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Abstract 

Si1-xGex alloys present interesting cycling performance as Li-ion anodes, owing to the 

synergetic effect from silicon’s high capacity and germanium’s electrical conductivity and 

Li+ diffusion. Various morphologies of Si1-xGex powders were obtained, micron-sized by 

ball-Milling (BM) and nano-sized by laser pyrolysis (LP) to study the effect of the 

morphology and composition on the electrochemical behavior. The electrical conductivity 

was measured and shows an increase with the Ge content, from 4.58E-03 for Si to 0.11 S 

m-1 for Si0.5Ge0.5. Half-cells were cycled at C/5, LP samples showed a better capacity 

retention than their BM counterparts (88% vs 72% at the 35th cycle for Si0.5Ge0.5). To 

rationalize these trends, Galvanostatic Intermittent Titration Technique (GITT) and 

Electrochemical Impedance Spectroscopy (EIS) were used to determine the apparent Li+ 

Diffusion in the Si1-xGex series. It was shown that the apparent Li+ Diffusion is dependent 

to the state of charge. Moreover, it gave insight about phase transformations during cycling. 

During lithiation, similar values (10-11 cm2 s-1) were obtained for BM and LP Si0.5Ge0.5. 

However, a big variation (10-13 – 10-10 cm2 s-1) was found for the BM sample delithiation, 

which is attributed to the delithiation of c-Li15(Si0.5Ge0.5)4 phase into amorphous 

Lix(Si0.5Ge0.5) (x<3.75). Asymmetric C-rate tests evidenced lithiation as the limiting 

mechanism for the Si1-xGex negative electrodes. 

 

 

 

 



 

 

1. INTRODUCTION 

Since the establishment of the LiCoO2/graphite electrochemical cell by Sony in 1991 as the 

reference Li-ion battery [1] (LIB), huge efforts have been made in both the material 

chemistry and cell engineering to fulfill the energy demands. The rise of electric vehicles 

(EVs) became a major driving force to develop new systems, which can increase the energy 

and power density and reduce the charging time while keeping a good cycle life and cost 

[2]. 

At the anode side, silicon has demonstrated to be a promising candidate owing to its high 

abundance and superior specific capacity (3579 mAh g-1 for Li15Si4 at RT) [3], almost ten 

times higher than graphite (372 mAh g-1 for LiC6) [4] used in commercial LIBs. However, 

its implementation has been hindered because of its poor capacity retention. (De) lithiation 

of silicon results in a substantial volumetric expansion of approximately 300% [5], causing 

particle pulverization, delamination from the current collector and an unstable growth of 

the solid electrolyte interphase (SEI) with each cycle.  

Although very expensive, germanium has attracted attention in the energy storage field due 

to its interesting specific capacity (1384 mAh g-1 for Li15Ge4 at RT), but mostly because it 

possesses a higher intrinsic electronic conductivity and lithium diffusivity compared to 

silicon.[6,7] Nevertheless, it presents the same problem of volume expansion when alloying 

with Li, with the difference of this being isotropic, which could explain the better cycle life 

of Ge [8]. 

For intrinsic semiconductor materials such as Si and Ge, the electrical conductivity at room 

temperature (3E-04 and 2 S m-1, respectively) [9] depends on the charge carrier mobility 

and concentration. The diffusion coefficient of free dilute Li in bulk Si has been measured 

at 3E-14 cm2 s-1 at room temperature from ion-drift experiments with p-n junctions [10]. 

For Ge, this value is about two orders of magnitude higher, measured in the range of 150 – 

600˚C [11]. So far, the better cycling performance of Ge in respect to Si has been attributed 

to these two properties in the literature.   

The Si-Ge phase diagram presents the advantage of being a full solid solution. The 

synergetic effect of Si and Ge association and the de-(lithiation) mechanism of the Si1-xGex 

alloys have already been demonstrated. Ge contributes to a better capacity retention of the 

system in expense of the overall capacity. Thus Si0.5Ge0.5 showed the best 

capacity/cyclability compromise in the Si1-xGex series  [7,12,13]. Different Si-Ge materials 

have been investigated, such is the case of 2D siligane. They present an Li intercalation 

mechanism rather than an alloying mechanism, which avoid detrimental volume expansion 

[14]. An interesting composite of Ge/Si@NC/rGO was also prepared, taking advantage of 

the N-doped carbon and rGO to enhance the electronic and lithium ionic conductivity 



respectively while alleviating the volume expansion; with a high capacity retention of 1302 

mAh g-1 after 500 cycles at 1 A g-1 [15]. 

Different synthesis methods led to samples with different properties and morphologies. 

High-energy ball-milling (BM) is one of the most used techniques to synthesize Si-based 

alloys [16] since it is capable of attaining out of equilibrium phases. The obtained powder 

is partially amorphized and presents low crystallite size [13]. However, the samples are 

prone to contamination coming from the ball and jars and it is not scalable to industry. Laser 

pyrolysis (LP) produces well crystallized nanoparticles, with a spherical shape and 

agglomerated in a chain-like manner [12]. It has the advantage of having low pollution, 

efficient nucleation and being a partially scalable technique.  

In this work, we used BM and LP as synthesis methods to study the impact of the 

morphology of a series of Si1-xGex samples. The materials were investigated means of X-

ray diffraction (XRD), Raman spectroscopy, electron microscopy and electrochemical 

techniques such as Chronoamperometry, Galvanostatic Cycling, GITT and EIS. The aim is 

to understand the role of Ge in the Si1-xGex alloys. 

 

2. METHODOLOGY 

 

2.1 Material Synthesis 

Micron sized Si1-xGex (x = 0.1, 0.25, 0.5) samples were mechanically synthesized using 

high energy ball-milling (BM) with a SPEX 8000M miller. Silicon (Sigma Aldrich, 325 

mesh, 99% purity) and germanium powders (Alfa Aesar, 100 mesh, and 99.99% purity) 

were introduced stoichiometrically in a stainless-steel jar under an Ar atmosphere. The 

mass ratio of stainless-steel balls to powder was fixed to 12. All samples were ground in 10 

cycles of 100 min with 10 min breaks. Pure Si and Ge powders were also ball-milled as 

reference materials. 

Nanosized Si1-xGex (x = 0.1, 0.25, 0.5) samples were synthesized by laser pyrolysis (LP). 

Silane (Praxair, 99.999% purity) and germane (Air Liquide Deutschland GmbH, 20 wt% in 

He) gases were diluted in He (Air Products, 99.99% purity) and different gas ratio were 

mixed to achieve the different compositions. A high-power CO2 laser (PRC SLS 2800) was 

operated in continuous mode, the power (measured at the reactor without the precursor 

gases) was fixed at 1050 W. The gas flows were monitored with mass flowmeters (Brooks 

Smart) and the pressure inside the reactor was maintained at 740 Torr. The nanopowders 

were transferred by an Ar flow to the filters where they were retained and collected. 

2.2 Material Characterization 

Powder X-ray diffraction (XRD) measurements were carried out on a Panalytical Empyrean 

diffractometer (Cu-Kα1/Kα2 radiation, theta-theta configuration) with a silicon sample 

holder covered with a Kapton foil. The measured 2θ range was 20º - 80º with a step size of 

0.033º and a duration of 1h. The recorded diffractograms were processed with the FullProf 

software for profile matching. 



Raman spectra were collected using a LabRam Aramis (HORIBA Jobin Yvon) with an Ar+ 

laser at a wavelength of 473 nm. Scanning was performed from 200-600 cm-1 with a D1 

filter to avoid sample degradation. 

Scanning Electron Microscopy (SEM) images were acquired with a FEI Quanta 200F 

Scanning Electron Microscope equipped with an Energy Dispersive X-ray (EDX) tube 

operating at 10 kV to access the morphology and elemental distribution of the ball-milled 

samples. Scanning Transmission Electron Microscopy (STEM) images were acquired with 

a FEI Titan Themis equipped with a SuperX EDX detector system operating at 200 kV to 

analyze the laser pyrolysis samples   

The Brunauer, Emmett and Teller (BET) method was used to measure the specific surface 

area of the different powders using the Flowsorb 2300 analyzer (Micrometric). 

Electrical conductivity measurements were performed using a homemade cell, which 

consisted of a polyoxomethylene (POM) cylindrical die fastened with stainless steel 

pistons. A known amount of powder was poured into the die and a pellet was formed using 

a hydraulic press (250 MPa). Chronoamperometry (CA) was used to apply a fixed voltage 

and the current response was recorded at room temperature. The resistivity was calculated 

from the thickness of the pellets, measured with a Mitutoyo micrometer.  

2.3 Electrochemical tests 

All electrodes were prepared with a composition of 70 wt% active material, 9 wt% of 

carbon fibers VGCF-H (Showa Denko) and 9 wt% of carbon black C65 (Timcal) as 

electronic percolators and 12 wt% of carboxymethylcellulose (CMC) (Mw = 250 kg mol-1, 

Ds = 0.7, Sigma-Aldrich) as binder. The active material and carbon powders were placed 

into an agate vial and ground for 15 min at 400 rpm using a planetary ball-mill (Pulverisette 

7) with a mass ratio of balls to powder of 10. The binder was diluted in 550 µL of deionized 

water and all the components were introduced into a plastic vial for mixing in a centrifuge 

(Kakuhunter) until obtaining homogenous ink. The slurry was cast onto an etched Cu foil 

(13 µm) with a doctor blade of 100 µm. The films were dried at room temperature and 

entered into a vacuum oven (80º C, -0.9 bar) overnight. Disk electrodes of 12.7 mm 

diameter were punched (mass loading 1.5 – 2 mg cm-2) and dried in a Buchi vacuum oven 

at 80º C for 24 h before putting them inside an Ar filled glovebox. 

CR2032 coin cells were assembled inside an Ar filled glovebox. The different materials 

were tested in half-cells as working electrodes and Li metal (MTI) was used as counter 

electrode. The electrolyte was composed of 1M LiPF6 (Solvionic) dissolved in ethylene 

carbonate and dimethyl carbonate (EC/DMC, 1:1 v/v) with 2 % vinyl carbonate (VC) and 

10 % fluoro ethyl carbonate (FEC) as additives. A glass microfiber filter (Whatman GF/D) 

was used as a separator. All electrochemical tests were performed on a BCS-805 (Biologic) 

potentiostat at room temperature. All batteries were submitted to one formation cycle at 

C/20. 



The current density for each of the different Si1-xGex samples was set from their theoretical 

specific capacity; at 1C: 2 A g-1, 2.56 A g-1 and 3.1 A g-1 for Si0.5Ge0.5, Si0.75Ge0.25 and 

Si0.9Ge0.1 respectively. Galvanostatic Cycling with Potential Limitation (GCPL) was 

carried out at C/5 in a range of 1.5 V – 10 mV vs Li+/Li.   

Galvanostatic Intermittent Titration Technique (GITT) and Electrochemical Impedance 

Spectroscopy (EIS) were performed in the same system. A low current (C/20) was applied 

for 30 min for each titration step accompanied by a 2 h rest period to reach equilibrium. 

The EIS spectra was recorded after each resting period in a frequency range of 10 kHz – 

0.1 Hz under an AC-input with a 5 mV amplitude, followed by an open circuit voltage 

(OCV) period of 5 min. The second cycle was recorded following this procedure with a 

voltage range of 1.5 V – 50 mV. Zview software was used to treat and fit the data.  

Asymmetric C-rate testing was performed by lithiating at a fixed C/10 rate and varying the 

delithiation rate from C/10 to 5C (5 cycles for each rate), and vice versa. The potential range 

was 1.5 V – 100 mV.  

3. RESULTS AND DISCUSSION 

 

3.1 Characterization of the Si1-xGex alloys 

The X-ray powder patterns of the Si1-xGex samples synthesized by BM and LP are shown 

in Figure 1a. The alloys prepared by BM show broader Bragg peaks than the LP, due to a 

decrease of crystallite size (5.3 nm versus 14.5 nm for the Si0.5Ge0.5 composition) coming 

from the high energetic milling as confirmed by the crystallite size calculations from 

Scherrer’s equation (TS1).  The cell parameters of pure Si (a = 5.429(5) Å) and Ge (a = 

5.657(2) Å) were refined by profile matching (FullProf suite) and agree with those reported 

Figure 1. XRD (a) and Raman spectra (b) of BM and LP Si1-xGex (x = 0.1, 0.25, 0.5) samples.  



by the ICSD (00-027-1402 and 00-004-0545, respectively). The cell parameters of the 

intermediate alloys follow a linear increase with the addition of Ge, which is in agreement 

with Vegard’s law and evidences the typical solid solution behavior in Si1-xGex alloys (S1) 

[13]. 

The Raman spectra of the BM and LP samples are displayed in Figure 1b. For the pure Si 

and Ge powders, the signature bands of Si (519 cm-1) and Ge (299 cm-1) correspond to the 

homogeneous bond vibrations in the material. It is possible to obtain information on the 

local organization of the material from the peaks shape and position. For the ball-milled Si 

and Ge, the broadening of the active bands and the emergence of a shoulder in the lower 

frequency region suggest a partial amorphization of the sample during ball milling due to 

the lack of long-range order [17,18]. The intermediate samples show an evolution of the 

bands and the appearance of the Si-Ge band in the middle region (375 – 425 cm-1). The 

shifting of the peaks to lower frequency values is related to the homogeneity of the material. 

For the Si0.5Ge0.5 and Si0.75Ge0.25 samples, the BM alloys show wider bands with lowered 

shifts compared to the LP, indicating a higher amorphous contribution and more 

heterogeneous composition. Surprisingly, for the Si0.9Ge0.1 stoichiometry, it is the LP 

sample showing these features. This could be attributed to heterogeneities during the 

synthesis and the existence of a composition gradient in the compound [12].  

 

The morphology of the Si0.5Ge0.5 alloy is presented in Figure 2. The BM sample (left) 

consists on submicron and micrometer particles, which agglomerate into clusters of 5-10 

µm. The EDX mapping shows a homogeneous distribution of the elements in the material 

and the Si/Ge ratio corresponds to the stoichiometric value. The LP (right) shows a very 

distinct structure, with sphere-like nanoparticles (89 ± 21 nm) which agglomerate into 

chains. It is possible to distinguish the Si-rich shell and SiGe core from the STEM-EDX 

images. We can observe pure Si nanoparticles (10-30 nm) as aggregates in the SEM images, 

which are formed by the partial decomposition and nucleation of silane molecules before 

thermalization of the reactive medium by collisions [12]. The Si/Ge ratio for the LP is close 

to the stoichiometric value, but the difference could come from a more heterogeneous 

material owing to the presence of different alloy phases in the sample.    
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The electrical conductivity measurements for the Si1-xGex pelletized powders are calculated 

using the formula [19]: 

𝜎𝑒𝑙 =
𝑙

𝑅 ∙ 𝑆
 

With l (m) and S (m2) as the thickness and surface area of the pellet and R (Ω) being the 

resistance to the applied current through the pistons. The values are given in Table 1. For 

the micron-sized particles synthesized by BM, we can notice as expected a trend of 

increasing conductivity with the addition of Ge. It is worth noting that iron impurities from 

the stainless-steel jar, as identified by EDX (less than 1 at %), can partially contribute to 

this high conductivity values. Pure Si and Ge micron powders were measured as references, 

with electrical conductivities of 7.75E-05 and 0.61 S m-1 respectively, proving that the 

obtained values for the BM samples are indeed influenced to some extent by the Fe 

impurities.  In the case of the nano sized LP particles, the values are about five orders of 

magnitude lower than BM and show no clear relation to the amount of Ge. We suppose that 

in that case the conductivity of nanoparticles is influenced drastically by the inter-particle 

transport rather than by the bulk material feature [20]. Moreover, it has been demonstrated 

that the effective electrical conductivity for metal powders under compression depends on 

several parameters, such as the mean thickness of the native oxide layer, the particle radius 

and the presence of coating layer [21]. Thus, our conductivity measurement setup is not 

well adapted to know the real electrical conductivity of the SiGe@Si core-shell 

nanoparticles. 

 

Figure 2. SEM images and EDX/STEM-EDX mapping of the BM (a) and LP (b) Si0.5Ge0.5 sample. 



Table 1. Electrical conductivity of the Si1-xGex samples measured by Chronoamperometry. 

 Electrical conductivity (S m-1) 

Si1-xGex x = 0 x = 0.1 x = 0.25 x = 0.5 x = 1 

BM 4.58E-03 0.01 0.02 0.11 15.32 

 

 

3.2 Electrochemical tests 

 

The galvanostatic profiles of the BM and LP Si1-xGex (x=0.1, 0.25, 0.5) electrodes along 

with their derivative curves are presented in Figure 3 and 4. A similar discharge/charge 

profile is observed for both type of materials, with a pseudo plateau in the first lithiation 

around 0.1-0.25 V (seen as broad peaks in the derivative curves), a plateau during 

delithiation at approximately 0.45 V (sharp peaks which signal the formation of c-Li15M4 

phase in discharge) [7] and a sloping plateau in the second lithiation in the range of 0.1-0.4 

V (indicating the amorphization of active material at the end of charge). The voltage 

hysteresis (distance between the main derivative peaks) decreases with the addition of Ge, 

passing from 0.31 up to 0.23 V in the Si1-xGex, which could be connected to higher electrical 

conductivity in Ge rich samples. In the first lithiation, LP materials show a flatter plateau 

than BM samples, which can be linked to the higher crystallinity of LP Si1-xGex, as it can 

be seen from the XRD and Raman characterizations. It has been reported that the 

electrochemical lithiation of amorphous Si undertakes a smoother physical transformation 

than its crystalline counterpart, with a single phase mechanism (sloping plateau from 0.4 to 

0.1 V) rather than the biphasic transition (flat plateau around 0.1V) respectively [22–24]. 

Another relevant feature is found at the beginning of the delithiation curve of the LP 

electrodes, the sloppier plateau for the Si-rich material, x=0.9, agrees with the cycling 



profiles for pure Si nanomaterials [25,26] and indicates less amount of the c-Li15M4 phase 

was formed during the lithiation step.   

 

A comparison between BM Si and Ge can be found in Figure S2. The voltage profiles (left) 

show the characteristic lithiation/delithiation mechanisms and the capacity retention tests 

(right) demonstrates the poor performance of Si.  

The capacity retention tests for the different stoichiometries are presented in Figure 5 along 

with the Coulombic efficiency. The discharge capacity is normalized and plotted from the 

second cycle in order to compare both systems without considering the initial loss of 

capacity coming mainly from the SEI formation. Both type of materials show an 

improvement with the higher content of Ge, with a much better capacity retention for the 

Figure 3. Galvanostatic curves of the BM (a) and LP (b) Si1-xGex (x = 0.1, 0.25, 0.5) cycled at C/20 Vs Li.  

Figure 4. Derivative curves of the BM (a) and LP (b) Si1-xGex (x = 0.1, 0.25, 0.5) first and second 

cycles. 



LP samples, owing to the particle size, which is below the critical diameter of 150 nm, 

avoiding the particle pulverization during cycling [27]. We observe a trend for the initial 

Coulombic efficiency (ICE), with an increase of the values for the less Ge containing alloys, 

pointing out the different electrochemical nature of the Si and Ge elements. In addition, 

ICE values are higher for the BM powders (88.5% against 83.6% respectively, for the 

Si0.5Ge0.5 composition) likely due to their smaller specific surface area compared to the LP 

analogues (as evidenced from the BET measurements (TS2)), which leads to less SEI 

formation. The CE is steady only for the BM Si0.5Ge0.5, while all LP samples (x=0.1, 0.25 

and 0.5) show a better stability. It is worth noticing also that a significant drop in CE is 

observed for the Si-rich BM samples, which is likely linked to the severe capacity drop. 

The CE increases again when the capacity has lost approximately 40% of its starting value. 

Therefore, the lithiated alloys formed involve much less volume expansion, the formation 

of SEI is reduced (less fresh surface) and the CE rises. Moreover, the big particles are more 

prone to pulverization and particle disconnection. 

The worse performance of the BM samples can be linked to the bigger size of the particles, 

since they are prone to shatter when they reach the fully lithiated state and form the c-

Li15M4 phase. As consequence, new surface will be exposed to electrolyte and a continuous 

formation of solid electrolyte interphase (SEI) will take place, consuming high amount of 

Li in the system. Further problems come from the disconnection in between the different 

components of the electrode and from the current collector, decreasing the accessible active 

material and lowering the cell capacity. The reversible capacities measured for each 

material are summarized in Table 2, and compared to the  theoretical values (calculated 

from the Li15M4 phase formation) for the different Si1-xGex (x = 0.1, 0.25 and 0.5;  3089, 

2562 and 1996 mAh g-1 respectively).  

 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 5. Discharge capacities normalized to the second cycle of the BM (a) and LP (b) Si1-xGex (x 

= 0.1, 0.25, 0.5) cycled at C/5 Vs Li and their respective Coulombic efficiencies. 



Table 2. ICE, theoretical and experimental discharge capacities of the first cycle BM and LP Si1-

xGex (x = 0.1, 0.25, 0.5) samples, cycled at C/5 vs Li. 

Si1-xGex 
Theoretical Capacity 

(mAh g-1) 

BM LP 

Capacity (mAh g-1) ICE  Capacity (mAh g-1) ICE 

Si0.9Ge0.1 3089 2495 90.4 2883 87.4 

Si0.75Ge0.25 2562 2241 89.6 2123 84.9 

Si0.5Ge0.5 1996 1664 88.5 1771 83.6 

 

To get deeper in the understanding of the electrochemical trends observed for BM and LP 

Si1-xGex series, and investigate how each specific morphology affects the Li ion diffusivity, 

GITT and EIS were performed. The apparent Li+ diffusion coefficient can be estimated at 

different states of charge according to the following equations [25,28]: 

 

𝐷𝐿𝑖+ =  
1

2
 [(

𝑉𝑀

𝑆𝐹𝐴
) (

𝛿𝐸

𝛿𝑥
)]

2

           𝐸𝐼𝑆 

 

𝐷𝐿𝑖+ =  
4

𝜋𝜏
 [(

𝑛𝑉𝑀

𝑆
) (

∆𝐸𝑠

∆𝐸𝑡
)]

2

       𝐺𝐼𝑇𝑇 

 

Where 𝑉𝑀 (𝑐𝑚3𝑚𝑜𝑙−1) is the molar volume of the compound, 𝐹 (96,485 𝐶 𝑚𝑜𝑙−1) is the 

Faraday constant, 𝑛 (𝑚𝑜𝑙) is the number of moles and 𝑆 (𝑐𝑚2) is the interfacial area 

between the electrode and the electrolyte, which will be taken as the geometrical for 

simplicity. In the EIS equation, 𝐴 (Ω 𝑠−0.5) is the Warburg coefficient, calculated from the 

slope of the imaginary part of the impedance plotted against 1 √2𝜋𝑓⁄  and 𝛿𝐸 𝛿𝑥⁄  (𝑉) is 

the slope of the galvanostatic curve. In the GITT equation, 𝜏 (𝑠) is the titration time, 

∆𝐸𝑠 (𝑉) is the steady-state voltage change and ∆𝐸𝑡 (𝑉) is the voltage change during the 

current pulse. 

For lithium active alloys, such as in the case of Si and Ge, it is important to consider the 

change in the molar volume as function of the Li content, expressed as a linear relationship: 

 

𝑉𝑀(𝑥) = 𝑉𝑜 + 𝑘𝑥 

 

Where  𝑉𝑜 is the unlithiated molar volume of the compound, 𝑘 is the constant molar volume 

of Li in Si/Ge (9 𝑐𝑚3𝑚𝑜𝑙−1) and 𝑥 is the number of moles of Li. In the case of Si, the 

linear expansion has been confirmed by atomic force microscopy at room temperature [29].  

The voltage profile of the Si0.5Ge0.5 composition is displayed in Figure 6a. As stated in the 

experimental section, a formation cycle is applied to avoid the distorted diffusion coming 

from the transformation of a crystalline material into an amorphous one in the first cycle. 

During the second lithiation, we observe a sloping plateau, which reveals the amorphization 



of both materials. However, it is possible to discriminate the behavior of the samples on the 

subsequent delithiation, with a tilted plateau for the LP material and a horizontal one for 

the BM. This confirms the higher susceptibility of micron sized particles to crystalline 

phase (Li15M4) formation under these electrochemical conditions. 

The apparent Li+ diffusion coefficients as function of the state of charge are presented in 

Figure 6b for both BM and LP Si0.5Ge0.5 stoichiometry. We observe a good correspondence 

between the values obtained from GITT and EIS, with some differences in the magnitude 

at the end of the lithiation which are suspected to come from the specific technic limitations. 

From the Nyquist plots (S4 and S5) it can be observed that the diffusion tail for the SOC 

between 0.75 – 1 tend to curve towards the real impedance axis, no longer maintaining the 

straight slope, because of an augmented electrical conductivity nature of the highly lithiated 

electrodes.  

The DLi+ for Si measured at room temperature from GITT and EIS ranges from 10-13 - 10-

10 cm2 s-1 according to literature [5], which is comparable to our results. For Ge, the 

experimental results with similar techniques are of similar order of magnitudes, in the range 

of 10-12 - 10-10 cm2 s-1 at ambient temperature [30,31]. 

From the shape of the apparent DLi+, we can conclude that there is not a linear relationship 

with the content of Li. Typically, a “W” pattern is ascribed in both senses of 

charge/discharge, where the minima correspond to the phase transitions of the compound 

as it alloys with Li [5,28]. The BM sample shows the expected pattern for lithiation, with a 

smooth conversion of the amorphous phase intermediates which we ascribe as a-LixM (with 

x close to 1) and a-Li13M4 according to chemical species reported in the literature [7], and 

values around 10-11 cm2 s-1. During delithiation, the behavior is altered, with a drop of three 

order of magnitudes from 10-10 to 10-13 cm2 s-1, which we believe is caused by the rough 

transition of the c-Li15M4 to the a-Li7M3 phase. For the LP sample, the trend is more 

conventional, with a mild transformation of the phase intermediates and a reversible 

diffusion path for lithiation/delithiation, attaining coefficients of 10-11 cm2 s-1. These results 

put into evidence that the size/morphology of the material plays a critical role on the phase 

transformations of Si1-xGex alloys during Li insertion and directly influences the Li+ 

diffusion path.   

An equivalent experiment was performed for the BM Si and Ge to understand how the 

nature of the material can influence the diffusion coefficient and the lithiation/delithiation 

mechanism. Figure S3 contains the voltage profile of the GITT experiment, where it is 

possible to witness the distinct behavior of the two elements. The micron sized Si (BM) 

presents the standard “W” shape and apparent DLi+ in the range of 10-12 – 10-9 cm2 s-1, with 

minima attributed to a-LiSi and a-Li13Si4. BM Ge depicts a different pattern, with a rough 

transition during delithiation (similar to the BM Si0.5Ge0.5 sample) and surprisingly, values 

one order of magnitude lower than its Si counterpart. The minima are associated with a-

LixGe intermediates and a-Li9Ge4 phases [7,32]. This experimental data indicates that Li 

ion diffusion is greatly limited by the phase transformations of the alloying compound, as 

Ge is more prone to form the c-Li15M4 phase under these electrochemical conditions than 

Si. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In general, the BM and LP Si0.5Ge0.5 behave in a similar way during lithiation, showing 

akin values of the apparent DLi+. Yet, there is significant variation on the delithiation path 

for the BM sample, with different amorphous intermediates (a-Li7M3) being formed and 

apparent DLi+ up to two orders of magnitude lower than LP. This confirms the non-

Figure 6. GITT profile of the BM and LP Si0.5Ge0.5 half-cells at C/20 Vs Li (a). Apparent Li+ 

diffusion (b) as function of the SOC measured by EIS (top) and GITT (bottom). 



reversible mechanism of the micron sized material under the same electrochemical 

conditions. In the same manner, it is the BM Ge which presents the largest contrast between 

lithiation and delithiation, and to our surprise, ten times lower DLi+ than those of BM Si. 

Additionally, it is the delithiation mechanism which presents globally higher DLi+ values, 

except when the rough transition from the c-Li15M4 phase to the amorphous intermediate 

occurs, and we further investigate its impact on the performance in the following section. 

It has been pointed out that the difference in diffusion could be attributed to the behavior 

of Si/Ge, which experiences compressive stress during lithiation and tensile strength during 

delithiation [33].  

 

Asymmetric cycling tests were carried out in order to find out the limiting mechanism in 

the Si1-xGex system. The cycling protocol consisted on fixing the lithiation (discharge) or 

delithiation (charge) rate at C/10 (200 mA g-1) while simultaneously the delithiation or 

lithiation rate, respectively, were varied from C/10 to 5C (10 A g-1). In Figure 7a, we can 

see the normalized discharge capacity retention of the BM and LP Si0.5Ge0.5 material 

submitted to these different current C-rates. It is obvious that the LP sample performs better 

than its BM equivalent, with 60% of the initial discharge capacity in the 50th cycle instead 

of 30%. In both samples, fixing the lithiation rate show the best results with a retained 

capacity of 60% and 25% at 5C, which proves the better performance of the nanosized 

material and for the latter a good tolerance to delithiate at high rate. Neither of the materials 

could deliver relevant capacity under fixed delithiation and a lithiation rate from 2C. As 

expected, the lithiation mechanism limits the high-rate capability of this system, since a 

moderate current is necessary to guarantee the complete lithiation of the compound and 

with it the full extent of the capacity in the subsequent cycles.  

Figure 7b displays the derivative curves of the first, 2nd, 35th and 50th cycle in these 

conditions. We observe that with 100 mV potential cutoff, the sharp peak at 0.44 V for the 

BM sample in the first charge disappears and is replaced for two broad peaks around 0.3 V 

and 0.47 V in the second cycle.  In the case of the LP material the sharp peak is not present 

at all, indicating that other mechanism occurs during lithiation/delithiation to form 

amorphous intermediate phases. This confirms the importance of the voltage cap to limit 

the c-Li15M4 phase formation in the system, since this phase has been pointed out to be 

linked to low CE and poor long cycling performance [26,34,35]. The derivative peak 

positions in the 35th cycle allow us to extract the voltage hysteresis of the cells at 5C 

(distance between the lithiation peak at 0.28V and the delithiation peaks at 0.88V for LP 

and 1.01V for BM), which is approximately 0.13 V lower for the LP than BM, in agreement 

with the better performance of the nanoparticles at high-rate. The hysteresis during 

charge/discharge, characteristic of both alloying and conversion materials, unlikely to 

insertion type materials, has been related to the energy barrier to break and form new 

chemical bonds in the system [33]. Note that the energy barrier to delithiate the crystallized 

Li15M4 phase in BM sample, to convert it in less lithiated amorphous material in charge, is 

expected to be higher than that needed to delithiate amorphous LixSi (x<3.75) in LP phase. 

As consequence the lithiation/delithiation is easier in the LP system, as evidenced from the 

smoother DLi+ pathway.  



 

 

4. CONCLUSION 

 

An extensive investigation was carried out by comparing Si1-xGex alloys samples 

synthesized by high-energetic ball-milling and laser pyrolysis. XRD and Raman showed 

similar features for both type of samples, with a higher amorphization degree for the milled 

powders. Through SEM/STM/EDX, the distinct morphology was put into evidence, with 

micron-sized clusters for BM and nano SiGe core/Si-rich shell for the LP materials. 

Galvanostatic cycling demonstrated the better capacity retention for the LP counterpart, 

even if the ICE was smaller, a known feature for the nano sized particles with higher surface 

area. 

Superior electrical conductivity was obtained for the Ge containing alloys, up to four order 

of magnitudes higher than pure Si, showing a trend of better electrochemical performance 

as the content of Ge increased. GITT coupled with EIS enabled the calculation of the 

apparent diffusion coefficient of Li through the electrodes, showing a strong dependence 

on the Li content. Both BM and LP showed values around 10-11 cm2 s-1 during lithiation. 

However, during delithiation the micron-sized BM sample showed rough variation of the 

diffusion coefficient, likely due to the bigger sizes particles more prone to form the 

crystalline Li15M4 phase during discharge. The technique also allowed tracking the 

b)             

Figure 7. Asymmetric C-rate tests (a) of BM and LP Si0.5Ge0.5 half-cells Vs Li. Derivative 

curves (b) of the 1st, 2nd, 35th and 50th cycle. 

a)             



formation of amorphous intermediates during de (lithiation), which agrees with some of the 

phases detected experimentally by other researchers [5,7,28,32]. 

Surprisingly for BM Si and Ge, the here calculated apparent DLi+ for Ge was one order of 

magnitude lower than that of Si, contrary to the expected results [36]. Ge proved to be more 

sensitive to the formation of the crystalline Li15M4 than Si, under the same experimental 

conditions. 

Asymmetric C-rate tests provided information on the limiting mechanism during 

charge/discharge. On both BM and LP Si1-xGex electrodes, lithiation is confirmed to be the 

restrictive process, with however better performance for the nanosized LP materials.  

It seems that the apparent DLi+ is not the primary property to explain the better 

electrochemical behavior of LP and it might be pointed out that size and the formation of 

the crystalline/amorphous intermediates are the main responsible. The cycling protocol, 

specifically the voltage cutoff, plays an important role in the c-Li15M4 formation and 

determines to some extent the cyclability of the system.   
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