtained, as shown
in Figure 6. The ion depth-profile intensities obtained after half and the full CV cycles
were normalized by the Cu” signal, which becomes stable in the Si electrode region,
respectively, assuming that the Cu signal is not affected by the lithiation and
delithiation processes. As the variations of SiC’, SiO", Cu” and P ion depth profiles are
more obvious when the faster sputtering rate was applied (Figure 5) than for slower
sputtering rate (Figure 6), thus these profiles are not shown in Figure 6. The results
presented in Figure 6 show significant differences in the ion profile shapes and their
intensities after half and full cycle.

For the lithiated (after half cycle, Figure 6) Si electrodes, a high intensity of Li
signals can be observed indicating the formation of Li-Si phase. The high Li" signal
intensity over 300 s indicates that the Cu substrate was not reached, contrary to the Li°
ion profiles showed in Figure 5 (b) where a decrease of this ion signal can be
observed at around 2300 s. In the first 20-25 s of sputtering of lithiated samples
(Figure 6), the peaks and then the abrupt decreases of lithiated species (LiO", LiSI’,
and LiF,) are observed. However, the Li" signal has not the same shape at the
beginning of sputtering. Thus, these LiO", LiSi’, and LiF, peaks can be ascribed to

uneven morphology of the Si electrode induced by lithiation and huge volume
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changes of Si and resulting in patchy surface layer. The LiO™ profile shows a small
peak in the first 25 s, indicating the presence of oxide layer on the extreme surface.
After 20-25 s, the Li-related (Li", LiO", LiSi’, and LiF;") and organic-related (CH," and
CH30") signals exhibit different shapes as a function of sputtering time, indicating
different species distributions in the SEI layer. In the inner part of the SEI layer a slow
intensity decrease of LiO™ signal (more or less important depending on the electrolyte)
indicates a relatively homogenous distribution of LiO-related species over the SEI. At
the minimum intensity of LiSi™ signal (at around 25 s of sputtering), the maximum
intensity of CH, and CH3O" signals corresponding to organic species can be observed
indicating that the concentration of organic species decreases and is smaller in the
inner part of the SEI layer close to lihitated Si electrode. The LiF, profiles
corresponding to LiF salt show the maximum intensity peak at the same sputtering
time as the LiO’, LiSi" and profiles indicating the uneven morphology caused by the
huge volume changes leads to revealing some species attributed to the inner layer.
After reaching the maximum intensity, a significant slope in the LiF" profile can be
observed with a higher decreasing rate than for the LiO™ profile, indicating that these
species are present principally in the outer part rather than in the inner part of SEI
layer. After 200-250 s, SiH™ and LiSi™ profiles become relatively stable, indicating the

sputtering reaches the Si lithiated electrode.

21



EC-DMC DMC PC

- SEI Siieleclr"de - SEI iSieIectrode —_
5 | 3 = 3
S CS ]
2 [ 2 2
n n 7]
c c c
2 2 2
Half cycle £ £ =
g o o
N i ; .g .g
] - ™ ©
SN :
o | IF; ! '|'F,ii'."v_‘l‘ul'l,‘_.“ o) o
Z ] = Z f
0 50 100150200250 300 0 50 100150200250300 0 50 100150200250300
Time (s) Time (s) Time (s)
SEI i Si electrode SEI i Si electrode SEI i Si electrode
3L L SiH- S SiH- =
LS d s LAY:
z z 2
7] | n 7]
c ! c c
Full cycle ] 2| ] 2
= LIS E ¥ =
° S A e v S L
[ ) . .CH (7] (7]
N ! ’ N N
© i LiO ® ©
2t L cHo 2 2

0 50 100 150 200 O 50 100 150 200 0 50 100 150 200
Time (s) Time (s) Time (s)

Figure 6 ToF-SIMS negative ion depth profiles Si thin film electrode after half and
full CV cycle (scan rate 0.2 mV s™?) in LiPF¢/EC-DMC, LiPF¢/DMC and LiPF¢/PC

electrolyte, respectively. Sputtering area 500 um * 500 um.

For the lithiated samples it is difficult to discuss the surface and bulk differences
in chemical composition induced by different electrolytes. However, some differences
in the signal ratios can be observed. The CH; signal is higher than LiO" signal up to
200 s on the electrode with LiPFs/EC-DMC and LiPFg/PC, while the CH, signal
becomes lower than the LiO™ signal at 55 s on the electrode cycled in LiPFs/DMC,
illustrating the differences of the SEI layer composition. More important differences
can be observed as function of the sputtering time in the different electrodes. In the
case of Si electrode cycled in LiPFs/DMC a more rapid increase of SiH" signal to high

intensity than in the other two electrolytes, leading to intersection with Li" ion profile
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at around 200 s, is observed. This intersection point can be considered as the limit of
the SEI layer and the beginning of lithiated Si electrode where a more stable LiSi®
signal intensity is observed. The intersection of SiH and Li" ion profiles is shifted to
higher sputtering time (~250 s) for Si electrode cycled in LiPFg/PC and no
intersection can be observed for Si cycled LiPFs/EC-DMC indicating much thicker
SEI layer in these two electrolytes. However, it should be noted that the sputtering
time increase of the interface region can be also affected by more significant
morphological modifications induced by lithiation and material pulverization as
already demonstrated before.?**°

It can be concluded from these results that the SEI layer has a LiF-like and
organic-rich thin outer layer. The inorganic LiO-species can be found in SEI layers as
well as in the bulk of the lithiated Li,Si phase. The thinnest SEI layer was observed
on the surface of Si electrode cycled in LiPFg/DMC electrolyte.

After the full cycle of lithiation and delithiation (Figure 6), the principal high
intensity signal observed in the bulk delithiated Si electrode is SiH". In the case of all
three electrolytes, similar shapes and relative intensity signals can be observed in the
second region corresponding to the area of Si delithiated electrode and they are
similar to the pristine electrode (Figure 5 (a)). In comparison to the pristine electrode,
in the bulk of delithiated samples the higher intensity of Li, LiO", LiF,” and most
particularly LiSi" are observed. However, delithiation lead to lowering the LiSi" signal
intensity when comparing to the lithiated samples due to removal of most of the
lithium. The other compounds related to products of electrolyte decomposition (CHy
and CH3O") diffuse into the bulk of the electrode and are trapped in the electrode’s
structure.

More significant modifications of the delithiated samples comparing with the
lithiated samples can be observed in the first region related to the SEI layer. The LiO"
signal shows the same shape as Li" signal confirming the presence of Li,O in the SEI
layer. The higher quantity of Li,O can be observed on the surface of Si electrode
cycled in LiPFg/EC-DMC and LiPF¢/PC than on the Si electrode cycled in

LiPFs/DMC. The presence of Li,O is a result of reaction (16) and it was already
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confirmed by XPS on the lithiated samples.

Together with a high intensity of Li", LiF,” and LiO™ signals, a decrease of
organic species such as CH3;O- and CH,- like species can be observed after
delithiation with more homogenous in-depth distribution (in the SEI layer and in the
delithiated Si electrode region), indicating the presence of some organic species in the
SEI layer after delithiation.

Here from the intensity changes of signals as a function of sputtering time, the
apparent differences in the SEI layer thickness can be also evidenced. As
aforementioned, the influence of the increased roughness induced by the
morphological changes (cracks, pulverization) on the shape of ion profiles and then
related to its increased sputtering time cannot be ruled out. Considering that the
delithiated Si electrode was reached after reaching the stable intensity of the SiH
signal, the region before the plateau of SiH™ can be attributed to the SEI layer. This
region is characterized by the high intensity of Li", LiF,” and LiO™ signals and also
slightly higher signal of CH3O™ and CH,". As illustrated on the lithiated samples, the
lowest sputtering time for the SEI layer present on the delithiated sample is observed
for the Si electrode cycled in LiPFs/DMC electrolyte (~45 s) in comparison to ~60-70
s for the other two electrolytes. The SEI layer on all delithiated samples is
considerably thinner than on the lithiated samples. These results are in agreement with
previously published research *%. The SEI double-layered structure (with the outer

and inner layer) is less evident on the surface of delithiated than lithiated samples.

2.3 Influence of lithiation/delithiation to the electrolyte components by in situ
MFTIRS
2.3.1 Cyclic voltammetry of Si thin film electrode during in situ MFTIRS

The in situ MFTIRS was adopted to illustrate the molecular level of the interface
chemistry. The shapes of the CV performed in three different electrolytes (1 M
LiPFs/EC-DMC, 1 M LiPFs/DMC and 1 M LiPF¢/PC) are similar thus only the result
for the Si electrode cycled in 1 M LiPFg/EC-DMC is shown in Figure 7(a) as an

example. This CV curve exhibits more peaks during the cathodic process than those
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curves shown in Figure 1 because of its lower scan rate and different cell geometry.
Before lithiation taking place, a single beam spectrum was recorded at the reference
potential Eg and then, the other single beam spectrums were collected at different
cathodic (C1-C3) and anodic (Al-A4) potentials during lithiation and delithiation
processes, respectively. The selected in situ MFTIR spectra (at C1, C3, Al and A3
points) focusing on the changes of C=0 and C-H bonds are shown in Figure 7(b)-(d).
The detail in situ MFTIR spectra from 800-2000 cm™ at all cathodic and anodic

potentials are shown in Figure S7-S9, respectively.
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Figure 7 (a) The first cycle CV of Si electrode tested in 3-electrode in situ MFTIRS
cell in 1 M LiPF¢/EC-DMC (scan rate v = 0.05 mV s™). The in situ MFTIR spectra of
Si electrode in (b) 1 M LiPFg/PC (Er=0.611 V), (c) 1 M LiPFs/DMC (Er = 0.590 V)
and (d) 1 M LiPFg/EC-DMC (Er=0.671 V) at C1, C3, Al and A3 points during the

first CV cycle.
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2.3.2 Insitu MFTIRS

Previous research shows that Li ions could solvate with carbonate solvent
molecules resulting in the formation of Li(sol),” species (sol: EC, DMC and
PC).#%97 The schematic molecular structure of Li* solvated carbonates are shown in
Figure S6. During this process, the coordination of Li*...0=C may lead to the weaken
of C=0 bond in the Li(sol)," species, resulting in the red shift of the vc=o of Li(sol),"
related to the free solvent molecules, respectively.?*** During the lithiation process,
the desolvated Li* ions from Li(sol)," complex could alloy with Si, as the result, the
free solvent molecules will increase and the amount of Li(sol)," species decrease.

Figure 7(b) shows the spectra of the Si electrode with cyclic carbonate solvent
PC during the first CV cycle. The spectra are calculated according to the definition of
AR/R recorded at different Es values during the first lithiation and subsequent
delithiation processes. Here Eg was chosen at 0.611 V. The lithiation and delithiation
was accompanied with the reduction of the thin-layer electrolyte between the IR
window and Si electrode, indicating by the presence of obvious downward/upward of
IR bands in the spectra. The band at 1780 cm* is assigned to the stretching vibration
of C=0. Due to the solvation of PC with Li ions, this band is shifted to 1760 cm ™
towards the low frequency end.”®® The intensity of the upward band at 1780 cm™
correlating to free PC decreases during the lithiation process and then increases during
the delithiation process. The intensity of the upward band at 1760 cm™* correlating to
Li(PC)," shows an opposite trend. It increases during the lithiation process, decreases
during the delithiation process and becomes downward at 0.660 V of delithiation. The
peak at 1386 cm * is attributed to the scissoring vibration of CHz and the wagging
vibration of O-CH, of PC. The peak at 1354 cm ! is assigned to the bending vibration
of the PC ring and the symmetric bending vibration of CH; of PC. Due to the
solvation of PC with Li ions, the original bands at 1386 and 1354 cm * are shifted to
1408 and 1362 cm * towards the high frequency end.*® The upward peaks during the

lithiation process at 1408 and 1362 cm* correlating to Li(PC)," change to downward
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peaks during the delithiation process. The downward peaks during the lithiation
process at 1386 and 1354 cm ™ corresponding to free PC change to upward peaks
during the delithiation process. It demonstrates that during the lithiation, Li(PC),"
decreases with a decrease in potential, while the free PC increases. During the
delithiation process, free PC decreases with an increase in potential, while Li(PC),"
increases. In a diffusion double layer, it has been assumed that a decrease in the
potential causes an increase in the cation concentration, as well as a decrease in the
anion concentration, and the ion concentrations change with an opposite trend when
the potential increases. Therefore, an intensity growth at 844 cm™ (PFg) is observed
in Figure S7 during the lithiation process. It decreases during the delithiation.

Similar experiment has been performed on Si electrode with linear carbonate
solvent DMC, as shown in Figure 7(c). The peaks at 1754 cm™ and 1724 cm™ can be
correlated with the ve, of unsolvated DMC and Li(DMC),", respectively.**!%* The
upward band of 1724 cm™ correlating with the v, of Li(DMC)," decrease obviously
during the delithiation process, indicating the increase of Li(DMC)," concentration.
When the Li ions extract from the Li-Si alloy, Li ions will solvate with free solvent
molecules. In the same case, the peak corresponding to C-H of Li(DMC)," at 1468
cm™ increases during the lithiation process and decrease during the subsequent
delithiation, since Li(DMC)," concentration decrease when Li* alloy with Si and then
increase when Li ions extract from the Li-Si alloy. The peak at 1453 cm™
corresponding to C-H of free DMC shows an opposite trend of intensity variety
comparing with the peak at 1468 cm™. In Figure S8, the peaks correlating tove.o of
free DMC and the peak of Li(DMC)," species can be found at 1274 cm™ and 1319
cm, respectively.'®* The upward peak of vc.o for Li(DMC)," at 1319 cm™ is found
enhanced during lithiation process and weaken during lithiation process. The peak
correlating to PFg™ can be observed at 844 cm L,

For experiment performed on Si electrode with mixed solvent EC-DMC, Eg was
chosen as 0.617 V. The results are shown in Figure 7(d). The upward peak at 1775
cm™ corresponding to vc-o of free EC and the downward peak at 1764 cm™

corresponding to ve-o of Li(EC)," decrease during the lithiation process,'® and then
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increase during the delithiation process. It demonstrates that the concentration of free
EC increase during the lithiation and decrease during the delithiation, while the
concentration of Li(EC)," exhibits the opposite changing trend during the first CV
cycle. However, the upward peak corresponding to Li(DMC)," at 1724 cm™ decreases
during the lithiation and changes to be a downward peak during the delithiation.'%?
Thus, EC plays the main role to coordinate with Li ions in the electrolyte. The upward
peaks at 1409 and 1468 cm™ correspond to C-H of Li(sol),".***** The downward
peaks at 1390 and 1453 cm™ corresponds to C-H of solvent molecules. To ensure the
balance of electric during the Li* alloying process with Si electrode, an obvious 842
cm™* upward peak was found in Figure S9, correlating with PF¢” anions.”

Comparing the intensities of in situ MFIRS (AR/R) on the Si electrode with these
three electrolytes, the Si electrode with LiPF¢/DMC shows less significant change
during the lithiation and delithiation processes, illustrating that fewer DMC molecules
take part in the interfacial reactions, which probably results in a thinner SEI layer on

the electrode.

2.4 Morphological modifications of Si thin electrodes as a function of electrolyte
The morphology and composition of the SEI layer depend strongly on the
electrolyte components. Figure 8 shows SEM micrographs of Si thin film electrode
after 1 CV cycle and 5 CV cycles in different electrolytes and for comparison the
pristine sample is shown in Figure S10(a). After one complete cycle in
LiPFs/EC-DMC the Si electrode (Figure 8(a)) exhibits several slight cracks. A
homogeneous surface is shown on the Si electrode cycled in LiPF¢/DMC (Figure 8(c)),
while the surface of Si electrode cycled in LiPFs/PC ((Figure 8(e)) is more uneven.
After 5 CV cycles, the Si electrode cycled in LiPFs/DMC still exhibits a
homogeneous surface ((Figure 8(d)), while the Si electrodes cycled in

LiPFs/EC-DMC ((Figure 8(b)) and LiPF¢/PC (Figure 8(f)) show many deep cracks.
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Figure 8 Morphology of Si electrodes with (a)(b) LiPF¢/EC-DMC, (c)(d) LiPFs/DMC

Mag = 5000 K X

and (e)(f) LiPF¢/PC after the 1 CV cycle (left) and 5 CV cycles (right) in the

Swagelok cells (scan rate 0.2 mV s™).

2.5 Galvanostatic charge-discharge test of Si thin film electrode in different
electrolytes

Galvanostatic charge-discharge tests of the Si electrode with different
electrolytes were performed to investigate the influence of the electrode solvents on

capacity retention (Figure 9). The Si electrode cycled in LiPFg/DMC electrolyte
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exhibits an initial charge capacity of 2704.5 mAh g * and a capacity retention of 77.2%
after 60 cycles. However, the employment of LiPFs/EC-DMC electrolyte resulted in
lower initial charge capacity (2532.3 mAh g) and capacity retention (47.7%). A
higher initial capacity of 3074.1 mAh g was observed in LiPFs/PC however with a
low capacity retention of 40.4% after 60 cycles. The electrode cycled in
LiPF¢/EC-DMC shows unstable coulombic efficiency, while the electrodes cycled in
other two electrolytes show relatively stable and similar coulombic efficiencies. The
better cycle performance in LiPF¢/DMC also demonstrates that this electrolyte is

beneficial to form of a good interface layer on the Si electrode.
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Figure 9 Cycle performance of Si electrode in different electrolytes at current density
of 0.1 C.

2.6 Summarizing discussion

To summarize, the ToF-SIMS data converge well with the XPS data showing the
existence and content changes of -OCHg, -SiO, -LiF species on the surface of Si thin
film electrode. At the same time in electrolyte, the in situ MFTIRs illustrates also the

species changes. The combination of these ex situ and in situ methods enables us to
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demonstrate different aspects of the Si electrode surface chemistry, which are
schematically presented in Figure 10. The Figure 10 shows the structure, the
composition and the morphological modifications of the SEI thin film on Si thin film
electrode after the complete cycle of lithiation and delithiation as a function of
electrolyte composition. It can be summarized that Li,CO3, RCH,OCO,Li, -OCHs,
Li,O and LiF species are commonly observed on Si surface but the quantity can vary
depending on type of electrolyte. It should be noted that the -OCHj3 is one of the main
species formed in LiPFs/DMC due to presence of two -OCHj; functional groups in
DMC. The species with C-O ether linkage are only found on the electrodes with
LiPF¢/EC-DMC and LiPF¢/PC, due to the ring structures of solvent molecules.
Moreover, the ToF-SIMS ion depth profiles demonstrated that components are not
homogenously distributed in depth. The inhomogeneous, double-layered structure of
the SEI was easily observed after the half cycle (at the lithiation state) by ToF-SIMS
profiles (Figure 6) but after the full-cycle (at the delithiation state) this double-layered
structure is less evident. It indicates that the SEI layer is not stable and strongly
evolves during lithiatin/delithiation process. Moreover, the composition is also
changing as a function of lithiation/delithiation and types of electrolyte as discussed
above. The SEI layer schema (Figure 10) demonstrates the principle findings thus a
formation of double-layered structure is highlighted with the outer part enriched in
LiF for all electrolytes and inner part enriched in other components which presence
depend on type of electrolyte. The SEI layer is also less enriched in Li,O after cycling
in DMC-based electrolyte.

The higher intensities of SiOF and Si-O signals in F 1s, O 1s and Si 2p XPS
spectra on the electrode cycled in LiPFs/DMC, indicate the formation of thinner SEI
layer. These results were well confirmed by differences in the shorter sputtering time
by ToF-SIMS. The dynamic behavior of the SEI layer is not show here in schema
(Fig.10) as only the lithiated state is demonstrated. More significant morphological
modifications (cracks formation) were also observed on the electrodes cycled in
LiPF¢/EC-DMC and LiPFg/PC in Figure 10.

The electrode surface state is not stable after the first cycle and the next cycles
31



lead to further modifications, which can vary as a function of electrolyte. After 5 CV
cycles, more LiF species are generated in LiPFg/EC-DMC and LiPFg/DMC. The ratio
of the species with C-O ether linkage increases significantly in LiPFs/EC-DMC. The
peaks corresponding to Li,CO3;, RCH,OCO,Li and C-O ether linkage appear on the
electrode cycled in LiPFs/DMC, while the ratio of -OCHj3 species decreases. The
intensities of the peaks related to LiF and P-F species decrease in LiPF¢/PC. In
LiPFs/DMC the obvious SiOF and Si-O signals can be observed, indicating that the
SEI layer does not increase after 5 cycles. In this work, a significant influence of
single DMC solvent on the formation of SEI layer in comparison with EC-DMC and
PC-based electrolytes is demonstrated and this shows the importance of electrolyte

optimization for Si negative electrode materials.
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Figure 10 Schematic representation of the SEI structure and composition on Si thin
film electrodes after full CV cycle in different electrolytes (1 M LiPFg/EC-DMC, 1 M
LiPF¢/DMC and 1 M LiPFg/PC).
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3. Conclusions

By means of ex situ XPS, ToF-SIMS and in situ FTIRS characterization of the Si
thin film electrode/electrolyte interface together with SEM and galvanostatic tests, the
influence of different LiPFg-based carbonate solvents on the surface chemistry of Si
electrode was revealed. The ex situ XPS and ToF-SIMS data proved a dynamic
behavior of the SEI layer, showing increase and decrease thickness, induced by
lithiation and delithiation, respectively, in these three different electrolytes. The
stronger Si-related signals such as SiOF and Si-O in XPS profiles (Si 2p, F 1s and O
1s) showed that a thinner and more stable SEI layer is formed when the Si thin film
electrode is cycled in LiPF¢/DMC. The in situ FTIRS, focused on the changes in the
electrolyte near the electrode surface, demonstrated that the coordination between Li*
and DMC was weaker and fewer DMC molecules took part in the formation of SEI
layer. The morphological characterization by SEM, showed also much less cracks and
lower electrode degradation when cycled in DMC-based electrolyte. Finally, the Si
electrode with LiPFs¢/DMC exhibited better cycle performance than the electrodes

with other two electrolytes, in agreement with the surface characterization results.

4. Experimental part

4.1 Sample preparation

To prepare the Si electrode, JS3X-100B magnetron sputtering system was
adopted to deposit a 500 nm thick Si layer on the Cu foil (20 pum thick). Before
deposition, Cu substrate was washed with deionized water and acetone (Sinopharm,
Chemical Reagent Co., Ltd., China). Then, the morphological characterizations of Si
anode were performed by SEM (Zeiss Ultra55 microscope with high-resolution field
emission gun, Schottky SEM-FEG). The crystal structure of the Si layer was checked
by means of X-ray diffraction (XRD, PANalytical X’pert PRO, Philips, Cu Ka
radiation).
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4.2 Electrochemical tests

Three types of electrolytes were used in this study to illustrate the influence of
different organic electrolytes on the formation and stability of the SEI layer: 1 M
LiPFg in EC- DMC (1:1), 1 M LiPFg in DMC and 1 M LiPFg in PC. The electrolytes
were purchased from Sigma Aldrich (battery grade) without further treatment.

The electrochemical measurements were performed in the Swagelok cell with Si
thin film electrode as the working electrode and lithium foil (99.9% purity, Alfa Aesar)
as counter electrode was used for the sample preparation. The CV measurements were
performed at scan rate of 0.2 mV s* using a VMP3 Biologic multi-channel
potentiostat/galvanostat. The lithiation or delithiation was stopped at different
potentials during the CV tests (as detailed in results and discussion) and then these
potentials were fixed for more than 10 hours in order to form a stable surface layer
suitable for XPS and ToF-SIMS analyses. After the cells disassembling in the
Ar-filled glove box, the cycled Si electrodes were rinsed by DMC, dried with Ar-flow
and transferred directly to the XPS or ToF-SIMS analysis chamber under anaerobic
and anhydrous conditions.

The in situ microscope FTIRS (in situ MFTIRS) cell (schematically illustrated in
Figure S1) consisting of a KBr disk as the IR window, Si electrode as the working
electrode, Li metal foil (China Energy Lithium Co., Ltd. China) as the reference and
counter electrodes and electrolyte was assembled in the Ar-filled glove box. The
battery grade electrolytes were purchased from Dodochem, Suzhou, China. CV
measurements were performed using CHI660E electrochemical working station
(Chenhua, China) simultaneously with a measurements of reflectance MFTIRS at
different voltages of the first cycle were recorded.

The long-term galvanostatic cycle performance was carried out between 0.01 and
1.2 V with a current density of 0.1 C (1 C = 3580 mAh g™) at 30 °Cin 2025 type coin
cells using LAND battery testing instrument. The cells were assembled with Si thin
film electrode, Celgard 2400 membrane as the separator, metallic lithium wafer as the

counter electrode and different electrolytes.
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4.3 X-ray photoelectron spectroscopy

XPS analysis was conducted on a ThermoElectron ESCALAB 250 spectrometer
under ultra-high-vacuum (UHV) condition (under ~10° mbar) equipped with an Al
Ka X-ray radiation source (hv=1486.6 eV). Spectra were taken at 90° photoelectron
take-off angle. A pass energy of 100 eV and 20 eV was used to record a survey
spectrum and the high resolution spectra (Si 2p, C 1s, O 1s, F 1s), respectively.
Charge effects were corrected by setting the lower energy component of the C 1s peak
at 285.0 eV (corresponding to C-C bonding). Peak fitting and decomposition were
performed with CASA software, using a Shirley-type background and

Gaussian/Lorentzian peak shapes with a fixed ratio of 70/30.

4.4 In situ Microscope Fourier Transform Infrared Spectroscopy

In situ MFTIRS was carried out on Thermo Nicolet Nexus iN10 FTIR
spectrometer equipped with a microscope and a liquid-N, cooled HgCdTe detector.
400 interferograms were collected and coadded at a spectral resolution of 4 cm™ to
obtain every single beam spectrum. The resulting spectrum was defined according to
AR/R=(R(Es)-R(ERr))/Er, in which R(Es) represents the single beam spectrum
collected at potential Es and R(Eg) corresponds to the single beam spectrum recorded
at reference potential Eg.** The three-electrode cell for in situ MFTIRS is shown in
Figure S1. The CV was performed starting with a negative scan at the scan rate of

0.05mV s,

4.5 Time-of-Flight Secondary lon Mass Spectrometry

ToF-SIMS ion depth profiles were carried out at an operating pressure of 107
mbar using the ToF-SIMS 5 spectrometer (IONTOF GmbH, Munster, Germany). A 25
keV Bi* beam (100*100 um?) was used for analysis, delivering a target current of 1.2
pA. The 2 keV Cs* beam (300*300 um? or 500*500 pm?) was employed for
sputtering, delivering a target current of 90 nA. Data acquisition and post-processing

analysis were performed with lon-Spec software (version 6.8).
35



5. Acknowledgements

Région lle de-France is acknowledged for partial support for the XPS and ToF-SIMS
equipment. This work is supported in part by the scholarship from China Scholarship

Council (CSC) under the grant CSC N°201706310139.

6. Supporting Information

The supplementary information includes several figures such as schematic diagram of
in situ FTIR cell, high resolution XPS spectra (C 1s, F1s and O1s) and in situ FTIR
spectra obtained in three different electrolytes, molecular structure of three different

solvents and SEM, EDS and XRD of thin film electrode.

7. Author information

Zhan-Yu Wu: wzy_cr@163.com

Yan-Qiu Lu: 819351841@qg.com

Jun-Tao Li: jtli@xmu.edu.cn

Sandrine Zanna: sandrine.zanna@chimieparistech.psl.eu
Antoine Seyeux: antoine.seyeux@chimieparistech.psl.eu
Ling Huang: huangl@xmu.edu.cn

Shi-Gang Sun: sgsun@xmu.edu.cn

Philippe Marcus: philippe.marcus@chimieparistech.psl.eu

Jolanta Swiatowska: jolanta.swiatowska@chimieparistech.psl.eu

36



Figures and tables lists

Figure 1 First CV cycle for Si thin film electrodes performed in different electrolytes:
1 M LiPF¢/EC-DMC, 1 M LiPF¢/DMC or 1 M LiPF¢/PC (scan rate v =0.02 mV s'l).
Figure 2 High resolution Si 2p, C 1s, F 1s and O 1s core level spectra obtained on the
pristine surface of Si thin film electrode and on Si thin film after different stages of
lithiation/delithiation (points C2, Al and A2) in 1 M LiPFs/DMC.

Figure 3 A comparative analysis of relative intensity ratios of different species for C
1s, F 1s and O 1s core levels peaks obtained for Si electrodes lithiated and delithiated
at different potentials (C1-C4, Al, A2) in three different electrolytes (1 M
LiPF¢/EC-DMC, 1 M LiPF¢/DMC and 1 M LiPFg/PC).

Figure 4 High resolution C 1s, F 1s and O 1s core level spectra obtained for Si
electrodes after 5 CV cycles in three different electrolytes (1 M LiPFg/EC-DMC, 1 M
LiPFe/DMC and 1 M LiPFg/PC).

Figure 5 ToF-SIMS negative ion depth profiles for (a) pristine Si thin film; (b) Si
electrode after half CV cycle in LiPF¢/DMC; (c) Si electrode after a full CV cycle in
LiPFs/DMC (sputtering area 300 um*300 um, CV scan rate 0.2 mV s™).

Figure 6 ToF-SIMS negative ion depth profiles Si thin film electrode after half and
full CV cycle (scan rate 0.2 mV s'l) in LiPFs/EC-DMC, LiPF¢/DMC and LiPFg/PC
electrolyte, respectively. Sputtering area 500 um * 500 um.

Figure 7 (a) The first cycle CV of Si electrode tested in 3-electrode in situ MFTIRS
cell in 1 M LiPFs/EC-DMC (scan rate v = 0.05 mV s). The in situ MFTIR spectra of
Si electrode in (b) 1 M LiPFe/PC (Er= 0.611 V), (c) 1 M LiPF¢/DMC (Eg= 0.590 V)
and (d) 1 M LiPF¢/EC-DMC (Er= 0.671 V) at C1, C3, Al and A3 points during the
first CV cycle.

Figure 8 Morphology of Si electrodes with (a)(b) LiPF¢/EC-DMC, (c)(d) LiPFs/DMC
and (e)(f) LiPFg/PC after the 1 CV cycle (left) and 5 CV cycles (right) in the
Swagelok cells (scan rate 0.2 mV s™).

Figure 9 Cycle performance of Si electrode in different electrolytes at current density
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of 0.1 C.

Figure 10 Schematic representation of the SEI structure and composition on Si thin
film electrodes after full CV cycle in different electrolytes (1 M LiPFs/EC-DMC, 1 M
LiPFs/DMC and 1 M LiPF¢/PC).

Scheme 1. Reduction reactions on Si thin film electrode with different electrolytes (1

M LiPF¢/EC-DMC, 1 M LiPFg/DMC and 1 M LiPF¢/PC).

Table 1. Binding energies (BE) and full width at half maximum (FWHM) of different
species in C 1s, F 1s, O 1s and Si 2p XPS spectra.
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