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Abstract 

The knowledge of Li diffusion in lithium silicide (LixSi) is nowadays of importance 

for the Li-ion battery (LIB) research and development community. About twenty times 

more charge (Li+) can be stored per Si atom (Li3.75Si) than per C atom (LiC6), while 

carbon is still the main storage material in commercial LIBs. Consequently, huge ef-

fort is made to replace carbon by silicon in LIBs. Unfortunately, the diffusion of high 

amounts of Li+ into silicon during LIB operation is accompanied by a huge volume 

expansion of up to 400 % leading to a pulverization of the silicon electrode due to 

stress. Li diffusion in the interior of the electrode plays an important role for a funda-

mental understanding and for an optimization of application relevant properties like 

charging/discharging rates, maximum capacity, self-discharge, and cycling stability. 

This contribution reports about the realization of Li diffusion experiments in electro-

chemically lithiated amorphous silicon. Li diffusion was investigated at room tempera-

ture using the technique of secondary ion mass spectrometry (SIMS) in depth profile 

and in line scan mode in combination with stable 6Li isotope tracers. Experiments were 

done on 200 nm thin Si electrodes with a Li+ insertion stage of about 30 % and 80 % 

of full capacity. SIMS line scan data were successfully obtained, which will allow to 

measure fast Li diffusion on electrodes over macroscopic distances in the mm range, 

which is not possible using SIMS depth profiling mode.  

 

 

 

1 Introduction  

Silicon is naturally abundant, technologically well established, and possess, next to Li 

metal, the highest gravimetric (3579 mAh/g) and volumetric (8334 mAh/cm3) capacity 

to store Li+ ions. Correspondingly, a huge amount of effort was undertaken to produce 



lithium ion battery (LIB) electrodes with silicon active materials [1-4]. Web of science 

core collection reports up to date more than 6000 publications, when the topics silicon 

and lithium ion battery are searched for. Unfortunately, silicon based electrodes are 

still not established in commercial LIB operation. As reason for that is, that the diffu-

sion of high amounts of Li+ into silicon during LIB operation is accompanied by a 

huge volume expansion of up to 400 % leading to stress formation and a pulverization 

of the silicon electrode [1-4]. To understand this effect, research on the diffusion of Li 

in silicon electrodes with state-of-the-art diffusion determination methods like second-

ary ion mass spectrometry (SIMS) is necessary. Recently, our laboratory started exper-

iments to determine Li diffusion in electrochemically lithiated silicon thin film elec-

trodes with the help of (i) SIMS measurements performed in depth profile and in line 

scan mode, and (ii) stable 6Li isotope tracers. This work reports about recent results.   

 

2 Experimental procedure 

The LixSi film electrodes under investigation in this study were produced by galvanos-

tatic lithiation of silicon using a self-constructed three-electrode electrochemical cell. 

Figure 1a presents a photograph of the working electrode. It consists of a 1-inch cop-

per disk of 1 mm thickness on which a 200 nm thin Si film as active material was de-

posited by ion-beam sputtering as described in references [2,3]. The electrochemical 

cell is shown in Fig.1b. The counter and reference electrodes are made of metallic lith-

ium (1.5 mm foil, 99.9%, Alfa Aesar). Propylene carbonate (PC, Sigma Aldrich, an-

hydrous, 99.7%) with 1 M LiClO4 (Sigma Aldrich, battery grade) was used as an elec-

trolyte. The cell was assembled and disassembled within an argon gas filled glovebox 

with O2 and H2O content less than 1 ppm. 

Figure 1c presents the setup used for the 6Li / 7Li exchange experiment performed in 

the argon gas filled glovebox. More information on the 6Li / 7Li exchange experiment 

is given in the next section. Briefly, after electrode washing with PC and afterwards 

with isopropanol or acetonitrile, the electrode was dipped up to the half into the setup 

for Li isotope exchange (Fig.1c) filled with PC electrolyte with 6Li enriched 0.5 M 

6LiClO4. Since natural lithium is mainly composed of 7Li, a 6Li / 7Li isotope exchange 

takes place in the contact area to the liquid. Afterwards the Li isotope exchanged re-

gion was washed again with isopropanol or acetonitrile. Transport to the SIMS ma-

chine was realised by specially constructed sample transfer equipment (Fig.1d) assur-

ing air-free transport.  

 



 

 

Fig. 1: Photographs of a) the working electrode, an as-deposited 200 nm thin Si film on 1 

inch polished Cu disc, b) the electrochemical cell, c) the equipment for 6Li / 7Li iso-

tope exchange in the electrodes, d) the equipment for air-free transfer of electrodes 

to the SIMS machine. 

 

The SIMS measurements were carried out with a Cameca imf 3f/4f machine using an 

O- (15 keV) or an O2
+ (5 keV) primary ion beam in depth profiling and line scan mode. 

The sputtered area of the SIMS craters was about 250 μm × 250 μm for conventional 

depth profiling and 50 μm × 50 μm for the depth profiles during the line scans. For the 

line scans consecutive depth profiles were recorded at distances of 200 - 400 µm. 

Figure 2 presents sketches to illustrate the SIMS experiments in depth profiling and 

line scan mode. The sample surface is located in the x-/y-section and the direction per-

pendicular to the surface is termed z-direction (depth). Fig. 2(a) illustrates the z-cut 

through the lithiated Si electrode in contact with the PC electrolyte with 6Li enriched 

LiClO4. Fig. 2(b) shows the z-cut through the region of Li isotope exchange after elec-

trode washing. It shows that SIMS depth profiling can measure the Li isotope distribu-

tion and interdiffusion along the z-axis on the nanoscale and, hence, determine low Li 

diffusivities on the nanoscale. If the Li diffusivity is high, then the isotope interdiffu-

sion along the z-axis (depth) is complete before the SIMS depth profile measurements 



are performed. In that case, SIMS in line scan mode (Fig.2c) may be able to measure 

fast diffusion along the x-axis on the µm and even mm scale.   

The relative 6Li isotope fraction was obtained from the 6Li and 7Li SIMS signal inten-

sities by dividing the signal of the 6Li isotope by the sum of the signals of both Li iso-

topes. The SIMS intensity ratio of Li and Si was calculated by dividing the sum of the 

signals of both Li isotopes by the signal of the 28Si isotope. The latter was corrected by 

a factor of 0.92, which is the natural abundance of the 28Si isotope of silicon. 

 

 

Fig. 2: Sketches to illustrate the SIMS experiments. a) z-cut through the lithiated Si elec-

trode in the Li isotope exchange region during the Li isotope exchange process. b) z-

cut through the lithiated Si electrode to explain the SIMS depth profile experiment 

for Li diffusion measurements on the nm scale. The sketch is in the Li isotope ex-

change region after electrode washing. c) Topview on the lithiated electrode surface 

after the Li isotope exchange process on the half of the electrode (x>0) to explain the 

SIMS line scan experiment for Li diffusion measurement on the mm scale. (x,y) = 

(0,0) represents the electrode center. 

 

 



 3 Results and discussion 

Figure 3 presents constant current (CC), galvanostatic electrochemical measurements. 

Seen are the potential profile (Fig. 3a) and the charge differential plot (shortly termed 

dQ/dV plot, Fig. 3b) obtained in this work from the first Li insertion and Li extraction 

cycle on a 200 nm thin amorphous Si film electrode.  

 

Fig. 3: a) Potential profile of the first CC cycle of a 200 nm thin Si film. b) The calculated 

dQ/dV plot. The roman numbers mark predominant Li insertion and extraction. The 

arrows mark charge states were Li isotope exchange experiments were performed.  

The roman numbers (I-V) marks quasi plateaus in the potential profile (Fig. 3a). They 

represent potentials of predominant Li insertion (I-III) and Li extraction (IV, V), and 

can be more easily identified in the dQ/dV plot (Fig. 3b). The Li+ insertion and extrac-

tion mechanism which corresponds to the Li+ uptake and release maxima marked with 

the roman numbers in Fig. 3b was analyzed with neutron reflectometry [3], SIMS [2,3] 

and galvanostatic intermittent titration technique (GITT) investigations [4]. The Li+ 

insertion maxima marked with I belongs to a two-phase Li+ insertion mechanism 

where a LixSi phase of low but constant Li content consumes all of the pure silicon 

film [3]. This Li+ insertion process proceeds with a sharp moving phase boundary [3]. 

X-ray photoelectron spectroscopy (XPS) found a Li content of x ~ 0.3 in the lithiated 

phase [2]. The Li+ insertion maxima marked with II was found to belong also to a two-

phase Li+ insertion mechanism with a sharp phase boundary, where a Li rich LixSi 

phase of constant concentration (ref. [3] assumes x ~ 4) consumes almost all the Li 

poor LixSi phase. A rest of the Li poor LixSi phase, with unknown thickness, remains 

next to the current collector also for complete lithiation [3]. The Li+ insertion maxima 

marked with III remains of yet unknown mechanism. The measurements of ref. [3] 

indicate that the Li+ extraction maxima IV and V correspond to the Li+ insertion max-

ima III and II, respectively. A Li+ amount similar to the Li+ uptake of maxima I, can-

not be extracted and remains in the silicon electrode after full delithiation as irreversi-

bly stored charge [3], which is a known drawback of silicon electrodes.  



The arrows in Fig. 3 mark the Li+ insertion stages were current SIMS and isotope ex-

change investigations were performed. After Li+ insertion, the electrodes were disas-

sembled from the cell in the glove-box, rinsed and cleaned first with salt-free propyl-

ene carbonate and afterward with alcohol. The Si electrode with Li+ insertion up 80 % 

of full Li capacity was washed with isopropanol. The Si electrode with Li+ insertion of 

up to 30 % of the full capacity was washed with acetonitrile as will be explained fur-

ther below. Figure 1c presents the setup for the 6Li / 7Li exchange experiments. The 

metal box was filled with a PC electrolyte with isotope enriched 0.5 M 6LiClO4 and 

the electrodes were dipped up to the half into the box for 10 minutes. Afterwards only 

the 6Li/7Li exchange region of the electrodes was washed again with the corresponding 

alcohol. The electrodes were air-free transported into the SIMS machine.  

 

Fig. 4: SIMS depth profiles as obtained from experiments (15 keV O- primary ion beam) 

performed outside and inside the 6Li/7Li exchange region of the 200 nm thin Si film 



electrode after 80 % of full Li insertion at 30 μA/cm2. a) Depth profiles of the iso-

topes, 6Li, 7Li, 28Si and 63Cu outside the 6L/ 7Li exchanged region. b) The 6Li fraction 

obtained from SIMS measurements outside and inside the 6Li / 7Li exchanged region. 

c) SIMS intensity ratio between Li and Si outside the 6Li / 7Li exchanged region. The 

dashed vertical lines roughly delimit depths of “different chemistry”. Only each third 

measurement point is displayed to better discern the curves from each other.  The Li 

insertion stage is marked in Fig. 3b with a vertical arrow at EWE ~ 0.05 V. 

Figure 4 presents SIMS depth profiles (15 keV, O- primary beam) performed outside 

and inside the 6Li/7Li exchange region of the Si electrode with Li+ insertion up to 80 % 

of full capacity. The depth axis is given in Fig. 4, 6 and 7 in terms of sputter time mul-

tiplied with the primary ion beam current as a qualitative measure for the “depth”, be-

cause depth calibration could not be done for these experiments while lithiated silicon 

heavily reacts with air environment.  

The depth profiles can be divided into three regions, which are roughly delimited by 

the vertical dashed lines in Fig.4. The narrow region next to the surface is marked with 

III and possesses a high Li to Si ratio (Fig.4c). It belongs probably to the lithiated re-

gion build up by the Li insertion maxima marked with III in Fig. 3b or it is associated 

with the so-called solid-electrolyte-interphase (SEI) layer. Next to it, there is a large 

region of approximately constant Li to Si ratio, which is marked with II in Fig.3c. This 

part of the lithiated Si electrode is probably the Li-rich LixSi phase (x > 2.5). Next to 

it, the Li and Si SIMS signals decrease and the Cu SIMS signal increases. This region 

is marked with I in Fig.3c and probably belongs to the Li poor LixSi phase (x ~ 0.3) 

which remains close to the current collector [3]. The delimitations are not clear as in 

the case of the SIMS depth profiling with O2
+ (5 keV) primary ion beam [3]. Evident-

ly, for SIMS depth profiling performed with a 15 keV, O- primary beam, ion beam 

mixing is more pronounced than for SIMS depth profiling performed with O2
+ (5 keV) 

primary ion beam. However, for SIMS line scan analyses the primary ion beam is no 

stringent problem. The SIMS depth profiles on this electrode were taken also on other 

75 positions of the electrode surface showing similar depth profiles. This indicates that 

the Li insertion process takes place uniformly over the whole electrode surface. 

Figure 4b presents the depth profile of the 6Li fraction outside and inside the 6Li / 7Li 

exchanged region. In both cases the 6Li fraction is constant over whole depth. Outside 

the 6Li / 7Li exchanged region, the 6Li fraction is about 0.12. Inside the 6Li / 7Li ex-

changed region, the 6Li fraction is about 0.75 which means that a high amount of 7Li 

was exchanged by 6Li uniformly along the whole depth of the Si electrode. This allows 

to estimate the Li diffusivity at room temperature (D=d2/2t) in the Si electrode with Li+ 

insertion up to 80 % of full capacity to be DII > 1×10-16 m2/s, using as the estimated 



diffusion length, d, the thickness of this almost full lithiated film of about 4×200 nm = 

800 nm (d > 800 nm) (due to the expected 400 % increase in thickness during lithia-

tion [3]) and the time interval of 2 h between the 6Li / 7Li exchange process and the 

SIMS measurement.  

 

Fig. 5: SIMS line scan mode using 15 keV O-. The relative 6Li isotope fraction measured in 

the middle (depth) of the 200 nm thin silicon film is shown after 80 % of full Li inser-

tion at 30 μA/cm2 as a function of x coordinate (Fig.2c). The Li insertion stage is 

marked in Fig. 3b with a vertical arrow at EWE ~ 0.05 V. The plots are given for dif-

ferent relative sample y along x-direction (Fig.2c). (x,y) = (0,0) represents the elec-

trode center. a) Line scans at about the electrode center (y ~ 0), 2 h and 26 h after 

the 6Li / 7Li exchange process. b) Line scans at about the electrode border (y ~ -3.5), 

29 h and 55 h after the 6Li / 7Li exchange process.  

 

Figure 5 presents the 6Li fraction as obtained during measurements in line scan mode. 

During line scans, single measurements in depth profile mode were performed at dif-

ferent positions across the electrode surface after the 6Li / 7Li exchange experiment. 

Diffusion of 6Li parallel to the surface is tested. The x-direction is the direction of dif-

fusion, which is perpendicular to the border between 6Li / 7Li exchanged and not ex-



changed regions (see Fig.2c). Between x = -1 mm and 0 mm a clear increase in the 6Li 

fraction is visible, discriminating the exchanged and not exchanged region. In the 6Li / 

7Li exchanged region (x > 0) there is a reduction in 6Li fraction between x = 2 and x = 

4 which appears due to the peculiarity of the exchange setup. In this region there was 

also no contact of the sample surface to the 6Li enriched electrolyte.  The line scans are 

similar at different position of the electrode surface and do not change with the elec-

trode storage in vacuum at room temperature. This let to estimate, the Li diffusivity (D 

= d2/2t) at room temperature in the Si electrode with Li+ insertion up to 80 % of full 

capacity to be DII < 1×10-13 m2/s, estimating the diffusion length to be shorter than the 

line scan step of x = 0.2 mm (d < 0.2 mm) and the time interval of 50 h between two 

SIMS line scan measurements. In overall, the experiments at room temperature esti-

mates the Li diffusivity to be 1×10-16 m2/s < DII < 1×10-13 m2/s. 

Figure 6 and 7 present SIMS depth profiles from measurements outside and inside the 

6Li/7Li exchange region of the Si electrode with Li+ insertion up to only 30 % of full 

capacity. The Li insertion stage is marked in Fig. 3b with a vertical arrow at EWE ~ 

0.27 V. The SIMS depth profile was taken using 5 keV O2
+ primary ion beam. The 

depth profiles (Fig.6) show a better resolution than in the previous case (Fig.4). Differ-

ent regions can be easily discriminated in Fig. 6. The region (I) presents constant 

SIMS signals for all species. The Li to Si SIMS signal ratio (Fig. 6c) is approximative-

ly 10 and corresponds to the homogeneous Li poor LixSi phase [2,3] with x ~ 0.3 

whose formation is given by the Li+ insertion maxima marked with I in Fig. 3c. There 

is a lack of non-lithiated (pure) silicon. The region marked with II shows also a uni-

form Li to Si SIMS signal ratio of approximately 1000 and corresponds to a Li rich 

LixSi region [2-4]. Region III located close to surface possess an even higher Li to Si 

ratio (Fig. 6c) and has the same meaning than in Fig. 4. Similar depth profiles are also 

obtained at 50 other positions at the electrode surface outside the 6Li/7Li exchange re-

gion of the Si electrode. This indicates that the Li insertion process takes place uni-

formly over the electrode surface. 

The thicknesses of region II and III in Fig. 6 are probably larger than that of region I as 

the apparent proportions suggest in Fig. 6, due to different sputter rates of the LixSi 

phases. LixSi phases with high Li content may possess higher sputter rates. The 6Li 

fraction outside the 6Li / 7Li exchange region (Fig. 6b) is of about 0.085, which is 

close to the expected 6Li natural abundance value of 0.075. 

 



 

Fig. 6: SIMS depth profiles as obtained from experiments (5 keV O2
+ primary ion beam) 

performed outside the 6Li / 7Li exchanged region of the 200 nm thin silicon film after 

30 % of full Li insertion at 30 μA/cm2. The Li insertion stage is marked in Fig. 3b 

with a vertical arrow at EWE ~ 0.27 V. a) Depth profiles of the isotopes, 6Li, 7Li, 28Si 

and 63Cu. b) The 6Li fraction. c) SIMS intensity ratio between Li and Si. Only each 

ninth measurement point is displayed to better discern the curves from each other.  

 

 



 

Fig. 7: SIMS depth profiles as obtained from experiments (5 keV O2
+ primary ion beam) 

performed inside the 6Li / 7Li exchanged region of the 200 nm thin Si film after 30 % 

of full Li insertion at 30 μA/cm2. The Li insertion stage is marked in Fig. 3b with a 

vertical arrow at EWE ~ 0.27 V. a) Depth profiles of the isotopes, 6Li, 7Li, 28Si and 
63Cu. b) The 6Li fraction. c) SIMS intensity ratio between Li and Si. Only each ninth 

measurement point is displayed to better discern the curves from each other.  

 

The SIMS depth profiles obtained inside the 6Li/7Li exchange region of the Si elec-

trode with Li+ insertion up to 30 % of full capacity (Fig. 7) are different to the depth 

profiles performed outside the 6Li/7Li exchange region. Only region I (and part of the 

thin surface layer III) of the electrode are present inside the 6Li/7Li exchange region 

(Fig. 7). This is also obtained at 45 other positions at the electrode surface and is a 

consequence of the second washing of the 6Li/7Li exchange region with acetonitrile for 



4 minutes. This process will remove the region of high Li concentration of the elec-

trode (region II in Fig.6). However, the 6Li fraction inside the 6Li/7Li exchange region 

(Fig. 7b) presents a constant value of 0.88, which shows that the 6Li to 7Li exchange 

was successfully performed in this region I. This let us to estimate the Li diffusivity at 

room temperature (D=d2/2t) in the Li poor LixSi region (I) of the electrode to be DI > 

1×10-18 m2/s, using for the estimated diffusion length the thickness of the Si film of 

200 nm (d ~ 200 nm) and the time interval of t < 2 h between the 6Li / 7Li exchange 

process and the SIMS measurement. It has to be mentioned that the thickness of the Li 

poor LixSi phase is not markedly higher than that of the as-deposited Si film [3].  

 

 

Fig. 8: SIMS line scan mode using 5 keV O2
+. a) The 6Li fraction and b) the Li vs Si SIMS 

intensity ratio of the 200 nm thin Si film after 30 % of full Li insertion at 30 μA/cm2. 

The Li insertion stage is marked in Fig. 3b with a vertical arrow at EWE ~ 0.27 V.  

 

Figure 8 presents line scans of the 6Li fraction (Fig.8a) and of the Li to Si intensity 

ratio (Fig.8b). The line scans (Fig8b) show that the regions II and III (Fig. 6) are not 

present in the 6Li / 7Li exchanged region (x > 0). In the 6Li / 7Li exchanged region (x > 

0) there is again a reduction in 6Li fraction between x = 2 and x = 4 which appears due 



to the peculiarity of the exchange setup. At room temperature, the line scans have not 

changed with the electrode storage time in vacuum at room temperature. This means 

that the Li diffusivity at room temperature in the in-depth region III, II and even I of 

the electrode is estimated to be DI,II < 1×10-13 m2/s, by estimating the diffusion length 

to be shorter than the line scan step of x = 0.2 mm (d < 0.2 mm) and the time interval 

of 50 h between two SIMS line scan measurements. In overall, the experiments at 

room temperature estimates the Li diffusivity in the Li poor region I to be 1× 10-18 

m2/s < DI < 1×10-13 m2/s.  

The 6Li isotope line scans of Fig. 8a show sharp transitions of the relative 6Li fraction. 

They form the base for interesting Li diffusion experiments at elevated temperature by 

heating the electrode in air-free environment. Strong modification in 6Li fraction are 

positioned at about x ~ -0.5, x ~ 2 and x ~ 4 which enable to investigate the Li diffu-

sion in the Li poor region (marked with I, x > 0) and in the Li rich region (marked with 

II, x < 0). SIMS investigation with O2
+ (5 keV) primary ion beam gave more sharp 

profiles than using O- (15 keV) primary ion beam.  

 

 4 Conclusion 

 

This work reported on the realization of Li diffusion experiments in electrochemically 

lithiated silicon with SIMS in the line scan mode, using 6Li isotope tracers. 200 nm 

thin amorphous silicon films were sputter-deposited on a 1-inch copper disk and used 

as working electrodes inside a three electrode electrochemical cell. All experiments 

were performed in air-free environment (in electrolyte, in argon gas or in vacuum). 

The electrodes were lithiated with 30 µA / cm2 to Li+ insertion stages of 30 % and 80 

% of the full capacity, respectively. After Li+ insertion the Si electrodes were disas-

sembled from the cell and washed up in propylene carbonate and isopropanol or ace-

tonitrile. Afterward, the electrodes were dipped up to the half in 6LiClO4 / PC electro-

lyte in order to enable 6Li/7Li exchange. The electrodes were analyzed with SIMS in 

depth-profiling and in line scan mode using O2
+ (5 keV) and O- (15 keV) primary ion 

beams. The SIMS measurements revealed that the Li insertion process took place uni-

formly over the whole electrode surface.  

Both types of lithiated Si electrodes show a remarkable high 6Li/7Li isotope exchange. 

This work reveals that SIMS line scan data can be successfully obtained with drastic 

and sharp changes in relative 6Li fraction at the border of 6Li/7Li exchanged and not 

exchanged region for SIMS investigations with an O2
+ (5 keV) primary ion beam. The 



arrangement will allow to measure fast Li diffusion on electrodes over macroscopic 

distances in the mm range, which is not possible using state-of-the-art SIMS depth 

profiling mode.  
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