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Electrochemical synthesis of silicon-based 

materials and their evaluation as anodes 

for Lithium-ion Batteries (LIBs) 

Adel Elsayed 

Abstract 

    Lithium-ion batteries (LIBs) are currently the most powerful 

energy supply for portable electronic devices. Silicon is a promising 

anode material for LIBs with theoretical capacities of up to 4200 

mAh/g. However, the commercialization of silicon as an anode in 

LIBs is hindered by its poor cycling stability. The present thesis deals 

with the synthesis of Si-compounds (SixGe1-x, SixGe1-xAly) and Si-

composite (Si-reduced graphene oxide, Si-rGO) thin films as anode 

materials that were prepared by pulsed-electrodeposition (PED). Bare 

Si films were prepared by potentiostatic pulsed-electrodeposition in 

[BMP]TFSI at different duty cycle values (50%, 25%, 16% and 6%). 

XPS analysis for the SEI formed on Si anodes in LiTFSI/[BMP]TFSI 

revealed stable inorganic compounds. SixGe1-x compound-films (x= 

0.3, 0.6, 0.7, 0.9) prepared by potentiostatic pulsed-electrodeposition 

in [EMIm]TFSI exhibited promising cycling stability and higher 

gravimetric capacity compared to bare Si anode-films, possibly due 

to the enhancement in both electrical conductivity and Li diffusion. 

Si0.6Ge0.4 leads to the highest gravimetric capacity with improved 

cycling stability. Si0.7Ge0.3 showed the highest areal capacity values 

of around 0.14 mAh/cm2. Si0.9Ge0.1 displayed a cycling performance 

similar to silicon. For ⁓400 nm-thick Si0.95Ge0.05 anode-film, quite a 

good rate-capability with gravimetric capacity values of around 900 

mAh/g when cycled at 41.5 C-rate (128.5 A/g) were obtained, 
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making it interesting for micro-battery applications. Si0.35Ge0.45Al0.2 

prepared by potentiostatic pulsed-electrodeposition in [BMP]TFSI, 

displayed a high areal capacity of about 0.4 mAh/cm2 when cycled at 

a current density of 0.8 A/g with good cycling stability and good rate-

capability compared to Si and SixGe1-x. EIS studies suggest the 

activation and/or modification of SixGe1-xAly upon cycling. XPS 

analysis of the SEI formed on Si0.35Ge0.45Al0.2 showed LiF in addition 

to AlOx and LiAlFx which were reported to buffer, protect and 

improve the integrity of the interfacial layer. Si-reduced graphene 

oxide (Si-rGO), prepared by sequential pulsed-electrodeposition in 

[BMP]TFSI displayed a high electrochemical performance compared 

to other tested films, resulting in gravimetric capacities of above 

1200 mAh/g with areal capacity values of around 0.25 mAh/cm2 

when cycled at a current density of 600 mA/g. EIS studies for Si-rGO 

suggest that the composite anode exhibits kinetic enhancement and 

activation/modification processes upon cycling. XPS analysis for the 

SEI indicated LiF, Li2O, Li2CO3, CFx, LiS, SiS and CF3SO2Li.  
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Kurzfassung 

Lithium-Ionen-Batterien (LIBs) sind derzeit die 

leistungsstärkste Energieversorgung für tragbare elektronische 

Geräte. Silizium ist ein vielversprechendes Anodenmaterial für LIBs 

mit theoretischen Kapazitäten von bis zu 4200 mAh/g. Der 

Kommerzialisierung von Silizium als Anode in LIBs steht jedoch 

seine schlechte Zyklenstabilität entgegen. Die vorliegende Doktor-

Arbeit beschäftigt sich mit der Synthese von Si-Verbindungen 

(SixGe1-x, SixGe1-xAly) und dünnen Schichten aus Si-Verbundstoffen 

(Si-reduziertem Graphenoxid, Si-rGO) als Anodenmaterialien, die 

durch gepulste-Elektroabscheidung (pulsed electrodeposition, PED) 

hergestellt wurden. Blanke Si-Filme wurden durch gepulste 

potentiostatische Elektroabscheidung in 1-Butyl-1-methyl-

pyrrolidinium bis(trifluormethylsulfonyl)- imid ([BMP]TFSI), bei 

verschiedenen Werten des Arbeitszyklus (50%, 25%, 16% und 6%) 

hergestellt. Die XPS-Analyse der auf Si-Anoden gebildeten Solid-

electrolyte interface (SEI) in LiTFSI/[BMP]TFSI zeigte stabile 

anorganische Verbindungen. Filme aus SixGe1-x-Verbindungen (x = 

0,3, 0,6, 0,7, 0,9), die durch gepulste potentiostatische 

Elektroabscheidung in 1-Ethyl-3-methyl-imidazolium bis 

(trifluormethylsulfonyl)imid ([EMIm]TFSI) hergestellt wurden, 

zeigten vielversprechende Zyklenstabilität und höhere gravimetrische 

Kapazität im Vergleich zu blanken Si-Anodenfilmen, möglicherweise 

aufgrund der Verstärkung sowohl der elektrischen Leitfähigkeit als 

auch der Li-Diffusion. Si0,6Ge0,4 führt zu der höchsten 

gravimetrischen Kapazität bei verbesserter Zyklenstabilität. Si0,7Ge0,3 

zeigte die höchsten Flächenkapazitätswerte von etwa 0,14 mAh/cm². 

Si0,9Ge0,1 zeigte eine Zyklusleistung ähnlich wie Silizium. Für einen 
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~400 nm-dicken Si0,95Ge0,05-Anodenfilm wurde eine recht gute 

Zyklisierbarkeit mit gravimetrischen Kapazitätswerten von etwa 900 

mAh/g bei einem Zyklus bei 41,5 C (128.5 A/g) erhalten, was es für 

Mikrobatterieanwendungen interessant macht. Durch gepulste 

potentiostatische Elektroabscheidung in [BMP]TFSI hergestelltes 

Si0,35Ge0,45Al0,2 zeigte eine hohe Flächenkapazität von etwa 0,4 

mAh/cm², wenn es bei einer Stromdichte von 0,8 A/g bei guter 

Zyklusstabilität und guter Zyklisierbarkeit mit Si und SixGe1-x 

verglichen wurde. EIS-Untersuchungen legen die Aktivierung 

und/oder Modifikation von SixGe1-xAly beim Zyklisieren nahe. Die 

XPS-Analyse der auf Si0.35Ge0.45Al0.2 gebildeten SEI zeigte LiF 

zusätzlich zu AlOx und LiAlFx, von denen berichtet wurde, dass sie 

die Integrität der Grenzflächenschicht schützen und verbessern. Si-

reduziertes Graphenoxid (Si-rGO), das durch sequentielle, gepulste 

Elektroabscheidung in [BMP]TFSI hergestellt wurde, zeigte im 

Vergleich zu anderen getesteten Filmen eine hohe elektrochemische 

Leistung, was zu gravimetrischen Kapazitäten von über 1200 mAh/g 

mit Flächenkapazitätswerten von etwa 0,25 führte mAh/cm², bei 

einer Stromdichte von 600 mA/g. EIS-Untersuchungen für Si-rGO 

legen nahe, dass die Verbundanode beim Zyklisieren kinetische 

Verstärkungs-, Aktivierungs- und/oder Modifizierungsprozesse zeigt. 

Die XPS-Analyse für die SEI zeigte LiF, Li2O, Li2CO3, CFx, LiS, SiS 

und CF3SO2Li an. 
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Motivation  

Silicon is an attractive anode material for Lithium-ion 

Batteries (LIBs) as it has the highest theoretical capacity (4200 

mAh/g) which is ten times higher than the theoretical capacity of 

graphite anode, in addition to its low cost, its availability, and its 

safety. Even though, the deformation and cracking problems of Si 

during lithiation/delithiation processes deteriorate its cycling 

stability. Electrodeposition is a simple and versatile method that 

requires only a simple setup with low cost. Preparation of Si 

compounds and Si composite films was done by pulsed-

electrodeposition as versatile and controllable method. The present 

thesis focuses on the pulsed-electrodeposition of SixGe1-x, SixGe1-xAly 

compounds and Si-rGO composites films as promising anode 

materials that could improve the electrochemical performance of 

LIBs. Owing to its higher electrical conductivity, its superior ionic 

diffusivity and its limited volume changes during cycling, germanium 

is a favorable add-element to Si anodes. Al, either in the elemental 

form as electrochemically active add-element or in the oxide form as 

a protective and buffering coating layer, is a promising element for 

stabilizing the Si anode cyclability and improving its rate-capability 

as well. Hence, adding Al to Si-Ge compound films can further 

improve the rate capability and the cycling stability of SixGe1-xAly 

anodes. Graphene is a favorable material to optimize the 

electrochemical performance of Si in LIBs by enhancing both its 

electrical conductivity and its mechanical properties, demonstrated to 

elevate both the produced gravimetric and areal capacity along with 

enhancing the rate-capability of the composite anode in LIBs.   
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1. Introduction 

1.1 . Introduction to Lithium-ion Batteries (LIBs) 

After the invention of the first electrochemical cell in the 1800s 

by Count Volta, several battery types have been developed and 

introduced for the commercial markets, including lead-acid, Alkaline, 

nickel-cadmium, nickel-metal hydride and lithium-ion batteries [1-3]. 

Nowadays, the advanced energy storage devices become the inherent 

driving force for modern life that revolutionized its communication 

and its transportation technologies. Lithium-ion Batteries are 

considered as the most attractive energy storage systems that have 

triggered the vast application scale of portable electronic devices 

which rapidly developed in the recent 25 years [4, 5].  

Lithium-ion batteries were first developed in Japan by Asahi 

Kasei then later commercialized by Sony® in 1991 [6]. Lithium is 

considered as the lightest and most electropositive metal (-3.04 V vs. 

standard hydrogen electrode) which makes it an important element to 

expedite and enrich electrochemical storage processes in battery 

system [7, 8]. As introduced in table (1.1), LIB exhibits unique 

characteristics, in terms of its good energy density, high power 

density, good cycle life together with low self-discharge rate which 

lead to a rapid acceptance in the market [9, 10].  
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Tab. 1.1. Cycling characteristics of different batteries compared to LIBs 
[9, 10]. 

Battery type Operational 

voltage (V) 

Energy 

density 

(WhKg-1) 

Comments 

Lead-acid 1.9 30 
Commonly known as 

car-starter battery, low 

energy density. 

Alkaline 1.5 50-80 
Not rechargeable, high 

capacity for low-

power devices. 

Ni-Cadmium 1.2 50 
Memory effect, low 

discharge density. 

Ni-metal hydride 1.2 60 
Lazy battery-effect, 

low energy density. 

Lithium-ion 4.0 150 

Light, high voltage, 

no-memory effect, 

high capacity, good 

charge retention, 

comparably expensive. 

1.2. Electrochemical principles of a lithium-ion battery 

Lithium-ion batteries generally consist of four main 

components; namely two working electrodes (anode and cathode), 

the separator and the Li-ion electrolyte. The working electrodes have 

to be insertion-active for lithium ions [7]. The anode materials used in 

LIBs are commonly based on graphite and lithium alloyed 

metals [7]. On the other hand, LIB-cathode materials customarily 

include transition metal oxides (Manganese Oxide, Cobalt Oxide, 

Nickel Oxide, Cobalt Oxide, Manganese spinel), Lithium transition 

metal oxides (Lithium Nickel, Lithium Cobalt oxide), Iron Phosphate 

(LiFePO4) and Lithium-Nickel-Manganese-Cobalt ternary oxides (Li-

NMC oxides) [7]. The separator is a film of an ionically conductive 
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but electronically insulating material, placed between the two 

working electrodes. The Li-ion electrolyte -in the solution form- is 

composed of a lithium salt dissolved in a suitable solvent (usually 

organic carbonate solvent) [7]. During charging and discharging 

processes, lithium ions get inserted into/removed from the solid 

matrix of the employed electrodes while electrons are extracted 

instantaneously in the opposite direction [7, 11, 12]. Figure (1.1) shows 

the schematic diagram of commercial lithium- ion battery in which 

graphite and lithium metal oxide (Li-M-O) are employed as the anode 

and the cathode, respectively [13].  

 
Fig. 1.1. Schematic diagram for the charge/discharge process in a 

commercial LIB containing graphite anode and Lithium transition 

metal oxide as the cathode, adapted from Linden et al. [13]. 

 
Upon charging, lithium ions get inserted in the graphite anode 

through an intercalation mechanism, resulting in a “reversible” 

oxidation of the cathode and a “reversible” reduction of the anode as 

well. The reverse process smoothly takes place during the 
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discharging process ideally without the deformation of anode and 

cathode structure [13]. 

1.3. Challenges in lithium-ion batteries 

Great efforts from both industry and academia have been 

dedicated to the development of Lithium-ion batteries that can not 

only retain higher gravimetric/volumetric capacities and greater 

energy densities but also can demonstrate sustainability and 

environmental compatibility [6, 7]. Commercial LIBs often employ 

traditional electrodes such as carbonaceous anodes (mostly graphite) 

and lithium transition metal oxide cathodes (LiCoO2), whose 

theoretical capacities are ranged between 372 and 200 mAh/g. In 

order to realize LIBs with remarkably higher energy densities, the 

traditional electrode materials should be replaced by new more 

advanced materials that can produce much higher specific capacities 

[14-16]. Applications of Lithium-ion batteries have been devoted to 

more advanced energy avenues in electric vehicles (EVs) and other 

large-scale energy storage devices. However, LIBs are still not 

satisfactory for these applications that require at least 4-times higher 

energy density than that retained by the conventional LIBs to fulfill 

an 800 km-operation range of gasoline vehicles [16-19].  

1.4. Advanced lithium-ion batteries electrodes 

Figure (1.2) shows the gravimetric capacities values and the 

working potential ranges for different electrode materials [18]. The 

development of LIB-cathodes is mainly focusing on “Li-rich NMC” 

which comprise the beneficial combination of Ni, Co, and Mn, 

demonstrating higher capacities exceeding 280 mAh/g with open 

circuit potentials of around 4.5 V versus Li/Li+ [20].  
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Fig. 1.2. Theoretical capacity values and working potential ranges 

for different LIBs electrodes [18]. 

For advanced anode materials, table (1.2) introduces a 

comparison between different anode materials in terms of their 

physical and electrochemical characters [19]. In terms of the capacity 

values, Si has the highest theoretical capacity (4200 mAh/g) which is 

higher than that of other alloy-type anodes (Sn, Sb, Al, and Mg). 

Compared to intercalation anode-type, the theoretical capacity of Si is 

ten-times higher than the theoretical capacity of graphite anode and 

twenty times higher than that of the Li4Ti5O12
 anode [19, 21].  
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Tab. 1.2. Comparison between various anode-materials modified from 

reference (19). 

Anode material Li C Li4Ti5O12 Si Sn Sb Al Mg 

Density (g/cm
2
) 0.53 2.25 3.5 2.3 7.3 6.7 2.7 1.3 

Lithiated-phase Li LiC6 Li7Ti5O12 Li4.4Si Li4.4Sn Li3Sb LiAl Li3Mg 

Theoretical 

capacity (mAh/g)* 
3862 372 175 4200 994 660 993 3350 

Volume change (%) 100 12 1 420 260 200 96 100 

Potential vs. Li/Li
+
 0 0.05 1.6 0.4 0.6 0.9 0.3 0.1 

Anode-type Ref. Intercalation type Alloy-type 

*All capacity values are based on anode-materials in the de-lithiated state except Li. 

1.5. Si anode 

1.5.1. Si as alloy-type anode 

Replacing intercalation-anode materials (such as graphite) by 

alloy-anodes is required to obtain developed LIBs with higher energy 

densities [22, 23]. Alloy-type anode materials such as Si, Ge, Sn, Sb, 

and Pb can store lithium through the formation of Li-rich binary 

alloys producing high capacity values as shown in figure (1.3) [22].  

 
Fig. 1.3. Gravimetric and volumetric capacities of Si compared to 

graphite anode and other Li-alloy anodes (Ge, Sn, Pb). The capacity 

values were calculated based on the maximum alloyed phases 

(Li4.4Si, Li4.25Ge, Li4.25Sn, and Li4.25Pb) [22]. 
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Among Li-alloy anodes, silicon has the highest gravimetric 

capacity of 4200 mAh/g through alloying with lithium in the form of 

Li22Si5 at high temperature according to equation (1.1) [24].  

22Li      +     5Si    →        Li22Si5 ………………………....…Equ. 1.1. 
 

X-ray diffraction studies by Obrovac and Christensen [25] 

suggested that the alloying reaction of Li with Si at room temperature 

undergoes a lower level of lithiation (Li15Si4) according to equation 

(1.2). Thus, the theoretical capacity of Si at maximum Li-alloying is 

equal to 3589 mAh/g [26, 27].  

15Li     +     4Si    →       Li15Si4 ……………………….…..…Equ. 1.2.                        

Silicon possesses other desirable properties as a promising 

anode material, such as its availability as the second most abundant 

element, its low cost and its safety margin compared to other anode 

materials [28]. Silicon exhibit also a low lithiation potential (0.4 - 0.05 

V vs. Li/Li+), which is a plus when it is coupled with Li-transition 

metal oxides (Li-TMOs) cathodes, where the full-cell voltage will be 

above 4V [29, 30].  

Despite these distinct advantages, the commercialization 

of silicon as anode matrix in LIBs is hindered by its poor cycling 

performance. Si-Li alloying process normally comes along with a 

noteworthy volume change (300%-420%) which results in 

disintegration and cracking of the Si anode integrity deteriorating its 

capacity [27]. This unfavorable mechanical deformation causes also 

delamination of the Si anode, disconnecting it from the current 

collector, which creates a severe fading in the anode capacity upon 

cycling [31, 32]. Besides, throughout this volume variation, the SEI 

layer is not stable, and the exposure of the cracked Si electrode to the 
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electrolyte will lead to a growth of SEI, which results in reducing the 

capacity [33, 34]. The above mentioned mechanical deformations and 

chemical degradations of silicon-based materials, along with its low 

conductivity are the main drawbacks for its commercialization. 

1.5.2. Strategies for enhancing the electrochemical performance 

of the Si anode 

Improving the mechanical properties, increasing Si anode 

conductivity and enhancing the chemical stability of the electrode-

electrolyte interphase are important to optimize the electrochemical 

performance of Si anodes in LIBs [35]. The majority of efforts in this 

direction were focusing on material design aspects, including the 

synthesis of nanostructures, porous or Si thin films, as well as other 

synthesis procedures such as coating or alloying of Si active material 

with other elements. 

1.5.2.1. Si-nanostructures 

Generally, nano-structured silicon can buffer its volume 

change during charging/discharging processes and thus -in principle- 

improve its cycle stability. For this reason, several methods have 

been devoted to design Si nanostructured-anodes including Si 

nanoparticles (SiNPs) [36-42], Si nanowires (SiNWs) [43-46] and Si 

nanotubes (SiHNTs) [47-49] using different synthesis strategies and 

techniques.  

Silicon nanowires were first synthesized by C. K. Chan et al. 

[50]. Although it displayed astonishing capacities above 3000 mAh/g, 

the research group reported that the Si NWs anode exhibited a rapid 

drop in its retained capacity to zero after only 12 cycles at a low 

current density of 210 mA/g. Ramesh and Nagaraja [51] have also 

investigated Si nanowires at a markedly high current density (4200 
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mA/g). The produced high gravimetric capacity (1134 mAh/g) was 

found to drop quite fast. T. Song et al. have reported that the rapid 

drop in the capacity of a Si NW anode was confirmed to mainly arise 

from both the excessive SEI formation and the delamination of Si 

nanowires from the current collector [52].  

Inspired by Si-nanowire design, M. H. Park et al. [53] have 

synthesized Si-nanotubes, integrated with carbon as a protective 

coating layer which exhibited good electrochemical performance in 

LIBs. The high performance of SiNTs has been referred to the 

protective SiO2 outer layer that can buffer the excessive deformation 

of the anode and limits the growth of thick SEI layers as well. As a 

comparison between Si nanowires and Si nanotubes anode types, H. 

Wu et al. [54] have studied the electrochemical performance of 

double-walled silicon nanotubes (DWSiNTs) at the same cycling rate 

which was applied for SiNWs anode by T. Song et al. [52]. The 

retained capacities of DW-SiNTs anode were found to be lower than 

that of SiNWs anode. 

Indeed, a Si nanostructure-anode type within a critical size 

regime (diameter, length) can withstand the large volume variations 

by relieving the mechanical strain of the Si anode that causes its 

cracking [55]. Liu and Huang determined the critical size of Si 

nanoparticles to be 150 nm as the maximum [56]. For SiNWs anodes, 

Quiroga-Gonzalez et al. [57] have concluded that Si nanowires with 1 

μm-length and 300 nm-diameters seem to be optimal to avoid 

structural deformation and delamination. However, the large surface 

area of nano-Si anodes increases side reactions and stimulates the 

overgrowth of the SEI, which is a critical issue limiting its cyclability 

[35, 58].  
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1.5.2.2. Si porous structure  

Porous structures of Si anodes can improve the 

electrochemical performance of Si anode by relieving the mechanical 

strain and providing space for the volume expansion which normally 

occurs during lithiation and de-lithiation processes. The pioneering 

synthesis method of micro-porous silicon by magnesio-thermic 

reduction of silica was first suggested by Bao et al. [59] then later 

replicated by Liu et al. [60]. The Si anode as microporous structure 

displayed a reversible gravimetric capacity of more than 2500 mAh/g  

at a cycling rate of 2100 mA/g for 200 cycles [60]. 

Both nanostructured and mesoporous Si anodes have a 

shortcoming characteristic related to their density which is lower than 

the one of a raw silicon anode. As a result, the cycling stability and 

the pronounced gravimetric capacity values of nanostructured and 

mesoporous Si anodes are accompanied with low volumetric 

capacities which -in turn- limit the obtained energy density of the 

battery [35].  

1.5.2.3. Si thin films 

  A Si thin film is another promising design that has been 

reported to demonstrate very stable cycling performance and high 

gravimetric capacities in LIBs [61-63]. The positive effect of decreasing 

the thickness of the Si film on its cyclability has been studied with 

computational methods by Juchuan Li et al. [64]. The research group 

has confirmed that as the thickness of the Si film decreases, the 

average size of the cracked islands decreases. Takamura et al. [65] 

have studied the electrochemical performance of silicon thin films, 

synthesized by a vacuum deposition technique. The thin anode film 

with a thickness of 50 nm displayed excellent cycling stability with a 
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reversible gravimetric capacity of above 2000 mAh/g when cycled at 

30 C-rate for 1000 cycles. The group has also examined a 440 nm-

thick Si film that produced a gravimetric capacity of above 2000 

mAh/g at 1 C-rate. For avoiding cracking and irreversible 

morphological changes, it was reported that the thickness of the Si 

anode film should be limited to 100-200 nm [66].  

Despite the outstanding performance of ultrathin Si films, the 

areal capacity is still a sever issue due to the low mass-loading of Si 

film at such small thickness. The low areal capacity for thin Si 

anodes compared to commercial graphite anodes is a point of 

weakness that should be overcome. At this end, the adjustment of Si 

film-thicknesses should demonstrate a trade-off between its areal and 

gravimetric capacities. Besides, the thickness/capacity impact should 

be rectified such that the associated mechanical degradation and 

resistance problems should be limited [67].
   

1.5.2.4. Si alloys  

During the past decade, a lot of studies have been dedicated to 

the electrochemical performance of Si combined with other elements 

such as Cu [68-70], Mo [71], Fe [72, 73], Al [74], B [75], Y [76], Ti [77] and Ge 

[78-83]  either in the form of composite or multilayer films. The 

incorporation of elements with Si participates not only in increasing 

the anode conductivity but also in improving the mechanical 

properties of a raw Si-anode that can endure greater cyclability at 

high cycling rates [84-87]. Germanium has been intensively 

investigated as add-element to Si, reported to enhance its 

performance in LIBs. Compared to Silicon, the limited volume 

changes of Germanium during cycling together with its higher 

electrical conductivity and its superior ionic diffusivity make it a 
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favorable add-element for optimizing the cycling performance of Si 

anodes [78-83]. The enhanced cycling performance of silicon-

germanium alloy anodes either in the layered or in the composites 

design was referred to the high conductivity and the superior 

diffusivity of Ge which can enhance the Li kinetics in the designed 

anode [83].  

1.5.2.5. Si-carbon and Si-graphene films  

The combination of silicon with carbon is a popular form as a 

modified Si anode. Carbon was demonstrated to improve the 

electrochemical performance of Si anodes in either multilayer 

structures [88] or in the composite form [89-91]. Several groups have 

studied the performance of Si/C composite films in LIBs [92-96]. They 

have reported that carbon not only increases the conductivity of the 

anode film but also contributes to improving the cycling stability of 

Si by buffering the volume changes during lithiation/de-lithiation 

processes.  

Si-graphene is a promising combination that can improve the 

Si performance in LIBs. Graphene was reported to retain a capacity 

up to 1116 mAh/g upon lithiation corresponding to LiC2, which is 

about three times higher than that of a conventional Graphite anode 

[97]. The combination of Si and graphene in a composite form is a 

promising anode-design to optimize Si anode performance in LIBs 

[98]. The incorporation of graphene with Si not only increases the 

anode conductivity but also enhance its cycling stability. Also, the 

SEI formed on a Si-graphene composite becomes more stable, hence 

dominating more cycling stability [94, 96, 97]. Si/graphene in multilayer 

structures is another anode type in which the integrated graphene as a 
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flexible component can buffer the volume expansion of Si and isolate 

Si particles, sidestepping their aggregation upon cycling.  

According to the following characteristics, graphene is a 

promising material to optimize the electrochemical performance of Si 

in LIBs [94-99]: 

(i) As an excellent conductive item, reinforcing graphene with Si 

material can efficiently increase the electrical conductivity of 

the anode film.  

(ii) Graphene sheets can act as a mechanical supporter for Si 

anode, maintaining its structural integrity.  

(iii) As a fixable additive, graphene can beneficially mitigate and 

accommodate the deformation processes caused by the 

volume expansion/contraction of Si particles during the 

alloying/de-alloying processes.  

(iv) Graphene layers can also isolate Si nanoparticles, 

circumventing its aggregation problem which expected to 

occur during cycling.  

(v) Graphene was reported to improve the adhesion between the 

electrode materials and the current collector, preventing its 

delamination upon cycling [100].  

1.5.3. Si electrodeposited-films  

Silicon thin films can be deposited by several methods and 

techniques such as chemical vapor deposition (CVD) [101-103] and 

radio frequency magnetron techniques [104-105]. The significant 

limitations of these techniques are associated with the cost and the 

complexity of the used system together with the slow deposition rate 

on the large scale. Electrodeposition is a neat technique, 

demonstrated as a simple and versatile method that requires a simple 
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setup with low cost [106]. It was widely performed in industry to 

synthesize thin films of various metals, alloys, and composites. 

Structure and thickness of the electrodeposited films can be modified 

by adapting the solutes concentrations and the applied deposition 

parameters (voltage, current density, deposition time, etc.) [107].  

1.5.3.1. Electrodeposition of Si films  

The electrodeposition of Si in the aqueous medium is not 

possible due to the high cathodic potential of Si at -0.83 V versus 

normal Hydrogen electrode (NHE), compared to water [108] which 

results in the hydrolysis of water and the immediate oxidation of Si 

[109]. For this reason, electrodeposition of Si was carried out in 

organic solvents or in high- temperature molten salts [110-119] before 

the widespread usage of ionic liquid electrolytes. 

1.5.3.1.1. Electrodeposition of Si films in ionic liquids (ILs) 

Electrodeposition of Si in organic media is usually associated 

with the oxidation of the Si deposits. Also, the need for a high 

temperature in case of using molten salt electrolytes makes it an 

unfavorable system. Therefore, electrodeposition methods of Silicon 

have been developed beyond these systems to other non-aqueous 

electrolytes, especially Room-Temperature Ionic Liquids (RTILs) 

[120-124]. Ionic liquids (ILs) are ionic salts that usually have a melting 

point lower than 100 °C [125]. The growing attention for Ionic liquids 

arises from their exceptional chemical, thermal, and electrochemical 

stability added to their negligible vapor pressure and their non-

flammability properties [125, 126, 127]. Several studies have reported the 

electrodeposition of Si in ionic liquids either by potentiostatic or 

galvanostatic electrodeposition [121, 128 -131].  
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1, 3 di-alkyl- imidazolium bis (trifluoromethylsulfonyl) imide 

“[CnCnIm]TFSI’’ and 1, 1 di-alkyl- pyrrolidinium bis 

(trifluoromethylsulfonyl) imide “[CnCnPy]TFSI’’ ionic liquids 

consist of a hydrophobic anion/cation combination which validates 

good viscosity and wide electrochemical stability [132]. In addition, its 

immiscibility with water and its low polarity are advantages [132-134] 

making them favorable electrolytes for Si electrodeposition from 

volatile and hydrophilic solutes. 

1.5.3.1.2. Pulsed-Electrodeposition (PED) of Si films 

The electrodeposition of Si using the pulsed technique is 

another modified method to prepare Si films with modified properties 

[135]. PED is an extension to conventional electrodeposition methods 

which has found much attention as being more versatile and 

controllable [136, 137]. This technique not only allows the preparation of 

deposits with high purity and low porosity, it was also reported to 

adjust grain size, grain size-distribution, crystallite-shape and 

morphology of the deposits [138, 139].  

In Pulsed-electrodeposition, potential and/or current are/is 

alternated rapidly between two values within a series of square-wave 

pulses, equal in amplitude and duration [136, 138, 139]. Each pulse 

consists of an ON-Time (TON) interval during which potential and/or 

current density are/is applied, followed by an OFF-Time (TOFF) 

interval during which the current passed through the 

electrodeposition solution adjusted to be zero. During the rest time 

(TOFF) intervals, the analytes and electrolyte solution have a greater 

chance to diffuse from the bulk solution to the ionically-depleted 

region in cathode immediate vicinity through a convective diffusion 

process [138, 139]. Under such conditions, the nucleation rate usually 
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improves and deposit’s grain size is consequently reduced. Therefore, 

pulsed-electrodeposition can be adapted to produce uniform, dense Si 

films with smaller particle size [138, 139]. Besides, PED is a more 

efficient technique for controlling the composition and the thickness 

of Si anode films by controlling the pulse parameters (temporal 

parameters and pulse amplitudes) and the deposition time [135]. 
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2. Experimental 

2.1. Chemicals and solutions  

2.1.1. Ionic liquids 

The following ionic liquids, 1-Ethyl-3-methyl-imidazolium 

bis(trifluoromethylsulfonyl)imide “[EMIm]TFSI” and 1-Butyl-1-methyl-

pyrrolidinium bis(trifluoromethylsulfonyl)imide “[BMP]TFSI’’  were 

employed as electrolytes for the electrochemical deposition of Si films, 

SixMy compound films (M= Ge, Al) and Si-reduced graphene oxide (Si-

rGO) composite film. Table (2.1) displays the structure and a few physical 

properties of these ionic liquids at room temperature [140-142]. The ionic 

liquids were purchased from Io-Li-Tec, Heilbronn, Germany. Before use, 

water from [EMIm]TFSI and [BMP]TFSI was reduced to values of below 2 

ppm by drying at 100 °C under vacuum for 12 hours. The drying process 

was done in an Argon filled glove box (OMNI-LAB from Vacuum 

Atmospheres) with O2 and H2O below 2 ppm. The water content in the dried 

ionic liquids was evaluated using the karl-Fischer titration method. 

 

Tab. 2.1. Structure and some physical properties of [EMIm]TFSI and [BMP]TFSI 

at room temperature [140-142]. 

Characteristics [EMIm]TFSI [BMP]TFSI 

Structure 

 

Cation 

  

Anion 
  

Molar mass (g/mol) 391.31 422.41 

Density (g/ml) 1.52-1.2 [141, 142] 1.4 

Melting point (°C) -15 to -17 [141, 142]  -50 [140] 

Conductivity (mS/cm) 8.8 2.2 

Viscosity (mm.s) [140] 18 71 

Electrochemical window (ECW) /V 4.1- 4.2 [141, 142] 5.2-5.7 [141, 143] 



 

18 

 

2.1.2. Electrodeposition baths 

The electrochemical baths used for the deposition of Si, SixGe1-x, 

SixGe1-xAly and Si-rGO films are shown in table (2.2). SiCl4 (99.99%) and 

GeCl4 (99.99%) were purchased from Sigma-Aldrich in the highest quality. 

AlCl3 (99.0%) was purchased from Fluka Analytica. Graphene oxide 

suspension in H2O (4 mg/ml) was purchased from Sigma-Aldrich. Before 

using the GO suspension, it was dried at 60° C for 1 hour under air, and then 

the powder was collected and ground in a mortar. Subsequently, 5 g of GO 

powder was added to 10 ml of IL solutions inside of the glovebox then 

stirred overnight till the GO- IL suspension (0.5 mg/ml) become 

homogeneous. All electrodeposition solutions were prepared in the 

aforementioned glove box. 

Tab. 2.2. Electrochemical baths prepared for the electrodeposition of Si, SixGe1-x, 

SixGe1-xAly and Si-rGO films. 

Electrodeposition baths Deposited  anode-

films IL- electrolytes Analytes 

[BMP]TFSI SiCl4 (0.5 M) Si films 

[EMIm]TFSI 
SiCl4 (0.5 M) + GeCl4 (0.25 M) 

SixGe1-x  films 
SiCl4 (0.5 M) + GeCl4 (0.5 M) 

[BMP]TFSI 
SiCl4 (0.5 M) + GeCl4 (0.25 M) + AlCl3 

(0.02 M) 
SixGe1-XAly film 

[BMP]TFSI SiCl4 (0.5 M)/graphene oxide (0.5 g/ml) Si-rGO composite film 

2.2. Electrodeposition equipment 

2.2.1. Electrodeposition cell 

 The electrodeposition cell used in all experiments is made of 

Polytetrafluoroethylene (PTFE), clamped over a PTEF-covered Viton O-ring 

onto the substrate, yielding a geometric surface area of 0.33 cm2. Before 

each electrodeposition experiment, PTFE cell and O-ring were washed in a 

mixture of concentrated H2SO4 and H2O2 (35%) in 50:50 vol. ratio, then 
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followed by refluxing in distilled water, in order to remove any 

contaminants.  

2.2.2. Electrodes 

In all electrodeposition experiments, a Pt wire was used as a quasi-

reference electrode (QRE) and a folded Pt wire was applied as a counter 

electrode. Immediately before each electrodeposition, the Pt quasi-reference 

and counter electrodes were cleaned in a H2-flame, to ensure a complete 

removal of any organic contamination. A Cu substrate was used as the 

working electrode in all electrodeposition experiments. Before each 

deposition, the Cu sheet (12 mm x 12 mm) was polished with Silicon 

carbide paper to remove superficial oxide layers, then ultrasonically washed 

in Acetone and Isopropanol baths several times in order to remove any 

organic contaminants.  Figure (2.1) shows a photo of the PTFE 

electrodeposition cell with the three cell electrodes which were used in the 

electrochemical deposition of Si, SixGe1-x, SixGe1-xAly and Si-rGO film. 

 
Fig. 2.1. Photo of the electrodeposition cell with three electrodes used in all 

electrochemical deposition of Si, SixGe1-x, SixGe1-xAly and Si-rGO films. 
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2.3. Electrochemical methods of characterization 

2.3.1. Cyclic Voltammetry (CV) 

The cyclic voltammetry measurements were performed for both the 

neat ionic liquids and the prepared electrodeposition baths at a scanning rate 

of either 10 or 50 mV/s versus Pt QRE, using a VersaSTAT 3 (Princeton 

Applied Research) potentiostat/galvanostat, controlled by power-CV and 

power-step software.  

2.3.1.1. Potentiostat operation 

Figure (2.2) shows a scheme of a potentiostat with a three-electrode 

system (the working electrode, the counter electrode, and the reference 

electrode), customarily used in CV measurements [143, 144]. The potentiostat 

role is to regulate the potential difference between the reference and the 

working electrode, minimizing the iR drop between them without passing 

any Faradic current in the reference electrode. The role of the counter 

electrode is to pass all the current needed to balance the faradic current 

through the working electrode. The counter electrode often swings to 

extreme potentials in order to balance the faradic process at the working 

electrode in the opposite direction. 

 
Fig. 2.2. Simplified scheme of a three-electrode potentiostat [144]. 
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2.3.1.2. Cyclic voltammetry operation 

Cyclic voltammetry is a technique, extensively used for obtaining 

information about electrochemical reactions via a rapid identification of the 

characteristic red-ox potentials. In cyclic voltammetry, a triangular potential 

waveform is applied to the working electrode with time and the correlated 

current simultaneously measured as shown in figure (2.3.a) [143, 145]. The plot 

of current versus potential is termed as “the cyclic voltammogram” as 

shown in figure (2.3.b).  

 
Fig. 2.3. (a) Potential-time profile used to perform linear sweep and cyclic 

voltammetry. (b) Typical cyclic voltammogram, representing the red-ox 

peak position (EP) and red-ox peak height (IP) [145]. 

The scanning rate [dV/dt (V/s)] is the rate of the applied potential-

change over time. In CV measurements, the potential is measured between 

the working electrode (WE) and the reference electrode (RE), while the 

current is measured between the working electrode and the counter electrode 

(CE). During the forward scan, the cathodic current increases at 

characteristic potentials (Ep red.), correlated to the reduction of the analytes 

at a maximum cathodic current (ip red.). The cathodic current (ip red.) 

decreases when the concentration of the reducible analytes is depleted. Upon 
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the reverse scan at which an oxidizing potential is applied, the reduced 

analytes get oxidized at characteristic potentials (Ep oxd.). According to the 

red-ox peak position (EP) and the red-ox peak height (IP) values, CV data 

can provide information about the reduction/oxidation processes and the 

rates of electrochemical reactions regarding the electrodeposition of Si, 

SixGe1-x, SixGe1-xAly, and Si-rGO films. 

2.3.1.3. Cyclic voltammetry of ionic liquids as electrolytes  

[EMIm]TFSI and [BMP]TFSI ionic liquids were employed as the 

electrodeposition electrolytes without adding any further solvents. The 

electrodes are immobile without stirring the solutions during cyclic 

voltammetry, thus the cyclic voltammetry probes the diffusion-controlled 

red-ox peaks. Cyclic voltammetry measurements were performed for neat 

ionic liquids to measure their electrochemical window (ECW). Also it was 

performed for the electrodeposition baths to understand the electrochemical 

reactions regarding the electrodeposition of Si, SixGe1-x, SixGe1-xAly and Si-

rGO films.  

2.3.2. Pulsed-Electrochemical Deposition (PED) 

Si, SixGe1-x, SixGe1-xAly and Si-rGO films were prepared by 

potentiostatic pulsed-electrodeposition technique in the aforementioned 

argon-filled glove box using VersaSTAT 3 (Princeton Applied Research) 

potentiostat / galvanostat controlled by power-CV and power-step software. 

In potentiostatic pulsed-electrodeposition, the potential is alternated between 

two values (P1 and P2) within a series of square-wave pulses, equal in 

amplitude and duration as shown in figure (2.4). The values of P1 and P2 are 

determined according to the CV. The first potential (P1) which has a more 

negative value is applied at the ON-TIME (TON) intervals, during which the 

electrodeposition process takes place. On the other hand, P2 is a 

characteristic potential at which the raised current in solution controlled to be 

around zero. This potential is normally chosen at a less negative value or zero 
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and applied during the OFF-Time (TOFF) so that no deposition takes place 

during these periods (the rest time). In the experiments of this thesis, P2 

could not be set to zero as Cu substrate can be oxidized at this potential. 

Also, the ‘’Potentiostatic’’ pulsed method was chosen to avoid the damage of 

the ionic liquid that could arise in the case of a “galvanostatic” pulsed-

technique. The pulse duty cycle can be calculated according to equation 

(2.1). 

Duty cycle = TON / (TON + TOFF)……...…….........……..............………...Equ. 2.1. 

 

 
Fig. 2.4. Typical pulsed-potential square waves applied in potentiostatic 

pulsed-electrodeposition with the correlated current density. 

2.4. Characterization techniques 

2.4.1. Scanning Electron Microscopy (SEM) 

A Field Emission-Scanning Electron Microscope (FE-SEM) from 

Joel Company was used as the standard technique to qualitatively 

characterize the topography and morphology of the deposited Si, SixGe1-x, 

SixGe1-xAly and Si-rGO films. This technique is equipped with Energy 

Dispersive X-ray (EDX) spectroscopy to analyze the composition of the 

deposited films. After each deposition, all deposits were washed with Di-

Methyl Carbonate (DMC) and dried inside of the glove box before 



 

24 

 

transferring to a SEM (JOEL:JSM-7610F). The apparatus is provided by a 

Semi-in lens type OL which can create a strong magnetic field around the 

specimen, providing an ultra-high spatial resolution (1 kV 1.3 nm, 15 kV 1 

nm). The dried films were taped on top of a flat SEM-holder for the top-view 

investigations or on the side of a 90°-vertical SEM holder for the cross-

section view and film-thickness measurements. 

In SEM investigations, images are produced by probing the sample 

with a primary electron beam with electron’s energy up to 50 keV, generated 

by heating a metallic cathode whose emitted electrons are accelerated by high 

voltage and focused by several electromagnetic lenses. The electron beam 

scans the sample across a rectangular area and interacts with it in the form of 

elastic and inelastic interactions. The interaction between the electron beam 

and the sample surface results in the emission of high energy-backscattered 

electrons, low energy-secondary electrons, light emission, and X-ray 

emission as sketched in figure (2.5) [146].  

 
Fig. 2.5. A schematic diagram of the Scanning Electron Microscope (SEM) 

principle (modified from H. Lüth et al. [146]). 
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The backscattered electrons result from elastic interactions between 

the subjected beam and nuclei, while the secondary electron is induced from 

the inelastic interaction between the subjected beam and the nuclei [147]. In 

addition, these interactions may also induce Auger electrons. In SEM, the 

secondary and backscattered electrons are mostly used for imaging the 

topography and morphology of the examined spacemen. 

2.4.2. Energy dispersive X-ray spectroscopy  

Energy dispersive X-ray (EDX) spectroscopy is a technique 

integrated into the SEM device that can be used simultaneously during SEM 

analysis. In EDX, the emitted X-Ray which results from the interaction 

between the primary electron beam and the specimen surface is used for both 

the quantitative and the qualitative analysis of the tested material. When the 

primary electron beam hits the nuclei, electrons are ejected out from the 

atomic shells, leaving a hole which is further filled by another electron from 

higher shells. The energy difference between these two electrons results in 

the form of X-ray [146]. The X-ray spectra are characteristic for each element 

that can be used to analyze the composition of the films through not only 

direct analysis for specific areas, but also for mapping the element 

distribution in the film. 

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR) 

The FT-IR measurements were performed on a Bruker VERTEX 70 

FT-IR spectrometer which consists of a multilayer mylar beam splitter 

DLATGS detector with preamplifier and polyethylene (PE) windows for the 

internal optical path. The instrument was equipped with an extension for 

measurements in the far-IR region. The accessible spectral region for this 

configuration was between 30 and 3600 cm-1. 
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2.4.4. Raman spectroscopy  

  The Raman spectroscopic measurements were carried out with a Raman 

module FRA 106 (Nd:YAG laser, 1064 nm) attached to a Bruker IFS 66V 

interferometer. The samples were sealed under an argon atmosphere in glass 

capillaries and the measurements were carried out at room temperature.  

2.4.5. X-ray Photo-electron Spectroscopy (XPS) 

The chemical compositions of the deposited and cycled Si, SixGe1-x, 

SixGe1-xAly and Si-rGO films were analyzed using X-ray Photo-electron 

Spectroscopy (XPS). The deposits or the cycled anode films were washed 

gently with dimethyl carbonate for only 5 seconds to remove the electrolyte 

residuals, and then mounted on a hermetic XPS-transfer chamber to ensure 

no exposure to air.  

2.4.5.1. XPS apparatus and measurements 

The XPS measurements were performed using a monochromatic XPS 

device (XR50M with monochromator Focus 500, SPECS) under ultrahigh 

vacuum conditions using Al Kα line with photon energy of 1486.61 eV. The 

spectra were collected perpendicular to the sample surface by hemispherical 

electron energy analyzer (HSA) (Phoibos 150, SPECS), which was used in 

Medium Area Lens Mode with a pass energy (Epass) of 20 eV. The FWHM 

of the measured peaks was of up to ∼1.1 eV (for C 1s). In XPS 

measurements, the samples were irradiated using Al Kα line photon energy 

of a monochromatic X-ray source. The spectra were obtained using an 

ultrahigh vacuum (UHV) apparatus with a base pressure (UHV, basis 

pressure below 5 × 10−10 mbar). The emitted electrons were detected using a 

hemispherical analyzer (Omicron EA125) under an angle of 45° to the 

surface normal. All XPS spectra were displayed as a function of the binding 

energy with respect to the Fermi level. The survey scans were obtained 

within 1 mm x 1 mm spot size with 0.5 eV step for 40 minutes as total scan 

time. The narrow scans were obtained with 1 mm x 1 mm spot size with 0.25 
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eV step for 2-10 minutes as totals scan time. The etching was done with 2 

keV Ar ions for different time ranging between 5-20 minutes, according to 

the desired depth-profile and the roughness of the analyzed layer.  

2.4.5.2. XPS fitting 

The fitting of XPS spectra was performed with Casa-XPS software 

(version 2.3.15, Casa Software Ltd.) to identify the atomic and chemical 

composition of the tested films at different sputtered layers. All samples were 

assumed to be electronically insulating and fitted with linear backgrounds. 

The spectra were corrected by an electron energy transmission curve, which 

was calibrated in several measurements of compounds with known chemical 

composition. The obtained figures present the spectra as a function of 

binding energy (BE) with respect to the Fermi level. Some spectra were 

shifted with respective to C 1s assigned at 284.8 eV to compensate for any 

offsets (occurring during the measurements) or shifts resulting from charging 

the film which is normally found in semiconductor films. The detail spectra 

are shown after background subtraction according to Shirley et al. [148]. The 

decomposition of experimental peaks was made by a superposition of 

Gaussian and Lorentzian functions. To get quantitative chemical 

composition, the calculated photo-electronic cross sections were taken into 

account according to Scofield et al. [149], ranged between 5-20 minutes, 

according to the desired depth-profile and the roughness of the analyzed 

layer.  

2.4.6. Electrochemical investigations in lithium-ion batteries 

The Electrochemical performances of as-deposited Si, SixGe1-x, 

SixGe1-xAly, and Si-rGO films were tested as anode-films in LIBs. Cyclic 

Voltammetry (CV), galvanostatic charge/discharge and Electrochemical 

Impedance Spectroscopy (EIS) tests were performed for all of the deposited 

films in a “sandwich cell” inside the aforementioned glove box using 

VersaSTAT 3 (Princeton Applied Research) potentiostat/galvanostat 
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controlled by power-CV and power-step software. After depositions, the 

deposits were removed and cleaned with DMC, subsequently investigated in 

Half-cell LIBs type in 0.5 M LiTFSI/[BMP]TFSI] electrolyte.  

2.4.6.1. Half-cell design 

i. Electrodes 

The electrodeposited Si, SixGe1-x, SixGe1-xAly and Si-rGO films were 

tested as anodes in a half-cell LIB in which the deposits were cycled versus a 

Li foil (Alfa Aesar 99%) as the reference and the counter electrode. Before 

using the Li foil, it was scratched gently with a spatula inside the glove box 

to remove the superficial oxidized layers.  

ii. Separator 

A separator is a porous membrane placed between the two electrodes 

that should be permeable for Li ions but electronically acting as an insulator 

that prevents the electric contact between the battery electrodes [150]. The 

separator must be electrochemically stable towards both the electrolyte and 

the electrode materials. Furthermore, it should be porous enough with good 

wettability and should have sufficient mechanical strength and a 

homogeneous pore-distribution [150, 151]. The deposited anode-films and the Li 

foil were separated in all electrochemical experiments of this thesis by a 

commercial porous polypropylene membrane (Celgard® 2400) of 25 μm-

thickness. 

iii. Li ion electrolyte 

The role of the Li-ion electrolytes in LIBs is to act as an ionic 

conductor to accomplish the transportation process of lithium ions between 

the positive and the negative electrode during charging and discharging 

processes [151]. The choice of the battery electrolyte is very crucial to 

optimize the battery performance. The capacity of a cell and its lifetime are 

affected by the battery electrolytes and the reactions within the electrode-

electrolyte interface as well [152]. LiTFSI (0.5 M) dissolved in [BMP]TFSI 
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ionic liquid was the electrolyte of choice used to investigate the 

electrochemical performance of Si, SixGe1-x, SixGe1-xAly and Si-rGO films. 

LiTFSI/ILs electrolytes have been intensively studied as an alternative 

batteries-electrolyte. These types of electrolytes gained particular interests 

due to its broad electrochemical window, its electrochemical stability, its 

safety and its relatively low viscosity [153, 154], compared to the conventional 

LIB electrolytes in which Li salts (such as LiPF6) dissolved in carbonates-

organic electrolytes. 

iv. Current collectors 

Al and Cu are often used as the current collector in LIBs. For Al, it is 

commonly used as the current collector for cathode materials, owing to its 

chemical stability at high voltages in the range of 3-5 V versus Li/Li+. 

Copper is customarily used as the current collector for negative electrodes 

(anodes) due to its electrochemical stability in the potential range below 3 V 

versus Li/Li+. As all Si, SixGe1-x, SixGe1-xAly and Si-rGO films were 

deposited on Cu plate, a Cu substrate was also applied as the current collector 

in the designed cell. For Lithium reference/counter electrode, Cu was also 

used as its current collector as the OCP of half-cells is not exceeding 3 V 

versus Li+/Li.  

2.4.6.2. Electrochemical methods  

2.4.6.2.1. Cyclic voltammetry 

Cycling voltammetry of as-deposited Si, SixGe1-x, SixGe1-xAly and Si-

rGO films were performed against Li electrode in 0.5 M LiTFSI/[BMP]TFSI 

electrolyte, to test the alloying/de-alloying features of lithium in these anode 

films. All CV experiments were conducted using VersaSTAT 3 (Princeton 

Applied Research) potentiostat/galvanostat, controlled by power-CV and 

power-step software at a scanning rate of 1 mV/s. 
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2.4.6.2.2. Galvanostatic charge/discharge evaluations  

Galvanostatic investigation is a chrono-potentiometry or a constant 

current technique, considered as the standard method to evaluate the cycling 

performance, by measuring the amount of charge stored and released by the 

tested electrode in LIBs. From this method, the specific capacity values, the 

voltage profiles, the cycling stability and the rate-capability of the tested 

electrode can be evaluated. The galvanostatic charge/discharge evaluations of 

as-deposited Si, SixGe1-x, SixGe1-xAly and Si-rGO films were tested in the 

aforementioned glove box using VersaSTAT 3 (Princeton Applied Research) 

potentiostat/galvanostat, controlled by power-CV and power-step software.  

i. The initial charging 

The initial charging of the tested anodes should be performed at a low 

current density so that the SEI can be formed uniformly and smoothly. The 

initial charging of Si, SixGe1-x, SixGe1-xAly and of Si-rGO films were often 

performed at a current density of 0.03 mA/cm2.   

ii. Calculation of the anode active-mass 

   For electrodes which are made by the casting procedure, the mass of the 

active material is known prior to the cycling according to the ratio of the 

active material to that of other additives (binder and conductive carbon). For 

electrodeposited films, the films contain other inactive elements, thus it is 

more equitable to calculate the mass of the active material in deposited films 

(Si, Ge, Al, and graphene) from the first charging time, taking into account 

that the anode produces a practical capacity close to their theoretical 

capacities upon initial charging.  

iii. Calculation of the theoretical capacities  

Generally, the theoretical capacities of alloy-type electrodes are calculated 

according to equation (2.2), where ξ is the molar concentration of Li at full 

lithiation, n is charge number carried by Li (1C) and F is Faraday constant 

(96500 C/mol= 26800 mAh/mol).  
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Theoretical capacity (mAh/g) = 
 𝛏.𝐧.𝐅

𝐌𝐨𝐥𝐚𝐫 𝐦𝐚𝐬𝐬 𝐨𝐟 𝐭𝐡𝐞 𝐚𝐧𝐨𝐝𝐞
….......Equ. 2.2. 

 

 For Si, its theoretical capacity was calculated according to equation (2.3) 

[83] taking into consideration that the fully alloyed-form of Si with Li is 

Li15Si4, so ξ, in this case, equals to 3.75 mols. Also, the molar mass of Si 

(MSi) is 28 g/mol, thus the theoretica capacity for Si anodes is 3589 

mAh/g. 

Si theoretical capacity (mAh/g) = 
 𝛏.𝐧.𝐅

𝐌𝐨𝐥𝐚𝐫 𝐦𝐚𝐬𝐬 𝐨𝐟 𝐒𝐢
 .…………….Equ 2.3. 

 

 For SixGe1-x alloys, the theoretical capacity was calculated according to 

equation (2.4), taking into consideration that the fully lithiated form of Ge 

is equal to that of Si (Li15Ge4) according to Baggetto et al. [155]. The value 

of SixGe1-x capacities varied according to the stoichiometry of Si and Ge in 

the alloy film, taking into consideration that the molar mass of Ge (MGe) is 

72.64 g/mol. 

SixGe1-x theoreitical capacity (mAh/g)= 
  𝛏.𝐧.𝐅

𝐱(𝐌𝐒𝐢)+𝟏−𝐱 (𝐌𝐆𝐞)
 ............Equ. 2.4. 

 

  For SixGe1-xAly alloy, its theoretical capacity was calculated according to 

equation (2.5), where the value of 𝝃′ in the case of Al is equals to 1.5 mol 

according to the Li-Al alloying phase of Li3Al2 
[156, 157], thus the theoretical 

capacity of Al is 1989 mAh/g. 

SixGe1-xAly theo. capacity (mAh/g)= 
𝛏.𝐧.𝐅

𝐱(𝐌𝐒𝐢)+𝟏−𝐱 (𝐌𝐆𝐞)
 +

 𝛏′.𝐧.𝐅

𝐲(𝐌𝐀𝐥)
…Equ. 2.5. 

 

 For Si-rGO composite anode, the theoretical capacity of graphene was 

considered to be 1116 mAh/g. This value was estimated according to T.M. 

Paronyan et al. who reported that Li intercalates with graphene sheets in 

the lithiated-form of LiNC2N [97]. Consequently, the theoretical capacity of 

Si-rGO anode can be calculated according to equation (2.6), considering 

the value of 𝝃′related to graphene to be 0.5 mol. 
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Si-rGO theo. capacity (mAh/g) = 
𝛏.𝐧.𝐅

𝐱(𝐌𝐒𝐢)
 + 

 𝛏′.𝐧.𝐅

𝐲(𝐌 𝐂𝐚𝐫𝐛𝐨𝐧)
 …….....Equ. 2.6. 

 

iv. Current density and cycling-rate 

           In galvanostatic cycling, the current density (expressed by mA/g), is 

the amount of charge at which the desired electrodes is cycled, calculated 

based on the mass of active material. According to the Electrochemical 

Dictionary [158], the current density can also be expressed in terms of the 

cycling rate (C-rate), where 1 C is the amount of charge, inserted in or 

extracted from the investigated electrode in one hour, noted by ampere-hours 

(Ah). In case of thin film electrodes, it is more reasonable to quantize charge 

and discharge loading rates in mA/g, so that the active mass of electrodes can 

be compared and the areal capacity (mAh/cm2) can be evaluated. Long 

cycling of as-deposited Si, SixGe1-x, SixGe1-xAly and Si-rGO films was firstly 

performed at a constant C-rate to evaluate their cycling stability. Also, these 

anode films were cycled at higher C-rates to investigate their load capability 

(rate-capability). It should be taken into consideration that, as the cycling rate 

increases, the performance of the tested electrode usually decreases.  

v. Coulombic Efficiency (CE) 

          Coulombic efficiency (CE) gives an indication of the cycling 

stability in terms of the reversibility of de-lithiation processes in tested 

electrodes. CE is given as a percentage (%), calculated by dividing the charge 

retained from de-lithiation process over the charge entered during the 

lithiation process. The first irreversible capacity loss is the inverse of the 

coulombic efficiency of the first cycle during which SEI is formed. After the 

first cycle, charge/discharge capacities are lower than the initial charging 

capacity, which -in turn- accounts for the largest amount of charge consumed 

in SEI formation. 
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vi. Capacity retention 

               Capacity retention is the specific capacity that the electrode is 

able to retain after a specific number of cycles, giving an indication of the 

cycling stability at a specific current rate. In alloy-type anode materials, 

capacity retention is an important factor that implies the chemical and 

mechanical stability of the electrode upon cycling. 

2.4.6.3. Electrochemical Impedance Spectroscopy (EIS)  

EIS has also been performed to distinguish not only the 

electrochemical reactions taking place in the surface and the bulk vicinity of 

Si, SixGe1-x, SixGe1-xAly and Si-rGO films but also to evaluate the 

lithiation/delithiation kinetics inside of these films. EIS measurements have 

been investigated in the aforementioned glove box using VersaSTAT 3 

(Princeton Applied Research) potentiostat/galvanost. The fresh and the 

cycled anode films were tested by EIS with an ac-amplitude of 10 mV within 

a frequency range of 100 KHz to 0.1 Hz. The measured spectra were fitted 

with Z-SimpWin software. The in-phase and out-of-phase components 

corresponding to the current response were fitted to equivalent circuits that 

model only the half-cell, excluding the EIS response of Li reference/counter 

electrode. The values of the capacitance (Cdl, CSEI, Cads/trab, etc.) are mainly 

frequency-dependent, considered as the most complex components of the 

battery circuit. Sometimes they had been replaced by the constant phase 

elements (CPE) as a proper alternative for fitting the depressed semicircles in 

Nyquist plots due to the non-uniformity of the interfacial-SEI layer and the 

microscopic characteristic of deposit particles. 
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3. Results and discussion 

3.1. Silicon anode-films  

3.1.1. Silicon film by pulsed-electrodeposition at a duty cycle of 

50% 

3.1.1.1. Cyclic voltammetry of SiCl4/[BMP]TFSI electrodeposition 

bath  

Cyclic voltammetry was firstly performed for the neat 

[BMP]TFSI ionic liquid to evaluate its electrochemical window 

(ECW) and to distinguish its electrochemical stability on Cu. Figure 

(3.1a) shows the cyclic voltammogram of neat [BMP]TFSI, recorded 

on a Cu substrate at a scan rate of 50 mV/s. The cathode potential was 

scanned from OCP to -4 V versus Pt as a quasi-reference electrode 

(QRE). The [BMP]+ cation starts reduction after -2.75 V then the 

cathodic current sharply increases, indicating the full breakdown of the 

ionic liquid. Endres et al. have reported that [BMP]TFSI ionic liquid 

exhibits an electrochemical window of 5 V when cycled from 3 to -3 

V (vs. Pt QR) on Au(111) [159].  
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Fig. 3.1. (a) Cyclic voltammogram of the neat [BMP]TFSI ionic liquid, 

recorded on Cu substrate from OCP to -4 V at a scan  rate of 50 mV/s. 

(b) Cyclic voltammogram of SiCl4 (0.5 M) in [BMP]TFSI on Cu from 

OCP to -4 V at a scan rate of 50 mV/s. 

Cyclic voltammetry was also used for SiCl4/[BMP]TFSI 

electrodeposition bath to understand the electrochemical reactions 

regarding Si electrodeposition in the employed electrolyte. Figure 

(3.1b) represents the cyclic voltammogram for a solution of SiCl4 (0.5 

M) in [BMP]TFSI, recorded on a Cu substrate. The cathode potential 

was swept from OCP to -4 V versus Pt QRE at a scan rate of 50 mV/s. 

As labeled, the cathodic regime shows four reduction peaks. The 

foremost reduction peak (C1) can be attributed to the reduction of the 

superficial Cu-oxide layer, as reported by C. A. Vlaic et al. and 

supported by quartz crystal microbalance (QCM) technique [160]. This 

peak does not exist in the cyclic voltammogram of pure [BMP]TFSI 
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on copper, so it is likely correlated to a type of reaction between SiCl4 

and Cu forming Cu-silicide compounds [161]. The second reduction 

peak (C2) at around -2.2 V can be indexed to under-potential 

deposition process of Si (Si UPD) on Cu substrate [161]. Also this peak 

could be correlated to the formation of oligochlorosilanes [162]. The 

third cathodic peak (C3) at around -3.15 V is correlated with bulk 

deposition of Si [161, 162]. On the more negative cathodic side, the rising 

current after -3.5 V is related to the reduction of the [BMP]+ cation, 

after which the ionic liquid fully breaks down [161, 162]. On the other 

hand, the anodic part shows one oxidation peak before -0.75 V, which 

can be indexed to the oxidation of either the [TFSI]- anion and/or the 

Cu-substrate. The electrochemical stability of [BMP]TFSI makes it a 

suitable electrolyte for Si electrodeposition on Cu substrates. Its not 

too high viscosity, its good conductivity and its kinetic diffusivity 

provide a good environment for SiCl4 reduction.  

3.1.1.2. Potentiostatic pulsed-electrodeposition of Si film in 

[BMP]TFSI at a duty cycle of 50%  

A Si film was prepared by the potentiostatic pulsed-

electrodeposition technique as an extension of the conventional 

potentiostatic electrodeposition method, aimed to produce better Si 

deposit with improved physical and electrochemical properties [135, 138-

140]. Figure (3.2a) shows the overall pulsed-potential waves along with 

the j/t curve for Si electrodeposition from 0.5 M SiCl4/[BMP]TFSI. 

The electrodeposition was performed for three hours and the applied 

potential values were adjusted by a computer-controlled potentiostat. 

Figure (3.2b) shows a magnification of the applied potential waves 

with the associated current values at the pulses intervals. Each pulse 

was adapted for 10 seconds during which a more negative cathodic 
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potential (P1) with a value of -3 V was applied during ON-TIME 

(TON) intervals for 5 seconds. Constantly, a less negative cathodic 

potential (P2) with the values of -0.7 V was applied for another 5 

seconds during the OFF-TIME (TOFF) intervals, so the pulse duty cycle 

was controlled to be 50%. The potential waves did not appear as 

square-waves only due to some limitations in the potentiostat. The 

potential values were selected according to the CV features shown in 

figure (3.1b) that P1 is the characteristic potential for the Si 

electrodeposition. Also, P2 was selected at such value (-0.7 V) that 

almost no current expected to arise through the deposition solution (the 

rest-time).  

 
Fig. 3.2. Potentiostatic pulsed-electrodeposition of Si in [BMP]TFSI 

at a duty cycle of 50%; (a) overall potentiostatic pulsed-

electrodeposition curve along with the j/t curve for 3 hours, (b) close-

up portion for the applied potential waves (black) along with the 

associated current density (blue). When applying P2 (-0.7 V) during 

TOFF intervals, the values of the evolved current is almost zero. 
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Applying the TOFF (the rest–time intervals) is the significant 

difference between the continuous electrodeposition and the pulsed-

electrodeposition procedure, which can provide a better chance for 

both the deposition interface to discharge and for the electrodeposition 

solution to diffuse, replenishing its concentration nearby the deposition 

vicinity. At these conditions, both the nucleation rate and the 

deposition efficiency can be improved, so that the obtained deposit is 

expected to be more compact, dense with smaller particles [135, 138, 164] 

which can reflect positively on the electrochemical performance of the 

deposited film when applied as an anode in LIBs.  

3.1.1.3. Scanning Electron Microscopic investigations  

FE-SEM images of the Si film deposited by potentiostatic 

pulsed-electrodeposition for three hours at a duty cycle of 50% is 

shown in figure (3.3a, b). From the macroscopic view, the morphology 

of Si film appears as less compact, consisting of cracked islands with a 

porous structure. The feature of the deposit regarding its non-

compactness and its non-homogeneity features can be explained in 

terms of the pulses temporal parameters (TON, TOFF). In the case of the 

pulsed electrodeposition of Si at a high duty cycle values with equal 

TON and TOFF intervals (50% duty cycle), the timescale of TON 

intervals seems to be more satisfactory for the reduction of the 

analyte/electrolyte than for their diffusion. On the other hand, during 

TOFF intervals, the timescale for discharging the deposition and for 

replenishing the analyte concentration at the deposition vicinity seems 

to be not long enough. Consequently, the accumulation of charges at 

the deposition interface is expected, which makes the diffusion from 

the bulk solution to the cathode surface more difficult with time, 

resulting in porous Si deposits with less compact feature [135, 164]. 
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Fig. 3.3. FE-SEM images of as-deposited Si film in [BMP]TFSI by 

potentiostatic pulsed-electrodeposition at 50% duty cycle (a, b). EDX 

spectra of the deposited Si film at different scanned areas with the 

elemental atomic ratios (c, d). 

Figure (3.3c, d) shows the EDS-spectra of as-deposited Si films 

at different scanned areas. The percent of oxygen in the EDS spectra 

partially arose from the deposit oxidation when the sample was 

transferred to SEM device under air. The C, S, N and F traces are IL-

residuals which seem to be trapped in the deposits films. Indeed, 

[BMP]TFSI seemed to be exposed to a non-bulk decomposition, 

affected by a localized over-potential on the growth sites as reported 

by B. Gattu et al. [135].  
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3.1.1.4. X-ray Photoelectron Spectroscopy of Si film 

Ex-situ XPS analysis was performed for as-deposited Si films, 

to investigate the composition in different deposition layers. Figure 

(3.4a) shows the XPS survey spectra of the deposit before and after 

sputtering. The upper-most layer is mostly covered with decomposed 

products of [BMP]TFSI. After sputtering, the spectra of Si and other 

elements (Cl, C, S, N, O and F) are detected which were trapped in the 

bulk vicinity of the deposit [135]. Also, a large Cu peak can be detected 

after sputtering for 10 and 20 minutes, which may refer to the 

dissolution of Cu and its reaction with the electrolyte and SiCl4 

analyte. 

The high resolution spectra of Si 2p, F 1s, O 1s, N 1s, C 1s and 

Cl 2p with their deconvolutions in different deposit layers are 

illustrated in figure (3.4b). Si 2p spectra indicate that the elemental Si 

is partially oxidized to SiO2 which peak is evident at around 104 eV, 

supported by the SiO2 peak at around 533 eV in O 1s spectra [165]. The 

deconvolution peak located at 101 eV in Si 2p could be indexed to 

either fluorinated Si (SiFx) [166] or Cu-Si compounds [167, 168]. It seems 

that F ions might somehow reacted with Si particles by breaking the 

Si-Si bond forming SiFx compound which could result in a shift in Si 

peaks position to higher binding energy at 101 eV, supported by the 

correlated SiFx peak in F 1s spectra at around 685 eV [169, 170]. 

According to S. Yokoyama et al. [166], as the full width at half-

maximum (FWHM) of Si 2p  is increased after sputtering, SiO2 peak 

could be indexed to fluorinated-SiOx, especially it is shifted to higher 

binding energy from 103 to 104 eV [165]. In Cl 2p spectra, the doublet 

peak at around 200 and 202 eV could be attributed to CuClx 

compounds [165], referring to the reaction of copper with the solute-
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chloride ions. C 1s spectra show two peaks related to [BMP]+ cation in 

either alkyl (C-C and C-H) or in Pyrrolidine form (C-N) which appears 

prominently in the upper layers [165]. Also, C-Fx peaks can be detected 

in the deeper layers at around 290 eV, supported by the corresponding 

peak in F 1s spectra at around 690 eV [165, 171]. The alkyl radicals which 

results from the reduction and decomposition of [BMP]+ on deposit 

surface could attack the Si-Si bond through nucleophilic reactions 

forming Si-C bond [171-173], which peak can be detected in C 1s spectra 

at around 283 eV. The alkyl radicals could also attack the Si-O-Si 

bond forming new Si-O-C bond [172], which peak could occur at 104 

eV in Si 2p spectra. Also, the energy shift of SiO2 peak in O 1s spectra 

to a higher binding energy (584 eV) may suggest the formation of Si–

O–C and/or Si–O–F bonds on the surface of Si particles [166]. Si–O–C 

compounds were reported to be a promising material that can improve 

the cycling stability of a Si anode in LIBs [174]. Carbonates peak can be 

also detected in C 1s spectra at around 288 eV which could be 

overlapped with –C=O peaks [165].  In N 1s spectra, the intensities of 

Nanion and Ncation peaks are not equal in all investigated layers, which 

can refer to the decomposition of [BMP]TFSI in the upper deposit 

layer and in the bulk deposit as well [171, 175].  
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Fig. 3.4. XPS analysis of as-deposited Si film prepared by potentiostatic 

pulsed- electrodeposition in [BMP]TFSI at a duty cycle of 50%; (a) 

overall XPS survey, (b) high resolution spectra of F 1s, O 1s, N 1s, C 1s, 

Cl 2p and Si 2p with their deconvolutions in upper-most and two sputtered 

layers. 
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Figure (3.5) shows the atomic ratios of F 1s, O 1s, N 1s, C 1s, 

Cl 2p and Si 2p obtained by XPS analysis. The atomic percent of Si 

compounds increases deeper in the film. C-compounds have the most 

prominent ratios, contributing to the film composition by ⁓30%. The 

majority of C-compounds results from the decomposed [BMP]+ 

cations. The reduction/decomposition process of [BMP]+ cation during 

deposition could be explained as reported by C. Nguyen et al. as 

follow. During the electrodeposition process of Si, electrons are swept 

to the Si@Cu cathode which becomes negatively charged, so the 

Pyrrolidine ring is adsorbed and reduced on the deposit surface. The 

reduction of [BMP]+ cations results in the decomposition of the alkyl 

group attached with the Pyrrolidine ring producing alkyl radicals [171-

173]. 

The inserted table illustrates the concentration of the 

decomposition-components of the ionic liquid-cation (Calkyl, Chetero, 

carbonates/-C=O, Ncation) and the ionic liquid-anion (CFx, Nanion), in 

addition to CuCl2 concentrations in the investigated deposit layers. The 

pure [BMP]TFSI contain single N atom in both the anion and the 

cation, so the concentration of Nanion and Ncation should to be equal in 

case of non-decomposed [BMP]TFSI electrolyte [175]. The ratios of 

Nanion/Ncation in the upper-most and in the 1st-sputtered layer are less 

than 1, which can indicate that the electrolyte is partially decomposed. 

In the 2nd-sputtered layer (bulk deposit), it seems that the electrolyte is 

fully decomposed. CuCl2 concentration is evident in deeper deposit 

layers, referring to the reaction of the solute-chlorides and the cupper 

substrate. It seems that the pulsed electrodeposition at high duty cycle 

values could results in robust reduction of the electrolyte especially at 
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short TOFF intervals which are not sufficient to refresh the electrolyte 

concentration nearby the deposition area [163]. 

 
 

  

 

 
 

Fig. 3.5. Relative atomic percent of F 1s, O1s, N 1s, C 1s, Cl 2p and Si 

2p calculated from XPS spectra at the uppermost and two sputtered 

layers of Si film prepared by potentiostatic pulsed-electrodeposition in 

[BMP]TFSI at a duty cycle of 50%. The inserted table illustrates the 

stoichiometric data of the electrolyte decomposition-components, in 

addition to CuCl2 concentrations in all investigated deposit layers.  

3.1.1.5. Electrochemical performance in LIB 

3.1.1.5.1. Cyclic voltammetry in LIB 

To test the lithium alloying/de-alloying features in as-

deposited Si films, cyclic voltammetry was performed for this film in 

half cell against Li (counter and reference electrode) in 0.5 M 

LiTFSI/[BMP]TFSI electrolyte. The cyclic voltammetry 

measurements shown in figure (3.6) were tested at a scanning rate of 1 

mV/s. The potential was scanned in the range of 0.01 V and OCPLIB-cell 

for ten cycles. Generally, the silicon anode film exhibited two 

lithiation (alloying) processes and a single de-lithiation (de-alloying) 
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process. In the cathodic part, the first cathodic peak centered at 1.4 V 

is related to SEI formation [176]. This peak exists only in the first cycle, 

indicating that this interfacial layer stops growing after the initial 

lithiation. The Li-Si alloying peak starts beyond 0.7 V as a broad peak 

which disappears after the 5th cycle. The second alloying peak starts at 

around 0.2 V till 0.01 V, correlated to the Si full lithiation forming 

Li15Si4 [177]. In the stripping/de-lithiation part, a broad de-lithiation 

peak at around 0.5 V can be detected in all cycles. It is worth noting 

that the intensity of de-lithiation peaks increase upon cycling, 

suggesting a kinetic enhancement in the Si anode film, which was also 

observed in Si anodes cycled in both LiPF6/fluorinated-EC/DEC and 

LiFSI/[EMIm]FSI electrolytes [178]. The CV features of as-tested Si 

film are in good agreements with other Si anode films produced by 

pulsed-electrodeposition in [BMP]TFSI [135].  

 
Fig. 3.6. Consecutive cyclic voltammograms of Si anode films 

prepared by potentiostatic pulsed-electrodeposition in [BMP]TFSI at 

a duty cycle value of 50%. The CV measurements were performed at a 

scanning rate of 1 mV/s in 0.5 M LiTFSI/[BMP]TFSI in half cell-

battery against Li (counter and reference electrode). 
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3.1.1.5.2. Galvanostatic cycling evaluation in LIB 

To evaluate the charge/discharge capacity values and the 

cycling stability of as-deposited Si films, it was galvanostatically 

cycled in half cell-LIB versus Li in 0.5 M LiTFSI/[BMP]TFSI 

electrolyte. Figure (3.7a) shows the potential plateau of the initial 

charging/discharging cycle at a low current density (0.03 mA/cm2). 

The voltage profile is similar to that of Si anodes prepared by different 

techniques and methods [176, 177]. It was essential to perform the first 

lithiation process at such low current density (less than 0.1 C) so that 

the SEI can be created smoothly and homogeneously. At the initial 

charging process, the Si anode film is supposed to electrochemically 

behave ideally, as the measured capacity is equivalent to the 

theoretical value of Si (3589 mAh/g). However, the active mass of Si 

in the deposited film was calculated, found to be 0.0001 g/cm2. The 

first capacity loss calculated from the first cycle is very high (84%) 

which mostly results from the amount of charge consumed in SEI-

formation and cannot be retained in the first de-lithiation process or in 

the subsequent cycles.   
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Fig. 3.7. Galvanostatic cycling performance of as-deposited Si, 

deposited by potentiostatic pulsed-electrodeposition at a duty cycle of 

50%; (a) voltage profile of the initial cycle at a current density of 0.03 

mA/g, (b) long charge/discharge cycling at 360 mA/g (0.1 C-rate). 

Figure (3.7b) introduces the galvanostatic cycling 

performance of as-deposited Si anode for 50 cycles at a current density 

of 300 mA/g, which is equivalent to 0.1 C-rate. Upon cycling, the 

anode film displayed good coulombic efficiency of around 95%, which 

reflects the feasibility of the reversible de-alloying processes in the 

film. Even though, the cycled anode-film shows a continuous decrease 

in capacity. The capacity retention after 50 cycles is only 35% of that 
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retained in the initial discharge. The areal capacities are less than 0.2 

mAh/cm2 due to the low values of the produced capacities, added to 

the low mass loading of the Si film, compared to other Si electrodes 

made by casting procedures. The poor cycling performance could be 

explained in terms of the weak compactness feature of the deposit. The 

cracked Si deposit seemed to interrupt the diffusion of Li+-ions, which 

deteriorates the cycling stability. Also, the structural deformation of 

the Si anode and the over growth of SEI upon long cycling are the 

expected drawbacks that participate in the capacity fading, 

deteriorating the cycling stability of Si anode-film.  

3.1.1.6. Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a 

distinguishing tool for investigating the Li+ ion kinetics at the 

electrolyte/electrode interface and in the bulk electrode, owing to its 

advantage of separating the diffusion processes from 

other electrochemical processes in a wide frequency range. Figure 

(3.8) shows the EIS-Nyquist plots of Si anode films over 50 cycles at 

0.1 C-rate by applying an ac-amplitude of 20 mV in the frequency 

range 105-0.1 Hz. The inset shows a magnification of the Nyquist plots 

in the high-to-medium frequency range. The intercept with x-axis 

signifies the equivalent series element of the ohmic resistances (R0), 

interrelated to the reciprocal of ionic conductivity of the electrolyte 

solution and the contact resistance of the cell hardware (the separator 

contact resistance and the current collector resistance) [179]. It can be 

noticed that R0 resistance values increase with cycling especially after 

the 30th and the 50th cycles, which can refer to the delamination of Si 

film from the Cu-current collector added to the increased electrolyte 

resistance over long cycling [180].  
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All Nyquist plots exhibit one semicircle in the high-to-middle 

frequency region as shown in the magnification inset inside figure 

(3.8), followed by one Warburg-diffusion line in the low-frequency 

range. The slope of the Warburg line at high-to-medium frequencies 

has angle values more than 45°, which seems to be a contribution of a 

pseudo-capacitive behavior. The absence of the first semicircle in the 

high-frequency range which resembles the impedance contribution on 

SEI (ZSEI) implies that the resistance through this interfacial layer is 

negligible and can be comparable with the ultra-thin SEI film formed 

in LiPF6/fluorinated-EC electrolytes [181]. The single semicircle is 

correlated to the Faradic impedance response of Li ions intake in the 

bulk anode-film which shares the contribution of the mass transfer 

resistance and the doubl-layer capacitor denoted by Rct, Cdl. The values 

of this Faradic impedance increase with cycling due to the deformation 

of the anode, hindering the lithium kinetics inside of the Si film. A 

Warburg tail can be used to qualitatively evaluate the lithium kinetics 

in the bulk anode film, where its value is inversely proportional to the 

length of the imaginary impedance (Zim) [182]. Accordingly, the 

Warburg tail after the second charging/discharging cycle becomes 

longer, suggesting lower accessibility (decreased Li+ diffusivity) of Li 

ions during the successive cycles. 

The best fitting equivalent circuit (shown inside figure 3.8) 

exhibits an extension of the conventional equivalent circuit 

customarily used in LIB-EIS studies. It includes a contribution of a 

non-Faradic impedance related to an adsorption/trapping process 

(Rads/Cads) existing in parallel to the mass transfer impedance, which 

can be indexed to the impedance response of a partially covered 

electrode [183]. Calloying and Ralloying denote to the impedance 
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contribution by alloying and de-alloying processes. This circuit could 

arise some question concerning adsorption/trapping processes that 

need further investigations on different Si anodes and in different 

LiTFS-ILs electrolytes, which could not be accomplished due to the 

time-limitation. As CSEI, Cdl and Cads. are mainly frequency-dependent 

as the most complex components of the battery circuit, they were 

sometimes replaced by constant phase elements (CPE) as a proper 

alternative to fit the depressed semicircles in Nyquist plots, as a 

consequent of the non-uniformity of the interfacial-SEI layer, in 

addition of the porosity and the microscopic characteristic of the 

deposited particles [180]. J. R. MacDonald has introduced a similar 

circuit network (ladder network) that proposes simulating adsorption, 

which can be applied for electrode systems [184]. The diffusion-trapping 

impedance has been studied by C. Montella et al. postulating its 

kinetic model which is also valid for the ion insertion in host electrode 

materials [185]. J. Bisquert has reported that the ion-trapping process 

contributes Faradaic impedance with capacitive and resistive EIS 

components in the low frequency region [186]. At this end, the Si anode 

may exhibit adsorption/desorption processes which refers to its 

complicated interactions not only with lithium but also with other 

electrolyte-elements during cycling. Fluorine may play a role in the 

reduction of SEI thickness which should reflect positively on the 

cycling performance of the Si anode. Even though, EIS-Nyquist plots 

indicated that the cycled anode-film exhibited cracking and 

delamination from the current collector. These mechanical problems 

seem to be dominating factors that deteriorate the cycling stability of 

Si anode-films. 
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Fig. 3.8. EIS-Nyquist plots of Si anode films throughout 50 cycles at 0.1 C-

rate in LiTFSI/[BMP]TFSI electrolyte. The inset shows a magnification of 

the Nyquist plots in the high-to-middle frequency region. The best fitting 

equivalent circuit is also shown. 

 To further elucidate electrochemical reactions at the interface 

and the bulk electrode, in addition to the diffusion dynamics of the Li 

ion in Si anode upon cycling, the Bode plots were analyzed. Figure 

(3.9a, b) depicts the Bode plots of Si anode over 50 cycles at 0.1 C-

rate. As shown in figure (3.9a), Bode magnitude plots exhibited 

distinct difference in impedance values which increase upon cycling at 

all frequency ranges, representing slower kinetics of electrochemical 

reactions occurring during the successive cycling of the Si anode [180, 

187]. In the low-to-high frequency region, the impedance values are 

correlated to charge transfer phenomena (charge transfer resistance in 

the bulk anode and/or in the SEI) [180, 187, 188]. The Rct values in this 
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frequency range increase upon cycling correlated with the decrease in 

the charge transfer rate, which could result from the deformation and 

the cracking of Si anode upon cycling. The impedance values in the 

low frequency region from 1 to 0.1 Hz (< log 1 Hz) represent the 

Warburg behavior of a semi-infinite solid state diffusion of Li+-ions in 

the bulk active material [180, 187]. The values of the impedance modulus 

increase after the second discharging process in this frequency range, 

reflecting a limitation of the Li diffusion rate in the bulk anode upon 

cycling [187, 188]. 

Figure (3.9b) displays Bode-phase plots of Si anode over 50 

cycles corresponding to the phase shift between the imposed potential 

and the resulting current. The single semicircle observed in the 

Nyquist plots in figure (3.8) are more evident in this half Bode plot as 

a single peak in all phase-shift curves in the mid-frequency region 

from log 5Hz to log 3Hz (100 kHz-1000 Hz). This phase shift is 

associated with the charge transfer in the bulk anode and/or in the SEI 

separating the active anode material and the electrolyte [180, 187]. It can 

be observed that the peak intensities in this frequency region increase 

upon cycling, indicating a correlated increase in the charge transfer 

impedance [180, 187]. The charge transfer frequency is almost invariant 

till the 30th cycle, while the charge transfer resistance increase, which 

may suggest that the electrochemically active mass of the cycled anode 

is decreasing upon cycling [187, 188]. After long cycling (50 cycles), the 

phase shift associated with the charge transfer starts at a higher 

frequency at around 10 kHz (log 4 Hz) which can correlate with the 

progressive wetting of the anode active surface after long cycling [187]. 

The Bode diagrams exhibit a relaxation in the mid-to-low frequency 

region at around log 2 Hz. This relaxation may be attributed to the 
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reduction of the initial SiOx layer formed on Si particles after initial 

cycling [188]. Another interpretation for this relaxation could be related 

to the electro-adsorption process of Li+-ions or other species onto the 

anode surface [189, 190].  

The Bode phase plots display short plateaus in low-frequency 

region from 1 to 0.1 Hz, corresponding to the solid state diffusion of 

Li ions. It is worth noting that this diffusion region starts at a higher 

frequency after the 10th cycle, which generally could refer to an 

activation of the cycled anode [187]. The phase shifts reflected at lower 

phase angle values upon cycling (θ= 60° and 42° after the 1st charging 

and the 50th discharging process, respectively), indicating the decrease 

of pseudo-capacitance processes with cycling. The decrease of 

capacitance values can be explained in terms of the decrease of the 

active electrochemical surface [187], resulting in the decrease of lithium 

diffusion into the anode pores and into the bulk of the particles as well 

[191, 192]. 
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Fig. 3.9. Bode plots of Si anode film over 50 cycles at 0.1 C-rate in 

LiTFSI/[BMP]TFSI electrolyte; Bode amplitude plots which represent 

the total impedance magnitude (a), Bode phase-shift plots of the cells 

upon cycling (b). 
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3.1.1.7. X-ray Photoelectron Spectroscopy of SEI layers formed on 

Si film after 1-charge  

The majority of studies that investigated the SEI formed on 

cycled electrodes by XPS technique were often conducted at different 

states of charge (SOC) exploring only the upper SEI layers without 

investigating the deeper layers. The uppermost SEI layer likely 

contains residuals of the bulk electrolyte and other surface 

contamination that can hide some spectroscopic signals, thus the 

interpretation of the de-convoluted spectra in this case becomes 

debatable [193]. The deep SEI layer near the electrode often consists of 

insoluble and more passivating inorganic components such as LiF and 

Li2CO3 [193, 194]. On the other hand, the upper SEI layers, especially the 

outermost one near the electrolyte are mostly composed of metastable 

and poorly passivating organic products such as ROCO2Li and ROLi 

(R=CH2, CH3, CH2CH2, CH2CH3, CH2CH2CH3 depending on the 

electrolyte solvent) [193, 195-198]. C. Nguyen et al. [172, 199] have 

extensively studied the SEI composition formed on a cycled Si-Cu 

anode in LiTFSI/[Py1,3]TFSI electrolyte by ex-situ XPS technique.  

Herewith, the composition of SEI-layers formed on as-cycled 

Si electrode was analyzed using ex-situ XPS after initial charging at a 

current density of 300 mA/g till 0.01 V in LiTFSI/[BMP]TFSI 

electrolyte, exploring its composition in the uppermost, the buried and 

the 2nd-sputtered layer. Figure (3.10a) shows the XPS survey for SEI 

layers before and after sputtering. In the upper-most SEI layer, both Si 

2p and Li 1s spectra can hardly be detected as the surface of the cycled 

anode is mostly covered with electrolyte residuals (pure 

LiTFSI/[BMP]TFSI). 
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The high resolution spectra of F 1s, O 1s, N 1s, C 1s, S 2p, Si 

2p, and Li 1s with their deconvolutions are illustrated in figure (3.10b). 

In Si 2p spectra, it can be detected that the elemental Si is mainly 

oxidized to SiOx, supported by the SiO2 peak at around 533 eV in O 1s 

spectra [165]. The deconvolutions of Si 2p spectra include two peaks at 

around 103 and 104 eV which can be correlated to LiySiO2 
[200] and 

SiOxFy, respectively [166]. The second deconvolution peak could also 

be allocated to Si-O-C compounds [172-174]. As mentioned before, the 

reduction and decomposition process of [BMP]+ cation could result in 

the production of negatively charged Alkyl radicals which, in turn, 

could split the Si-Si or Si-O-Si bonds through a nucleophilic attack 

resulting in the formation of Si-C or Si-O-C bonds [172]. Also, the F ion 

from the LiTFSI salts or TFSI anion could react with Si or SiOx 

surface forming Si-F or Si-O-F bonds [171-173]. The formation of Si-O-F 

and Si-O-C bonds may cause the shift in SiO2 peak from 103.5 eV to 

104.5 eV. In details, the substitution of oxygen in SiO2 by more 

electronegative fluorine or carbon decreases the negative charge on Si 

oxide surface, which results in reducing the tendency of the charge 

transfers from Si to O causing the shift of SiO2 peak to a higher 

binding energy [201, 202]. LiySi alloying peak barely can be detected at 

the deeper layer at around 99 eV [170]. In the F 1s spectra, LiF peaks at 

around 685.8 eV are more intense in deeper layers, confirmed by its 

corresponding peak in Li 1s spectra at around 57 eV which can be 

detected only after sputtering [170]. Also, F 1s spectra show CF3 peaks 

at around 690 eV, confirmed by the CF3 peak in C 1s spectra at around 

293 eV [165]. The formation of LiF and Si-Fx species are reported to 

begin by the breakdown of C-F bond in TFSI- anions, which could 

result in the production of CF3SO2Li salt [172]. 
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Fig. 3.10. XPS analysis of the SEI formed on Si film after initial charging 

in 0.5 M LiTFSI/[BMP]TFSI till 0.01 V; (a) the overall XPS survey for 

the uppermost and two deeper SEI layers, (b) the detailed spectra of F 1s, 

O 1s, N 1s, C 1s, S 2p, Si 2p, and Li 1s with their deconvolution. 
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As shown in S 2p spectra, the decomposed anion could 

produce Lithium sulfates salts in the chemical form of CF3SO2Li at 

around 164 eV [172, 203]. Sulfides doublet peak (Li2S/SiS) can be 

detected at around 160 eV [165, 203, 204]. The peak at around 171 eV can 

be indexed to S-anion [175]. In N 1s spectra, the peak at around 399.4 

eV is possibly correlated to some N--containing compounds [171, 175]. 

The intensities of Nanion and Ncation peaks which are not equal in deeper 

SEI layers could give an indication for the decomposition of the 

electrolyte [171, 175]. The feature of S 2P and N 1s spectra could support 

the decomposition mechanism of TFSI- anion according to equation 

(3.1) [172]. 

CF3SO2NSO2CF3
-  + e  →  F-  +˙CF2SO2NSO2CF3

- ............. Equ. 3.1. 

In C 1s spectra, both carbon-alkyl peaks (C-C, C-H peak) and 

carbon–hetero peak (C-N) can be found at around 285 eV and 287 eV, 

respectively. The C-O-C peak (not easily distinguishable) may overlap 

with the C-N peak at around 286.5 eV [197, 201, 204]. Lithium carbonate 

(Li2CO3) peak can be detected in the deeper layers around 299 eV [165]. 

The SEI structure is in good agreements with that reported by P. C. 

Howlett et al. [203].  

Si composite anodes in Si–O–C and Li-Si-O-C forms were 

reported to exhibit better cycling performance compared to bare Si 

films [174]. The improvement in the electrochemical performance of 

these composite anodes was referred to the formation of Li2O during 

the initial lithiation which can stabilize both the film integrity and the 

SEI layer as well [174]. In our case, the analyzed SEI layer formed on 

as-cycled Si electrodeposits could contain Si–O–C and Li-Si-O-C 

compounds, in addition to other stabilizing and passivating SEI 

compartments (LiF, Li2CO3, Li2O, LiOH) [193, 194]. The detailed XPS 
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studies of the SEI layer formed after several cycles are required to 

elucidate the role of these SEI compounds on the cycling stability of Si 

anode films which could not be accomplished due to the time-

limitation of this thesis. 

Figure (3.11) shows the atomic ratios of F 1s, O 1s, N 1s, C1s, 

S 2p, Si 2p, and Li 1s calculated from XPS peaks intensities. The 

atomic percent of carbon is very dominant, mostly coming from the 

decomposed [BMP]+ cation. The relative concentration of Li2O, 

Li2CO3, LiF, CF3SO2Li and LiS/SiS in SEI layers are introduced in the 

inserted table. These compounds are insoluble and more passivating 

compounds [193, 194] sharing a ratio of approximately 17.25% of the 

composition of investigated SEI layers which could improve its 

stability over cycling. Even though, it seems that the large volume 

change of the Si anode (300-420%) and its consequent cracking and 

delamination become dominating and robust drawbacks after several 

cycles. These mechanical deformation problems result in a poor 

cycling stability of Si anodes. 
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Fig. 3.11. Relative atomic percent of F 1s, O 1s, N 1s, C 1s, Cl 2p and 

Si 2p compounds, calculated from XPS spectra of the SEI at the 

uppermost and two sputtered layers of the Si film. The inserted table 

illustrates the stoichiometry data of Li2O, Li2CO3, LiF, CF3SO2Li and 

LiS/SiS in SEI-investigated layers. 

3.1.1.8. FTIR and Raman spectroscopy for LiTFSI/[BMP]TFSI 

electrolyte 

To investigate the chemical stability of LiTFSI-[BMP]TFSI 

electrolyte, it was analyzed by both FTIR and Raman spectroscopy 

before cycling (neat electrolyte) and after 50 cycles at 360 mA/g as 

shown in figure (3.12a, b). Both the IR and the Raman spectra 

indicated that the electrolyte was not subjected to bulk reduction or 

decomposition which confirms its stability over cycling in LIBs. In IR 

spectra (inset a), CF3H peak (belongs to C–F stretching) at around 

1152 cm-1 does not exist which could indicate that the TFSI anion is 

not exposed to bulk reduction and decomposition. The formation of 

CF3H peak is probable if the reduction of the TFSI anion takes place 



 

61 

 

through the cleavage of C–S bond which was postulated by E. 

Markevich et al. [205] according to equation (3.2) in which CF3
- further 

deprotonates the [BMP]+ cation forming CF3H molecules. 

N(SO2CF3)2
- + e-→ N(SO2CF3)2

2-•→•SO2NSO2CF3
-+CF3

-.....Equ. 3.2. 

In Raman spectra (inset b), the symmetric deformation peak of 

CF3 [δs(CF3)] at around 740 cm-1 which refers to the “free” TFSI anion 

[206] does not exhibit any changes in its position or intensity after long 

cycling. Also, the position and the intensities of the C-H stretching 

peaks located in the frequency range of 2850-2997 cm-1 did not change 

after long cycling which confirms that the [BMP]+ cation was not 

subject to excessive reduction in the bulk electrolyte after long cycling. 

Andrea Balducci have reported that the [BMP]TFSI electrolyte 

displays better stability as battery electrolyte compared to [BMP]FSI 

by FTIR studies [207]. 
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Fig. 3.12. FT-IR spectra (a) and Raman spectra (b) of 0.5 M LiTFSI-

[BMP]TFSI electrolyte before cycling (blue) and after 50 cycles (red) 

at a current density of 360 mA/g. 
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3.1.2. Silicon anode film by pulsed-electrodeposition at a duty cycle 

of 25% 

A Si anode film has been electrodeposited at different pulsed 

potentials, different temporal parameters (TON, TOFF) and shorter 

electrodeposition time, to evaluate the effect of changing the pulsed-

electrodeposition procedure on its physical and electrochemical 

properties.  

3.1.2.1. Potentiostatic pulsed-electrodeposition of Si at a duty cycle 

of 25%  

Figure (3.13a) shows the overall pulsed-potential waves along 

with the j/t curve for Si electrodeposition from 0.5 M SiCl4 in 

[BMP]TFSI. The electrodeposition was performed at a lower duty 

cycle (25%) and much shorter deposition time (20 minutes). Figure 

(3.13b) shows a magnification for the applied potential waves and the 

associated current values at each pulse interval. The values of the 

applied potentials were adjusted to equal -3 V and -0.5 V for P1 and 

P2, respectively. The deposition-pulse interval (TON) was adopted at a 

concise time (0.5 second) at which P1 was applied, followed by the 

rest-half pulse at which P2 is applied for 1.5 seconds. It can be 

detected that when applying P2 at -0.5 V versus Pt, even the anodic 

current jumps to high current values, it drops rapidly to zero. Also, 

adjusting TOFF intervals to be longer than that of TON can provide a 

better chance for the deposition interface to discharge and for the 

electrolyte to diffuse, which is expected to produce more compact Si 

film with better physical and electrochemical properties [135]. 
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Fig. 3.13. Potentiostatic pulsed-electrodeposition of Si in [BMP]TFSI 

ionic liquid at a duty cycle of 25% for 20 minutes; (a) overall pulsed-

potentials waves with the j/t curve, (b) a close-up portion showing the 

applied potential waves (black) and their correlated current density 

(blue). 

3.1.2.2. Scanning Electron Microscopic investigations 

FE-SEM images of the Si film obtained by pulsed 

electrodeposition at a duty cycle of 25% are shown in figure (3.14a, b). 

From the macroscopic view, it can be detected that the Si deposit is 

more compact with finer particles, compared to a Si film which was 

deposited at a duty cycle of 50%. At longer TOFF, the electrodeposit 

seems to have a better chance to discharge, and the electrolyte had 

enough time to replenish its concentration in the electrodeposition 

vicinity which can reflect positively on the film homogeneity and 

compactness. Figure (3.14c, d) illustrate the EDS spectra of the Si 

deposit in different areas. C, F, S, and Cl elements refer to the 

decomposed components of the ionic liquid and of SiCl4 
[135].  
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Fig. 3.14. FE-SEM images (a, b) and EDX spectra (c, d) for Si film 

deposited by pulsed-electrodeposition at 25% duty cycle in 

[BMP]TFSI for 20 minutes. 

3.1.2.3 Galvanostatic cycling evaluation in LIB 

The as-deposited Si-film was applied as an anode in LIBs to 

evaluate its electrochemical performance in half-cell battery type using 

0.5 M LiTFSI/[BMP]TFSI as the battery electrolyte. Figure (3.15a) 

shows the potential plateau of the initial charge/discharge cycle at 0.03 

mA/cm2 (681 mA/g). The silicon-anode film shows an ideal lithiation 

plateau of Si-anode material [176-178]. The initial discharge plateau 

curve shows one pseudo-plateau in the potential range of 0.2-0.5 V 

versus Li+/Li, correlated with the Li extraction. The calculated active 

mass of Si in the deposit-film is only 44 μg/cm2. This Si anode film 

shows a first “irreversible” capacity loss equal to 90% which is mainly 

caused by SEI forming. This value is higher than that of the less 

compact Si film, which might be referred to the higher activity of Si 

particles in such small size, stimulating the formation of a thicker SEI 

layer [35, 58].   
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Fig. 3.15. Galvanostatic cycling performance of Si film, deposited by 

potentiostatic pulsed-electrodeposition at a duty cycle of 25%; (a) 

potential plateau of the initial charge/discharge cycle at a current 

density of 681 mA/g (0.18 C-rate), (b) 50 charge/discharge cycles at 

the same current density. 

Figure (3.15b) shows the long galvanostatic cycling of the Si 

anode film at a current density of 680 mA/g, equivalent to 0.18 C-rate. 

The cycled anode film shows a stable cycling performance in the first 
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10 cycles with discharge capacity values over 480 mAh/g, then 

decreasing continuously during the next cycles. The coulombic 

efficiency values gradually increase, which can reflect the 

improvement in the de-alloying process upon cycling. It seems that the 

compact feature of this Si anode helps it to withstand for the volume 

expansion during the first ten cycles. After ten cycles, the excessive 

structure deformation of the Si anode and its expected delamination 

from Cu-substrate seemed to become dominant, causing such 

deterioration in the retained capacity. The capacity retention after 50 

cycles is very low, equal to 3.6 % of that retained in the initial 

discharge. In conclusion, this Si film showed a limited cycling 

improvement when cycled at a current density 2 times higher than that 

at which the first Si film (prepared at a duty cycle value of 50%) was 

cycled.  
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3.1.3. Si anode film by pulsed-electrodeposition at a duty cycle of 

16% 

3.1.3.1. Potentiostatic pulsed-electrodeposition of Si film at a duty 

cycle of 16%  

This Si deposit was also synthesized using the potentiostatic 

pulsed-electrodeposition technique but at much lower duty cycle value 

(16%) for 45 minutes. The applied potentials were also adjusted at 

more appropriate values, aimed to avoid the excessive decomposition 

of the electrolyte and the dissolution of the Cu substrate. Figure 

(3.16a) shows the overall pulsed-potential waves along with the j/t 

curve of the Si film in 0.5 M SiCl4/[BMP]TFSI for 45 minutes. Figure 

(3.16b) shows a magnification for the potential waves and the 

associated current values at each pulse interval. The values of the 

applied potentials were -3 V and -1 for P1 and P2, respectively. 

Concerning the pulse-temporal parameters, TON and TOFF intervals 

were adopted to be 1 second and 5 seconds, respectively, so the duty 

cycle equals 16%. When applying P2 at -1 V, the anodic current drops 

back rapidly to zero. Adapting TOFF intervals to be much longer than 

that of TON (5-times longer) expected to provide a superior chance for 

the deposition interface layer to discharge, and for the electrolyte to 

diffuse to the reduction/deposition vicinity. Consequently, the pulsed 

electrodeposition at these potential values and temporal parameters 

were anticipated to producing more compact Si films with less porous 

structure and better physical and electrochemical properties. 
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Fig. 3.16. Potentiostatic pulsed-electrodeposition of Si in [BMP]TFSI 

at a duty cycle of 16% for 45 minutes; (a) overall pulsed-potentials 

waves with the j/t curve, (b) a close-up portion showing the applied 

potential waves (black) and its correlated current density (blue) at 

each pulse interval. 

3.1.3.2. Scanning Electron Microscopic investigations 

FE-SEM images of Si film obtained by the potentiostatic 

pulsed-electrodeposition at a duty cycle of 16% is shown in figure 

(3.17a, b). It seems that the electrodeposition of this Si film at much 

lower duty cycle (16%) with much longer TOFF provides sufficient 

long time for the electrodeposition solution to replenish its 

concentration near the cathode, increasing the electrodeposition 

efficiency which reflects positively on the compactness of the deposit 

[135, 163, 164]. Also, the high cathodic current produced during TON 

intervals seems to improve the nucleation of Si particles [135, 138-140]. 

These electrodeposition parameters seem to reflect positively on the Si 

film integrity and compactness that it appears as a dense film with 

non-porous structure. Even though, the deposit appears to be cracked 

somewhere within the macroscopic scale which could not be easily 
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discussed in terms of the applied electrodeposition parameters.  Figure 

(3.17c, d) illustrates EDS spectra of the Si deposit. Also, some traces 

of ionic liquid and SiCl4 residuals such as C, F, S and Cl elements are 

found with higher oxygen percent.  

 
Fig. 3.17. FE-SEM images (a, b), and EDX spectra (c, d) of as-

deposited Si film which was prepared by pulsed electrodeposition in 

[BMP]TFSI at a duty cycle of 16%  for 45 minutes. 

3.1.3.3. Galvanostatic cycling evaluation in LIB 

Figure (3.18a) shows the initial charge and discharge cycle of 

the deposited Si film at 0.03 mA/cm2 (0.9 mA/g, 0.25 C-rate). The 

active mass of Si in the deposit equals 33 μg/cm2. The first capacity 

loss upon the initial cycle is 48% which is much lower than that of 

other Si-film deposited at duty cycle values of 50 and 25%. This could 

be explained in terms of the compactness of the deposit that may 

prevent the growth of a thick SEI.  
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Figure (3.18b) shows the galvanostatic cycling of this Si film 

for 50 cycles at 0.25 C-rate. This anode film exhibited high capacity 

values over 25 cycles when cycled at such high current density (900 

mA/g) compared to the retained capacity values of other Si-anode 

although were cycled at lower current density values (360 and 680 

mA/g). The cycled anode also shows a capacity fading, but with lower 

level compared to other Si films tested before. Even though, the 

capacity retention after 50 cycles is very low, equal to 8.7% of that 

retained in the initial discharge. In conclusion, the anode film 

displayed a partial improvement in its electrochemical performance 

regarding the high gravimetric capacity values retained during the first 

25 cycles, in addition to the lower trend in its capacity fading 

compared to other Si deposits. Even though, the anode-film still shares 

the same cycling drawback of all tested Si films that the capacity 

retention and the cycling stability is limited. 
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Fig. 3.18. Galvanostatic cycling performance of Si film, deposited by 

the potentiostatic pulsed-electrodeposition at a duty cycle of 16%; (a) 

voltage profile of the initial charge/discharge cycle at a current 

density of 0.9 A/g, (b) long charge/discharge cycling at 0.9 A/g (0.25 

C-rate). 
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3.1.4. Raman spectroscopy of SiCl4/[BMP]TFSI electrodeposition 

baths 

 To evaluate the effect of deposition parameters on 

SiCl4/[BMP]TFSI electrodeposition bath in terms of its decomposition, 

a Raman analysis was performed before and after pulsed-

electrodeposition processes of Si films at two different duty cycle 

values (50% and 16%) as shown in figure (3.19a, b). As shown in inset 

a, the corresponding peak of free TFSI anion which appears at around 

742 cm-1 (including the symmetric streching of S-N-S bond and the 

symmetric deformation of CF3 bond) [206] can give an indication of the 

rate of the electrolyte decomposition. The intensity of this peak 

decreases as the value of the duty cycle increases, which indicates that 

the pulsed electrodeposition at 50% duty cycle results in 

decomposition of TFSI anion in higher ratio compared to that at 16% 

duty cycle.  

Also, as shown in inset b, the same trend can also be detected 

for TFSI peaks in the frequency range of 1136-1244 cm-1 

corresponding to the symmetric streching of SO2 and CF3, repectively 

[206]. Furthermore, the intensities of [BMP]+ peaks corresponding to the 

streching mode of alkyl groups attached to the pyrolidine ring in the 

frequency range of 2890-3000 cm-1 shows also the same trend [207], 

decreasing as the duty cycle value of the pulsed electrodepostion 

increases. This indicates that the reduction of [BMP]+ cation increase 

as the duty cycle values of pulsed-electrodeposition increase. 
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Fig. 3.19. Raman spectra in the frequency regions of 200-1000 (a) and 

1000-3200 cm-1 (b), for 0.5 M SiCl4/[BMP]TFSI electrodeposition 

bath before pulsed-electrodeposition (green), and after pulsed-

electrodeposition at duty cycle of 50% (bleu) and 16% (red). 
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In conclusion, the pulsed-electrodeposition at longer TOFF (in 

the case of PED at 16% duty cycle) appears to limit the excessive 

decomposition of the deposition electrolyte. As mentioned before, at 

longer rest time (TOFF), the deposition area can be efficiently 

discharged and the electrolyte can replinsh its concentration at this 

area, which limts its localized decomposition on the deposition sites 

[135, 138, 163]. Thus, the pulsed-electrodeposition at lower duty cycle 

seems to be beneficial not only for the deposit film but also for the 

electrodeposition bath, limiting its decomposition. 
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Conclusion on Si as anode material in LIBs 

Pulsed electrodeposition of Si films is a feasible and rather 

controllable method as the deposition rate and the ions concentration 

near the deposition interface can be controlled. Interrupting the 

deposition process by longer rest-time intervals (TOFF intervals) 

provides a good chance for discharging the electrodeposition vicinity 

and for elevating the concentration of the deposition solution near the 

cathode. Also, adjusting the deposition pulses (TON intervals) at 

concise intervals may result in evolving high current values that can 

improve the nucleation process [138]. The variations of these parameters 

give the chance to produce Si deposits with well-tolerated features 

(compact film with small particle size and decent loading density). The 

pulsed-electrodeposition of Si film at a duty cycle of 50% produced a 

cracked film with less compact feature compared to that which was 

prepared at a duty cycle of 25%. The pulsed-electrodeposition of the Si 

film at a duty cycle of 16% produced a compact Si film without porous 

structure. Si deposits were found to contain a high percentage of 

carbon, in addition to other IL- decomposed items such as S, F, C and 

N. The detected carbon could result from the adsorption/reduction of 

[BMP]+ producing negatively-charged Alkyl radicals. These 

decomposed alkyl radicals could react with either Si or SiOx on the 

surface of Si particles forming Si-C or Si-O-C bonds which was 

reported to improve the electrochemical performance of Si anode and 

stabilize the SEI formed during cycling. 

Cyclic voltammetry measurements for Si deposited-films 

obtained by pulsed electrodeposition show lithation and de-lithiation 

features categorized to Si anode materials prepared by other methodes. 

The CV feature exhibited an increase in the intensities of the de-
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lithiation peaks over cycling which can be explained in terms of a 

kinetic enhancement in the cycled anode [177]. This kinetic 

enhancement during de-lithiation processes of Si results in increasing 

the value of the coulombic efficiency (CE) more than 100% at some 

cycles. Si anode film deposited at a 25% duty cycle shows a limited 

improvement in its cycling stability during the first ten cycles when 

cycled at 680 mA/g, compared to the Si films deposited at a duty cycle 

of 50%. For Si anode film deposited at 16% duty cycle, it shows the 

lowest first capacity loss. Also, it produces higher capacity values 

when cycled at higher current density values (0.9 A/g). Even though, 

all Si films exhibit poor cycling stability over 50 cycles due to the 

structural deformation and the delamination of Si films out from the 

Cu current collector which was supported by the EIS study. 

 Si deposit was also synthesized using the potentiostatic 

pulsed-electrodeposition at much lower duty cycle value (6%), 

anticipated to produce a Si deposit with much improved physical and 

electrochemical properties to investigate its rate-capability in LIB. The 

Si anode film shows poor cycling stability and low rate-capability 

where the gravimetric and areal capacity values drop to around zero 

when the anode was cycled at 0.6 C-rate. These results are introduced 

in the appendix part (sections 5.1.2, 5.1.3, and 5.1.4). 

EIS studied for Si anode upon 50 cycles indicated that Rct 

values increase accompanied with a decrease in DLi
+ upon cycling 

which could result from structure deformations and cracking of the 

anode. Also, Si anode seems to exhibit adsorption/desorption 

processes during cycling which refers to its complicated interactions 

not only with lithium but also with other electrolyte-elements during 

cycling. The fitting circuit introduced in EIS-study could arise some 
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question about adsorption/trapping processes. To elucidate that, it 

needs further investigations on different Si anodes to be cycled in 

different LiTFS-ILs electrolytes, which could not be accomplished due 

to the time-limitation of the thesis study. 

The XPS analysis indicated that the SEI formed on Si anode-

films in LiTFSI/[BMP]TFSI electrolyte contains stabilizing 

compounds such as Li2O, LiF, CF3SO2Li, SiS, Li2S and Li2CO3 salts 

that can improve its mechanical stability. The detailed XPS studies of 

the SEI layer formed on Si anode after several cycles are required to 

elucidate the role of these SEI compounds on the cycling stability of Si 

anode films which could not be accomplished due to the time-

limitation of this thesis. Even though, it seems that the volume 

expansion of Si anode and its consequent cracking and delamination 

are robust and dominating problems that limit its cycling stability. 

Handling these drawbacks by preparing Si alloys and composite films 

might improve its mechanical stability. Also, it can elevate the 

electrical conductivity and the kinetics of the anode during cycling, 

aimed to improve its cycling stability and rate-capability.  
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3.2. SixGe1-x anode-films 

     SixGe1-x alloy-films were prepared by potentiostatic pulsed-

electrodeposition to be investigated as modified anodes in half-cell 

LIBs. Ge is a promising add-element for Si anode, expected to 

improve the electrochemical performance by increasing the 

conductivity, limiting the volume changes and improving the Li-

kinetics in the Si anode film. 

3.2.1. SixGe1-x electrodeposition in [EMIm]TFSI  

3.2.1.1. Cyclic voltammetry of SiCl /GeCl4/[EMIm]TFSI baths 

Cyclic voltammetry measurements of the neat [EMIm]TFSI 

and SiCl4/GeCl4/[EMIm]TFSI electrodeposition baths have been 

recorded on Cu at a scanning rate of 10 mV/s to investigate  the 

electrochemical reactions regarding Ge-Si co-deposition in 

[EMIm]TFSI. The cyclic voltammetry of neat [EMIm]TFSI ionic 

liquid is shown in figure (3.20a) starting from OCP to -4 V versus Pt 

QRE. [EMIm]TFSI starts decomposition at around -2.7 V, so its 

cathodic stability regime is about 2.7 V vs. Pt QRE.  

 
Fig. 3.20. (a) Cyclic voltammogram of neat [EMIm]TFSI. (b) Cyclic 

voltammograms of two SiCl4/GeCl4/[EMIm]TFSI solutions with 

SiCl4:GeCl4 molar ratio of 2:1 (black) and 1:1 (red). All voltammetry 

measurements were recorded on Cu at a scan rate of 10 mV/s starting 

from OCP to the negative direction.  
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Figure (3.20b) illustrates the cyclic voltammograms of 

SiCl4/GeCl4/[EMIm]TFSI solutions with different molar 

concentrations of GeCl4 (0.5 and 0.25 M). As labeled in the black 

voltammogram of SiCl4 (0.5 M)/GeCl4 (0.25 M)/[EMIm]TFSI solution 

in the cathodic regime, the foremost reduction peak (C1) could be 

correlated to Cu2O reduction [160]. The second reduction peak (C2) at 

around -1.2 V can be indexed to the reduction of GeIV ions to GeⅡ, as 

reported by Endres et al. [120]. After that, a shoulder (C3) at around -2 

V can be detected, contributed with the full reduction of GeⅡ to Ge 

along with Si UPD [120, 161]. This reduction peak is constantly followed 

by C4 peak at -2.25 V which can be indexed to the Si-Ge co-

deposition, forming SixGe1-x alloy [120]. The rising current after -2.8 V 

is related to the reduction of [EMIm]+ cation, after which the ionic 

liquid breaks down at C5. In the anodic stripping, a single oxidation 

peak can be detected before -0.5 V, related to the oxidation of [TFSI]- 

anion and Cu-substrate as well [120]. The voltammogram of SiCl4 (0.5 

M)/GeCl4 (0.5 M)/[EMIm]TFSI solution is very similar to the 

voltammogram of the electrodeposition solution saturated with lower 

molar ratio of GeCl4 (red voltammogram). It worth noting that in SiCl4 

(0.5 M)/GeCl4 (0.5 M)/[EMIm]TFSI solution, the [EMIm]+ cation 

starts decomposition at a lower potential value which could be referred 

to the higher viscosity of this electrodeposition bath which is saturated 

with a higher molar ratio of GeCl4
 [209]

.
   

3.2.1.2. Potentiostatic pulsed-electrodeposition of SixGe1-x films 

       SixGe1-x compounds were prepared by the potentiostatic pulsed-

electrodeposition in a single bath containing both SiCl4 and GeCl4 

analytes in [EMIm]TFSI. All SixGe1-x films were produced via 

alternating the same potential values )P1= -2.7 V and P2 = -0.5 V) for 
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30 minutes. TOFF intervals were changed between two values of 0.5 

second and 2.5 seconds, adjusting the pulse duty cycle values to be 

50% and 16%, respectively. In principle, for the electrodeposition of 

two metals or semiconductors in one electrodeposition bath, the 

concentration of the analytes should be balanced towards the less-

noble element (Si in our case). In case of SiCl4 (0.5 M)/GeCl4 (0. 5 

M)/[EMIm]TFSI bath, the co-deposition effect of GeCl4 on Si 

electrodeposition in equal concentration to SiCl4 was aimed to be 

investigated. Table (3.1) shows the pulses temporal parameters and the 

potential values applied for the potentiostatic pulsed-electrodeposition 

of SixGe1-x films in [EMIm]TFSI ionic liquid. 

Tab. 3.1. Electrolytic bath concentrations and pulsed-electrodeposition 

parameters for SixGe1-x electrodeposition in [EMIm]TFSI.  

Sample 

ID* 

SiCl4:GeCl4 

M/M% 

PED potentials Temporal 

parameters 

Duty 

cycle 

P1 P2 TON TOFF 

SG21DC50 2:1 -2.7 V -0.5 V 0.5 s 0.5 s 50% 

SG21DC16 2:1 -2.7 V -0.5 V 0.5 s 2.5 s 16% 

SG11DC50 1:1 -2.7 V -0.5 V 0.5 s 0.5 s 50% 

SG11DC16 1:1 -2.7 V -0.5 V 0.5 s 2.5 s 16% 

*DC refers to “duty cycle” which equal to TON /(TON + TOFF) 

 

 Figure (3.21, insets a-d) shows the overall pulsed-

electrodeposition curves of SixGe1-x deposits along with their j/t 

curves. The insets (a՛-d՛) show a magnification portion for the 

potential-square waves with the evolved current values at each pulse 

interval.  
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Fig. 3.21. Overall potentiostatic pulsed-electrodeposition curves of 

SixGe1-x samples; SG21DC50 (a), SG21DC16 (b), SG11DC50 (c), and 

SG11DC16 (d) for 30 minutes. Close- up portions showing the potential 

square-waves (black) and the correlated current (blue) for each SixGe1-x 

deposits at pulse intervals; SG21DC50 (a՛), SG21DC16 (b՛), SG11DC50 (c՛), 

and SG11DC16 samples (d՛). 
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         Adapting longer rest-time (TOFF) in case of SG21DC16 and 

SG11DC16 samples provides a better chance for the current density to 

drop to zero, compared to other samples (SG21DC50 and SG11DC50), 

which helps in discharging the deposition-interface. Also, at longer 

TOFF intervals, the species have enough time to diffuse, enriching their 

concentration in the reduction/deposition area which is expected to 

improve the deposition rate. On the other hand, adjusting TON intervals 

to be much shorter than TOFF in these samples could produce higher 

current values, compared to other samples (SG21DC50 and SG11DC50) 

that can improve the nucleation efficiency, producing smaller SixGe1-x 

grains.  

X. Dou et al. have reported the electrodeposition of Bi1-xSbx 

nanowire-alloys in anodic alumina membranes (AAMs) using the 

potentiostatic pulsed-deposition technique by adjusting the value of the 

second potential (P2) to zero volt [210]. In the present experiments, the 

reason for adjusting the second potential applied during the rest-time at 

such value (-0.5 V) was to avoid the oxidation of TFSI- anion and Cu 

substrate. D. Pullini and D. Busquets-Mataix have also reported the 

pulsed electrodeposition of Co/Cu multilayer nanowires in a single 

electrodeposition bath through alternating individual pulses for Cu and 

Co [211]. In our case, the electrodeposition of Si in individual pulses can 

produce layered Si-Ge deposits in which Si and Ge are not well-

alloyed. It is worth noting that the pulsed electrodeposition of SixGe1-x 

by adjusting the value of P1 at -2.4 V produced Ge-rich SixGe1-x 

deposits with low Si percent (less than 3%). 
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3.2.2. Scanning Electron Microscopic investigations 

 FE-SEM images of SixGe1-x deposits with the EDS spectra are 

shown in figure (3.22, insets a-d). From the macroscopic view, we can 

detect the difference in the morphology of SixGe1-x films deposited at 

different pulse parameters. SG21DC50 and SG11DC50 samples which 

were deposited at 50% duty cycle appear as less compact deposits with 

larger particle size as shown in insets a and c. On the other hand, 

SG21PP16 and SG11PP16 samples which were deposited at 16% duty 

cycle appear as more compact deposits with smaller particles as shown 

in insets b and d. These results are in a good agreement with other 

studies that introduced similar morphology-changes by changing the 

pulse duty cycle values [135]. The variation in the morphology and the 

particle size of SixGe1-x deposits can be explained in terms of the 

applied duty cycle values. In the case of SG21DC50 and SG11DC50 

samples which were deposited at high duty cycle values (50%) with 

equal TON and TOFF intervals, the timescale of TON intervals seems to 

be more suitable for SiIV/GeIV reduction [135, 138]. On the other hand, the 

diffusion process during TOFF intervals seems to be not satisfactory. It 

seems that the accumulated charge in the deposition interface, in 

addition to the limited diffusion of the electrodeposition solution 

during the short TOFF intervals (0.5 second) could result in such 

deposits with low density and less compact features [135, 138]. However, 

by adapting the TOFF intervals to be much longer than TON intervals (5 

times longer) in case of SG21DC16, SG11DC16 samples, the diffusion 

time becomes more adequate, so that the interfacial 

reduction/deposition zone becomes sufficiently discharged and 

replenished with fresh analytes, which result in more compact 

deposits. At these conditions, Ge also seemed to have a better 
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influence in promoting Si reduction which results in Si-rich SixGe1-x 

deposits. 

 

 

Fig. 3.22. SEM images with the EDS spectra of SixGe1-x films produced 

by potentiostatic pulsed-electrodeposition; SG21DC50 (a), SG21DC16 (b), 

SG11DC50 (c), and  SG11DC16 (d) samples. 

 

Table (3.2) shows the relation between the duty cycle values 

applied in the pulsed-deposition and the atomic percent of Si and Ge in 

each SixGe1-x films. Also, it represents the effect of GeCl4 

concentration on the stoichiometry of SixGe1-x deposits. The pulses 

temporal parameters and the concentration of GeCl4 seem to have a 

dual effect on the Si-Ge co-deposition in [EMIm]TFSI electrolyte. The 

Si/Ge atomic ratio in each deposit was calculated from the EDX 

analysis which is customarily used as an adequate method by obtaining 

the mean atomic ratios over several scanned areas [212].  
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Tab. 3.2. Si and Ge atomic ratio in each SixGe1-x deposit, calculated 

from the EDX analysis over more than 15 scanned points and areas. 

 

Sample ID 

 

Duty cycle 

 

SixGe1-x stoichiometry* 

SG21DC50 50% Si0.3Ge0.7 

SG21DC16  16% Si0.6Ge0.4 

SG11DC50 50% Si0.7Ge0.3 

SG11DC16 16% Si0.9Ge0.1 
*x ± 0.03-0.05 

Figure (3.23, insets a-d) illustrates the EDS-elemental mapping 

of as-deposited SixGe1-x films. The insets show the distribution of Si 

and Ge in each deposit. The elemental mapping of SG21DC50 deposit 

(inset a) confirms that the deposit is cracked and composed of 

separated islands. The prominent percent of oxygen in all deposits 

mostly arises from the oxidation during transferring the samples to 

SEM device under the air. The C, S, N and F traces are ILs-residuals, 

trapped in the deposit films which also can be seen in EDS spectra in 

figure (3.22).  
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Fig. 3.23. EDS micro-mapping of SixGe1-x deposits; SG21DC50 (a), 

SG21DC16 (b), SG11DC50 (c), and SG11DC16 samples (d) with Si and Ge 

overall mapping (insides). 
 

Figure (3.24, insets a-d) shows the thickness measurements of 

SixGe1-x films by FE-SEM. The pulsed-electrodeposition parameters 

seem to have an effect on the thicknesses of SixGe1-x deposits. The 

measurements of the deposit thickness was not completely accurate 

owing to the non-uniformity of most of SixGe1-x deposits, especially 

SG21DC50 and SG11DC50 deposits which were deposited at higher duty 

cycle values with shorter TOFF intervals. Nevertheless, it can be 

concluded that the pulsed-electrodeposition at 16% duty cycle can 

produce thinner and more compact SixGe1-x films compared to that 

films deposited at 50% duty cycle. 
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Fig. 3.24. SEM thickness-measurements of SixGe1-x films produced by 

potentiostatic pulsed-electrodeposition; SG21DC50 (a), SG21DC16 (b), 

SG11DC50 (c), and SG11DC16 samples (d). 

 

3.2.3. FT-IR spectroscopic analysis of SixGe1-x films 

 SixGe1-x deposits were analyzed by FT-IR to detect the bonding 

configuration of Si-Ge from the infrared absorption in the MID-IR 

range of 600-1100 cm-1 as shown in figure (3.25). The first peak at 

around 620 cm-1 is assigned to the Si-Si stretching mode in Si0.6Ge0.4, 

Si0.7Ge0.3, and Si0.9Ge0.1 deposits [213, 214]. Another two sharp peaks 

detected at around 795 and 1060 cm-1 can be correlated to bending and 

stretching vibration modes of the Si–O bonding, respectively [215]. N. 

S. Rao et al. [214] have assigned the peak at around 740 cm-1 to the Ge-

Ge mode. In our case, this peak could be also indexed to both the 

asymmetric stretching of S-N-S and the symmetric deformation of CF3 

groups as decomposition compounds of TFSI anion which were 
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trapped in the bulk deposits. Si–O–Ge vibrational mode was also 

reported to occur in the frequency range of 995 and 1030 cm-1 [215, 216]. 

The intensities of the above mentioned peaks at 620, 795, and 1060 

cm-1 can signify the atomic ratios of Si in SixGe1-x films which 

increase as the Si percent in these films increases. 

 
Fig. 3. 25. FT-IR spectra of SixGe1-x films in the MID-IR range from 

1100 to 600 cm-1. 

 

3.2.4. Electrochemical performance in LIB  

3.2.4.1. Cyclic voltammetry in LIB 

      Cycling voltammograms of as-deposited SixGe1-x films 

from OCP to 0.01 V vs. Li/Li+ using LiTFSI/[BMP]TFSI electrolyte 

are shown in figure (26, insets a-d). The cycling voltammetry 

measurements were performed in half-cells to test the lithium 

alloying/de-alloying features in each deposit against Li as reference 

and counter electrode. Generally, the Li alloying peaks in all SixGe1-x 

anode films start at around 0.5 V, followed by an increase in the 

negative current, correlated with their full-lithiation phases, forming 

Li15[SixGe1-x]4 alloys [83]. In case of the Ge-rich Si0.3Ge0.7 anode-film 

(shown in inset a), its alloying peak is quite weak, possibly due to its 
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large particles and the non-compact feature of this deposit, taking into 

consideration that the high Ge content (60%) shares low capacity 

values compared to Si. This anode also shows a significant peak at 

around 1.15 V, related to the reductive decomposition of Li+-

electrolyte and the formation of SEI-interfacial layer [83]. In Si0.6Ge0.4 

and Si0.7Ge0.3 deposits (insets b and c), their SEI peaks at around 1.6 

and 1 V, respectively, are less evident, which may indicate that their 

SEI layer is thinner compared to that formed on Ge-rich SixGe1-x. In 

addition, the SEI correlated peak is not evident in Si0.9Ge0.1 anode-film 

in inset d. It worth noting that SEI peaks become not evident after the 

first cycle in all SixGe1-x anode-films, indicating that this interfacial 

layer stops growing. The foremost peaks before 2 V in Si0.6Ge0.4 and 

Si0.7Ge0.3 anode-films (insets b and C) are correlated to Li under-

potential deposition (Li-UPD) [217, 218].  

In the stripping/de-lithiation part, all SixGe1-x anode-films show 

only one broad de-alloying peak around 0.65 V. It can be concluded 

that the germanium-rich Si0.3Ge0.7 anode-films show a single lithium 

insertion peak and also a single Li-extraction peak, similar to the 

cycling performance of Ge electrodes [83]. On the other hand, the 

silicon-rich anode films (Si0.6Ge0.4, Si0.7Ge0.3, and Si0.9Ge0.1 deposits) 

show two lithiation peaks and one broad de-lithiation peak, which can 

be categorized to the cycling performance of Si-like electrodes [83]. It 

worth mentioning that the current values of de-lithiation peaks in all 

silicon-rich anode films (Si0.6Ge0.4, Si0.7Ge0.3, and Si0.9Ge0.1 deposits) 

increase with cycling which can refer to a kinetic-modification in these 

anode-films [178], similar to the cycling performance of Si-films that 

were discussed before in section 3.1.1. Also, the appearance of several 
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lithiation peaks in Si0.7Ge0.3 might indicate that the Si and Ge in this 

film are not mixed on an atomic scale [83].  

 
Fig. 3.26. Cyclic voltammograms of SixGe1-x anode-films; Si0.3Ge0.7 

(a), Si0.6Ge0.4 (b), Si0.7Ge0.3 (c) and Si0.9Ge0.1 (d) at a scanning rate of 

1 mV/s using 0.5 M LiTFSI/[BMP]TFSI as the battery electrolyte. 

3.2.4.2 Galvanostatic cycling evaluation in LIB 

Figure (3.27, insets a-d) illustrates the voltage profiles of the 

dc-cycled SixGe1-x anode-films at 0.75 C-rate. The insets inside show 

the first charge/discharge plateaus when the anodes were cycled at 

0.01 mA/cm2. The values of the first capacity loss are 60%, 56%, 73% 

and 88% for Si0.3Ge0.7, Si0.6Ge0.4, Si0.7Ge0.3 and Si0.9Ge0.1 anodes, 

respectively.  



 

92 

 

 

  
Fig. 3.27. Voltage profiles of Si0.3Ge0.7 (a), Si0.6Ge0.4 (b), Si0.7Ge0.3 (c), and 

Si0.9Ge0.1 anodes (d) when cycled at 0.75 C-rate. The voltage profiles of 

these anode films upon initial charge/discharge cycles at a current density of 

0.01 mA/cm2 with their first irreversible capacity loss values are shown 

inside. 
The galvanostatic charge/discharge performances of as-

deposited SixGe1-x anode films at C-rates of 0.75 C and 1.5 C are 

shown in figure (3.28, insets a-d) with their chrono-potentiograms. The 

cycling performances of SixGe1-x anode films can be split into three 

categories [83]. For Si0.3Ge0.7 anode film (inset a), its cycling 

performance is similar to Ge anode material with good cycling 

stability and high coulombic efficiency of around 95%. Even this 

anode-film shows quite low gravimetric capacity, its cycling stability 

can be attributed to its high electronic and ionic conductivity due to the 

high Germanium content [83]. Si0.6Ge0.4 and Si0.7Ge0.3 anode-films 

exhibit intermediate cycling performance between Si and Ge anode 

materials as shown in insets b and c [83]. Si0.6Ge0.4 anode-film shows 
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high gravimetric capacity with a coulombic efficiency value around 

98%, correlated to its small particle size and its compactness feature. 

For Si0.7Ge0.3, the capacity values and the coulombic efficiency show 

some fluctuation, which could confirm that, the SixGe1-x film is not 

homogeneously mixed in the atomic scale which was noticeable in its 

voltammogram. Si0.9Ge0.1 anode-film (incest d) shows cycling 

performance similar to silicon-like materials [83] with poor coulombic 

efficiency, which improved when this anode film was cycled at higher 

cycling rate equal to 1.5 C. 

The areal capacity values of all SixGe1-x anode films are shown 

in figure (3.28e). These values are quite low due to the low mass 

loading of SixGe1-x films. Taeseup Song et al., have reported that Si/Ge 

double-layered nanotubes electrode retained 2 fold higher areal 

capacities compared to that of Si nanotubes electrodes [82] which is in 

good agreement with the results of the present thesis.  
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Fig. 3.28. Galvanostatic charge/discharge performance for SixGe1-x anode-

films; Si0.3Ge0.7 (a), Si0.6Ge0.4 (b), Si0.7Ge0.3 (c), and Si0.9Ge0.1 (d) at 0.75 

and 1.5 C-rates with their chrono- potentiograms. Inset (e) shows the areal 

capacities of each SixGe1-x anode-film at 0.75 C-rate. 

3.2.4.3 Galvanostatic cycling evaluation of ultrathin SixGe1-x film 

in LIB 

Figure (3.29a, b) shows the galvanostatic charge/discharge 

cycling performance of ultrathin SixGe1-x anode. This anode films was 

deposited by the same potentiostatic pulsed-deposition procedure of  
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SG11DC16 sample at 16% duty cycle but for only 15 minutes in SiCl4 

(0.5 M)/GeCl4 (0.5 M)/[EMIm]TFSI bath. The thickness of this 

SixGe1-x anode is approximately predictable to be less than 400 nm. 

The stoichiometry of this SixGe1-x calculated from EDX spectra was 

Si0.95Ge0.05.  

 

 
Fig. 2.29. Voltage plateaus (a) and galvanostatic charge/discharge 

performance at different cycling rates (b) of ultrathin Si0.95Ge0.05 

anode film deposited by PED in SiCl4 (0.5 M)/GeCl4 (0. 5  

M)/[EMIm]TFSI bath at 16% duty cycle for 15 minutes. 
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The electrochemical performance of the ultrathin Si0.95Ge0.05 

deposit displays high gravimetric capacity and promising high rate 

capability (⁓2000 mAh/g at 4.6 C-rate and ⁓900 mAh/g at 41.5 C-

rate). Even though, the areal capacity values are very low (more than 

30 μAh/cm2 at 4.6 C-rate and more than 20 μAh/cm2 at 41.5 C-rate). 

Takamura et al. [65] have reported similar results concerning the 

electrochemical performance of 50 nm-thick silicon films which 

produced a reversible gravimetric capacity of above 2000 mAh/g when 

cycled at 30 C-rate. The group has also reported that a 440 nm-thick Si 

film produced a gravimetric capacity of above 2000 mAh/g at 1C-rate. 

Nevertheless, the authors did not declared the values of the retained 

areal capacities, which are expected to be too low. Thus, even ultrathin 

SixGe1-x anode can produce higher gravimetric capacity values and 

better cycling capability than ultrathin Si films reported in reference 

65, the low areal capacity and energy density produced by such 

ultrathin anode films are not satisfying for the application in high-drain 

energy suppliers, but can be applied in micro-batteries.  

3.2.5. Electrochemical Impedance Spectroscopy (EIS) 

Figure (3.30) shows EIS-Nyquist plots of SixGe1-x anodes after 

50 cycles at 0.75 C-rate in the de-lithiated state. It can be seen that the 

Nyquist plots for all cycled anodes exhibit one semicircle in the high-

to-middle frequency region, followed by one Warburg-diffusion slope 

in the low-frequency range. The Warburg tail is shorter in the case of 

Si0.3Ge0.7 and Si0.6Ge0.4 cycled anodes, suggesting higher accessibility 

of Li-ions in these alloy films compared to Si0.7Ge0.3 and Si0.9Ge0.1 

anodes [182], thanks to the high electronic conductivity and the greater 

diffusivity in Ge. The absence of the SEI-semicircle in all SixGe1-x 

anode films (which may also exist as a very small semicircle 
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overlapped with the next one) implies that the resistance through their 

SEI is negligible, which is consistent with the ultra-thin SEI formed in 

LiPF6 in a florinated-EC electrolyte, where its ZSEI was reported also 

as negligible [181, 219]. Thus, it seems that TFSI-fluorine plays a role in 

reducing the thickness of SEI formed on SixGe1-x anode-films.  

 
Fig. 3.30. EIS-Nyquist plots of SixGe1-x anode films after 50 cycles at 

0.75 C-rate in the de-lithiation state. The inset shows a magnification 

of the Nyquist plots in the high-to-middle frequency region. The best 

fitting equivalent circuit is shown inside. 

SixGe1-x anodes may exhibit adsorption/desorption process like 

Si anodes suggested by the fitting circuit which may indicate the 

complicated interactions of Si-Ge anodes not only with lithium but 

also with other electrolyte-elements trapped in the deposits. The 

inserted inset displays a magnification of Nyquist plots in the high-to-

medium frequency range. The intercept with x-axis signifies the 

equivalent series of ohmic resistance (R0), interrelated to the ionic 

conductivity of electrolyte solution and electronic contact resistance of 
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cell hardware such as the separator contact-resistance and the current 

collector resistance. This ohmic resistance seems to increase as Si 

stoichiometry increase in SixGe1-x anode, which could refer to the 

delamination of Si-rich SixGe1-x anodes after long cycling [178]. The 

EIS-Bode plots of SixGe1-x anodes after 50 cycles at 0.75 C-rate in the 

de-lithiated state are introduced in section 5.3.1 in the appendix part of 

this thesis. 

3.2.6. X-ray Photoelectron Spectroscopy of SEI layers formed on 

Ge-rich and Si-rich SixGe1-x anode-films after 1-charge 

      Ex-situ XPS investigations were performed to analyze the 

composition of SEI layers formed on cycled Ge-rich Si0.3Ge0.7 and Si-

rich Si0.9Ge0.1 anode films after the first charging.  

Figure (3.31a) shows XPS survey spectra of SEI layers formed 

on Si0.3Ge0.7 anode after the initial charging at a current density of 45 

mA/g. The upper SEI layer seem to contain residuals of 

LiTFSI/[BMP]TFSI electrolyte. Figure (3.31b) shows the detailed 

spectra of Ge 2p, C 1s, O 1s, F 1s, Si 2p and Li 1s in different SEI 

layers formed on the Ge-rich Si0.3Ge0.7 anode after the first charge at a 

current density of 45 mA/g. Si 2p and Ge 2p deconvolution spectra 

show that the elemental Si and Ge are mainly oxidized after charging 

into SiOx and GeOx which peaks can be found at around 103 eV and 

1220 eV in Si 2p and Ge 2p spectra, respectively [165]. This result is 

supported by the peak at 533 eV in O 1s spectrum related to the 

LiySiOx/LiyGeOx compounds [200]. In F 1s detailed spectra, LiF peaks 

at around 685 eV are very dominant especially in deeper SEI layers, 

confirmed by the LiF peak at around 57 eV in Li 1s spectra. In C 1s 

spectra, Li2CO3 peaks can be detected at around 289 eV which 

intensities are dominant in upper SEI layers. On the other hand, Li2O 
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peaks can be detected in deeper (2nd and 3rd-sputtered) SEI layers. LiF 

and Li2CO3, in addition to CF3 compounds are expected to stabilize 

SEI as stable and more passivating compounds [193, 194], which can 

reflect positively in the electrochemical performance of Si0.3Ge0.7 

anode. 

 
Fig. 3.31. Ex-situ XPS analysis of SEI layers formed on Ge-rich 

Si0.3Ge0.7 deposit after the first charge at a current density of 45 mA/g 

in LiTFSI/[BMP]TFSI; (a) XPS survey spectra, (b) detailed spectra of 

Ge 2p, F 1s, O 1s, C 1s, Si 2p and Li 1s in different SEI layers. 
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Figure (3.32a, b) shows the overall survey of SEI layers formed 

on Si-rich Si0.9Ge0.1 anode and the detailed spectra of Ge 2p, F 1s, O 

1s, C 1s, Si 2p and Li 1s after full charging at a current density of 290 

mA/g.  

 
Fig. 3.32. Ex-situ XPS analysis of SEI layers formed on Si-rich 

Si0.9Ge0.1 deposit after the first charge at a current density of 290 mA/g 

in LiTFSI/[BMP]TFSI; (a) XPS survey spectra, (b) the detailed spectra 

of Ge 2p, F 1s, O 1s, C 1s, Si 2p and Li 1s  at different SEI layers. 
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The deconvolutions of Si 2p spectra include two peaks at 

around 103 and 104 eV which could be correlated to LiySiO2 
[200] and 

SiOxFy, respectively [166]. F ions from the electrolyte could react with 

SiOx surface forming Si-O-F bonds [171-173] causing a shift in SiO2 peak 

from 103 eV to 104 eV. LiySi alloying peak can be detected at the 

deeper layer at around 98.5 eV [170]. LiF and Li2CO3 peaks are evident 

in all SEI investigated layers.  

Figure (3.33) shows the atomic percent of Ge 2p, F 1s, O 1s, C 

1s, Si 2p and Li 1s in SEI formed on Ge-rich Si0.3Ge0.7 anode (inset a) 

and Si-rich anode Si0.9Ge0.1 (inset b) after the first charge, calculated 

from the XPS data. SEI formed on Si0.3Ge0.7 anode has high percent of 

Li 1s, compared to the one formed on Si0.9Ge0.1 cycled anode. The 

inserted tables illustrate the concentration of some SEI decomposition-

compound (LiF, Li2O, Li2CO3 and CFx) which were calculated from 

the intensities of deconvolution peaks of Li 1s and F 1s spectra. These 

inorganic compounds are stable and more passivating compared to 

other organic-SEI compounds [193, 194], which could stabilize the SEI 

upon cycling. The concentration of these compounds in the SEI 

formed on Si0.3Ge0.7 anode is higher than that in SEI formed on 

Si0.9Ge0.1 anode, which could explain the cycling stability of the Ge-

rich Si0.9Ge0.1 anode, compared to Si0.9Ge0.1 anode. The detailed XPS 

studies of the SEI layer formed after several cycles are required to 

elucidate the role of these SEI compounds on the cycling stability of Si 

anode films which could not be accomplished due to the time-

limitation of this thesis. 
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Fig. 3.33. The atomic percent of Si 2p, Ge 2p, F 1s, O 1s, C 1s, and Li 

1s calculated from the XPS data of SEI formed on Si0.3Ge0.7 (a), and 

Si0.9Ge0.1 anode films (b). The inserted tables show the concentration of 

LiF, Li2O, Li2CO3 and CFx in SEI formed on each cycled anode.  
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Conclusion on SixGe1-x as anode material in LIBs 

SixGe1-x alloy-films were electrodeposited in [EMIm]TFSI 

ionic liquid by potentiostatic pulsed-electrodeposition. Changing PED-

temporal parameters and GeCl4 molar ratio result in SixGe1-x deposits 

with different stoichiometry, morphology, and compactness features.  

SixGe1-x anode-films show variation in cycling performance in 

Lithium-ion batteries. For Si0.3Ge0.7 anode film, its cycling 

performance is similar to Ge anode material with good cycling 

stability and high coulombic efficiency of around 95%. Even this 

anode-film shows quite low gravimetric capacity, its cycling stability 

can be attributed to its high electronic and ionic conductivity due to its 

high Germanium content. Si0.6Ge0.4 anode-film produced a high 

gravimetric capacity with a superior coulombic efficiency. Si0.7Ge0.3 

anode showed higher areal capacity values (of around 0.14 mAh/cm2) 

compared to other Si-rich SixGe1-x anode-films. Also, this anode 

showed a fluctuated coulombic efficiency as Si and Ge in these alloy-

films seem to be not well-alloyed within the atomic scale. Si-rich 

Si0.9Ge0.1 anode exhibited poor cycling stability with lower capacity 

retention similar to Si-like materials. Even though, it’s cycling stability 

improved when cycled at higher C-rates. Ultrathin Si0.9Ge0.1 anode 

with thickness estimated to be less than 400 nm produced high 

gravimetric capacity with extraordinary rate capability (⁓900 mAh/g at 

41.5 C-rate/128.5 A/g). Even though, the areal capacity values 

produced by this anode were less than 20 μAh/cm2. The low areal 

capacity retained by such ultrathin Si0.09Ge0.05 anode film makes it a 

more suitable for micro-batteries applications than for high-drain 

energy storage devices.   
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EIS studies for long cycled SixGe1-x showed that the impedance 

contributions by SEI layers formed on all SixGe1-x anodes after 50 

cycles are entirely negligible, similar to an ultra-thin SEI formed in 

LiPF6/fluorinated-EC electrolytes. Also, the non-faradic adsorption 

impedance was detected in SixGe1-x anodes in the low-frequency 

region which refers to the complicated interactions of SixGe1-x during 

cycling not only with lithium but also with other elements from the 

electrolyte.  

Ex-situ XPS analysis showed that the SEI formed on Ge-rich 

Si0.3Ge0.7 anode is more stable than that formed on the Si-rich 

Si0.9Ge0.1 as it contain higher concentration of LiF, Li2O, Li2CO3 and 

CFx as SEI-stabilizing compounds which could explain the cycling 

stability in case of the Ge-rich SixGe1-x compared to the poor cycling 

performance of Si-rich SixGe1-x anode-films. 

Compared to bare Si anode films, SixGe1-x exhibited better 

cycling stability and higher retained gravimetric capacity values. The 

improvement in the electrochemical performance of SixGe1-x films 

results from the enhanced electrical conductivity and Li-kinetics by 

alloying Ge with Si. Even though, the areal capacity of all SixGe1-x 

anode films is still not satisfactory. 
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3.3. SixGe1-xAly anode-film 

SixGe1-xAly ternary alloy-films were prepared by potentiostatic 

pulsed-electrodeposition to be investigated as modified anodes in half-

cell LIB. The integration of Al to Si-Ge alloy could improve the 

mechanical problems of Si and Ge during cycling. Furthermore, Al 

was reported to limit the agglomeration of Si particles over cycling 

which could increase its cycling stability [220], as well as both electrical 

conductivity and Li-kinetics in the anode, which is expected to reflect 

positively on its rate capability. 

3.3.1. Cyclic voltammetry of SiCl4/GeCl4/AlCl3/[BMP]TFSI 

electrodeposition bath 

Cyclic voltammetry was used for 

SiCl4/GeCl4/AlCl3/[BMP]TFSI bath in order to distinguish the 

electrochemical reaction regarding SixGe1-xAly electrodeposition on 

Cu. Figure (3.34) illustrates a representative voltammogram of the 

electrodeposition solution [0.5 M SiCl4 + 0.25 M GeCl4 + 0.02 M 

AlCl3 in [BMP]TFSI], recorded on a Cu-substrate at a scanning rate of 

50 mV/s. The cathode potential was scanned from OCP to -4 V versus 

Pt as a quasi-reference electrode (QRE). The cyclic voltammetry is 

such complex that distinguishing the exact reduction peaks for each 

analytes (SiCl4, GeCl4, and AlCl3) in [BMP]TFSI is difficult. As 

labeled in figure (3.34), the cathodic regime shows four reduction 

peaks, together with another peak related to the decomposition of the 

employed IL. The reduction peak (C1) and the shoulder at C2 can be 

indexed to Al electrodeposition. Endres et al., have reported that the 

cyclic voltammetry of AlCl3 in [BMP]TFSI exhibits two small 

cathodic peaks at -0.9 and -1.3 V (vs. Al), presumably correlated to the 

bulk electrodeposition of Al [221, 222]. The followed cathodic peak (C3) 
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at around -2.2 V is correlated to the reduction of GeVI to GeII [120]. C4 

peak can be indexed to the bulk deposition of SixGe1-xAly ternary 

alloy. On the extreme cathodic side, the rising current after -3.2 V is 

related to the reduction of [BMP]+ cation, after which the ionic liquid 

starts to decompose at C5. The anodic stripping regime shows two 

oxidation peaks at around -1.2 and -0.5 V, which can be allocated to 

the stripping of aluminum [221] and the oxidation of the [TFSI]- anion, 

respectively. 

 
Fig. 3.34. Cyclic voltammogram of the electrodeposition bath 

composed of SiCl4 (0.5 M) + GeCl4 (0.5 M) + AlCl3 (0.02 M) in 

[BMP]TFSI ionic liquid, recorded on Cu from OCP to -4 V vs. Pt 

(QRE) at a scanning rate of 50 mV/s.  

3.3.2. Potentiostatic pulsed-electrodeposition of the SixGe1-xAly film 

A SixGe1-xAly alloy film was electrodeposited by potentiostatic 

pulsed- electrodeposition at a duty cycle of 16%. Figure (3.35a) shows 

the overall pulsed-potential waves along with j/t curve of SixGe1-xAly 

electrodeposition for 30 minutes in SiCl4 (0.5 M) + GeCl4 (0.5 M) + 

AlCl3 (0.02 M) in [BMP]TFSI ionic liquid. The analytes 

concentrations in this sole electrodeposition bath were unbalanced 

toward the less noble element (Si) so that the atomic percent of Al (as 
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a more noble element) is expected to be lower than that of Si and Ge in 

the deposited SixGe1-xAly alloy-film.  

 
Fig. 3.35. Potentiostatic pulsed-electrodeposition of SixGe1-xAly in 

SiCl4 (0.5 M) + GeCl4 (0.5 M) + AlCl3 (0.02 M) in [BMP]TFSI at a 

duty cycle of 16% for 30 minutes. (a) Overall pulsed-potential waves 

with the j/t curve. (b) A close-up portion showing the applied potential 

waves (black) and its correlated current density (blue).  

Figure (3.35b) shows a magnification of the potential waves 

with the correlated current values at each pulse interval. Each pulse 

was adjusted for 6 seconds during which a more negative 

electrodeposition potential (P1= -3V) was applied during TON intervals 

for 1 second. Constantly, a less negative cathodic potential (P2= -1.2 

V) was applied for 5 seconds during TOFF intervals, so that the pulses 

duty cycle was controlled to be 16%. The value of P2 was chosen to be 

-1.2 V that almost no current was expected to arise through the 

deposition solution according to the cyclic voltammetry to avoid both 

the stripping of aluminum [221] and the oxidation of [TFSI]- anion. 

During the rest–time intervals (TOFF) especially when it is much longer 

than TON (5 times longer in this case), the deposition-interface layer 
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can be comfortably discharged and the electrolyte concentration 

expected to be sufficiently replenished around the deposition area [135, 

138, 163]. Consequently, it is expected that both the nucleation process 

and the deposition rate will be improved at these deposition procedure, 

producing a compact, dense SixGe1-xAly deposit with smaller particles 

and low porosity.  

3.3.3. Scanning Electron Microscopic investigations 

FE-SEM images of a SixGe1-xAly film deposited by 

potentiostatic pulsed-electrodeposition for 30 minutes at a duty cycle 

of 16% are shown in figure (3.36a, b). The morphology of SixGe1-xAly 

deposits appears as a compact film with a limited porous feature. As 

well, the deposit consists of small particles as shown in inset b. The 

feature of the deposit in terms of its compactness and homogeneity can 

be explained through the pulse parameters. Pulsed-electrodeposition of 

SixGe1-xAly deposit at much longer TOFF seems to provide enough time 

for the electrodeposition solution to replenish its concentration near 

the cathode [138, 163]. At these conditions, the nucleation process and the 

electrodeposition rate are expected to improve which results in a 

compact SixGe1-xAly deposit with small particle size. EDS-spectra of 

as-deposited SixGe1-xAly films in figure (3.36c, d) show some ILs-

residuals and analytes, trapped in the deposits films.  
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Fig. 3.36. FE-SEM images (a, b), and EDX spectra (c, d) of as-

deposited SixGe1-xAly which was prepared by pulsed-electrodeposition 

in a single bath [SiCl4 (0.5 M) + GeCl4 (0.5 M) + AlCl3 (0.02 M) in 

[BMP]TFSI] at duty cycle of 16% for 30 minutes. 

Figure (3.37a) shows the overall elemental mapping for all 

elements contributing in SixGe1-xAly deposit. It seems that Cu is 

dissolved by AlCl3 (as a Lewis acid) and redeposited on the surface. 

The elemental mapping of Ge, Si, and Al are shown in insets (b, c and 

d) respectively. SixGe1-xAly stoichiometry was calculated from EDX 

mapping and spectra by obtaining the mean atomic ratios over more 

than 20 scanned-spots and areas [212], found to be Si0.35Ge0.45Al0.2.  
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Fig. 3.37. EDX-elemental mapping of as-deposited SixGe1-xAly film 

which was prepared by pulsed-electrodeposition in a single bath that 

contains SiCl4 (0.5 M) + GeCl4 (0.5 M) + AlCl3 (0.02 M) in 

[BMP]TFSI at a duty cycle of 16% for 30 minutes. Overall mapping of 

all elements contributing in the film with their atomic ratios (a), 

Elemental mapping of Ge (b), Si (c) and Al (d).  

3.3.4. Electrochemical performance in LIB 

3.3.4.1. Cyclic Voltammetry in LIB 

To test the lithium alloying/de-alloying features in as-

deposited SixGe1-xAly film, cyclic voltammetry was performed for this 

alloy-film in a half-cell LIB in 0.5 M LiTFSI/[BMP]TFSI electrolyte. 

The cyclic voltammetry measurements shown in figure (3.38) were 

recorded at a scanning rate of 1 mV/s, starting from OCP to 0.01 V vs. 

Li/Li+. The CV feature is quite different to the other voltammograms 

measured for Si and SixGe1-x anode films. In the cathodic part, a broad 

SEI peak at 1.4 V is found in all cycles which indicate its frequent 

formation upon cycling. Also, the anode film exhibits one prolonged 

lithiation peak below 1 V till full lithiation at 0.01 V. In the anodic 

part, a single de-lithiation peak at around 1.1 V can be found as a 
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broad peak. It can be concluded that the variation in cyclic 

voltammetry feature in this anode film compared to other Si and 

SixGe1-x films gives the indication that Al is well alloyed with Si and 

Ge and well-mixed in the film within the atomic scale. Al appears to 

be an electrochemically active element, sharing some lithiation/de-

lithiation processes. Also it seems to participate in the growth or the 

modification of the SEI. 

 
Fig. 3.38. Consecutive cyclic voltammograms of SixGe1-xAly anode-

films in a half-cell LIB in 0.5 M LiTFS/[BMP]TFSI electrolyte from 

OCP to 0.01 V at a scanning rate of 1 m V/s. 

3.3.4.2. Galvanostatic cycling evaluation in LIB 

A SixGe1-xAly film was galvanostatically cycled in half-cell 

LIB at different current densities to evaluate its capacity output, its rate 

capability and its cycling stability. Figure (3.39a) shows the potential 

plateau of the SixGe1-xAly film upon initial charging/discharging at a 

low current density of 0.03 mA/cm2 (equivalent to 100 mA/g). The 

anode film exhibit one pseudo-plateau around 1.75 V which can be 

related to the lithiation and/or the reduction of the superficial Cu or 

Cu-oxide layer on SixGe1-xAly anode film [223]. These pseudo-plateau is 

followed by a flat plateau before 0.5 V at which the lithiation 

processes of Si, Ge and Al take place. The active mass of SixGe1-xAly 
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in the film was calculated from the initial charging, found to be 0.3 

mg/cm2, taking into consideration that the theoretical capacity of Al 

was considered as 1489 mAh/g corresponding to full lithiation of 

Li3Al2 
[156, 157]. Also, the theoretical capacities of Si and Ge 

corresponding to the full-lithiation of Li15(SixGe1-x)4 are equal to 3589 

and 1600 mAh/g, respectively, thus the theoretical capacity of 

Si0.35Ge0.45Al0.2 anode-film equals 2377 mAh/g. The first capacity loss 

is 65% which presumbaly refers to the formation of a thick SEI layer. 

 
Fig. 3.39. The voltage profile of the initial charge/discharge cycle of 

Si0.35Ge0.45Al0.2 anode-film at a constant current density of 100 mA/g.  

Figure (3.40) introduces the galvanostatic cycling 

performance of Si0.35Ge0.45Al0.2 anode film at different current density 

values. The anode film delivers high areal capacity values more than 

0.5 mAh/cm2 and gravimetric capacity values above 550 mAh/g when 

cycled at a current density of 800 mA/g (0.35 C-rate). Furthermore, the 

anode-film shows a good rate-capability and good cycling stability 

when cycled at higher current density values (1600 mA/g), producing 

areal capacity values at around 0.2 mAh/cm2. The coulombic 

efficiency upon cycling is rather satisfying, fluctuating at higher 

cycling rates, which could be explained in terms of 

activation/modification processes in the SixGe1-xAly anode at some 

cycles.  
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Fig. 3.40. Galvanostatic cycling performance at current densities of 

100, 200, 400, 800 and 1600 mA/g of as-deposited Si0.35Ge0.45Al0.2 film 

which was synthesized by potentiostatic pulsed-electrodeposition at a 

duty cycle of 16% for 30 minutes. 

 

Figure (3.41) shows the potential plateaus of Si0.35Ge0.45Al0.2 

anode at different current densities of 200, 400, 800, and 1600 mA/g, 

equivalent to 0.044, 0.178, 0.35 and 0.7 C-rate, respectively. It is 

worth noting that the pseudo-plateaus at around 1.75 V does not exist 

after the initial charging/discharging cycles which indicates that the 

superficial Cu-oxide layer is electrochemically not effective after the 

first cycle. Also, the charge capacity values when Si0.35Ge0.45Al0.2 was 

cycled at 200 and 400 mA/g are almost equal. As well, both the initial 

charge and discharge capacities when cycling the anode film at 800 

and 1600 mA/g are identical,  which signifies the promising rate-

capability of this anode-film. 
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L.B. Chen et al., have studied the electrochemical performance 

of Si–Al thin film in LIBs [224]. The atomic ratio of Si/Al in the tested 

film was 1:0.18, which is similar to the Si/Al ratio in as-deposited 

Si0.35Ge0.45Al0.2 film. The Si–Al thin film showed greater rate-

capability and better cycling performance than a bare Si anode film 

[224]. These results are in good agreements with the results obtained by 

Si0.35Ge0.45Al0.2 anode-film. Other studies have investigated the role of 

Al2O3 as a coating layer on Si anode films. J. Shin and E. Cho have 

studied the electrochemical performance of Si anode film coated 

with an in-active Al2O3 layer which was found to prevent the 

agglomeration of Si particles and to improve the Si anode cyclability 

[220]. Also, they found that Al2O3 reacted with the fluoride species (HF 

which result from the decomposition of LiPF6 salt) forming a 

protective layer which can buffer the volume expansion of the cycled 

anode and prevent its cracking [220]. Gaeun Hwang et al., have also 

investigated the electrochemical performance of Si-Al alloy films 

coated with an Al2O3 layer. The coating film was found to suppress the 

volume expansion upon cycling. The anode also exhibited promising 

cycling stability and good rate-capability [225]. These studies have 

confirmed the role of Al either in the elemental form (as 

electrochemically active add-element) or in the oxide forms (as a 

buffering, coating layer) in stabilizing the Si anode cyclability. 
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Fig. 3.41. Potential plateaus of the initial charge/discharge cycles 

when Si0.35Ge0.45Al0.2 film was cycled at current densities of 200, 400, 

800 and 1600 mA/g (equivalent to 0.044, 0.178, 0.35, and 0.7 C-rates). 

3.3.5. Electrochemical Impedance Spectroscopy (EIS) 

Figure (3.42) shows EIS-Nyquist plots of a Si0.35Ge0.45Al0.2 

anode film upon cycling. It can be seen that Nyquist plots for the 

anode film after the initial charging and the initial discharging process 

are almost identical, exhibiting one semicircle in the high-to-middle 

frequency region correlated to the faradic charge transfer impedance 

contribution in the bulk electrode (Zct) [180]. The absence of the SEI 

semicircle implies that the resistance through SEI is negligible [181]. 

The Nyquist plot after long cycling (83 cycles at different C-rates) 

shows two semicircles correlated to the contributed impedance by the 

SEI layer in addition to that of the mass transfer contributed 

impedance in the bulk anode. It is worth noting that, the Nyquist plot 

after long cycling has shorter Warburg tail compared to that after the 

first cycle, suggesting a higher accessibility of Li-ions after 83 cycles 

at higher C-rates [182]. The ohmic resistance (R0) correlated to both the 

electrolyte solution and electronic contact resistance of the cell 
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hardware [179] is less than 70 Ω. The value of this resistance did not 

change after long cycling, which could imply that the anode film did 

not exhibit delamination from the current collector. The EIS-Bode 

plots of Si0.35Ge0.45Al0.2 anode film after cycling at different C-rates are 

introduced in section 5.3.2 in the appendix part of this thesis. 

 
Fig. 3.42. EIS-Nyquist plots of Si0.35Ge0.45Al0.2 anode film during 

cycling. The inset shows a magnification of the Nyquist plots in the 

high-to-middle frequency region. The best fitting equivalent circuit is 

shown inside.  

3.3.6. X-ray Photoelectron Spectroscopy of SEI layers formed on 

Si0.35Ge0.45Al0.2 anode after 1-charge 

The composition of the SEI layers formed on Si0.35Ge0.45Al0.2 

anode after the initial charging in 0.5 M LiTFSI/[BMP]TFSI at 100 

mA/g was analyzed using ex-situ XPS, investigating its composition in 

the upper-most, the buried and the deep layers. The detailed XPS 

spectra of Ge 2p, F 1s, O 1s, N 1s, C 1s, S 2p, Si 2p, Al 2p and Li 1s 
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are illustrated in figure (3.43). Si 2p and Ge 2p spectra indicated that 

Si and Ge are mainly oxidized to SiOx and GeOx in SEI layers, 

supported by LiySiOx/LiyGeOx peaks in O 1s spectra at around 533 eV 

[165, 200]. SiOxFy peaks at around 104.5 eV in Si 2p are very prominent in 

deeper SEI layers [166]. In Al 2p spectra, Al oxide peak exists in the 

uppermost SEI layer at around 74 eV [165]. Also, the peak at around 88 

eV could be located to LiAlFx compounds [165]. LiF peaks in F1s (at 

around 686 eV) and in Li 1s (at around 56 eV) are prominent in deeper 

layers which also was reported in XPS analysis of the SEI formed on 

Al2O3@Si anode by J. Shin and E. Cho [220]. In N 1s spectra, 

N+(BMP+) peak becomes not evident in deeper SEI layer, which could 

refer to the robust decomposition of [BMP]+ cation in bulk SEI [171, 

175]. Also, the intensities of carbon-alkyl peaks (C-H/C-C) at around 

285 eV and C-hetero peaks (C-N) at around 287 eV in C 1s spectra, 

related to decomposed [BMP]+ cation decrease in deeper layers [175]. In 

S 2p spectra, the sulfides doublet peak at around 162 and 164 eV is the 

most dominant peak after sputtering, compared to other sulfur peaks 

related to CF3SO2Li and Sanion peaks.  
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Fig. 3.43. XPS detailed spectra of Ge 2p, F1s, O1s, N 1s, C 1s, S 2p, 

Si 2p, Al 2p and Li 1s with their deconvolutions of SEI layers formed 

on Si0.35Ge0.45Al0.2 anode after the initial charging in 0.5 M 

LiTFSI/[BMP]TFSI at 100 mA/g. 
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Figure (3.44) shows the atomic percent of Ge 2p, F 1s, O 1s, N 

1s, C 1s, Cl 2p, S 2p, Si 2p, Al 2p and Li 1s calculated from XPS 

analysis. Li contributes by 27.6% to SEI composition as the highest 

ratio. This high concentration of Li in SEI could reflect that Al was 

electrochemically active, consuming a high percent of Li in addition to 

Si and Ge during the initial charging of Si0.35Ge0.45Al0.2 anode. The 

inserted table illustrates the relative concentration of Li2O, Li2CO3, 

LiF, AlOx and LiAlFx in the investigated SEI layers. Al mostly exists 

in the form of LiAlFx with a concentration of around 4.79%. Al oxide 

on the SEI surface could react with fluoride species forming AlFx 

which could act as protective and buffering layers as reported by J. 

Shin and E. Cho [220]. Also, the concentration of LiF in all SEI layers is 

higher than other SEI compounds, which could improve the 

mechanical properties of SEI as more stable and passivating 

compound. At this end, the SEI formed on Si0.35Ge0.45Al0.2 anode 

contains stabilizing and protective compounds which can reflect 

positively on the cycling performance of this anode in LIBs. The 

detailed XPS studies of the SEI formed on Si0.35Ge0.45Al0.2 anode after 

several cycles are required to elucidate the role of these SEI-

compounds on the cycling stability of the anode films, which could not 

be accomplished due to the time-limitation of this thesis-study. 
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Fig. 3.44. Relative atomic percent of Ge 2p, F1s, O 1s, N 1s, C 1s, Cl 

2p, S 2p, Si 2p, Al 2p and Li 1s calculated from XPS spectra at the 

uppermost and two sputtered layers of SEI formed on Si0.35Ge0.45Al0.2. 

The inserted table illustrates the relative concentration of Li2O, 

Li2CO3, LiF, AlOx, and LiAlFx in SEI layers. 
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Conclusion on SixGe1-xAly as anode material in LIBs 

SixGe1-xAly alloy films were electrodeposited by potentiostatic 

pulsed- electrodeposition at a duty cycle of 16% for 30 minutes in 

SiCl4 (0.5 M) + GeCl4 (0.5 M) + AlCl3 (0.02 M) in [BMP]TFSI. The 

obtained SixGe1-xAly deposit-film was compact with the stoichiometry 

of Si0.35Ge0.45Al0.2. SixGe1-xAly anode shows a comparably high 

gravimetric and areal capacity with good rate capability when 

investigated as an anode in LIB. The anode film retained an areal 

capacity of 0.4 mAh/cm2 when cycled at a current density of 800 

mA/g. Also, it shows better cycling stability and promising rate-

capability compared to either Si or SixGe1-x anode films.  

EIS-Nyquest plots suggest an improvement in the chrage-

transfere resistance and the Li-kinetics in this ternary alloy anode upon 

cycling, reflecting a structure-improvement of the anode 

(activation/modification processes) with cycling. Also, the value of the 

ohmic resistance (R0) correlated to both the electrolyte solution and 

electronic contact resistance of cell hardware did not change after 83 

cycles, which can indicate that the SixGe1-xAly anode film did not 

exhibit delamination from the current collector after long cycling. The 

composition of SEI formed on Si0.35Ge0.45Al0.2 anode after the initial 

charging at 100 mA/g  were performed by ex-situ XPS analysis, found 

to contain high concentration of LiF in all SEI layers which can 

improve its integrity as more stable and passivating inorganic 

compound. Also, Al mostly exists in the form of AlOx in uppermost 

SEI which seems to react with fluoride forming protective and 

buffering layers of LiAlFx 
[220]. 
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It can be concluded that adding Al to Si-Ge alloy film seems to 

improve both the kinetics and the electrical conductivity of this anode 

which reflects positively on the rate-capability and the cycling stability 

of SixGe1-xAly anode in LIBs. Also, it is expected that Al can buffer 

the volume changes of the SixGe1-xAly anode during cycling that 

prevents the cracking of the anode, improving its cycling stability. At 

this end, this work and other literature [220, 223-225] demonstrated that Al, 

either in the elemental form (as electrochemically active add-element) 

or in the oxide form (as a protective, buffering coating layer), is a 

promising element for stabilizing the Si anode cyclability and for 

improving its rate capability as well.  
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3.4. Si-reduced graphene oxide (Si-rGO) composite 

anode 

3.4.1. Cyclic voltammetry of graphene oxide in [BMP]TFSI ionic 

liquid 

In order to investigate the electrochemical reduction of 

graphene oxide in [BMP]TFSI ionic liquid, cyclic voltammetry has 

been performed for a solution containing graphene oxide (1 g/ml) in 

[BMP]TFSI on Cu as shown in figure (3.45). The scan rate was 

adjusted to 10 mV/s from OCP to -3 V versus Pt (QRE). The 

voltammograms show several peaks at different potentials in the 

cathodic regime, attributed to the reduction of the surface-oxygen 

groups in the graphene oxide [226]. It seems that graphene oxide is 

gradually reduced at different potential values in [BMP]TFSI as it 

contains several O-groups such as carboxyl, epoxy or hydroxide 

groups. Also TFSI- was reported to be adsorbed on GO-surface, 

replacing some O-groups [227].  

 
Fig. 3.45. Cyclic voltammograms of 1 mg/ml graphene oxide (GO) in 

[BMP]TFSI recorded on Cu at a scan rate of 10 mV/s.    
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3.4.2. Cyclic voltammetry of SiCl4/GO/[BMP]TFSI solution 

Cyclic voltammetry has also been performed for SiCl4 

/GO/[BMP]TFSI solution to investigate the electrochemical reaction 

regarding the Si-rGO composite electrodeposition. Figure (3.46) 

represents the cyclic voltammetry of the electrodeposition solution 

containing SiCl4 (0.5 M) and GO (0.5 mg/ml) in [BMP]TFSI recorded 

on Cu at a scan rate of 10 mV/s. The first reduction peak (C1) possibly 

related to the reduction of the superficial copper oxide layer [160]. The 

subsequent three reduction peaks (C2, C3, and C4) can be indexed to 

the gradual reduction of graphene oxide [228]. The next reduction peaks 

(C5 and C6) are correlated to Si UPD and the reduction of SiIV to Si, 

respectively [161, 162], which might also share the associated reduction 

of graphene oxide at these potential values. The anodic stripping 

regime shows two anodic oxidation peaks (a1 and a2) correlated to the 

oxidation of IL-anion and the reduced-graphene oxide. The CV feature 

seems to be complicated, as several reduction peaks can share 

reduction processes of both graphene oxide and SiCl4 which cannot be 

easily elucidated.  
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Fig. 3.46. Cyclic voltammograms of SiCl4 (0.5 M) and graphene oxide 

(0.5 g/ml) in [BMP]TFSI, recorded on Cu. The scan rate was 10 mV/s 

from OCP to -3 V versus Pt as QRE. 

3.4.3. Sequential pulsed-electrodeposition of Si-rGO composite 

A Si-rGO composite film was prepared by the sequential 

pulsed-electrodeposition method in [BMP]TFSI. Figure (3.47) shows 

the sequential pulses for the alternative electrodeposition of Si/rGO in 

[BMP]TFSI for 30 minutes. Si and rGO were electrodeposited in a 

sole bath by applying proper potential values for Si electrodeposition 

in a single pulse for 14 seconds. Constantly, this pulse is followed by 

another pulse for 2 seconds at different potential values anticipated for 

the electrochemical reduction of graphene oxide. In the case of Si, the 

values of the applied potentials were -2.7 V as the deposition potential 

applied during TON intervals for 2s, and -0.5 V applied during the rest 

time (TOFF intervals) for 12 seconds. For GO, the reduction potential 

was regulated at -1.5 V for 2 seconds (TON), followed by applying a 

lower potential (-0.5 V) during the rest time (TOFF) for 12 seconds. 

Thus, the duty cycle values for Si and rGO alternative pulses are the 
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same (14.3%). This deposition procedure is expected to produce a 

homogeneous and a well-distributed composite film where Si particles 

are integrated into the layers of the reduced-graphene oxide. Also, the 

electrodeposition procedure at such long TOFF is expected to enable 

uniform deposit. Furthermore, it provides enough time for the 

electrolyte to diffuse to the deposition-interface region which can 

reflect positively on electrodeposition rate, producing a compact 

deposit [135, 138, 163].  

 
Fig. 3.47. (a) Sequential pulsed-electrodeposition of Si-rGO composite 

film for 30 minutes at 14.3% duty cycle in a single electrodeposition 

bath composed of SiCl4 (0.5 M) and GO (0.5 g/ml) in [BMP]TFSI 

ionic liquid. (b) A magnification segment displaying the alternated 

individual pulses for Si electrodeposition separated by GO reduction 

pulses.  
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3.4.4. Scanning Electron Microscopic investigations 

FE-SEM images of as-electrodeposited Si-rGO composite-film 

are shown in figure (3.48 a, b). It can be seen that the morphology of 

this composite film is compact without cracks or pores. Furthermore, 

this pulsed-electrodeposition procedure seemed to provide a good 

opportunity for the deposition of Si particles to be homogeneously 

distributed between the graphene layers. Besides, the pulsed 

electrodeposition at longer rest time (12 seconds) allows the 

electrodeposit to discharge and also for the electrolyte to enrich its 

concentration near the cathode. Under these conditions, the deposition 

rate likely improved producing a compact and uniform deposit [135, 138, 

163].  

 
Fig. 3.48: FE-SEM images (a, b) and EDX spectra (c, d) for Si-rGO 

composite obtained by sequential pulsed-electrodeposition in 

[BMP]TFSI ionic liquid at 14.3% duty cycle for 30 minutes. 
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Figure (3.48 c, d) illustrates the EDS spectra of the Si-rGO 

composite film with the atomic percent of Si, C, F, S and O. The 

atomic ratios also were calculated from the EDX data over several 

investigated points to take the mean ratio [212]. It is expected that S, N 

and F atoms (with such high atomic percent) could be adsorbed on the 

graphene oxide, replacing some O atoms [227]. The atomic percent of Si 

to carbon in the deposit is approximately 1:1.85, thus the stoichiometry 

of Si-rGOx composite is estimated to be Si0.35C0.65Ox. 

3.4.5. Electrochemical performance in LIB 

3.4.5.1. Cyclic voltammetry in LIB 

Cycling voltammogram of as-deposited Si-rGO composite-film 

versus Li in LiTFSI (0.5 M)/[BMP]TFSI at a scanning rate of 1 mV/s 

is shown in figure (3.49). The composite anode film shows a 

significant peak at around 1.4 V in the first cycle, normally correlated 

to the formation of SEI due to the reductive decomposition of Li+-

electrolyte [228]. This peak is not evident in the consecutive cycles, 

indicating that this interfacial layer stops growing. The first cycle also 

shows a weak and broad peak at around 0.6 V vs. Li/Li+ correlated to 

the initial LixSi alloying phase, followed by a prominent peak around 

0.1 V. This peak likely represents the lithiation process of both Si and 

rGO in this composite anode [228]. In the successive cycles, the first 

lithiation peak is replaced by another peak at around 0.35 V which has 

been reported in another Si-graphene composite material [228]. On the 

other hand, the stripping regime shows a broad de-lithiation peak at 

around 0.5 V, extended by a second small peak at 1 V. The two anodic 

processes are correlated to the de-lithiation of Si and graphene [228-230]. 

It is worth noting that the increase of the de-lithiation peak intensities 
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after the second cycle suggests a kinetic enhancement in the composite 

anode, which was also reported in literature [228, 230]. 

 
Fig. 3.49. Consecutive cyclic voltammograms of Si-rGO composite 

films at a scan rate of 1 mV/s versus Li/Li+ in LiTFSI (0.5 

M)/[BMP]TFSI electrolyte. 

3.4.5.2. Galvanostatic cycling evaluation in LIB 

Figure (3.50a) shows a potential plateau of the initial charge/ 

discharge cycle of Si-rGO composite film at 0.03 mA/cm2 (600 mA/g). 

At the initial charging, both Si and graphene active material suppose to 

behave ideally in LIB, such that the produced capacity is equivalent to 

their theoretical value (3589 mAh/g for Si and 1211 mAh/g for 

graphene) [97]. So the theoretical capacity of Si-rGO composite with 

the stoichiometry of Si0.35C0.65 is equivalent to 1985 mAh/g. The active 

mass of Si-rGO in the anode film was calculated from the first charge, 

found to be 50 μg/cm2. Even a significant SEI peak appears in the CV, 

the first capacity loss for Si-rGO anode film is 49% which reflects the 

role of graphene in improving the de-lithiation process, compared to 

Si, SixGe1-x and SixGe1-xAly anode-films.  

 

 



 

130 

 

Figure (3.50b) represents the galvanostatic cycling of the Si-

rGO composite anode at a current density of 0.03 mA/cm2 (600 

mA/g). The cycled electrode displayed a good coulombic efficiency of 

around 95%, which sometimes apparently jumps to higher values.  

 

 
Fig. 3.50. Voltage profile of the initial charge/discharge cycle (a), and 

galvanostatic charge/discharge cycling at 0.3 C-rate (600 mA/g) for 

50 cycles (b) for Si-rGO composite film in LiTFSI (0.5 M)-[BMP]TFSI 

electrolyte. 

The improvement in the coulombic efficiency and the capacity 

retention values could be explained in terms of a kinetic improvement 

of the cycled anode [230] which appears in good agreement with the CV 

results in figure (3.49). A Si-rGO film exhibits a high gravimetric 
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capacity greater than 1200 mAh/g with areal capacity values of around 

0.25 mAh/cm2 when cycled at 600 mA/g (0.3 C-rate). The discharge 

capacity retention over 50 cycles is 75% which confirms the 

significant improvement in the cycling stability of this anode film 

compared to Si, SixGe1-x and SixGe1-xAly films. 

Figure (3.51) shows the cycling evaluation of Si-rGO anode at 

different C-rates of 0.6, 0.9, 1.5 and 3 C-rates (equivalent to 1.2, 1.8, 3 

and 6 A/g, respectively) to investigate its rate-capability. The 

composite anode film shows improved cycling stability and good rate 

capability. It retained gravimetric and areal capacity values of around 

700 mAh/g and 0.11 mAh/cm2, respectively, when cycled at a current 

density of 1200 mA/g. The improved cycling performance can be 

explained in terms of the high conductivity of the composite anode. 

Also, its compact feature seemed to be an influential factor that 

provides a non-interrupted pathway for the diffusion of Li+ ions.  

 
Fig. 3.51. Galvanostaic cycling evaluation of Si-rGO composite-anode 

at 0.6, 0.9, 1.5 and 3 C-rates, equivallent to 1.2, 1.8, 3 and 6 A/g, 

respectively. 
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3.4.6. Electrochemical Impedance Spectroscopy (EIS) 

Figure (3.52) shows the EIS-Nyquist plots for Si-rGO 

composite anode after the initial charge, the initial discharge, the 10-

discharge, the 30-discharge and the 50-discharge cycles at 0.3 C-rate. 

The inserted inset displays a magnification of the Nyquist plots in the 

high-to-medium frequency range. It can be seen that the Nyquist plot 

after the initial charging displays two overlapped semicircles. The first 

semicircle in the high-frequency range usually represents the 

contributed-impedance by the SEI film [170, 231]. The second semicircle 

in the mid-frequency region corresponds to the charge transfer 

impedance of Li ions in the bulk anode [170]. This second semicircle is 

reduced after the first discharging. Also, it disappears entirely after 50 

cycles, indicating that the charge transfer resistance is so much 

reduced, which could be explained in terms of the activation and 

modification of this composite anode during cycling [230]. The 

activation/modification of a Si-graphene composite anode over cycling 

was reported in literature, confirming that adding graphene to silicone 

anode material can improve its charge-transfer impedance over long 

cycling [228, 230]. The EIS-Bode plots of Si-rGO composite anode upon 

50 cycles are introduced in section 5.3.3 in the appendix part of this 

thesis. The fitting circuit does not include adsorption/trapping 

elements which indicates that this composite anode may not exhibit 

pseudo-capacitance process upon cycling. 
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Fig. 3.52. EIS-Nyquist plots of Si-rGO composite after the initial 

charge, initial discharge, the 10th discharge, the 30th discharge and the 

50th discharge cycles at 0.3 C-rate. The inset shows a magnification of 

the Nyquist plots in the high-to-middle frequency region. The most 

fitting-equivalent circuit is shown inside. 

3.4.7. X-ray Photoelectron Spectroscopy of SEI layers formed on 

Si-rGO anode film after 1-charge 

The composition of the SEI layers was analyzed using ex-situ 

XPS after the initial charging of Si-rGO anode film in 0.5 M 

LiTFSI/[BMP]TFSI, investigating its composition in the upper-most, 

the buried and the deep layers. Figure (3.53a) shows the overall XPS 

spectra for the SEI before and after sputtering. Si 2p and Li 1s spectra 

can hardly be detected in the un-sputtered layer as it is mostly covered 

with decomposed products of the electrolyte (supported by the relative 

intensities of N 1s peaks in inset b). The detailed spectra of F 1s, O 1s, 

N 1s, C 1s, S 2p, Si 2p and Li 1s are illustrated in figure (3.53b). In Si 

2p spectra, the peak at around 104.5 eV can be indexed to SiOxFy 
[166]. 
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In F 1s spectra, the deeper SEI layers mostly contain LiF which peaks 

exist at around 685.2 eV. In Li 1s spectra, LiF peak at around 57 eV 

could also refers to Lithiated-carbon peak (LiCx) [231]. In C 1s spectra, 

carbon-alkyl peak (C-H/C-C) can be detected at around 285 eV as 

intense and dominant peak in the deeper layer, which may refer to the 

presence of graphitic carbon [231. The intensity of Lithium carbonate 

(Li2CO3) peak at 290 eV is evident in the 2nd-sputtered SEI layer. In N 

1s spectra, the peak at around 401.7 eV in deeper layer could be 

assigned to graphitic-N [231]. The uppermost SEI layer is mostly 

covered by decomposed electrolyte-residuals as indicated by the 

intensities of N+ and N- peaks [171, 175]. In S 2p spectra, the sulfides 

doublet-peak at around 160 and 162 eV is the most dominant after 

sputtering, compared to other peaks related to CF3SO2Li and 

decomposed Sanion.  
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Fig. 3.53. XPS analysis of SEI formed on Si-rGO composite film after 

the initial charging in 0.5 M LiTFSI/[BMP]TFSI till 0.01 V; (a) the 

overall XPS survey for uppermost and two sputtered SEI layers, (b) the 

detailed spectra and deconvolutions of F 1s, O 1s, N 1s, C 1s, S 2p, Si 

2p, and Li 1s. 
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Figure (3.54) shows the atomic ratios of F, O, N, C, S, Si, and 

Li calculated from XPS analysis. Li contributes by 34.7% to SEI 

composition which can reflect that the initial charging of Si-rGO 

anode is a lithiation-rich process where the graphene was 

electrochemically active. The inserted table illustrates the relative 

concentration of Li2O, Li2CO3, LiF, CF3SO2Li, LiS and SiS in SEI 

layers. These compounds are less insoluble and more passivating 

compounds sharing a ratio of approximately 59.93% of SEI 

composition, expected to improve the stability of SEI upon cycling [193, 

194]. In conclusion, the SEI formed on Si-rGO is Li-rich layers which 

could confirm the role of graphene in enriching electrochemical-

lithation processes efficiently. Also, LiF, Li2O, Li2CO3, CFx, LiS, SiS 

in addition to CF3SOLi contribute by ⁓60% of SEI composition which 

could improve its mechanical properties as more stable and passivating 

components. At this end, the SEI layers formed on Si-rGO can reflect 

the improved cycling stability and the high capacity output. The 

detailed XPS studies of the SEI formed on Si-rGO composite-anode 

after several cycles are required to elucidate the role of graphene and 

SEI-compounds on the cycling stability of the anode films, which 

could not be accomplished due to the time-limitation of this thesis-

study. 
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Fig. 3.54. Relative atomic percent of F, O, N, C, S, Si, and Li 

calculated from XPS spectra at the uppermost and two sputtered SEI 

layers formed on Si-rGO composite anode after the initial charging in 

0.5 M LiTFSI/[BMP]TFSI. The inserted table illustrates the relative 

concentration of Li2O, Li2CO3, LiF, CFx, CF3SO2Li, LiS and SiS in SEI 

investigated layers. 
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Conclusion on Si-rGO composite as anode material in LIBs 

Si-rGO composite was prepared by the sequential pulsed-

electrodeposition method in one electrodeposition bath composed of 

SiCl4 (0.5 M) and graphene oxide (0.5 g/ml) in [BMP]TFSI for 30 

minutes at a duty cycle of 14.3 %. The sequential electrodeposition of 

Si and rGO was performed by applying individual pulses with 

different potential values and equal intervals for Si electrodeposition 

and GO electrochemical reduction which produced a compact and 

uniform Si-rGO composite film with non-porous structure. This 

method provides a good opportunity for Si particles to be 

homogeneously distributed between the graphene layers. Si-rGO 

anode film showed better electrochemical performance compared to 

other tested films. The first irreversible capacity loss of Si-rGO anode 

film (49%) reflects the significant role of graphene in improving the 

initial de-lithiation process. Also, Si-rGO anode produced a high 

gravimetric capacity greater than 1200 mAh/g with areal capacity 

values of around 0.25 mAh/cm2 when cycled at 600 mA/g during 50 

cycles. As well, the capacity retention after 50 cycles was 75% which 

confirms the pronounced improvement in the gravimetric capacity, the 

areal capacity and cycling-stability of this composite anode film 

compared to Si, SixGe1-x and SixGe1-xAly anodes. EIS-Nyquest plots 

indicated that the Si-graphene composite-anode displays a reduction in 

the charge-transfer impedance after the first de-lithiation process. The 

reduction of charge transfer contributed impedance could be explained 

in terms of the activation and modification of the composite anode 

upon cycling which also was reported in literature [228, 230].  
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XPS analysis of the SEI formed on Si-rGO indicated that Li 

contributes by 34.7% in the SEI composition (mostly in the form of 

Li2O and Li2CO3) reflecting the role of graphene in enriching the 

lithiation process. Also, Li2O, Li2CO3, LiF, CFx, CF3SO2Li, LiS and 

SiS compounds exist in this interfacial layer in higher percent (60%) 

compared to other SEI formed on Si, SixGe1-X and SixGe1-XAly anode 

films. These inorganic compounds are more stable and more 

passivating, which could stabilize SEI and improve its mechanical 

properties. Hence, the characteristics of SEI layers formed on Si-rGO 

composite film can reflect the improved cycling stability, the high 

capacity retention and the improved rate-capability of the anode over 

cycling in LIBs. 
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4. Summary 

▪ On the pulsed-electrodeposition of Si, SixGe1-x, SixGe1-xAly and 

Si-rGO films 

     Pulsed-electrodeposition of Si, SixGe1-x, SixGe1-xAly and Si-rGO 

films is a feasible and controllable technique, where the deposition rate 

and the ion concentration near the deposition interface can be 

controlled. The PED technique enables adjusting the pulses temporal 

parameters (TON und TOFF) and the pulses amplitude so that compact 

deposits with fine particles, high density and low porosity can be 

obtained. 

The pulsed-electrodeposition of Si film at a duty cycle of 50% 

produced a less compact film compared to the Si deposit which was 

prepared at a duty cycle of 25%. The pulsed-electrodeposition of the Si 

film at a duty cycle of 16% produced a non-porous Si film with a 

compact feature. SixGe1-x alloys were prepared by the potentiostatic 

pulsed-electrodeposition in single baths containing both SiCl4 and 

GeCl4 solutes in [EMIm]TFSI with different GeCl4 molar ratio (0.25 

and 0.5 M). Changing the duty cycle values (50% and 16%) along with 

changing the GeCl4 concentration in the deposition baths demonstrated 

dual influence in the Si-Ge co-deposition, producing SixGe1-x films in 

different stoichiometry. SixGe1-x films which were deposited at a duty 

cycle of 16% produced Si-rich SixGe1-x deposits with more compact 

feature compared to SixGe1-x films which were deposited at a duty 

cycle of 50% and lower GeCl4 concentration. SixGe1-XAly was 

deposited by pulsed-electrodeposition at a duty cycle of 16% which 

produced a compact and uniform deposit with low porosity. Pulsed-

electrodeposition of Si-reduced graphene oxide (Si-rGO) composite 

through sequential pulses alternated for the deposition of Si in 



 

141 

 

individual pulses and separated by specific pulses for the 

electrochemical reduction of graphene oxide results in compact 

deposits where Si is well-distributed into the graphene layers 

homogeneously. All deposited films were found to contain IL-

decomposed components such as C, S, F, and N which were trapped in 

the bulk deposits. FT-IR and Raman spectroscopic analysis of 

SiCl4/[BMP]TFSI baths indicated that the pulsed-electrodeposition at 

lower duty cycle values seems to limit the decomposition of the 

electrolyte than the pulsed-electrodeposition at higher duty cycles 

values. 

▪ On the electrochemical performance of Si, SixGe1-x, SixGe1-xAly 

and Si-rGO anodes in LIBs 

Si anode-films displayed lithiation and de-lithiation features 

categorized to Si anode materials prepared by other methods. The 

cyclic voltammetry features indicated that Si anode shows a kinetic 

enhancement over cycling during de-lithiation processes which result 

in increasing the coulombic efficiency (CE) values to more than 100% 

at some cycles. Si anode films deposited at 25% duty cycle showed a 

limited cycling improvement during the first ten cycles compared to Si 

film deposited at a duty cycle of 50%. Nevertheless, Si anode films 

deposited at 16% duty cycle produced higher capacity values even at a 

higher current density (0.9 mA/g) compared to other Si films deposited 

at 50 and 25% duty cycles. Even though, all Si films exhibited poor 

cycling stability over long cycling due to the structural deformation 

and the delamination of Si films out from the Cu current collector. The 

EIS study of Si anode during 50 cycles indicated that the anode film 

exhibit adsorption/desorption processes during cycling which denotes 

its complicated interactions with other elements during cycling. The 
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XPS analysis elucidated that the SEI formed on Si after the initial 

charging in LiTFSI/[BMP]TFSI contains SEI-stabilizing compounds 

such as Li2O, LiF, CFx, Li-sulfides and Li2CO3 that could improve its 

mechanical stability. Even though, the cracking and delamination of Si 

anodes upon cycling seem to be the dominant factors deteriorating 

their cycling stability. 

SixGe1-x films with different Si/Ge atomic ratio show variation 

in their cycling performance in LIBs. The cycling performance 

Si0.3Ge0.7 anode is similar to Ge-anode material with good cycling 

stability but with low gravimetric capacity values (of around 400 

mAh/g). Si0.6Ge0.4 anode produced the highest gravimetric capacity 

compared to other Si-rich SixGe1-x films with a coulombic efficiency 

value around 98%. For Si0.7Ge0.3, it displayed the highest areal 

capacities (around 0.14 mAh/cm2) compared to other Si-rich SixGe1-x 

films. Si0.9Ge0.1 anode-film displayed cycling performance similar to 

silicon-like materials with coulombic efficiency and capacity retention 

values lower than that of other SixGe1-x anode films. Ultrathin 

Si0.95Ge0.05 anode with a thickness less than 400 nm displayed high 

rate-capability with gravimetric capacity values of around 900 mAh/g 

when cycled at 41.5 C-rate (128.5 A/g), but the discharge areal 

capacity values were less than 20 μAh/cm2 which make it more 

satisfying for the application in micro-batteries. Compared to bare Si 

anode films, SixGe1-x exhibited superior cycling stability and higher 

retained gravimetric capacity. EIS-Nyquist plots studies for SixGe1-x 

anode after 50 cycles in the de-lithiation state indicated that DLi+ 

values in Si0.3Ge0.7 and Si0.6Ge0.4 anode films is higher than other 

SixGe1-x films. Ex-situ XPS analysis showed that SEI layers formed on 

Si0.3Ge0.7 anode after initial charging contain a higher concentration of 
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SEI-stabilizing compounds (LiF, Li2O, Li2CO3 and CFx) than that 

formed on Si0.9Ge0.1 anode, which could clarify its improved cycling 

stability compared to the poor cycling performance of Si0.9Ge0.1anode. 

Si0.35Ge0.45Al0.2 anode produced high gravimetric and areal 

capacities with superior rate-capability compared to Si and SixGe1-x 

anode films. The ternary alloy anode film retained an areal capacity of 

around 0.4 mAh/cm2 when cycled at a current density of 800 mA/g. 

EIS-Nyquist plots of Si0.35Ge0.45Al0.2 anode film confirmed the 

improvement of Li-kinetics in Si0.35Ge0.45Al0.2 anode upon cycling. Ex-

situ XPS analysis of SEI formed on Si0.35Ge0.45Al0.2 anode after the 

initial charging indicated a high concentration of LiF and LiAlFx 

compounds which could protect and improve the integrity of the SEI 

upon cycling. 

A Si-rGO composite anode-film showed superior 

electrochemical performance compared to Si, SixGe1-x, SixGe1-xAly 

anodes. This composite anode produced high gravimetric capacity 

greater than 1200 mAh/g with areal capacity values of around 0.25 

mAh/cm2 when cycled at a current density of 600 mA/g for 50 cycles. 

As well, the capacity retention after 50 cycles was found to be 75% 

which confirms the pronounced improvement in the cycling-stability 

of this anode compared to Si, SixGe1-x and SixGe1-xAly films. EIS tests 

indicated that Si-graphene anode displayed an improvement in the 

charge-transfer impedance upon cycling which reflects its promising 

cycling performance. XPS analysis of the SEI formed on Si-rGO after 

the initial charging indicated that this interfacial layer is rich with Li 

(28%) which can indicate the role of graphene in enriching the 

lithiation process. Also, LiF, Li2O, Li2CO3, in addition to CF3SO2Li 

compounds exist in high concentrations equals 60% of the SEI 
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composition. These inorganic salts are SEI-stabilizing components 

which can improve its mechanical properties as more stable and 

passivating components. The characteristics of SEI layers formed on 

Si-rGO could explain the superior cycling stability and the high 

capacity retention of this anode film compared to Si, SixGe1-x and 

SixGe1-xAly films. 
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5. Appendix (Supportive Results, SR) 

5.1. Si anode film by pulsed-electrodeposition at a duty 

cycle of 6% 

5.1.1. Cyclic voltammetry of SiCl4 (0.5 M) in [BMP]TFSI 

Figure (SR1) illustrates the cyclic voltammogram of SiCl4 

(0.5 M) in [BMP]TFSI recorded on Cu substrate at a scanning rate of 

50 mV/s versus Pt QRE. The cathodic regime shows several 

reduction peaks (C1, C2, C3, C4) which seem to correspond to 

alloy-deposition processes (may be Si-Cu alloying) and/or different 

under potential deposition of Si in addition the formation of 

oligochlorosilanes compounds, as reported by Endres et al. [162]. The 

peak (C5) is corresponding to the reduction of SiCl4 to Si [162]. The 

anodic stripping regime shows a reduction process (C*) which means 

that a further Si deposition can start in the anodic regime, revealing 

that the decomposition of [BMP]+ cation might passivate the Si 

surface [159, 162]. 

 
Fig. SR1. Cyclic voltammogram of SiCl4 (0.5 M) in [BMP]TFSI on 

Cu from OCP to -3.75 V at a scan rate of 50 mV/s. 
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5.1.2. Potentiostatic pulsed-electrodeposition of Si film at a duty 

cycle of 6%  

This Si film was synthesized using the potentiostatic pulsed-

electrodeposition at much lower duty cycle value (6%). Figure 

(SR2a) shows the overall pulsed-potential waves along with the j/t 

curve of the Si film in 0.5 M SiCl4/[BMP]TFSI for 30 minutes.  

Figure (SR2b) shows a magnification for the potential waves and 

current values at each pulse interval. The values of the applied 

potentials were -3 V as P1, applied for 1 second, followed by the 

second electrodeposition potential (P2, -0.5 V) which was applied for 

14 seconds, so the duty cycle equals 6%. The electrodeposition of 

this Si film at such low duty cycle was anticipated to produce a 

deposit with much better physical and electrochemical properties to 

evaluate its rate-capability in LIB.  

 
Fig. SR2. Potentiostatic pulsed-electrodeposition of Si in 

[BMP]TFSI at a duty cycle of 6 % for 30 minutes; (a) overall 

potentiostatic pulsed-electrodeposition curve along with the j/t curve, 

(b) close-up portion for the applied potential waves (black) along 

with the associated current density (blue).  

5.1.3. Scanning Electron Microscopic investigations 

FE-SEM images of the Si film deposited by potentiostatic 

pulsed-electrodepositions for 30 minutes at a duty cycle of 6 % are 

shown in figure (SR3a, b). The Si deposit has a porous structure with 

small particle size similar to that of the Si film deposited at 25%, 
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where the value of P2 was also adapted at -0.5 V which might 

indicate that pulsed electrodeposition at P2=-0.5 V results in porous 

Si films. Figure (SR3c, d) illustrates the EDS-spectra of as-deposited 

Si films at different scanned areas. Nevertheless, the atomic percent 

of C, S, N and F trapped inside the deposit is comparably low.   

 
Fig. SR3. FE-SEM images (a, b), and EDX spectra (c, d) of Si film 

which was prepared by pulsed-electrodeposition in [BMP]TFSI at a 

duty cycle of 6%  for 30 minutes. 

5.1.4. Galvanostatic cycling and rate-capability investigations 

      Figure (SR4) shows the cycling evaluation of Si anode at 

different rates (0.2, 0.4 and 0.6 C-rates) to investigate its rate 

capability. The Si anode film shows poor cycling stability and low 

rate-capability. The gravimetric and areal capacity values drop to 

around zero when the anode was cycled at 0.6 C-rate. It seems that 

the structural deformation of Si films results from the volum 

expansion upon cycling, in addition to the film delamination out from 

the Cu current collector are dominating drawbacks that deteriorates 

the cycling performance of Si anode films over long cycling at 
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constant current (as introduced before in section 3.1) and during 

cycling at different cycling rate as shown in figure (SR4).  

 
Fig. SR4. Galvanostatic cycling performance at different cycling 

rates (0.2, 0.4 and 0.6 C) of  Si-film, deposited by potentiostatic 

pulsed-electrodeposition at a duty cycle of 6%. 

 

5.2. SixGe1-x electrodeposited in [BMP]TFSI by pulsed-

electrodeposition 

5.2.1. Cyclic voltammetry of SiCl4/GeCl4/[BMP]TFSI bath on Cu 

and Au substrates 

Figure (SR5) shows the cyclic voltammograms of SiCl4 (0.5 

M)/GeCl4 (0.5 M)/[BMP]TFSI bath on Cu (red voltammogram) and 

on gold substrates (orange voltammogram) at a scanning rate of 50 

mV/s versus Pt QRE. The red voltammogram@Cu is similar to that 

of SiCl4 (0.5 M)/GeCl4 (0.5 M)/[EMIm]TFSI bath shown in figure 

(3.20) in section 3.2.1.1, taking into consideration that [BMP]TFSI 

start decomposition at more negative potential value of around 3 V 
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versus Pt QRE. The first reduction peak appears in the 

voltammogram@Cu cannot be detected in the voltammogram@Au. 

This foremost peak can be attributed to either the reduction of the 

superficial Cu-oxide layer [160] or to a type of reaction between SiCl4 

and Cu [161, 162]. Thus, taking into consideration that Au is more noble 

(less reactive) than Cu, so these two postulation are still likely. The 

second reduction peak (C2) at around -1.25 V can be indexed to the 

reduction of GeIV ions to GeⅡ [120]. After that, a shoulder (C3) at 

around -2 V can be detected only in the voltammogram@Cu, 

contributed with the full reduction of GeⅡ to Ge along with Si UPD 

[120, 161]. C4 peak at -2.25 V can be indexed to the Si-Ge co-

deposition, forming SixGe1-x alloy [120]. The rising current after -3 V 

is related to the reduction of [BMP]+ cation, after which the ionic 

liquid breaks down at C5. In the anodic stripping, a single oxidation 

peak can be detected before -1 V, related to the oxidation of [TFSI]- 

anion and Cu-substrate as well [120]. 

 
Fig. SR5. Cyclic voltammograms of SiCl4 (0.5 M)/GeCl4 (0.5 

M)/[BMP]TFSI bath on Cu (red) and on Au (orang). The voltammetry 

measurement was recorded at a scan rate of 50 mV/s starting from 

OCP to the negative direction. 
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5.2.2. Scanning Electron Microscopic investigations 

FE-SEM images of the SixGe1-x film deposited by 

potentiostatic pulsed- electrodeposition in [BMP]TFSI at a duty cycle 

of 16% for 30 minutes is shown in figure (SR6a, b). The SixGe1-x 

deposit has a porous structure, similar to that of SixGe1-x film which 

was deposited in SiCl4 (0.5 M)/GeCl4 (0.5 M)/[EMIm]TFSI bath by 

pulsed-electrodeposition but a duty cycle of 50%. Figure (SR6c, d) 

illustrates the EDS spectra of as-deposited SixGe1-x films at different 

scanned areas. Si/Ge stoichiometry was calculated from the EDX 

analysis by obtaining the mean atomic ratios over several scanned 

areas [212], found to be Si0.5Ge0.5.  

 
Fig. SR6. SEM images with the EDS spectra of Si0.5Ge0.5 films 

produced by potentiostatic pulsed-electrodeposition in [BMP]TFSI at 

a duty cycle of 16% for 30 minutes. 

5.2.3.Galvanostatic cycling evaluation in LIB 

Figure (SR7a) illustrates the first charge/discharge 

plateaus of the dc-cycled SixGe1-x anode-film at 0.75 C-rate. The 

values of the first irreversible capacity loss are 61.4%. The active 
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mass of SixGe1-x in the deposited film was calculated from the first 

charge, found to be 75 μg/cm2. Figure (SR7b) presents the 

galvanostatic cycling performance of as-deposited SixGe1-x anode-

films for 50 cycles at a current density of 1.72 A/g, which is 

equivalent to 0.75 C-rate. The anode film displayed good cycling 

stability with gravimetric capacity values of around 400 mAh/g and 

discharge areal capacities at around 0.1 mAh/cm2. The capacity 

retention after 50 cycles was 68%. The coulombic efficiency values 

was flactuated at some cycles to reach values more than 100 %, 

which could be related to activation/modification processes in the 

cycled anode. Si0.5Ge0.5 anode-film displayed cycling performance 

similar to that one of Si0.3Ge0.7 which was deposited in SiCl4 (0.5 

M)/GeCl4 (0.5 M)/[BMP]TFSI bath by pulsed-electrodeposition at 50 

duty cycle. The low capacity values could be interrelated with the 

non-compactness feature of the deposit which could result in the 

formation of thick SEI upon cycling [33, 34]. 
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Fig. SR7. Potential plateue of the initial charge/discharge cycle (a), 

and galvanostatic charge/discharge cycling at 0.75 C-rate (1.72 A/g) 

for Si0.5Ge0.5 films produced by potentiostatic pulsed-

electrodeposition in [BMP]TFSI at a duty cycle of 16% for 30 min. 
(b). 

 

5.3. EIS-Bode plots of SixGe1-x, SixGe1-xAly and Si-rGO 

anodes  

5.3.1. EIS-Bode plots of SixGe1-x anodes after 50 cycles 

Figure (SR8a, b) represents Bode plots for SixGe1-x anodes 

after 50 cycles at 0.7 C-rate in the de-lithiation state. As shown in 
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figure (SR8a), Bode magnitude plots show variation in the impedance 

values for SixGe1-x anodes especially in low frequency region from (< 

log 1 Hz) which characterize the diffusion rate of lithium ions in the 

bulk anodes [180, 186]. The values of impedance modulus increase as 

the percent of Si in SixGe1-x anodes increase, reflecting slower 

kinetics of electrochemical reactions in Si-rich SixGe1-x anodes, 

compared to Si0.3Ge0.7 anode. The impedance values in the high-to-

mid frequency region (correlated with the charge transfer 

phenomena) [180, 187, 188] for Si0.9Ge0.1 anode shows the highest values, 

owing to the low Ge content in this film. Moreover, the Bode 

magnitude plots of this anode film are similar to that of bare Si anode 

shown in figure (3.8) in section 3.1.1.6. 

Figure (SR8b) displays the Bode-phase plots of SixGe1-x 

anodes after 50 cycles at 0.75 C-rate in the de-lithiation state. The 

phase shift curve of Si0.3Ge0.7 anode does not reflect evident peak in 

the high-to-mid frequency region, indicating that its mass transfer 

processes are not evident as a limiting steps after long cycling. For 

Si0.6Ge0.4 and Si0.7Ge0.3 anodes, their phase shift curves reflected two 

overlapped broad peaks in high-to-mid frequency ranges (100 kHz-10 

Hz). This correlates with higher Rct values in these anode films 

compared to Si0.3Ge0.7 anode [180, 187, 188]. The Bode phase plot of 

Si0.7Ge0.3 anode display short plateau in low-frequency region from 1 

to 0.1 Hz, corresponding to the semi-infinite diffusion of Li+-ions and 

reflecting a phase angle less than 45° equal to that of Si0.3Ge0.7 anode, 

which could indicate a higher rate of Li+ ions diffusion, restricted to 

Warburg diffusion [191]. On the other hand, the phase shifts of 

Si0.6Ge0.4 and Si0.9Ge0.1 anodes reflected at higher angles (more than 

60°) indicating pseudo-capacitance phenomena correlated with ion 
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adsorption in these anode films [191, 192]. In conclusion, the Bode 

phase plots of SixGe1-x anodes are more complex than that of bare Si 

anodes, but the Bode magnitude plots clarify that the diffusion of 

lithium ions in the interfacial SEI layer and into the bulk anodes 

slows down as the Si percent increase in SixGe1-x anodes.  

 
Fig. SR8. Bode plots of SixGe1-x anodes after 50 cycles at 0.75 C-rate in 

the de-lithiation state; Bode magnitude plots (a), Bode phase-shift plots 

(b). 

5.3.2. EIS-Bode plots of SixGe1-xAly anodes upon cycling at 

different current densities 

 Figure (SR9a, b) depicts the Bode plots of Si0.35Ge0.45Al0.2 

anode film before and after cycling at different current densities (100, 

200, 400, 800, and 1600 mA/g). As shown in figure (SR9a), Bode 

magnitude plots exhibited high impedance values at low frequencies 

which could be attributed to the oxide layer formed on the anode film 

[232]. This layer seems to get reduced when the anode was lithiated, 

resulting in the decrease of impedance values after cycling at 100 

mA/g. The values of impedance modulus in all frequency regions 

increase after cycling the anode at 200 mA/g, then decrease when the 

anode was cycled at 400 mA/g, which could indicate the 

activation/modification processes of the anode upon cycling. 

Furthermore, the impedance values of the cycled anode at 800 and 
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1600 mA/g shows the same trend, displaying lower impedance values 

at all frequency regions, compared to that of the cycled anode after 

200 mA/g. The feature of the Bode magnitude plots of 

Si0.35Ge0.45Al0.2 indicates its good rate-capability which could be 

explained in terms of the activation/modification of the anode with 

cycling, even at higher current density. 

Figure (SR9b) displays the Bode phase plots of 

Si0.35Ge0.45Al0.2 anode film before and after cycling at different 

current densities (100, 200, 400, 800, and 1600 mA/g), corresponding 

to the phase shift between the imposed potential and the resulting 

current. Before cycling, the oxide layer on the anode film reflects a 

broad peak at low frequency regions [232]. The angle-shift plots after 

cycling at 200 mA/g shows a peak in the high-to-mid frequency 

range with higher intensity, compared to that after cycling the anode 

at 200, 400, 800, and 1600 mAh/g, which reflects the improvement in 

the charge transfer resistance in the anode upon cycling [179, 187]. This 

could correlates with the improvement in the anode structure 

(activation/modification) with cycling, reflecting its good cyclability 

and its great rate-capability. The phase-shift curve of Si0.35Ge0.45Al0.2 

anode in the low frequency region after cycling at 100, 1600 and after 

long cycling for 83 cycles show a phase angles higher than 45° (of 

around 65°) similar to the phase shift feature of pseudo-capacitors 

[190, 191]. This could indicate that the electrochemical processes in 

Si0.35Ge0.45Al0.2 anode during cycling not only include Faradic 

processes but also share ions-adsorption processes (pseudo- 

capacitance phenomena) [191, 192].   
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Fig. SR9. Bode plots of Si0.35Ge0.45Al0.2 anode film over cycling at 

different current densities (100, 200, 400, 800, and 1600 mA/g); Bode 

amplitude plots (a), Bode phase-shift plots (b). 

5.3.3. EIS-Bode plots of Si-rGO anodes upon cycling 

Figure (SR10a, b) represents the Bode plots for Si-rGO 

composite anodes over 50 cycles at 0.3 C-rate (600 mA/g). As shown 

in figure (SR10a), Bode magnitude plots did not show a significant 

variation in impedance values in high-to-mid frequency regions, 

which can indicate the stability of the charge transfer impedance in 

the composite anode upon cycling [170, 233]. In the low frequency 

region, the composite anode exhibited an improvement in the DLi+ 

after the 2nd-discharge, 3rd-discharge and after the 3rd-discharge, 

showing lower impedance-modulus values, compared to that imposed 

after the initial charge/discharge and after the 2nd-charge process. 

This can be explained in terms of the activation and modification of 

the anode upon cycling [234]. 

Figure (SR10b) displays Bode phase plots of Si-rGO 

composite anodes over 50 cycles at 0.3 C-rate (600 mA/g). The 

phase-shift curve of Si-rGO composite anodes shows a peak with 

high intensity after the 1st charge process which becomes not evident 

after the subsequent cycles, reflecting the enhancement in the charge 
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transfers processes in the composite anode upon cycling. In the low 

frequency region, the composite anode show less significant pseudo-

capacitance features compared to other Si, SixGe1-x and SixGe1-xAly 

anodes [191, 192] where the angle values of the phase shifts are less than 

50°. The fitting circuit shown in figure (3.53) also does not introduce 

adsorption components correlated with the pseudo-capacitance 

processes. The Bode shift plots in the high frequency region from 100 

kHz to 10 kHz exhibited high impedance values attributed to the 

contact impedance [234], which did not change upon cycling, 

indicating that the composite anode did not exhibit a delamination 

from the current collector over 50 cycles.  

 
Fig. SR10. Bode plots of Si-rGO composite anodes over 50 cycles at 0.3 

C-rate (600 mA/g; Bode amplitude plots (a), Bode phase-shift plots (b). 

5.4. Electrochemical reduction of graphene oxide in ILs 

5.4.1. Cyclic voltammetry of graphene oxide in different ionic 

liquids 

Figure (SR11, insets a-d) represents the cyclic voltammetry of 

1 mg/ml graphene oxide (GO) suspensions in [BMP]TFSI, 

[EMIm]TFSI, [BMP]TFO and [EMIm]TFO recorded on Cu at a 

scanning rate of 1 mV/s. The reduction peaks of GO in [BMP]TFSI, 

[EMIm]TFSI and [EMIm]TFO can be indexed to the gradual 
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reduction of graphene oxide [220]. The anodic stripping regime in the 

cyclic voltammogram of GO in [EMIm]TFSI shows two anodic 

oxidation peaks which could correlates with the oxidation of IL-anion 

and/or Cu in addition to the oxidation of rGO. 

 
Fig. SR11. Cyclic voltammograms of 1 mg/ml graphene oxide (GO) 

suspensions  in [BMP]TFSI (a), [EMIm]TFSI (b), [BMP]TFO (c) 

and [EMIm]TFO (d), recorded on Cu at a scanning rate of 1 mV/s.   

5.4.2. Scanning Electron Microscopy investigations of GO and 

rGO 

Figure (SR12) shows FE-SEM image and EDX spectra of 

graphene oxide. The atomic ratio of C/O is 1.35. The detected Mn 

and S spectra in EDX comes from the Sulfuric acid and the 

permanganates which were used in the preparation of graphene from 

Graphite by Hummer’s method. 
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Figure SR12. FE-SEM images and EDX spectra of graphene oxide 

flacks. 

 

     Figure (SR13) shows FE-SEM image and EDX spectra of reduced 

graphene oxide in [BMP]TFSI  at -1.7 V for 1 hours. The large sheets 

of graphene oxide are reduced to small fragments after reduction in 

[BMP]TFSI, which was reported also in other literature [226]. The 

atomic ratio of C/O is 3.6. It can be detected that the S, F and N (with 

such high atomic ratios) might somehow get attached to or adsorbed 

on rGO which may replace some oxygen atoms in GO [227]. 

 
Fig. SR13. FE-SEM images and EDX spectra for graphene oxide 

flacks after reduction in [BMP]TFSI for 1 hours at -1.7 V. 

5.4.3. X-ray diffraction (XRD) of GO and rGO  

         Figure (SR14) shows the XRD measurement of rGO which was 

reduced in [BMP]TFSI  for 1 hours at -1.7 V, compared to that of 

GO. When GO is reduced to rGO, an XRD peak appears at 2θ of 
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around 22°, indicating that the majority of the functional oxygen 

groups in graphene oxide are removal [234]. 

 
Fig. SR14. XRD measurement of GO (black) and rGO (red) which 

was electrochemically reduced in [BMP]TFSI at -1.7 V for 1 hours. 

5.4.4. Rama spectroscopy of partially reduced graphene (rGO) in 

IL  

         Figure (SR15) shows the Raman spectra of rGO reduced in 

[BMP]TFSI for 1 hours at -1.7 V. ID/IG ratio reflect the degree of 

covalent binding in GO as a result of the stretching of C-C bond in 

sp2 carbon form [235]. The G-band can be seen at around 1590 cm-1 

and the D band at 1360 cm-1 [236]. The ID/IG for Graphite is 0.7 which 

increase after oxidation to 1.03 in case of GO [237]. After the reduction 

of GO, ID/IG become 0.85 (rGO) which indicates that most of the 

oxygen-containing groups were removal.  
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Fig. 15. Raman spectra in the frequency regions of 1200-1800 cm-1 

for rGO which was electrochemically reduced in [BMP]TFSI four 1 

hour at a constant potential of -1.7 V. 
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6. Prospective work 

1- XPS studies for SEI layers on Si, SixGe1-x, SixGe1-xAly and Si-rGO 

anodes after several cycles to elucidate the role of SEI-compounds on 

their cycling performance in LIBs. 

2- FT-IR and Raman spectroscopic studies of SEI layers on Si, 

SixGe1-x and SixGe1-xAly anodes to clarify the adsorption/desorption 

processes of IL-ions during cycling in LIBs which cause the pseudo-

capacitance phenomena. 

3- Synthesis and investigation of the electrochemical performance of 

SixAly-rGO composite anode which is expected to combine the 

advantages of Al and graphene, optimizing its cycling performance in 

LIBs. 
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