
 

 

 

 

 

 

Artificial lithium fluoride surface coating on silicon negative 

electrodes for the inhibition of electrolyte decomposition in 
lithium-ion batteries: visualization of solid electrolyte 

interphase by in-situ AFM 
 

 

Journal: Nanoscale 

Manuscript ID NR-ART-07-2018-005354.R1 

Article Type: Paper 

Date Submitted by the Author: 28-Aug-2018 

Complete List of Authors: Haruta, Masakazu; Doshisha University, Organization for Research 
Initiatives and Development 
Kijima, Yuki; Doshisha University 
Hioki, Ryuya; Doshisha University 
Doi, Takayuki; Doshisha University, Department of Molecular Chemistry 
and Biochemistry 
Minoru, Inaba; Faculty of Science and Engineering, Doshisha University 

  

 

 

Nanoscale



Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Artificial lithium fluoride surface coating on silicon negative 

electrodes for the inhibition of electrolyte decomposition in 

lithium-ion batteries: visualization of solid electrolyte interphase 

by in-situ AFM † 

Masakazu Haruta,* Yuki Kijima, Ryuya Hioki, Takayuki Doi and Minoru Inaba
 

The solid electrolyte interphase (SEI), which is a surface layer formed on the negative electrode, plays an important role in 

inhibiting the reductive decomposition of the electrolyte solution in a lithium-ion battery. However, it has not been 

understood well which components are important for SEI to prevent the electrolyte decomposition. Lithium fluoride (LiF), 

as an artificial SEI, was formed on an amorphous-Si thin film by physical vapor deposition. Changes in the surface 

morphology of the Si electrode with potential sweeping were investigated by in-situ atomic force microscopy (AFM). 

Although large numbers of non-uniform surface deposits that originate from electrolyte decomposition emerged on the 

bare Si-film electrode during the first lithiation process, few surface deposits were observed on the LiF-coated Si film 

electrode even after two cycles in an ethylene carbonate-based electrolyte solution without additives. It is clear that LiF is 

a required SEI component that inhibits the electrolyte decomposition on Si negative electrodes. 

Introduction 

The use of silicon as a negative-electrode material in lithium-

ion batteries (LIBs) is a very promising method for realizing 

advanced secondary batteries with high energy densities 

because Li-Si alloys possess a high gravimetric and volumetric 

capacity (3578 mAh g-1 and 2194 mAg cm-3, respectively, for 

Li15Si4) and operate at relatively low discharge potentials (~0.5 

V vs. Li/Li+ on average).1-5 Poor cyclability resulting from the 

pulverization of Si active materials due to large volume 

changes that occur during charge/discharge cycling has been a 

serious problem; however, recent studies using nanosized Si 

particles that reduce physical stress have overcome this 

problem.6-15 Furthermore, the formation of a solid state 

interphase (SEI) on the negative electrode in a LIB is necessary 

for it to operate in a stable manner during charging and 

discharging.16-20 

An SEI layer is formed by the deposition of the reductive-

decomposition products of the electrolyte solution on the 

negative-electrode surface. The SEI layer plays a crucial role 

that prevents further electrolyte decomposition owing to its 

electron-insulating and ion-conducting features. Because the 

electrochemical properties of negative electrodes are strongly 

affected by the nature of the SEI, much effort has been directed 

toward understanding the chemistry, physical properties, and 

formation mechanisms of SEIs, mainly on graphite negative 

electrodes, since the early stages of LIB development. Studies 

using X-ray photoelectron, Fourier-transform infrared, and 

Raman spectroscopies have provided high levels of insight into 

the chemical compositions of SEI-surface species.21-28 

Moreover, the surface morphologies of SEIs have been 

investigated by scanning and transmission electron 

microscopies (SEM and TEM).21-26,28,29 Due to these studies, 

that span over 30 years, significant knowledge in SEI has 

accumulated. An SEI layer that originates from a conventional 

carbonate-based electrolyte consists of a complex mixture of 

inorganic and organic species (LiF, Li2O, and Li2CO3, (etc.), 

and lithium alkyl carbonates, lithium alkoxides, and poly-

ethylene oxides (etc.), respectively).28,30,31 

While these SEI studies have provided rich information, 

inaccuracies still remain because most studies relied on ex-situ 

instrumentation and were conducted under operating conditions 

different from those of actual batteries. For example, the 

delicate SEI is subject to changes that are artefacts of sample 

handling and preparation (cell-disassembly and rinsing 

processes), and exposure to ambient conditions (air and 

vacuum) during ex-situ analyses. On the other hand, the surface 

morphology of a target electrode immersed in an electrolyte 

solution can be directly probed in real time using in-situ atomic 

force microscopy (AFM) coupled with electrochemical 

measurements.27,32-35 Moreover, high-resolution height profiles 

can be obtained by AFM in contrast to the two-dimensional 

projections provided by SEM and TEM. Therefore, in-situ 

AFM is a powerful tool that can aid in our understanding of the 

SEI-formation process associated with potential changes. 
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Although many types of SEI models have been proposed 

that are based on various analytical results,16,19,36,37 the essential 

role of each SEI component on electrochemical properties has 

not yet been clarified due to the complexity of the SEI 

structure. Therefore, improving electrochemical performance 

by providing guidance that leads to good SEIs with appropriate 

components is difficult. It is widely known that the addition of 

SEI-forming additives is a very effective way of improving the 

cyclability of negative electrodes, such as graphite and Si. For 

example, the addition of fluoroethylene carbonate (FEC) to an 

electrolyte remarkably improves the capacity retentions and the 

Coulombic efficiencies of graphite and Si negative electrodes. 

The resulting SEI layers have been reported to be rich in LiF as 

well as lithium carbonate and poly(FEC).28,38-40 Formation of 

LiF may hinder the Li+ transportation between the electrode and 

electrolyte due to the poor ionic conductivity of LiF,21 but on 

the other hand, fast Li+ transportations due to the presence of 

LiF have been reported.41,42 Moreover, an ab initio study of the 

decomposition mechanism of FEC indicated a glue effect by 

LiF on organic SEI components.43 The importance of LiF as an 

SEI component has been highlighted by many researchers; 

however, the effects of LiF on the interfacial reactions between 

the electrolyte and electrode are not yet fully understood. In this 

study, we investigated electrolyte decomposition and SEI 

formation on model Si-thin-film electrodes by in-situ AFM. 

Furthermore, in order to understand the role of LiF as an SEI 

component, we formed artificial LiF layers on Si thin films. 

Experimental 

A 100-nm-thick Si thin film was deposited by RF magnetron 

sputtering (Kenix Co., Ltd.) on Cu foil at room temperature. An 

RF power of 1.5 W cm-2 under an Ar pressure of 5.0 Pa was use 

to prepare amorphous Si devoid of any crystalline phase; these 

conditions were optimized in separate experiments. LiF layers 

were sequentially deposited on the Si thin film by RF sputtering 

at an RF power and an Ar pressure of 7.9 W cm-2 and 2.0 Pa, 

respectively; thickness was controlled to be in the 2−16 nm 

range by adjusting the deposition time. The amorphous 

structure of the as-deposited Si film was confirmed by Raman 

spectroscopy (Fig. S1 in the EIS†). Following deposition, the Si 

film was transferred to an Ar-filled glovebox without exposure 

to air. A coin-type half-cell (CR2032) was assembled with the 

Si film as the working electrode, a separator (Celgard® 2400), 

and Li foil as a counter electrode. A solution of 1 M LiPF6 in a 

mixture of ethylene carbonate (EC) and diethyl carbonate 

(DEC) (Battery Grade, UBE Industries, Ltd.) was used as the 

electrolyte solution; 10 wt.% FEC (Kishida Chemical) was 

added to the electrolyte as the SEI-forming additive. Charge 

and discharge testing was conducted at 30°C. The electrode was 

charged (lithiated) at C/2 to 20 mV, where it was maintained 

until the current decayed to a value of C/10, and then 

discharged (delithiated) at C/2 to 1.5 V. A three-electrode cell 

composed of the Si film as the working electrode, and Li 

counter and reference electrodes, was used for electrochemical 

impedance spectroscopy (EIS). Impedance spectra were 

obtained at 0.1 V on the charging process by applying an AC 

voltage of 5 mV over the 0.03 Hz−300 kHz frequency range 

using a potentiostat/galvanostat equipped with a frequency-

response analyzer (SP-150, Biologic).  

In-situ AFM coupled with cyclic voltammetry (CV) was 

performed using an Agilent Technologies 5500 microscope 

equipped with a sample stage designed for electrochemical 

measurements; the instruments was operated in an Ar-filled 

glovebox (Miwa, 1ADB2 Special). The Si thin film (100 nm), 

with and without a 4-nm LiF layer, was deposited on a mirror-

polished Cu substrate (Fig. S2†) and used as the working 

electrode, and the two Li wires used as counter and reference 

electrodes were immersed in the electrolyte solution containing 

1 M lithium bis(trifluoromethane sulfonyl)imide (LiTFSI, 

Solvay) in EC+DEC (Kishida Chemical), where LiTFSI was 

used instead of LiPF6 to circumvent the corrosion of the AFM 

components by HF. The water content in the electrolyte was 

confirmed to be lower than 20 ppm by Karl-Fischer titration 

(MKC-610, Kyoto Electronics Manufacturing Co., Ltd.). AFM 

was conducted in conventional contact mode using a Si3N4 

cantilever (spring constant: 0.02 N m-1) at room temperature. 

Typically, a 5 × 5 µm2 image was obtained at a scan rate of 0.7 

lines/s and a resolution of 512 points/line. A 

potentiostat/galvanostat (SP-200, Biologic) was used to scan 

the potential between 1.9 and 0.02 V at a constant sweep rate of 

0.5 mV s-1. 

Results and discussion 

Figure 1 displays discharge capacities and Coulombic 

efficiencies of amorphous-Si thin-film electrodes in 1 M 

LiPF6/EC+DEC, with and without 10-wt.% FEC, as functions 

of cycle number. The discharge capacity of the Si film in the 

absence of FEC was initially 2800 mAh g-1, but dropped to half 

this value at the 100th cycle. Cyclability was remarkably 

improved by the addition of FEC, with 91% of the initial 

capacity retained at the 300th cycle (2500 mAh g-1 @300th). 

The Coulombic efficiency was also improved by the addition of 

FEC, and was 99% after 30 cycles. This improved performance 
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is attributable to the formation of an effective SEI derived from 

FEC-decomposition products. 

Figure 2a shows cyclic voltammograms (CV curves) of the 

Si-film electrode in 1 M LiTFSI/EC+DEC without additives 

using the in-situ AFM cell. A small cathodic current began to 

flow at about 2 V in the first cycle, and a small cathodic current 

peak arose at around 0.9 V, as shown in the inset of Fig. 2a. 

The cathodic current in this potential range was suppressed in 

the second cycle, indicating that the current in the first cycle 

was consumed by the irreversible reductive decomposition of 

the electrolyte and the formation of an SEI on the Si film. As 

the potential was swept to more negative values, cathodic 

current peaks appeared at 0.28, 0.20, and 0.05 V, which are 

assigned to Li-Si alloying reactions.2,44 Corresponding anodic 

current peaks were observed at 0.50 and 0.31 V, which are 

assigned to the dealloying reactions of Li-Si. It is plausible that 

the cathodic peak at 0.28 V and a barely discernible shoulder at 

around 0.39 V were caused by the irreversible consumption of 

Li+ by dangling bonds in the amorphous-Si and the reductive 

reaction of Si oxides, respectively.44,45 

CV curves of the Si film electrode in the FEC-added 

electrolyte are shown in Fig. 2b. Although the shapes of the CV 

curves are very similar to those obtained without FEC, the 

cathodic current in the 2.0 to 0.9 V range was much smaller, 

even in the first cycle. A small peak was observed at around 1.4 

V in the higher potential region, as shown in the inset of Fig. 

2b, which is due to the reductive decomposition of FEC and the 

formation of a FEC-derived SEI. Owing to the formation of the 

FEC-derived SEI, further reductive decomposition of the 

electrolyte was inhibited; hence the cathodic current at around 

0.9 V, which was observed in the FEC-free electrolyte, was 

suppressed when FEC was added to the electrolyte. 

The as-deposited Si thin film was composed of small grains 

several tens of nanometers in size, with a relatively flat surface 

except for some large precipitates and polishing flaws 

associated with the Cu substrate (Fig. S3†). In-situ AFM 

images (5 × 5 µm2) of the Si-film electrode obtained during the 

first lithiation process in the additive-free electrolyte are shown 

in Figs. 3a−e. No topological changes were observed during 

cathodic sweep down to 1.3 V. Higher regions in the AFM 

image (indicated in green to yellow) appeared at potentials 

lower than 1.2 V and their numbers increased with decreasing 

potential (Fig. 3b), indicating that deposits were generated on 

the Si surface. Sudden changes, which appear to correspond to 

line noise, appeared at potentials below 0.9 V (Fig. 3c). This 

phenomenon corresponds to the small cathodic current peak 

observed by CV in Fig. 2a. The surface deposits grew due to 
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intense electrolyte decomposition at potentials lower than 0.7 V 

(Fig. 3d). At potentials lower than 0.3 V (Fig. 3e), Si grains 

were observed to expand owing to Li-Si alloying, which 

roughened the surface. An AFM image (10 × 10 µm2) and a 

line height profile of the Si film electrode after two cycles are 

shown in Figs. 3f and 3g, respectively. Inhomogeneous surface 

deposits were demonstrated on the Si film; local large 

aggregates of decomposition products, with lateral dimensions 

and heights of several micrometers and over 100 nm, 

respectively, were formed. These inhomogeneous deposits 

resulted in the non-uniform alloying of Li to the Si active 

material during lithiation, and thus the resulting non-uniform 

volume changes degraded the Si electrode rapidly as shown in 

Fig. 1.  

Figures 4a−e displays in-situ AFM images of the Si-film 

electrode in the FEC-added electrolyte during the first lithiation 

process. In contrast to the morphological changes observed in 

the absence of FEC (Fig. 3), many fewer topological changes 

were observed on the Si film in the presence of FEC, although 

line noise appeared in the 1.1 to 0.3 V range (Figs. 4c and 4d). 

We believe that a homogeneous SEI layer, formed from FEC-

reduction products at high potentials of around 1.4 V, inhibited 

electrolyte decomposition at lower potentials. At potentials 

below 0.3 V (Fig. 4e), Si-grain expansion, which is attributed to 

the alloying reaction, was clearly observed due to smaller 

amounts of surface deposits. The surface of the Si-film 

electrode after two cycles (Fig. 4f) was clearly much flatter in 

the presence of FEC than in its absence (Fig. 3f), and the 

roughness of the surface was within ±10 nm, with the exception 

of some precipitates, as shown in Fig. 4g. 

SEI layers derived from FEC have been reported to contain 

large amounts of LiF.28,38-40 In order to understand the effects of 

LiF, as an SEI component, on electrochemical properties, we 

prepared artificial LiF layers of different thicknesses (tLiF = 0, 

2, 4, 8, and 16 nm) on Si-film electrodes. The values of tLiF for 

8 and 16 nm were determined by cross-sectional SEM, and the 

others were estimated from the deposition time. The LiF layer 

grew in island-growth mode during film deposition;46 a 
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continuous LiF film was considered to have formed at tLiF 

values greater than ~8 nm of tLiF in this study using the non-

polished Cu foil substrate. The LiF coverage on the Si film 

would influence ion transportation between the electrolyte and 

the Si electrode. Charge and discharge characteristics during 

the first cycle for the LiF-coated Si-film electrodes are shown 

in Fig. 5. Monotonous changes in potential on charging and 

discharging, without any clear potential plateaus, were 

observed, which indicate the absence of crystalline Li15Si4-

phase formation.47,48 The charge and discharge curves were 

almost unchanged by the presence of LiF layers up to a 

thickness of 8 nm. However, the 16-nm LiF-coated electrode 

exhibited large polarization owing to the low ionic conductivity 

of LiF. The discharge capacity of each electrode at the first 

cycle was ~3000 mAh g-1; therefore, the influence of the LiF 

layer on the discharge capacity was negligible. While 

Coulombic efficiency of the Si film at the first cycle was 90.9% 

in the absence of LiF, it increased with increasing LiF thickness 

and was 99.1% for the 16-nm LiF-coated electrode. The high 

Coulombic efficiency was the result of the effective 

suppression of electrolyte decomposition by the LiF layer on 

the Si-film electrode.  

The Coulombic efficiencies during the initial cycles 

increased as a consequence of the LiF-coating; however, the 

retained capacities of the LiF-coated Si electrodes were not 

appreciably improved from that of the bare-Si electrode (Fig. 

S4†) and were clearly inferior to that of the bare-Si electrode 

when FEC was added (Fig. 1). The SEI layer originating from 

FEC-reduction products is capable of enduring certain 

morphological changes of the Si film during charge/discharge 

cycling through elastic deformations that are due to flexible 

organic polymers in addition to LiF. On the other hand, the 

LiF-coating layer is brittle and hence easily cracked during 

cycling, leading to electrolyte decomposition on the newly 

exposed Si surface and poor capacity retention. 

Impedance spectra (Nyquist plots) acquired at 0.1 V during 

the second charging process for the Si-film electrodes with LiF 

coatings of different thicknesses are shown in Fig. 6. Each 

impedance spectrum consisted of two semi-circles in the higher 

and lower frequency regions, which are assigned to the 

impedances of the SEI layer and the charge-transfer reaction, 

respectively.24,49 The SEI resistance of the 16-nm LiF-coated Si 

film was much higher than that of the bare-Si film due to the 

low ionic conductivity of LiF. However, LiF coatings 

thicknesses ≤ 8 nm provided SEI resistances lower than that of 

the uncoated Si film; the lowest SEI resistance was obtained at 

a LiF thickness of 4 nm. The observed decrease in SEI 

resistance implies that the LiF layer effectively inhibited 

electrolyte decomposition and suppressed the formation of a 

thick SEI. Furthermore, the co-existence of LiF and oxides 

derived from electrolyte-decomposition products, such as 

Li2CO3, resulted in improved ion conductivity at the interfaces 

between LiF and the oxides.42,50 The lack of electronic 

conductivity of LiF and the enhanced ionic conductivity at the 

LiF/oxide interface are favorable SEI features, and their 

synergism led to a high Coulombic efficiency and a low 

interfacial impedance. We believe that optimization of the 
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thickness (amount) of LiF taking into account the type of 

electrolyte is important to achieve the low interfacial 

impedance. 

Figure 7 compares the first CV curves of the Si-film 

electrodes, with and without a 4-nm LiF layer, in 1 M 

LiTFSI/EC+DEC. It should be noted that the Si surface was 

covered with LiF with a high coverage in comparison with 

those used for charge and discharge tests because a mirror-

polished Cu substrate with a flat surface was used in the CV-

coupled AFM. As shown in the inset in Fig. 7, the bare-Si film 

exhibited a broad cathodic peak at around 0.9 V, which 

originates from electrolyte decomposition, as discussed earlier 

(Fig. 2a). However, the cathodic current at around 0.9 V was 

not observed for the LiF-coated Si film. The cathodic and 

anodic current peaks for the LiF-coated Si film, assigned to the 

alloying and de-alloying reactions, respectively, shifted to 

lower and higher potentials, respectively, compared to those of 

the bare-Si film, indicating that the LiF layer caused an 

increment of the polarization. The Coulombic efficiencies 

derived from CV for the Si electrodes with and without LiF 

coating were 92% and 65%, respectively. 

In-situ AFM images of the LiF-coated Si-film electrode in 1 

M LiTFSI/EC+DEC are summarized in Fig. 8. No significant 

topological changes were observed on the Si surface down to 

0.3 V during the first cathodic potential sweep (Figs. 8a-d). Si 

grains were observed to expand blow 0.3 V owing to lithiation 

reactions (Fig. 8e, unfortunately, this image was strongly 

affected by drift during AFM scanning). Few surface deposits 

were observed even after two cycles (Fig. 8f), and the surface 

roughness of the LiF-coated Si electrode was very low, within 

±10 nm, except for the presence of some precipitates (Fig. 8g). 

The flat surface of the LiF-coated Si film was also confirmed 

by surface analyses based on the root-mean-square roughness 

(Fig. S5). It should be noted that FEC was not added to the 

electrolyte solution depicted in Fig. 8; nevertheless, the 

formation of surface deposits was strongly suppressed, as was 

observed when FEC was added to the electrolyte (Fig. 4). These 

results revealed that the LiF layer on the Si electrode prevents 

electrolyte decomposition; hence LiF is a very important SEI-

layer component. Although the electrolyte decomposition was 

inhibited by the LiF layer, the cyclability of the LiF-coated Si 

electrodes was improved little due to cracking of the LiF layers 

as mentioned above. Therefore, we conclude that not only LiF, 

but also flexible components, such as organic polymers that can 

accommodate volume changes of the Si active material during 

charge/discharge cycling, are required as SEI components in 

order to achieve improved cyclability for Si negative 

electrodes. 

Conclusions 

The SEI growth process on an amorphous-Si thin-film electrode 

in 1 M LiTFSI/EC+DEC electrolyte was investigated by in-situ 

AFM coupled with CV. Surface deposits on the Si-film 

electrode formed below 1.2 V during the first cathodic potential 

sweep; these deposits grew with decreasing potential in the 

additive-free electrolyte. Owing to the reductive decomposition 

of the electrolyte, a non-uniform SEI was formed on the Si 

surface, which led to poor cycling performance due to 

inhomogeneous volume changes of the Si active material. 

In contrast, the surface morphology of the Si-film electrode 

was almost unchanged in the FEC-added electrolyte during 

potential sweeping, with the exception of volume changes in 

the Si grains at lower potentials, indicating that the SEI layer 

derived from FEC-reduction products effectively inhibited 

electrolyte decomposition.  

In order to understand the effects of LiF, which is one of the 

main components produced during the decomposition of FEC, 

thin artificial LiF layers of different thickness were formed on 

Si-film electrodes. Uniform surfaces with small amounts of 

deposits were observed for the Si film coated with LiF after two 

cycles in the additive-free electrolyte. Moreover, the LiF-coated 

Si-film electrodes exhibited improved Coulombic efficiencies 

during the initial cycles. These observations strongly suggest 

that LiF is an important component that prevents electrolyte 

decomposition on Si negative electrodes. The surface layers of 

Si electrodes, which consist of electronically non-conductive 

LiF and ionically conductive LiF/oxide interfaces, works as 

favorable SEIs. Unfortunately the LiF layer did not improve Si-

film capacity retention; we believe that, in addition to inorganic 

LiF, organic SEI components are also required in order to 

achieve Si negative electrodes with long cycle lives. 
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Artificial lithium fluoride surface coating on silicon negative electrodes for the 

inhibition of electrolyte decomposition in lithium-ion batteries: visualization of solid 

electrolyte interphase by in-situ AFM 

 

Masakazu Haruta, Yuki Kijima, Ryuya Hioki, Takayuki Doi, Minoru Inaba 

 

 

The surface deposition of reduced electrolytes on Si negative electrodes and its 

inhibition by an artificial coating were demonstrated by in-situ AFM. 
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