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Abstract 

In recent years, the world has witnessed a dramatic advancement in sustainable energy 
development. Due to the inconsistent supply of such energy, a more efficient energy storage 
method is in need.  

Among many options, lithium-ion battery stands out due to its lightweight, high energy density, 
and high discharge potential. Currently, the most commonly adapted anode materials in lithium-
ion batteries are carbon-based, most often graphite. It shows a layered structure that can be 
used to store Li+ ions based on the intercalation and de-intercalation mechanism. Although this 
material is stable and successfully commercialized, due to its low specific capacity efforts have 
been put into searching other potential anode materials.  Potential materials are aluminum, tin, 
and silicon. Among them, silicon shows an ultra-high (theoretical) specific capacity that is 12 
times higher than that of carbon. However, the volume taken up by the material increases by 
about 300% upon lithiation and de-lithiation. Hence, silicon anodes show a poor capacity 
retention ability comparing to its graphite counterpart. 

In this work, by using a silicon alloy, we aim to alleviate the effects of volume expansion of Si by 
introducing alloying species and by providing a porous structure. In this work it is demonstrated 
that this material structure is able to absorb the expansion, while still rendering a high specific 
capacity. Silicon alloy samples over a wide range of alloy concentration and porosity were 
synthesized using PECVD. Samples were assembled into pouch-cells and coin-cells and tests were 
performed to compare the battery performance of each sample. A FEM model was built, enabling 
more investigation opportunities. Together with the experiments, they revealed how alloy 
concentration and porosity influence the specific capacity and cycling ability of the anode. 
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1.Introduction                                                                                                               
As can be seen from Figure 1 (A) [3], over 80% of the global energy sources we are currently using 
is from coal, gas, and oil, which are not renewable and put high pressure on the environment as 
well as the well-being of people [1]. This urges us to reach out to more sustainable energy sources 
with less impact. Both solar and wind energies are legit candidates and Figure 1 (B) shows their 
shares in the energy sources were increasing during the last 20 years [4] and are expected to 
continue increasing in the following decades [2]. However, because of the non-stable supply of 
renewable energy (for example, there is no light during the night), it is of critical importance to 
find a storage strategy with high efficiency to store the energy for those times of demand. 
 

Up until now many energy storage methods have been invented and put into application, 
including liquid air energy storage (LAES), pumped heat electrical storage (PHES), 
superconducting magnet storage (SMS), fuel cells, lithium-ion batteries, (LIBs), etc [5].  
 
Among them, lithium batteries appeared to be an outstanding candidate and are dominating the 
portable electronics market due to its high gravimetric and volumetric energy density comparing 
to other energy storage systems [6]. The high energy density mainly results from the high 
operating voltage 0-4 V thanks to organic electrolytes while the operating voltage was mostly 
limited to below 2 V in other aqueous systems. Li-ion batteries have been widely adopted in cell 
phones and laptops and will have a far more pronounced impact when applied in electrical 
vehicles [7]. There are, some remaining challenges, including increasing the energy density of the 
batteries, more advanced manufacturing methods to make it more industrial friendly, and of 
course, with a lower cost [8]. 

 
Figure 1. (A) The shares of global energy demand by fuel in 1990, 2013 (the most recent available) and 

2040 (projected) [3] and (B) Primary production of energy inside the Europe union from renewable 
sources, EU-28, 1990-2015 [4]. 

A B 
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Today, a lithium battery consists of a cathode mostly made of lithium oxide, an anode made of 
graphite, and electrolyte. It was reported that the properties of the anode can influence the 
battery performance significantly [9], both in energy density and cyclability of the battery, and 
this is the main interest of this research. 
 
In the remainder of the introduction, Section 1.1 gives a brief introduction of how lithium-ion 
battery works. Section 1.2 explains the capacity fade mechanism of the anode in lithium-ion 
batteries. Section 1.3 gives a brief introduction of the historical development of the anode in the 
lithium-ion battery, and Section 1.4 shows the previous publication on applying a-SiCx:H as the 
anode in lithium-ion battery. Section 1.5 gives the scope and objective of this work. 
 

1.1 Working principle of Lithium-ion battery 

Like most secondary batteries, lithium-ion batteries mainly consist of a cathode, anode, and 
electrolyte. Currently, the most commercially popular cathodes are lithium cobalt dioxide (LiCoO2) 
and lithium iron phosphate (LiFePO4). For anodes, layered graphite is commonly adapted [10]. 
Lithium in its pure form is highly reactive and has a strong tendency to lose one electron, thus 
becoming an ion. On the other hand, lithium atoms are very stable in metal oxides, hence the 
use of lithium oxides in Li-ion batteries. As can be seen in Figure 2, if a power source is connected 
between cathode and anode, lithium atoms will be separated into lithium ions and electrons, 
which are then transferred from cathode to anode via the electrolytes and conductive wire, 
respectively. Holes on the cathode in Figure 2 represent vacancies after lithium atoms have been 
removed. Separated lithium ions and electrons are then recombined and intercalated between 
each graphite layer. This is the charging process of the lithium-ion battery.  
  
When the power source is turned off, unstable lithium atoms stored between graphite layers will 
automatically separate into ions and electrons and return to metal oxides, where they are more 

 
                                      Figure 2. Schematic illustration of the charging process of Li-ion battery. 
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energetically favored. Hence, both electrons and Li+ ions will flow in the opposite direction as in 
the charging process. The directional movement of electrons results in electricity. 
 

1.2 Capacity fade mechanism of electrodes 
It can be seen from the working principle of a lithium-ion battery, Li+ ions are the carriers in the 
battery, the capacity of a battery is determined to a large extent by how many Li+ ions are 
available. Hence, one would like to keep every Li+ ions effective. However, during the charging 
process when Li+ ions move from the cathode, through the electrolyte, to the anode, the surfaces 
of Li+ ions will be covered by the organic solvent in the electrolyte. Li+ ions can then react with 
solvent and electrons, forming a solid layer at the surface between electrolyte and anode named 
the Solid Electrolyte Interface (SEI) layer, as is shown in Figure 3. The formation of this layer 
consumes Li+ ions and leads to a capacity decrease. This is the most dominant capacity fade 
mechanism of the electrodes in a lithium-ion battery.  

 
Figure 3. Schematic illustration of the formation mechanism of a solid electrolyte interface (SEI layer). 

This reaction between Li+ ions, electrons and organic solvent can be expressed in the following 
equations [11]. Here, EC is ethylene carbonate, which is commonly used as the organic solvent in 
the electrolyte. 
  
 EC − Li+ + e- ⟶ C2H4OCO2

- + Li+                                                                Equation 1 

 EC − Li+ + e- ⟶ C2H4OCO2
- + Li+                                                                Equation 2 

 EC + 2Li+ + 2e- ⟶ Li2CO3 + C2H4 ↑                                                           Equation 3 

 EC + 2e- ⟶ OC2H4O2-(𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒) + CO ↑                                                                  Equation 4                                   

This series of reactions is inevitable since the chemical potential of the anode is outside of the 
electrochemical window of the electrolyte and is usually lower than the reduction potential of 
the organic solvent (typical 1 V) [12], so this reduction reaction will happen. This is a compromise, 
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since a lower potential at the anode allows a higher voltage of the battery, but the side reaction 
forming the SEI layer comes hand in hand. 
  
However, even though the formation of the SEI layer is detrimental to the battery capacity, once 
it is formed, it is only conductive for Li+ ions and not for electrons nor organic solvent, which are 
two reactants in forming the SEI. This protects the anode from the electrolyte and prevents 
further SEI formation. Understandably, we would like to prevent the SEI formation and save Li+ 

ions, but if that is impossible, the second-best choice is to prevent the formed layer from cracking. 
 

1.3 Backgrounds of the anode in lithium-ion battery 

1.3.1 Historical development of Lithium-ion battery anode 
Among all materials, pure lithium is in theory the most ideal candidate for both cathode and 
anode material. This is due to its lightweight, high specific capacity, and a high electron transfer 
ratio. However, lithium is in its pure form a highly reactive alkali metal, meaning violent reactions 
occur with water under room temperature. This has prevented the wide application of Li for a 
long time. Later it was proposed that this problem can be alleviated by using ‘non-aqueous’ 
electrolytes, like organic solvents [13].  
  
In 1973, lithium anodes were first applied in lithium-ion batteries, with fluorocarbon as the 
cathode. The electrolyte consisted of lithium salt and organic solvent [14]. One fascinating 
observation about fluorocarbon was that fluorine atoms seemingly are intercalating into the 
graphite. By adjusting the number of intercalated fluorine atoms, the properties of fluorocarbon 
can be altered without showing a significant change in volume [15]. However, even using an 
organic solvent, another issue prevented the application of Li metal as the anode electrode. 
During charging and discharging, when Li+ ions go back from the layered anode to Li metal, 
dendrites are formed upon crystallization and start to penetrate the separator, causing a 
detrimental short between cathode and anode [16]. 
 
For this reason, Whittingham started his research about finding other materials that can be 
intercalated by other elements, for both anode and cathode. TiS2 showed the ability to react 
reversibly with Li+ by accommodating lithium ions between every two layers [17]. Since 
secondary batteries are based on the directional movement of electrons and ions, in this way 
transferred electrons and ions can be stored in the electrodes without causing much volume 
change since they are essentially being intercalated. Evidence supported that this kind of 
Intercalation Compound (IC) are ideal candidates for lithium-ion battery anodes, due to their high 
volumetric stability and high conductivity. Besides, via the reversible reaction of element 
intercalation and de-intercalation, the secondary battery can be realized. This idea was also 
applied on anode material, and by intercalating and de-intercalating lithium ions on both 
electrodes, electrodes themselves are not directly involved in the reaction, hence very little 
volume change is seen. Technically, this is the start of the secondary lithium-ion battery. 
 
After this, batteries based on intercalation had attracted much attention, and this technology 
matured fair quickly. Li et al published that by using LiCoO2 as the cathode, the cathodic potential 
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is high, which leads to a high voltage in the battery [18], Akira Yoshino [19] also published that 
graphite is an ideal anode candidate, due its abundancy, low price and stable properties, it has 
very quickly become the most ideal choice for anodes in the commercialized lithium-ion battery. 
 
It did not take very long before people became unsatisfied with its capacity and started to search 
for other potential anode materials. Many different lithium metal alloys were investigated since 
the year 2000: Li13Sn5 [20], Li9Al4 [21], Li15Si4  [22] to name a few. The latter is especially attractive 
not only because of its extremely high specific capacity at a theoretical value of 4200 mAh/g [23], 
but also because of its abundance and low price. The most prominent issue that comes with the 
Si anode is the high volume-expansion rate at over 300% during charging and discharging (phase 
transformation from Si to Li15Si4), which ultimately leads to battery failure. Since atoms in 
crystalline silicon are densely packed, researchers have put much effort into making the structure 
of Si more porous [23], and use nano-structuring technology, to make the silicon more expansion-
proof. This development is still on-going. 
 
With this in mind, we dive a little deeper into the two materials of interests: carbon-based 
material and silicon-based material. 
 

1.3.2 Carbon-based material as lithium-ion battery anode  

Carbon-based materials have been comprehensively studied since lithium batteries were 
invented at the end of the 1980s and early 1990s [24] and they remain one of the most focused 
and commercially successful classes of materials. There is a broad range of structures regarding 
carbon anodes as can be seen from Figure 4, including carbon nanotubes, carbon-based 
composite material, graphite, coating of the polymer, and other forms of carbon, etc.  

 
Figure 4. Carbon-based material with different structures as the anode in Li-ion batteries, carbon nano-

tube (left), fullerene (middle), and layered graphite (right) [25]. 

The most attractive character of carbon nanotube (CNT) is that lithium ions can reside on both 
the inner and outer surface and thus the capacity can thus be significantly increased. Multiwall 
carbon nanotubes (MWNTs) are multi-layered carbon nanosheets rolled into the shape of a tube. 
They can be produced by de-composited hydrocarbons such as acetylene [26] with the aid of a 
catalyst or using electric arc technique [27]. As can be imagined, electrochemical properties of 
MWNT anodes depend much on the structures of wall layers. Due to the lack of structure, there 
will be more micropores, voids sites and surface area for lithium ions to occupy in the amorphous, 
or less graphitic MWNT anodes, thus it shows a higher capacity than well-structured ones (640 
mAh/g compare to 282mAh/g) [28]. 
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The biggest problem with MWNT anodes is the unacceptably high irreversibility due to the 
detrimental reaction occurs on electrode surfaces with ions or particles in electrolytes [29][30]. 
To deal with this, there have been attempts trying to isolate the carbon material from the 
electrolytes by burying the carbon inside a matrix, forming composites. Metals such as tin 
themselves can be lithium active and accommodate Li+, forming Li22Sn5 [31]. However, with this 
material stress was introduced by expansion/contraction during lithiation (Li+ ions inserted into 
Sn) and de-lithiation (Li+ extracted out from Sn)  process can cause the pulverization of tin anodes, 
leading to low recyclability [32].  Thus, Sn in itself is not a good anode material, but can a good 
candidate to protect the MWNT. By combining carbon and metals into composites, a high reverse 
capacity can be achieved and values in the 40th cycle at a 0.1 C rate of 844 mAh/g have been 
reported, corresponding to a capacity retention ability of 93.8% [33].  
 
Graphite has been long used for as anode material for lithium-ion batteries, based on the 
mechanism of lithium intercalation and deintercalation. It has been shown to have a high capacity 
(372 mAh/g with a stoichiometry of LiC6) [34], a low operating potential, and an affordable price. 
The volume expansion of graphite upon charging and discharging is very small, at almost zero. 

Ethylene carbonate (EC) and propylene carbonate (PC) are the two most widely used electrolytes 
for graphite anodes. Although it is a huge commercial success, propylene carbonate (PC) based 
electrolyte has a major flaw, as graphite can dissolve in it, resulting in graphite exfoliation. On 
the other hand, EC electrolyte has a much higher melting point (39 °C), which means that it does 
not function as well as PC electrolytes at low temperature [36]. To cope with this issue, Masaki 
Yoshio et al. reported a method of coating natural graphite with a carbon coating. In this paper, 
natural graphite was treated at 1000 °C and was coated via the thermal vapor deposition method 
[36].  
 

 
Figure 5. Comparison of the specific capacity (mAh/g) and volume expansion rate for different anode 

material for Li-ion batterie [35]. 
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1.3.3 Silicon-based material as lithium-ion battery anode  
 
Silicon, due to its exceptionally high specific capacity, has attracted lots of attention to be used 
as the anode in lithium-ion batteries. However, also its high volume-expansion (at around 300%, 
see from Figure 5) during lithiation can lead to anode pulverization and continuous side reactions, 
preventing it from being commercialized. The reason behind such significant volume expansion 
is that the reaction between Li+ ions and Si involves phase transformation  
  
Si + 4.4Li+ + 4.4e- ↔ SiLi4.4                                                                Equation 5 

Theoretically, each Si atom can store up to 4.4 Li+ ions, however, this number tends to be 3.75. 
The lattice constant of lithium silicide (SiLi3.75) is significantly larger than of pure Si (10.6852 Å 
[37] compared to 1.92 Å [38] at room temperature). For crystalline Si, solid-state amorphization 
will happen and leads to a less densely packed structure of Si atoms. This volume expansion is 
detrimental for the battery performance for 2 reasons.                                    

1. As can be seen from Figure 6, a thin-film Si anode is originally attached to the current 
collector, which is usually a conductive metal foil such as copper and aluminum used to 
collect current. When the Si anode expands upon lithiation, it will swell and detach from 
the current collector thereby causing battery failure. 

2. As explained in Section 1.2, the SEI layer formed during the first charging cycle will crack 
due to the expansion and exposes more Si again to the electrolyte, continuing to form SEI 
layers and continuing to consume Li+, resulting in a quick capacity fade. 

Binders in Si-based anode 
 
To prevent pulverization of Si from on the current collector, binders can be used to interconnect 
Si atoms. At first, a wide range of polymers is used as binder materials, until in 2003 Chen et al. 
demonstrated that the cycling performance of amorphous silicon alloy particles could be 
improved by replacing the traditional binder poly(vinylidene fluoride–tetra-fluoroethylene–
propylene) (PVDF–TFE–P) [39]. Sodium carboxymethyl cellulose (NaCMC) was also studied. It was 
shown that with this binder a much higher performance could be achieved than with traditionally 
used PVDF, maintaining a capacity of 1200 mAh/g at a rate of C/28 after 70 cycles [40]. A binder 
should have three specific qualities: (i) the binder should have a weak interaction with the 

 
Figure 6. Schematic illustration of the failure mechanism of Si electrode due to Si atoms expansion in Li-ion 

batteries. 
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electrolyte; (ii) in the meantime it should provide paths for lithium ions to get in and move to the 
silicon anode; and (iii) the binder should have the ability to form a deformable and stable SEI 
layer. NaCMC has all three qualities, thus making it an excellent binder. The mean issue is that 
the binder in itself adds much weight to the anode, so decreasing the specific capacity. 
Furthermore, polymer binders are not always stable and sometimes react with Si, resulting in 
products that can clog the path for Li+ ions diffusion [41]. 
 

Porous Si particles as lithium-ion battery anode 

Besides using binders, other properties can be modified regarding the structure of silicon itself. 
The use of silicon nano-particles is one of the most commonly adopted technique. There are 
mainly two applications. One is to make porous silicon, the other is to make silicon particles as 
the core, then covered with a mechanically flexible material such as graphite. The manufacturing 
method of microporous silicon particles for lithium-ion battery anodes has matured around 2007 
and 2008, mainly using a microporous silica reduction process [40]. Anodes made by this method 
offers a performance of 3052 mAh/g initial specific capacity, and 1095 mAh/g  capacity was 
remained after 48 cycles at a current rate of 2000 mA/g, corresponding to a 35.9% capacity 
retention [43]. The mechanism behind such high performance is based on the porous structure. 
The pores and voids inside the particles act like a buffer for volume expansion and contraction. 
Another reason is that the local current density is lowered by the porous structure, which leads 
to a lower concentration gradient of lithium ions. This lowers the inner stress produced in the 
first place.  

As is shown in Figure 7, porous silicon nanoparticles can be made from etching silicon wafer using 
HF, then the freestanding porous silicon after liftoff can also be converted into a particulate 

structure and combined with polyacrylonitrile (PAN) or any binder to form a slurry, thus adapting 
itself to a roll-to-roll process for mass production. 

 

Si core-shell structure  

Another idea besides porous silicon particles is the hollow silicon shell or core-shell structured 
composites. The hollow silicon shell is manufactured by chemical vapor deposition (CVD) method, 

 
Figure 7. Description of the process to generate a Macroporous Silicon particulate (MPSP)/pyrolyzed 

polyacrylonitrile (PPAN) composite material from a freestanding macroporous silicon film [42]. 
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depositing Si on silica layers, followed by a series of reduction and etching process, The resulting 
structure is a series of interconnected spheres as is shown in Figure 8 [44]. To start with, by 
adopting this structure the inner stress generated is lower than when using solid spheres. Besides, 
the hollow structure provides accommodation for volume expansion during the charging and 
discharging process. Another advantage of this structure is that because all spheres are 
connected there will be no need for binders. It is reported by Yao et al. they have achieved a high 
initial discharge capacity of 2725 mAh/g with less than 8% capacity degradation every hundred 
cycles for 700 total cycles.  

 
Figure 8. (A) schematic illustration of the manufacturing of Si hollow shell. (B) SEM cross-section view of Si 
hollow shell structure. (C) SEM demonstration of interconnected structure between Si hollow holes [44]. 

As can be seen from Figure 8 (A) [44], a template approach was adapted to manufacture the 
hollow Si structure. First, colloidal silica particles with a diameter of 350 nm are prepared, which 
are then coated by a stainless-steel layer with 10-20 mm thickness. In the next step, CVD is used 
to deposit an amorphous Si layer on the stainless coating, after which the silica cores are removed 
by dilute HF etching. Figure 8 (B) shows a cross-sectional view of the resulting structure while 
Figure 8 (C) demonstrated the connection between each particle [44] The stainless steel current 

collector can also  be coated by other materials, such as carbon coating [45], and Ti coating [46]. In 
fact, besides the mentioned application of Si, other means of nano-structuring including Si nano-
tubes and Si thin films, all provide a promising direction to lithium-ion battery application. These 
methods share more similarities than differences, with the general idea to create more space to 
accommodate the volume expansion upon lithiation. 
  

 
 

A 

B C 
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1.4 Amorphous SiC as the anode material in lithium-ion battery  

1.4.1 Structure of a-SiCx:H 
 

One of the most characteristic features of silicon carbide (SiC) is that it exhibits polymorphism, 
which means it can be present in different structures, named polymorphs. Until 2006, there are 
known more than 250 types of polymorphs in SiC, each with unique structures and lattice 
constant [47].  

The structure of hydrogenated amorphous silicon carbide (a-SiCx:H) is more dynamic and flexible 
than its crystalline counterpart. For example, it can be shown by FTIR and Raman Scattering (RS) 
that there is no Si-Si bond anymore in carbon-rich a-SiCx:H, and carbon tend to cluster at higher 
carbon concentration [48]. As can be seen from Figure 9 (figure drawn based on [49]), -CH3 and 
H can be observed. 

 
Figure 9. Schematic illustration of the structure of a-SiCx:H. 

 

1.4.2 Synthesis of a-SiCx:H 

SiC exhibits many excellent electrical and mechanical properties, and was applied in many fields 
such as semiconductors, automotive, high resistant coatings and was used as a reflective layer in 
solar cells [50]. SiC is in itself rare in nature. In 1824, Berzelius reported for the first time the 
synthesis method for material containing Si-C bonds, and this is a start of the volume production 
of SiC for industrial uses [51]. Of course, the purity of SiC made from this method was rather low. 
Relatively pure SiC was synthesized by Lely in 1955 using sublimation technique [52]. This 
technique undoubtedly accelerated the development of the SiC synthesis in the semiconductor 
industry in the late 1960s, and for the first time Shockley pointed out the promises of SiC in high-
temperature applications [53]. The Lely method was improved by Tairov and Tsvetkov in the late 
1970s for the reproducible production of SiC growth [54]. It was not until the 1980s that the liquid 
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phase epitaxy (LPE) growth of 6H-SiC was invented, as an even further improvement of the Lely 
method [55].  CVD method was then invented a while later as a method of fabricating high-quality 
6H-SiC as well as a-SiCx:H [56]. 

The synthesis SiC thin film is a different story than that of the bulk SiC. Thin films, if of crystalline 
structure, should be synthesized in a way that the crystal orientation, defects density, lattice 
parameter can be controlled. On the other hand, for amorphous SiC thin films, porosity, 
composition and the percentage of different types of polymorphs present should also be 
controlled during the synthesis. For both cases, the thickness, stress generated and the doping 
of the prepared thin films are of importance. Ways commonly used in making amorphous SiC thin 
films can be generally categorized into Physical Vapor Deposition (PVD), Chemical Vapor 
Deposition, and Chemical Etching.  

1.4.3 Anode application of a-SiCx:H 
 
It can be seen from the previous analysis that both silicon and carbon have their strong sides and 
deficiencies for application as the anode in Li-ion batteries. Carbon anodes are stable and safe, 
hence can be easily commercialized, however, with a less than satisfying specific density. For 
silicon anodes the properties almost the other way around, with an ultra-high specific density, 
yet a low life expectancy due to the volume expansion during lithiation and de-lithiation process. 
It intuitively makes sense that by alloying the two materials we end up with something 
somewhere in between, a combination of properties from both materials. That leads us to the 
idea of using a-SiC as the anode material. 
 
The theoretical support is as follows: 
 
1. By introducing C in Si, Si concentration can be diluted and the volume expansion of the 

whole anode can be alleviated. 
2. The amorphous structure of a-SiCx:H provides many micro and macro pores that can 

accommodate the volume expansion. 
3. The reaction between a-SiCx:H and Li+ ions take two steps. 

 
SiC + Li+ + e- ⟶ Si + LiC                                                                    Equation 6                     

 
Si + 4.4Li+ + 4.4e- ↔ SiLi4.4                                                                Equation 7       

 
The first reaction is irreversible and forms pure Si and LiC. Si will further react with Li+ reversibly 
just like a normal Si anode, while LiC, which is a ductile material, will stay in the system and serve 
as a matrix to buffer the expansion [57]. Lastly, a-SiCx:H has a much higher thermal stability 
compared to pure Si, indicating a better performance under high temperature. 
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As a matter of fact, unlike silicon oxide and silicon nitride [58],  SiC has always been considered 
as a lithium inactive material. In the past, researchers have been trying to avoid the formation of 
SiC, because it was considered to be an inactive anode material. This was hard to avoid due to 
the strong bonding tendency between Si and C [22]. However, recently, it has been confirmed 
both theoretically and experimentally that a-SiC is a viable solution for anodes. Very lately, in the 
year 2018, Huang et al. [22] demonstrated this. In their paper, they used inductively-coupled-
plasma chemical-vapor-deposition (ICP-CVD) to fabricate a 500-nm thick a-SiCx:H film, which due 
to the low synthesis temperature (350 °C) shows an amorphous structure as confirmed by XRD. 
They also showed that the capacity and recyclability of the battery is closely related to the film 
thickness. Using 250-nm thick a-SiCx:H samples they achieved an initial specific capacity of 917 
mAh/g, degrading gradually to 376 mAh/g after 100 cycles. This corresponds to a capacity 
retention of 41%, which is indeed better than for pure Si anodes.  
 

1.5 Objective of the project 
 
It can be seen that the reason why a-SiCx:H is a potential good anode material is due to the 
existence of carbon and pores, hence those are two parameters of interests. In the work of Huang 
et al. [22] they only used stoichiometric SiC (so with x = 1) for battery tests and only confirmed 
its functionality without investigating how the carbon concentration and porosity influence the 
battery performance. 
  
The main objective of this project is to study the electrochemical performance of a-SiCx:H as the 
anode material in a lithium-ion battery, more specifically the performance regarding specific 
capacity and the ability of capacity retention, and how those performances are influenced by the 
carbon concentration and porosity.  
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2.Experimental procedures 
 

2.1 Sample preparation 

2.1.1 Plasma Enhanced Chemical Vapor Deposition (PECVD) 
 

Working principle of PECVD 
 

Chemical vapor deposition (CVD) is a commonly used technique in thin-film manufacturing, 
transforming the gaseous phase to the solid phase. In this process, volatile precursor gases react 
on the heated substrates and form thin films. In Plasma Enhanced CVD (PECVD), the energy 
required for the reactions comes from the plasma that is created by RF electromagnetic waves, 
instead of from heat. In this way, substrates can be kept at a lower temperature, which favors 
the amorphous structure of a-SiCx:H. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 Schematic of a capacitively-coupled RF-PECVD reaction chamber [52]. 

In this work, all a-SiCx:H samples were deposited by Plasma-Enhanced Chemical Vapor Deposition 
(PECVD) in DPC (deposition chamber) 2 and DPC 4 of AMOR multi-chamber system in Cleanroom 
10000 of the Else Kooi Laboratory (EKL).  
 

Figure 10 [52] is a schematic illustration of the PECVD equipment used. Substrates were cleaned 
and placed on a metal holder. Together they were placed inside the deposition chamber and 
were connected to the ground electrode, the powered electrode is beneath the ground electrode 
in parallel. Source gases are injected into the chamber from the bottom left and exhaust gases 
are pumped out from the bottom right after the reaction. A throttle valve is used to control the 
pressure in the deposition chamber during processing 
 

When source gases are injected into the chamber and the pressure has stabilized, a spark ignites 
the gases into a plasma that consists of a complex mixture of ions, radicals, atoms, and electrons. 
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These plasma products then react on the surface of the substrates, and the growth of the film 
starts.  
 

AMOR PECVD reaction set up  
There are in total 5 deposition chambers on the AMOR deposition system, of which chamber 1-
4 are for a specific deposition type (n-type, p-type, intrinsic, novel materials), and chamber 5 is a 
flipping chamber. Specifications of the equipment can be seen in Table 1. 
 
                                                    Table 1. Technical specification of the PECVD used. 

 

 

 

 

 

 

 

 

Deposition strategy and conditions 
 

A serious of deposition was conducted under different RF power P and methane flow fraction, R 
= φ(CH4)/ [ φ (CH4) + φ (SiH4)], where φ (CH4) and φ (SiH4) is the flow rate of methane and silane 
respectively, both in standard cubic centimeter per minute (sccm). In total, 30 samples were 
synthesized by varying the power between 3W, 6W, 9W, 12W and 15W, and varying the methane 
flow fraction in different values of R = 0, 0.1, 0.3, 0.5, 0.7, 0.9, as can be seen in Table 2. 
 
                            Table 2. PECVD deposition of a-SiCx:H varying power and methane flow fraction. 

 

 

 

 

 

 

 

 

 

 

The properties of samples were determined by many factors such as methane flow fraction, 
deposition power, and other deposition parameters shown in Table 3. By varying the methane 
flow fraction, R, carbon concentration can be controlled. When all other deposition parameter 
remains constant, a higher methane flow fraction results in a higher carbon concentration in the 
sample. Of course, by influencing the carbon concentration, the structure of a-SiCx:H can also be 
changed. By varying the deposition power density, P, the structure of a-SiCx:H samples, such as 
porosity can be effectively changed.  

Machine specifications  Values  

Chamber used  DPC 2 and 4 

Electrode distance  21 mm 

Electrode type   Showerhead 

Electrode size 12 cm2 

Electrode area 144 cm2 

    0 0.1 0.3 0.5 0.7 0.9 

3W       

6W       

9W       

12W       

15W       

R 
P 
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                                              Table 3. Deposition parameters kept constant in this work. 

 
 
 
 
 
 
 
As can be seen from Table 3, total reactant gases-flow rate and chamber pressure were kept 
constant, to ensure different depositions can be compared and the gas residence time is the 
same. PH3 (2% diluted in H2) was used to make the sample n-type doped, this was to increase the 
electrical conductivity of the anode and at the same time, the capacity retention ability can also 
be improved to some extent by n-type doping, comparing to p-type Si and undoped [59]. Due to 
the low reaction temperature of PECVD, substrates can be kept at a temperature of 180 ℃, which 
favors the formation of the amorphous structure.  
 

2.1.2 Metal evaporator  
 

Working principle of the metal evaporator  
 

Metal evaporators are based on Physical Vapor Deposition (PVD). There are mainly 2 types of 
metal evaporating systems that can be used for metal thin film deposition, E-beam evaporation 
and thermal evaporation. As can be seen in Figure 11 [60], in the E-beam evaporation system, 
the targeted metal is bombarded by electrons that are accelerated by a charged tungsten 
filament and ed into the gaseous phase. Those atoms then precipitate again into solid form, 
coating everything inside the vacuum chamber with a thin metal film. Thermal evaporation is 
simpler compared to E-beam evaporation, as in this case heat is applied under the crucible where 
target metal is contained, causing a rise in vapor pressure inside the chamber. Because the 
chamber is vacuum, a little increase in metal vapor pressure will lead to the vapor traversing 
through the chamber and hit the substrates, forming films.  
 

Deposition Parameters Values  

φ (CH4) + φ (SiH4) 40 sccm 

φ (PH3) 11 sccm 

Chamber pressure 0.7 mbar 

Substrates temperature 180 ℃ 
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Figure 11. Schematic illustration of the working principle of E-beam physical vapor deposition (EBPVD) 

[60]. 

 

Provac PRO500S 
 

In this work, Provac Pro500S (seen in Figure 12, [61]) located in the cleanroom 10000, EKL, was 
used to deposit a thin layer of Ti on Asahi glass, for synthesizing pouch-cells in the battery tests. 
This will be explained more in detail in Section 2.1.3. 
 

Both E-beam evaporation and thermal evaporation modes are available on this equipment. 
Thermal evaporation is more suitable for source metal with lower melting points such as Al and 
Cu [61]. Al was not chosen because it tends to be unstable under a low potential environment, 
which is usually the case for the anode [62]. Copper was not an option for the obvious reason 
that it is deep contamination for semiconductors, even though it is suitable for this work, it might 
pollute colleagues’ work in the cleanroom. In this work, E-beam evaporation was applied to 
deposit a 100 nm thick Ti layer on Asahi glass, which will be introduced more in detail in Section 
2.1.3. 
 

 
Figure 12. The working principle of the metal evaporator is used to deposit Ti layer [61]. 
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2.1.3 Substrates preparation  
 

In this work, deposited a-SiCx:H films are very thin, with a thickness of around 1-3 m. Thus when 
using PECVD, films have to be deposited on a substrate.  Different types of substrates were used 
for different purposes.  
 
In total, four types of substrates were used: Corning glass and Si wafer are mainly used for 
material characterization, and Asahi glass substrates and carbon fiber paper (CFP) substrates 
were used for battery tests a-SiCx:H films deposited on Asahi glass or CFP can be assembled into 
pouch cells or coin cells, respectively. Here in this section, glass and Si substrates will be 
introduced more in detail while Asahi glass substrates and carbon fiber paper (CFP) substrates 
will be illustrated in Section 2.1.4. 

 

Corning glass-7059                         

Dimension 0.7 mm thick, size can be shaped as desired 

Application Spectroscopic Ellipsometry (SE) measurements, conductivity 
measurements, and battery tests 

Treatment before deposition 1. A 10 x 10cm substrate was picked up and was 
ultrasonicated in Acetone and Isopropyl alcohol (IPA) for 10 
minutes, respectively. 

2. The cleaned substrate was then immersed in 1% 
Hydrofluoric Acid (HF) for 270 s for a rougher surface to 
achieve better adhesion of deposited film on substrates. 

 

Si wafer with low doping 

                
  

2.1.4 Battery preparation  
 

Battery tests were performed for chosen samples deposited at the earlier stage of the work, 
mainly aiming to find out how the battery performances, more precisely, how the specific 
capacity, initial coulombic efficiency, and capacity retention ability are affected by material 
properties such as porosity and carbon concentration. It is worth mentioning that in a lithium-
ion battery consists of a cathode and an anode and whichever material has a lower potential 
comparing to Li/Li+ will be the anode. a-SiCx:H is referred to as the anode in the previous sections 
because, in a commercialized battery, the counter electrodes are usually different types of metal 
oxides, such as Lithium Nickel Cobalt Aluminum Oxide (NCA) or Lithium Cobalt Oxide (LiCoO2) 
[63]. Those oxides have a potential of around 4 V vs Li/Li+, while this value for a-SiCx:H is 0.4 V 

Dimension 500 m thick, 4 inches diameter, 2170-3410 ohm-cm, <100> 

Application SEM/EDS measurements 

Treatment before deposition No treatment was needed, wafers were cleaned already by 
manufacturer 
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[64], which is significantly lower and essentially makes it the anode of the battery. In this work, 
however, half-cell tests were performed to investigate the properties and performance of the 
anode material of interests. In a half-cell battery test, the counter electrode is a thin lithium metal 
foil, which has 0 V potential vs Li/Li+ and this effectively makes the a-SiCx:H the cathode. This 
means just the terminology of anode and cathode are reversed; nothing has changed regarding 
the electrode reactions and the capacity fade mechanisms of the electrode.  

 

Pouch-cell preparation 
 

Asahi layered substrates for pouch-cell 
 
When using a PECVD chamber of the AMOR deposition system in the cleanroom 10000, one 
should be careful which material can go inside the deposition chamber. For example, the most 
commonly used substrates are glass substrates and silicon wafers, in addition, stainless steel 
substrates are occasionally used. A qualified substrate should at least meet certain requirements, 
that is, does not decompose under high temperature and vacuum environment, and does not 
contaminate the deposition chamber with undesired species. 
 
We will now discuss how pouch-cells are made. 
 
Layered structure based on Asahi glass 

Dimension 1 mm thick, 2 cm x 10 cm, 

Application To assemble into pouch-cell for electrochemical measurements 

Treatment before deposition 1. Asahi glass was picked up and the side with fluorine-doped 
tin oxide (FTO) coating was determined by a voltmeter, the 
side with the coating was more conductive while glass 
virtually non-conductive. 

2. Asahi glass was put in Provac (metal evaporator), with the 
FTO side facing downward, the recipe of ‘100 nm Ti’ was 
performed. 

3. As treated substrates were cut into 2 cm x 3 cm pieces and 
a-SiCx:H was deposited onto a 2 cm x 2 cm area, the left 1 
cm x 2 cm area was exposed with Ti layer, which was used 
to connect wires for battery tests.                              

 
Asahi glass was purchased from Asahi Glass Co., Ltd. The schematic illustration can be seen from 
Figure 13, it has a 1 mm thick glass layer, which serves as the mechanical support. On top of the 
glass is a layer of 700 nm thick Fluorine-doped tin oxide (FTO), this layer was used to increase the 
adhesion between the metal layer that was going to be deposited next and the glass. Also, the 
FTO coating is conductive and can help to carry the current. A 100 nm Ti layer deposited by Provac 
Pro500S mentioned in Section 2.1.2 was used as a current collector, since the conductivity of the 
deposited a-SiCx:H film is relatively low.  
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Designed as such, the total thickness of the substrates exceeds 1 mm, to assemble this into a 
battery pack, pouch cell was the only option. 
 

Pouch-cell assembly  

 

 

 

Figure 14. (A) Schematic illustration of the layered structure of pouch-cell [65]. (B) Assembled pouch-cell by 
Zhaolong Li for battery tests in this work. 

It can be seen in Figure 14, [65] that in a pouch-cell assembly, multiple layers of the anode, 
separator, and cathode are stacked on top of each other and are then sealed by a flexible foil. 
This approach minimizes the dead weight of the battery and improves the energy density of the 
battery [66]. We performed pouch cell tests on two samples to see if we can get a functional 
lithium-ion battery system using a-SiCx:H as the anode.  
 

 
 

Figure 13. Schematic illustration of the dimensions and structure of Asahi glass-based substrates. 

A 

 

B 
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Coin-cell 
 

A coin cell, also known as button-cell, is a commonly used battery packing technique in laboratory 
half-cell tests. Coin-cells can be very compact, thus are widely used as the battery in portable 
devices, the structure of which can be seen in Figure 30 [67]. Carbon fiber paper (CFP) is used as 
substrates when making coin-cells as this material be cut quite easily into a round shape with a 
radius of 0.2 cm. 
 

Carbon fiber paper substrates (CFP) 

 

Spectracarb GDL 0550 carbon fiber paper is made of carbon fibers that are connected by resin, 

as can be seen from Figure 15 [68]. This material is stable up to 400 C. 
 
In order to avoid cross-contamination, deposition on carbon fiber paper was carried out in DPC4 
of the AMOR system, as we did not have information on the possible outgassing under vacuum 
conditions for this material. The use of this material as the substrates has many advantages: 
 
1. Carbon fiber paper is conductive, there will be no need for an additional layer of metal as 

the current collector. 
2. a-SiCx:H thin films stick better on carbon fiber paper than on metal, where obvious 

exfoliation can be observed.          
3. Carbon fiber paper is easy to tailor into the desired size and shape and can be assembled 

in to coin cell conveniently. 
 

Dimension Can be cut into the desired size 

Application To assemble into coin-cell for electrochemical measurements 

Treatment before deposition Have to be preserved in a dry environment, no special pre-
treatment is needed.  
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Figure 15. (A) Representation of cutting carbon fiber paper into different shapes, the round shape can be 
made into coin-cells [69] and  (B) SEM images of carbon fiber before deposited with Si/C composites. (C) 

SEM images of carbon fiber after deposited with Si/C composites [68]. 

 

 
Figure 16. (A)  Deposition of a-SiCx:H on carbon fiber paper (B) front side and (C) back side, and (D) a-

SiCx:H deposited on layered Asahi substrates 

B 

A 

C 

A B C 

D 



Study of n-type Amorphous Silicon Alloy as the anode in Li-ion battery 
Shihao Wang                                                                                                                17-09-2020 

  

 

 

 

 

 

32 

As can be seen from Figure 16 (D), a-SiCx:H deposited on Asahi layered substrates showed 
pulverization right after deposition, which is detrimental to the battery performance, the 
adhesion to carbon fiber paper, on the other hand, is much better, as depicted by Figure 16 (A). 

One issue introduced by using carbon fiber paper as the substrates is due to its porous structure, 
reactant gases can penetrate the layer and reach the metal holder, as can be seen Figure 16 (C). 
This also causes an issue that deposition rate measured based on deposition on glass substrates 
should be corrected since not all the material was deposited on substrates when using carbon 
fiber paper. Tape saw in Figure 16 (B) is the Teflon tape, used to secure the position of CFP 
substrates. Deposited films can then be assembled into a coin-cell, the schematic illustration of 
which can be seen in Figure 17.  
 
 

 

 

 

 

 

 

 
 

 
 

 

 
 

 

 
                                     Figure 17. Schematic illustration of the coin-cell half-cell structure [67]. 
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2.2 Measurement techniques 

2.2.1 SEM/EDS measurement 

Working principle of SEM/EDS 
 
Scanning Electron Microscopy (SEM) and Energy Dispersive x-ray Spectroscopy (EDS) have been  
used to characterize the carbon concentration in deposited a-SiCx:H. SEM has a higher complexity 
than optical microscopy. It generates a beam that consists of focused, highly energetic electrons, 
with which information regarding the structure, composition, and morphology of the sample can 
be obtained by analyzing the interaction between electrons and material [70]. When electrons 
arrive at the material surface, a fraction of them will have elastic collisions with material particles, 
(which means the direction of electrons movements were changed but the energy remained the 
same, most of the electrons interact inelastically). While most electron energy is consumed in 
producing heat, other interactions will lead to secondary effects, such as backscattered electrons, 
secondary electrons, characteristic X-ray, etc, as can be seen in Figure 18 (A) Which interaction 
will dominate is determined by how deep the electrons can penetrate the material, as can be 
seen from Figure 18 (B). 

 
Figure 18. The interaction of incoming primary electrons with a sample. (A) Useful signals generated by 
electron-matter interactions in a thin sample. (B) Absorption of Secondary electrons (SE), Backscattered 
electrons (BSE), and X-rays in thick samples, by inelastic scattering within the interaction volume [70]. 

Among the mentioned secondary effects, the characterized x-ray is the most useful information 
for material composition analysis. When the accelerated electron beam hits the targeted sample, 
the electrons from K-shell will be knocked out from the specimen atom, forming a vacancy in that 
shell. If an electron from another shell fills in that vacancy, the excess energy will be released in 
the form of high energy photons, which is characterized as x-ray, this process is called electron 
transition. The generation and energy of the emitting x-ray is highly material dependent, and by 
analyzing the energy spectrum, qualitative and quantitative analysis of specimen can be 
performed [71]. 
 

A B 
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Description of SEM/EDS used in this work 

In this work, SEM combined with EDS was performed with a Thermo Fisher® Helios G4 PFIB UXe 
dual beam (see in Figure 19 (A)) [72] combined with an Ametek® (EDAX) Octane Elite Plus (30 
mm², 125eV) detector (see in Figure 19 (B)) [73] using TEAM™ Pegasus Integrated EDS-EBSD data 
acquisition suite. The beam energy employed was 5 keV with a beam current of 2.3 nA.  
 
 

 

 
 

 

 
 

 

 

 

 

 

 
 

 

 

 
Figure 19. (A) Thermo Fisher® Helios G4 PFIB UXe dual-beam [72]. (B) Ametek ®(EDAX) Octane Plus [73]. 

A B 
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Example of measurement 

As can be seen from Figure 20 (A) and (B), 7 points were measured for each sample, then 7 carbon 
concentration measured and the values were averaged out to calculate the carbon concentration 
that was most representative for the sample. In Figure 20 (C) and (D) shows typical energy spectra 
measured by SEM/EDS, with the photon count on the y-axis and the photon energy on the x-axis. 
The photon energy along the x-axis is element dependent, whereas the photon count along the 
y-axis reflects the element concentration. The relative element concentration can be acquired by 
comparing the peak area, which is the integration of the photon number as a function of the 
energy. The measurement settings were calibrated based on stoichiometric SiC, which has a 
carbon concentration of around 50%. 

 
 

Figure 20 (A) SEM optical image for sample deposited under 3W, R=0.9. (B) SEM optical image for 
stoichiometric SiC. (C) and (D) are the measurement results for element concentration of sample 

deposited under 3W, R=0.9 and stoichiometric SiC, respectively. 

A B 

C 

D 
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2.2.2 Spectroscopic Ellipsometry (SE) 
 

Working principle of spectroscopic ellipsometry  
After deposition, each sample deposited on glass substrates was characterized by Spectroscopic 
Ellipsometry (SE) for thickness, bandgap (Eg), and refractive index (n) at the far-infrared region. 
Spectroscopic ellipsometry was chosen for the characterization for mainly three reasons: 
 
1. Measurements of SE are quick and generally take less than 30 seconds, this is very 

beneficial to this research because a large number of samples have to be measured. 
2. SE measurements do not require pre-treatment of the sample, nor do they change the 

integrity of the sample 
3. Except for thickness, multiple material properties can be acquired with one measurement, 

this is effective. 

 
 

Figure 21. (A) Schematic illustration of the electromagnetic wave before polarization and (B) and after 
polarization [74]. 

As can be seen from Figure 21 [74], light is an electromagnetic wave. After interacting with the 
material, the light will be polarized and will have different intensity in different planes. By 
measuring the polarization of waves in both S (perpendicular to the plane of incidence) and P 
(parallel to the plane of incidence) plane, material properties can be obtained. This change in 
polarization can be expressed in a ratio, which contains two parameters, 𝜓, and Δ, that can be 
directly measured by SE. 

 
Figure 22. Polarization of light described by Fresnel equations [74] 

A B 

A B 
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 𝑟𝑝̃ and 𝑟𝑠̃ are the two Fresnel coefficients, that are, two solutions to boundary value problems at 

material interfaces. As can be seen from Figure 22, they describe the reflection of light at material 
interfaces in P and S plane, respectively. 𝐸𝑟  and 𝐸𝑖  are the electric field of the reflected and 
incident light, respectively.  
 

     (𝑟𝑝̃ = (
𝐸𝑟̃

𝐸𝑖̃
)
𝑝

=
𝑛𝑡 cos𝜃𝑖−𝑛𝑖 cos𝜃𝑡

𝑛𝑖 𝑐𝑜𝑠 𝜃𝑡+𝑛𝑡 𝑐𝑜𝑠 𝜃𝑖
)                                                 Equation 8                                                      

     (𝑟𝑠̃ = (
𝐸𝑟̃

𝐸𝑖̃
)
𝑠
=

𝑛𝑖 cos𝜃𝑖−𝑛𝑡 cos𝜃𝑡

𝑛𝑖 cos𝜃𝑖+𝑛𝑡 𝑐𝑜𝑠 𝜃𝑡
)                                                  Equation 9                                                             

     (
𝑟𝑝̃

𝑟𝑠̃
=

|𝐸out |/|𝐸in |

|𝐸out  |/|𝐸in |
e𝑖(𝛿𝑝−𝛿𝑠) = tan(𝜓) e𝑖Δ = 𝜌)                             Equation 10                              

As can be seen from equations above, the change in polarization of the light is reflected by two 
parameters 𝜓 and Δ. In those equations 𝜓 is related to an amplitude ratio and Δ  is related to the 
phase change. These parameters can be measured directly using SE and from these parameters 
the optical properties of the material can be obtained [74].  
 

Spectroscopic ellipsometry used in this work 
 

In this work, J.A Woollam M2000DI was used, as can be seen from Figure 23. It covers a 
wavelength range of 193-1690 nm, with 690 wavelengths options, with a data acquisition rate of 
0.05 seconds and the maximum thickness can be measured is 18 mm [75]. 
 

 
  

                                
                
              Figure 23. (A) J.A Woollam E2000DI incident device (B) J.A Woollam lamp and power source. 

A 

B 
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Example of measurements 

Figure 24 shows the data fitting process for the measured sample deposited under 3W and 
methane flow fraction 0. When the measured data (firm line) does not overlap with the model 
(dot line), this indicates that the parameters used in this model do not match with the 
experimental data and in this case and the error will be very large. When measured data overlap 
with the model (results are considered to be trustworthy when mean-square-error is less than 
20, as can be seen from Figure 24 (B)), material properties such as film thickness, bandgap, and 
refractive index can be acquired. In this case, the fitted thickness for the deposited thin film is 
88.67 nm, bandgap 1.595 eV and the refractive index is 4.178, each data is within an error margin. 
In this measurement the mean square error (MSE) is 3.272, which was very low, indicating the 
measurement is trustworthy. 
 

 
 

 
Figure 24. (A) Fitting model of SE and (B) Material properties can be obtained from CompleteEase software 

for analyzing spectroscopic ellipsometry measurements, and information of samples can be acquired. 

MSE

Thickness

Band gap

Refractive index at  

632.8 nm  

 A 

B 
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Porosity determination based on Bruggeman Effective Medium Approach  
 
Porosity is one of the dominating factors influencing the performance of the anode, thus it is of 
our interest to determine a value for the porosity. Plenty of research has been carried out 
regarding porosity detection in thin films. Sophisticated methods such as Brunauer–Emmett–
Teller (BET) method and other types of porosimetry connect the pressure of pressing gases/liquid 
into the material and porosity of the material [76]. In this way, not only the porosity as the volume 
fraction of voids can be characterized, but also the pore size distribution can be revealed. As the 
porosity and porosity distribution influences Li+ ion diffusion and electronic conductivity of the 
material, it is important to measure these quantities [77]. 
 
In this work, due to the limitation of time and a large number of samples, a quick characterization 
method of porosity was needed that has to provide relatively accurate measurements without 
involving too detailed information regarding porosity distribution. This can be done by 
connecting the refractive index of material previously acquired from SE measurements and 
assumptions on the material structure. The refractive index and density of a material are related. 
Generally speaking, a higher density comes with a higher refractive index. To investigate the 
porosity of a-SiCx:H, Bruggeman’s effective medium approach [78] was applied. 

Effective medium approximations are theories based on which we can calculate the physical 
properties of a material based on assumptions on its structural composition. In Bruggeman’s 
effective medium approach, the properties of a mixture consist of two heterogeneously mixed 
phases can be calculated based on the properties of each component. Specifically for the work 
presented in this thesis, we assume that for porosity detection in porous material, one 
constituent is the void and the other one is the bulk material [79]. Bruggeman’s effective treats 
both of the constituents equally without differentiating the host or inclusion (as is shown in 

Figure 25, pores can be either A or B; the two phases are equally treated, [78]). It can be 
expressed by the following equation. 
 

(1 − 𝑝) (
𝑛𝑖

2−𝑛𝑎
2

𝑛𝑖
2+2𝑛𝑎

2) + 𝑝 (
1−𝑛𝑎

2

1+2𝑛𝑎
2) = 0                                                Equation 11 

 
Figure 25. Representation of heterogeneous two-phase media in Bruggeman’s effective medium 

approach, in this case, either phase A or B can be used to represent pores and it makes no difference 
[78]. 
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Where 𝑝 is the void volume fraction, that is, the porosity, 𝑛𝑎
  is the measured refractive index 

in the infrared region of the sample, this can be obtained by fitting SE data as can be seen in 
Figure 26. 𝑛𝑖

  is the refractive index of the bulk material with the same composition, but without 
any porosity [80].  
 
𝑛𝑖

  on the other hand, is composition-dependent. This means for bulk materials without porosity, 
this value will still be different for each deposited sample since they have different carbon 
concentration. To calculate this composition-dependent value, two extreme values of the 
refractive indexes for pure Si and C were chosen to be the reference point, by assuming a linear 
relationship between the permittivity (square of the refractive index) and carbon concentration, 
ni

   can be calculated. The permittivity of Si was taken to be 12 [81], and that of carbon (carbon 
black) was taken to be 2.7 [82]. The schematic relationship between permittivity and carbon 
concentration of each sample can be seen from Figure 27 The permittivity of the stoichiometric 
SiC was 6.2 [83], indicating a linear relationship can indeed be assumed. Based on the carbon 
concentration and refractive index at the far-infrared region, the porosity of the sample can be 
calculated. 

 
Figure 26. Refractive index in the far-infrared region acquired from spectroscopic ellipsometry. 
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2.2.3 Electrical conductivity  

 

Working principle of electrical conductivity measurements 
The electrical conductivity of deposited a-SiCx:H film was measured using dark conductivity 
measurement. This is a technique in photovoltaic material characterization and for measuring 
the activation energy, which reveals information such as the doping level of the sample. The 
conductivity was measured to evaluate the performance of each sample as the electrode. 
Meanwhile, this also provides experimental data for COMSOL simulation described in Chapter 5 
to investigate the influence of conductivity on the battery performance of a-SiCx:H electrode.   
 
Electrical conductivity describes the level of ease at which charge can pass through the material, 
this is determined by the density of charge carriers and their mobility, both of which depend on 
temperature. The conductivity of a-SiCx:H can be expressed in the form     
 
   𝜎 = 𝜎o 𝑒𝑥𝑝(𝛥Ea/kT)                                                                          Equation 12 

By performing conductivity measurements at temperatures ranging from 60 to 130 ℃ between 
two coplanar electrodes, it can be derived from the activation energy and extrapolated the 
conductivity at the room temperature. 

 

Dark measurement set up used in this work 

In this work, Keithley 6517B Electrometer/High Resistance Meter was used to measure the 
conductivity dependence on temperature, as can be seen from Figure 28 (A) [84]. An optical 

microscope was used （Figure 28 (B)）to connect the contacts with the Al contact layer that was 

deposited on top of the a-SiCx:H. Samples were annealed before measurements. From the 
measurements, the resistance of the film can be directly obtained, from which the conductance 
can be calculated. 
 

 
Figure 27. The permittivity of a-SiCx:H as a function of carbon concentration 
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Given the geometrical parameters of the film (in this case, the distance between the two contacts 
is 0.5 mm and the thickness of the film is 500 nm), the conductivity of the sample can be obtained. 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 28. (A) Keithley 6517B Electrometer/High Resistance Meter. (B) Optical microscope used to connect the 
contact. 

A B 
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3. Material characterization 
3.1 Material properties 

 

3.1.1 Deposition rate as a function of methane flow fraction and deposition power  
As was demonstrated in Chapter 2, the thickness of the sample can be obtained by fitting the 
data measured from samples to a model, using spectroscopic ellipsometry. The thickness of each 
sample is important to know to calculate the deposition rate (nm/s) under specific deposition 
settings. Knowing the deposition rate, the thickness of the future deposition can be controlled, 
this is useful since both SEM/EDS measurements and electrochemical measurements have 
certain requirements for sample thickness. 
 

 
Figure 29. The calculated deposition rate of a-SiCx:H as a function of methane flow fraction and deposition 

power. 

It can be seen from Figure 29 that the deposition rate increases with a higher deposition power 
and a higher methane flow fraction. The deposition rate increases more significantly with power 
in the low power region. This is because in this region, reaction rate depends on the degrees of 
disassociation of reactant gas molecules [85] and chemical bonds break more thoroughly under 
a higher deposition power. When the power density increases above a certain level, the power 
density is no longer the limiting factor for the reaction rate. Instead the transport of radical 
species becomes the limiting factor, and this is determined by temperature, chamber pressure, 
etc [85]. Hence, the difference in deposition rate between 12W and 15W is less pronounced than 
that between 3W, 6W, and 9W. It also shows an increase and decrease of the deposition rate 
with increasing methane flow fraction. This decrease of deposition rate can be attributed to the 
higher energy required to break the chemical bonds of CH4 comparing to that of SiH4.  
 

3.1.2 Refractive index as a function of methane flow fraction and deposition power 
 

Figure 30 shows the refractive index as a function of methane-flow fraction for different 
deposition power. It can be seen from this figure that the refractive index decreases with a higher 
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methane flow fraction and a higher deposition power. Obviously, with a higher methane flow 
fraction and deposition power the carbon concentration of the sample increases, which leads to 
a lower refractive index. This can be seen in Figure 31. 

 

3.1.3 Carbon concentration as a function of methane flow fraction and deposition power 
 
The carbon concentration of each sample was measured by SEM/EDS. There are requirements 
for the thickness of the samples, because only when the thickness is beyond a threshold incoming 
electrons will only interact with the material and not with the substrates. This is important in 
order to prevent interference due to elements in substrates. The precise requirement for 
thickness depends on the properties of the material such as density and crystal structure. As a 
rule of thumb 800 nm is used. It is calculated for crystalline SiC that a thickness of 500 nm is 
sufficient. However, due to the amorphous structure of a-SiCx:H, electrons can penetrate pores 
without much energy loss and this needs to be compensated by a higher thickness [86]. 

 
Figure 30. Measured refractive index as a function of methane flow fraction and deposition power. 

 
              Figure 31. Refractive index as a function of the carbon concentration. 
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Table 4. Results of SEM/EDS measurements for element concentration of a-SiCx:H sample deposited under 

3W, R=0.9. 

 

Table 4 shows data of an example measurement of the carbon concentration using SEM/EDS.. 
Except for carbon and silicon, oxygen and phosphorus can also be detected. Existence of O can 
be attributed to the oxidation of deposited a-SiCx:H, the existence of P is due to the doping by 
PH3. Z, A, F were used in matrix correction to describe the influence of different compositions in 
the sample to the intensity of X-ray. Z, A, F refer to the atomic number correction, the absorbance 
correction, and the correction, respectively [87]. As can be seen from Figure 32, the carbon 
concentration increases with higher methane flow fraction and a higher power density. The 
increase of carbon concentration concerning the increase of methane flow fraction can be easily 
understood when using a higher methane concentration in the chamber. The increase of the 
carbon concentration with higher deposition power can be explained by the stronger chemical 
bonds of CH4 compared to that of SiH4, hence a higher deposition power enhances the 
dissociation of CH4 molecules, resulting in a higher carbon concentration in the sample. 

 

3.1.4 Porosity as a function of methane flow fraction and power density 
 

The porosity of each sample was calculated based on their refractive index measured from 
spectroscopic ellipsometry. It is also necessary to know the carbon concentration of each sample, 
to calculate the refractive index of the bulk material (with porosity) under a specific composition. 

 
 

Figure 32. Carbon concentration as a function of deposition power and methane flow fraction. 
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Bruggeman Effective Media Approach was applied to translate the measured refractive index to  

 
porosity. It can be seen from   Figure 33 that the porosity of each sample increases with a higher 
methane flow fraction, because with a higher methane flow fraction, more CH4 molecules will be 
dissociated and involved in the reaction, resulting in a higher concentration of CH3 groups. In 
general, the porosity also increases with a higher deposition power from 3W to 12W, while from 
12W to 15W it more or less stabilized. This increase in porosity can be related to both the higher 
carbon concentration (more CH4 dissociation) and the higher deposition rate with increased 
deposition power. 
 

3.1.5 Example of conductivity measurements 
 
Three samples were measured, Sample 1 with 1.13% carbon concentration, 0.30 porosity has a 
conductivity of 2.16 x 10-4 S/m, Sample 2 with 0.62% carbon concentration, 0.12 porosity has a 
conductivity of 6.16 S/m, while Sample 3 with 16.12% carbon concentration, 0.39 porosity has a 
conductivity of 4.48 x 10-10 S/m.  
 
It can be seen that those three samples have a very large difference in porosity and carbon 
concentration. Sample 1 with the lowest carbon concentration and porosity has the highest 
conductivity, while in Sample 3 the increase in carbon concentration of nearly 15% increased 
significantly the bandgap of the sample from 1.584 to 1.944 (activation energy also increased 
from barely detectable to 726 meV), and resulted in a much lower conductivity. 
 

3.2 Porosity as a function of carbon concentration  
 
Now the relationships between carbon concentration and refractive index, refractive index and 
porosity have been obtained, the relationship between the porosity and the carbon 
concentration for each sample can be derived. This relationship is shown in Figure 34. It can be 
seen that the porosity of the deposited film increased with a higher carbon concentration and  

  
                            Figure 33. Porosity as a function of methane flow fraction and deposition power 
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deposition power. Using Figure 34 allows the influence of porosity and carbon concentration on 
the performance of the battery to be disentangled.  For example, in Figure 34 two samples with 

the same carbon concentration but different porosity, or with the same porosity but different 
carbon concentration can be chosen. By comparing the battery performance between those 
samples, the role of porosity and carbon concentration can thus be investigated separately. 
 
We can see that in the low carbon concentration region (carbon concentration from 0% to 5%), 
a slight change in carbon concentration results in significant changes in porosity, while at higher 
carbon concentration region (carbon concentration from 5% to 20%), the porosity does not vary 
so strongly with carbon concentration. 
 
The trend shows that all curves could be intersecting near 17% carbon concentration, 40% 
porosity. The difference between each curve could be more pronounced at even higher carbon 
concentration region, however, a higher carbon concentration may require changes in other 
deposition parameters, such as a higher chamber pressure or a higher temperature.  
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 34. Porosity as a function of carbon concentration. 
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4. Results for battery tests of a-SiCx:H 
 

In this chapter, the results of battery tests will be presented. First, the test conditions and the 
results for pouch-cell tests will be shown. Then the testing strategy and results for coin-cell 
samples with a low mass load. This is followed by the results for coin-cell samples with higher 
mass load. For each part, the influence of porosity and carbon concentration on battery 
performance, such as specific capacity, Coulombic efficiency, and potential change during the 
first cycle discharge will be compared and discussed between different samples. Finally, the 
influence of the mass load on battery performance will be discussed. 
 

4.1 Testing and condition and results for Pouch-cell tests 

4.1.1 Pouch-cell testing condition  
Two samples were deposited under P = 15W, R = 0.7 and P = 12W, R = 0.5, with carbon 
concentration of 1.52% and 7.15%, porosity of 31% and 32% respectively (properties obtained 
based on characterization that will be illustrated in later sections). The deposited area was 2 cm 
x 10 cm, and the deposited mass was 6.6 ± 1 mg and 6.3 ± 1 mg for two above-mentioned samples, 
respectively. This corresponds to a mass density of 0.33 ± 0.05 mg/cm2 and 0.31 ± 0.05 mg/cm2 
respectively. The theoretical specific capacity was assumed to be 3000 mAh/g (based on 
experience), based on which 1C rate current was calculated to be 3.96 mA. 1M LiPF6 in EC/DEC 
(v/v, 1:1) + 2wt.% VC (additive) was used as electrolyte. Battery was charged to 1.0 V and 
discharged to 0.1 V at 0.1 C, repeated for 10 cycles. 
 

4.1.2 Results and discussion for pouch-cell tests 
From battery tests three main information can be obtained for each sample: charge and 
discharge specific capacity as a function of cycle number, and coulombic efficiency as a function 
of cycle numbers. Discharging a lithium-ion battery means that Li+ ions move from the anode to 

 
Figure 35. The specific capacity of the discharge as a function of cycle number for Pouch-cell P0.33 C7.2% 

and Pouch-cell P0.31 C1.5% (P0.33 means the porosity of the sample is 0.33, C7.2% means the carbon 
concentration of the sample is 7.2%). 
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cathode (for instance, LiCoO2). In this experiment, it corresponds to the process of Li+ ions moving 
from the lithium metal to the a-SiCx:H electrode in which they are inserted.  
 
In the sample labeling, the value comes after P is the porosity of the sample as void volume 
fraction, while the value after C is the carbon concentration in percentage. As can be seen in 
Figure 35, during the discharge of the first cycle for Pouch-cell P0.33 C7.2% the specific capacity 
starts at a value of 3714 mAh/g. This value is proportional to the number of Li+ ions that can be 
inserted per gram material (for example, it can be calculated 3714 mAh/g means for 1 g a-SiCx:H 
electrode material, 8.34 x 1022 Li+ ions can be inserted). 
 
First cycle discharge is also conventionally referred to as the specific capacity of a battery, which 
in this case is 3714 mAh/g. Pouch-cell P0.31 C1.5% on the other hand, only has a discharge 
specific capacity of 2288 mAh/g.  Charging of a Lithium-ion battery means Li+ ions inserted into 
a-SiCx:H are extracted out of this material, which is the opposite of what happened during the 
discharge. During the charge of the first cycle for Pouch-cell P0.33 C7.2%, as can be seen in Figure 
36, the capacity arrives at a value of 1188 mAh/g while is only 192 mAh/g Pouch-cell P0.31 C1.5%. 
This difference between the discharge and charge capacity can be explained by the Li+ ions 
consumption mainly due to the irreversible reaction between carbon in a-SiCx:H and Li+ ions, and 
the side reaction in which the Solid-Electrolyte-Interface (SEI) is formed.  
 

The term Coulombic efficiency (CE) is used to describe this loss of Li+ ions. Coulombic efficiency 
is defined as the first cycle charge (discharge in full-battery tests) capacity divided by the first 
cycle discharge capacity (charge in full-battery tests) in the half-cell tests. In other words, the 
amount of recyclable Li+ ions that are able to be extracted from the a-SiCx:H electrode during 
charging divided by the amount of Li+ ions that are inserted during discharging. As can be seen 
from Figure 37, the initial Coulombic efficiency which is the first cycle Coulombic efficiency, is the 
lowest.  
 

 
Figure 36. Charge capacity as a function of cycle number for Pouch-cell P0.33 C7.2% and Pouch-cell P0.31 

C1.5%. 



Study of n-type Amorphous Silicon Alloy as the anode in Li-ion battery 
Shihao Wang                                                                                                                17-09-2020 

  

 

 

 

 

 

51 

 
Figure 37. Coulombic efficiency for Pouch-cell P0.33 C7.2% and Pouch-cell P0.31 C1.5%. Based on the 

equations for error propagation, the error margin for the above mentioned two samples is 21.42%, and 
22.81%, respectively. 

 
This is because the irreversible reaction between carbon in a-SiCx:H and Li+ ions during the first 
cycle, and the formation of the SEI layer consumes more Li+ ions in the first cycle than in later 
cycles, because the a-SiCx:H  electrode is completely unprotected during the first cycle. 
Coulombic efficiency will gradually increase after the first cycle and reach 100% when the system 
is stabilized. Figure 37 shows that Pouch-cell P0.33 C7.2% has an initial Coulombic efficiency of 
32% which is significantly higher than Pouch-cell P0.31 C1.5%  that only shows an initial 
Coulombic efficiency of 9%. The Coulombic efficiency of Pouch-cell P0.33 C7.2% reaches 100% 
after 10 cycles while that of Pouch-cell P0.31 C1.5% only arrives at 82%. From these data, we 
conclude that for samples deposited on Asahi glass substrates the sample with higher porosity 
and a higher carbon concentration shows a higher specific capacity and a higher coulombic 
efficiency than for the sample with lower porosity and carbon concentration. 

  

 

Figure 38. Potential as a function of specific capacity (state of charge) of the first cycle charge and 
discharge for Pouch-cell P0.33 C7.2% and Pouch-cell P0.31 C1.5%. 
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Figure 38 shows how the equilibrium potential of the a-SiCx:H electrode changes as a function of 
the state-of-charge during both first cycle charge and discharge for Pouch-cell P0.33 C7.2% and 
Pouch-cell P0.31 C1.5%. It can be seen in the discharge curve for both samples that an increase 
in potential is observed followed by a decrease during the initial stages the discharge. It is 
suspected that this peak corresponds to the physical process of Li+ ions diffusing from the surface 
deeper into the a-SiCx:H anode, and that during this process chemical reactions and phase 
transformations take place in the material [89].  
 

4.2 Testing condition and results for Coin-cell tests 

4.2.1 Coin-cell testing condition 
 

Figure 39 shows in total, coin-cell tests were performed for 7 samples (in green cycles). LM-Coin-
cell P0.24 C5.0%, LM-Coin-cell P0.32 C12.5% and LM-Coin-cell P0.33 C7.2% were deposited at a 
lower mass load of around 0.4m/cm2 and were tested first. Then HM-Coin-cell P0.29 C7.0%, HM-
Coin-cell P0.12 C0.6%, HM-Coin-cell P0.33 C7.2%, HM-and Coin-cell P0.39 C16.1% were tested 
later at a higher mass load of around 1.2mg/cm2. Figure 39 shows the carbon concentration and 

the porosity of each sample. In the sample’s labeling, LM is the short for low mass load; HM is 
the short for high mass load; P is the porosity, C is the carbon concentration. Those samples were 
chosen because they have pronounced differences in porosity and carbon concentration 
between each other.  

 

4.2.2 Results and discussion for coin-cell tests 

Areal capacity for samples with low mass load 
 

As can be seen in Figure 40 presents areal capacity as a function of cycle number for LM-Coin-cell 
P0.24 C5.0%, LM-Coin-cell P0.33 C7.2%, and LM-Coin-cell P0.32 C12.5%. This was calculated 
directly by dividing the discharge and charge capacity of the electrode by the deposition area for 
each sample. The black and dark yellow lines at the bottom are the discharge and discharge areal 

 
Figure 39. Samples measured for coin-cell battery tests, shown on the map of porosity as a function of 

carbon concentration. 
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capacity of the CFP reference. They are flat lines since the capacity of the CFP reference does not 
decrease (or barely decreases) during the first 10 cycles. Because the CFP substrates also can 
store Li+ ions, its capacity should be subtracted from the measured capacity to obtain the net 
capacity of the sample.  
 
Figure 40 shows that three samples show a very significant difference in both discharge and 
charge areal capacity. Among the three samples, LM-Coin-cell P0.24 C5.0% has the highest areal 
capacity, which means it absorbs more Li+ ions during lithiation. This can be explained by the 
lowest carbon concentration, hence a higher silicon content. LM-Coin-cell P0.32 C12.5% has the 
highest carbon concentration and shows the lowest areal capacity, while LM-Coin-cell P0.33 C7.2% 
has a carbon concentration in between and shows an areal capacity in between. 
 
By comparing the areal capacity of LM-Coin-cell P0.33 C7.2% and LM-Coin-cell P0.32 C12.5%, 
which have almost the same porosity but different carbon concentration, it can be seen clearly 
how the areal capacity decreases with a higher carbon concentration. When comparing the areal 
capacity of LM-Coin-cell P0.24 C5.0% and LM-Coin-cell P0.33 C7.2%, although  LM-Coin-cell P0.24 
C5.0% showed a higher areal capacity, it cannot be concluded whether this is due to the 
difference in carbon concentration or porosity because they are both different for the mentioned 
samples. 
 

Specific capacity for samples with low mass load 

Although carbon fiber paper (CFP) has many advantages for testing the a-SiCx:H, we need to take 
into account that the carbon fibers can also store Li+ ions, thus also contributes to the capacity. 
Hence, the capacity of the CFP has to be measured beforehand to be able to work out the capacity 
of the deposited a-SiCx: H. Ideally, we would like to use the same current to measure the capacity 
of the CFP as we measure the sample, which makes the subtraction reasonable. The way we use 

  
Figure 40.Areal capacity as a function of cycle numbers for  LM-Coin-cell P0.24 C5.0%,  LM-Coin-cell P0.33 

C7.2%, and  LM-Coin-cell P0.32 C12.5. 

Areal capacity for CFP reference  
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to calculate the charge and discharge current of the sample is derived from the following 
procedure. 

1. First we obtain the mass of the sample (mg) by weighing the substrates before and after 
the deposition. The difference in wight is the mass of the sample. 

2. Then the specific capacity of the a-SiCx:H sample can be obtained by timing the weight of 
the sample (mg) with its theoretical capacity (mAh/g), which is assumed to be 3000 mAh/g 
for a-SiCx:H. 

3. If we define the 1 C (mA) that is calculated based on sample mass to be the current at 
which the battery can be fully discharged in 1 hour, then 0.1 C (mA) is the current we used 
for charge and discharge. 

Meanwhile, the mass load of the sample (mg/cm2) is obtained by dividing the mass of the sample 
(mg) by its deposition area (cm2). A higher mass load also reduces the error brought in by mass 
measurements. 

It can be seen that the charge and discharge current is highly dependent on the mass load of the 
sample. Hence, ideally we should measure each time the capacity of the CFP substrates with the 
current calculated based on the mass of each specific deposition. However, due to the time 
limitation and the limited number of channels for battery tests, we only measured the capacity 
of CFP substrates using the 0.1 C charge-discharge current based on the sample mass load of 0.3 
mg/cm2. 

Hence, when we increased the mass load for LM-Coin-cell P0.24 C5.0% (0.38 ± 0.25 mg/cm2), LM-
Coin-cell P0.33 C7.2% (0.37 ± 0.25 mg/cm2), and LM-Coin-cell P0.32 C12.5 (0.39 ± 0.25 mg/cm2) 
but was still assuming the capacity of the CFP substrates based on the mass load of 0.3 mg/cm2, 
it leads to an overestimation of the capacity of CFP reference (a lower mass load leads to a lower 
charge/discharge current, and consequently a higher capacity) and an underestimation of the 

 
Figure 41. Specific capacity as a function of cycle numbers for samples with a low mass load.  The error 

margin is discussed in the text but not shown in the figure for clarity. 
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specific capacity of the sample. In the experiments, the capacity of the CFP substrates showed 
minor fluctuation between each cycle due to the unstable testing condition; hence an average 
value was taken to represent the capacity of the substrates. Based on the above-mentioned 
method, the areal capacity was calculated to be 1.26 ± (2.7 x 10-5) mAh/cm2 . 

We can then express the capacity in specific capacity (mAh/g), which is more commonly used in 
literature. This can be done by dividing the capacity of the a-SiCx:H by the sample mass. It can be 
seen that when capacity is expressed in mAh/g, it depends on the mass of the sample. For the 
mass measurements of LM-Coin-cell P0.24 C5.0%, LM-Coin-cell P0.33 C7.2%, and LM-Coin-cell 
P0.32 C12.5, the scale with a resolution of 1 mg was used.  

The deposition area for all samples was 4cm2 and based on the measured mass load of 0.38 ± 
0.25 mg/cm2, 0.37 ± 0.25 mg/cm2, and 0.39 ± 0.25 mg/cm2 for LM-Coin-cell P0.24 C5.0%, LM-
Coin-cell P0.33 C7.2%, and LM-Coin-cell P0.32 C12.5 it can be calculated that the relative error 
margin of  the mass measurements is 65.79%, 67.57%, and 64.10% for three samples, 
respectively. This means that unfortunately the specific capacity cannot be accurately measured 
either. As can be seen from Figure 41, the specific capacity for LM-Coin-cell P0.24 C5.0% was 
nearly 5000 mAh/g, which is higher than the theoretical value of a Si electrode (4200 mAh/g [23]), 
this is not realistic and can be attributed to the inaccurately measured weight. Although the 
capacity of LM-Coin-cell P0.33 C7.2% is more reasonable than the other two samples, it is still 
within a large error margin.  

This error brought in by mass measurement will be minimized by increasing the mass load, and 
by using the scale with a higher resolution (0.1 mg) during the coming battery tests.  

 
Figure 42. Coulombic efficiency for  LM-Coin-cell P0.24 C5.0%,  LM-Coin-cell P0.33 C7.2%, and  LM-Coin-

cell P0.32 C12.5. Based on the equations for error propagation, the error margin for the above 
mentioned three samples is  92.04%,80.67%, and 80.06%, respectively. 
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Coulombic efficiency for samples with low mass load 

Figure 42 shows the Coulombic efficiency for LM-Coin-cell P0.24 C5.0%, LM-Coin-cell P0.33 C7.2%, 
and LM-Coin-cell P0.32 C12.5. It can be seen that although they all reach 100% after 3 cycles, 
they show some differences in initial Coulombic efficiency. LM-Coin-cell P0.32 C12.5 has the 
lowest initial coulombic efficiency and this can be explained by two reasons:  

1. With a higher porosity comes a larger surface area of the electrode, which is a site for side 
reaction in which forming the SEI layer. 

2. With the highest carbon concentration among three samples, the irreversible reaction 
between carbon in a-SiCx:H (see in Equation 6) and Li+ ions will happen to a greater extent, 
consuming more Li+ ions. This can be supported by comparing the initial Coulombic 
efficiency between LM-Coin-cell P0.33 C7.2%, and LM-Coin-cell P0.32 C12.5%, which have 
virtually the same porosity, but the latter has a higher carbon concentration and a lower 
Coulombic efficiency. 

Although LM-Coin-cell P0.33 C7.2% has a higher porosity and carbon concentration than LM-
Coin-cell P0.24 C5.0%, LM-Coin-cell P0.33 C7.2% shows a lower initial Coulombic efficiency. 
Hence, based on those data it cannot be concluded whether the porosity or the carbon 
concentration is the dominating factor. 
 

First cycle charge and discharge for samples with low mass load 
 

Figure 43 shows the potential change during discharge as a function of the state-of-charge for 
the forementioned samples. By comparing this figure with the discharge curves in Figure 38, it 
can be noticed that the peaks found in the curves for the pouch-cells during the initial stages of 
the discharge are not observed in Figure 43. These peaks represent the physical process of Li+ 
ions diffusing from the surface of the a-SiCx:H electrode deeper into it, as well as the 
corresponding chemical reactions and phase transformation. The absence of the peaks suggests 
that possibly a more amorphous structure of the film was deposited on carbon fiber paper 
substrates than on glass substrates, providing a faster and easier route for Li+ ion diffusion. 

 

Areal capacity for samples with high mass load 
 

Due to the high error margin brought in by mass measurements of the sample, another series of 
samples were deposited under a high mass load in order to reduce this error margin. These 
samples are HM-Coin-cell P0.29 C0.7%, HM-Coin-cell P0.12 C0.6%, HM-Coin-cell P0.33 C7.2% , 
and HM-Coin-cell P0.39 C16.1%. Samples are labeled in the same way as the samples with low 
mass load. HM-Coin-cell P0.33 C7.2% has the same carbon concentration and porosity with LM-
Coin-cell P0.33 C7.2% , only the deposition time is longer to increase the mass load. Those four 
cells are different in three ways compared to previous samples, in order to minimize the error 
brought in by mass. 
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1. The sample mass was weighed using a scale with 0.1 mg resolution. 
2. The mass load was increased from around 0.4 mg/cm2 to around 1.2 mg/cm2 
3. The deposition area also increased to 15 cm2, in order to increase the total mass of the 

deposited a-SiCx:H. 
 
Hence, the specific capacity in mAh/g can be measured with much higher accuracy for these 4 
samples. 
 
First, the areal capacity for four samples is shown in Figure 44. It can be seen that the areal 
capacity for samples with high mass load is higher compared with that in Figure 40. This is due to 
the increase in film thickness, resulting in an increase in the active material per unit area. It should 
also be noted that due to the increase in mass load, 1 C current for charge and discharge was also 
increased, leading to a more pronounced decrease in specific capacity during the first 10 cycles 
for samples with high mass load compared to the samples with low mass load. This is shown in 
Figure 44, where a steeper slope can be observed than in Figure 40. 
 

Specific capacity for samples with high mass load 
 
Specific capacity can be calculated following the procedure discussed in previous sections. The 
results are shown in Figure 45. It can be seen 4 samples showed a very pronounced difference in 
the specific capacity. By comparing the specific capacity for HM-Coin-cell P0.29 C0.7% and HM-
Coin-cell P0.12 C0.6%, which have similar carbon concentration but a big difference in porosity, 
it can be seen that a higher porosity leads to a slightly higher capacity. This might be explained 
by realizing that a large surface area comes with the higher porosity, enhancing the electrode 
reaction kinetics.  
 

 
Figure 43 Potential as a function of specific capacity (state of charge) of the first cycle discharge for   LM-

Coin-cell P0.24 C5.0%,  LM-Coin-cell P0.33 C7.2%, and  LM-Coin-cell P0.32 C12.5. 
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By comparing the specific capacity of HM-Coin-cell P0.29 C0.7%, HM-Coin-cell P0.33 C7.2% , and 
HM-Coin-cell P0.39 C16.1%, which have similar porosity but a very big difference in carbon 
concentration, it can be clearly seen how the increase in the carbon concentration leads to a 

lower capacity. This is simply due to a lower silicon content.  
 

  
Figure 44.  Areal capacity as a function of cycle numbers for HM-Coin-cell P0.29 C7.0%, HM-Coin-cell P0.12 

C0.6%, HM-Coin-cell P0.33 C7.2% , and HM-Coin-cell P0.39 C16.1%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For samples with higher mass load, the deposition area is 15 cm2. The error margin of the mass 
measurements of HM-Coin-cell P0.12 C0.6% (1.19 ±  0.07mg/cm2), HM-Coin-cell P0.29 C0.7% 
(1.15 ± 0.07mg/cm2), HM-Coin-cell P0.33 C7.2% (1.13 ±  0.07 mg/cm2), and HM-Coin-cell P0.39 
C16.1% (1.25 ±  0.07mg/cm2) is calculated to be 5.60%, 5.80%, 5.90% and 5.33%, respectively. 

 
 

Figure 45.Specific capacity as a function of cycle numbers for HM-Coin-cell P0.29 
C0.7%, HM-Coin-cell P0.12 C0.6%, HM-Coin-cell P0.33 C7.2%, and HM-Coin-cell P0.39 

C16.1% 

Areal capacity for CFP reference  
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Coulombic efficiency for samples with high mass load 
 

Coulombic efficiency can also be compared between samples with high mass load. As can be seen 
in Figure 46, the Coulombic efficiency for all samples reaches 100% after 2 cycles, but they show 
some differences in initial Coulombic efficiency. A clear trend can be seen that initial Coulombic 
efficiency decreases with an increase in carbon concentration. This can be explained by the 
higher carbon concentration favors the reaction between carbon and Li+ ions (see in Equation 6). 
 

 

 

 

 

Influence of the mass load on battery performance 

The mass load of LM-Coin-cell P0.33 C7.2% is 0.37 ± 0.25 mg/cm2, and that of HM-Coin-cell P0.33 
C7.2% is 1.13 ±  0.07 mg/cm2. By comparing the battery performance of these two samples the  

 
Figure 46. Coulombic efficiency for  HM-Coin-cell P0.29 C7.0%,  HM-Coin-cell P0.12 C0.6%,  HM-Coin-cell 
P0.33 C7.2%, and  HM-Coin-cell P0.39 C16.1%.  Based on the equations for error propagation, the error 

margin for the above mentioned four samples is 8.20%, 7.92%, and 8.34%, and 7.54% respectively. 

 

 
Figure 47. Comparison of the charge-discharge specific capacity for  LM-Coin-cell P0.33 C7.2% and  HM-

Coin-cell P0.33 C7.2%. 
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influence of mass load can be shown. A comparison of the charge and discharge specific capacity 
between 2 samples can be seen from Figure 47. It can be seen that the two samples have very 
similar charge and discharge specific capacity, indicating that the thickness of the sample does 
not influence the specific capacity significantly. However, it has to be kept in mind that the error 
margin for LM-Coin-cell P0.33 C7.2% and HM-Coin-cell P0.33 C7.2% is 65.79% and 5.9%, 
respectively.  

Figure 48 shows the comparison of Coulombic efficiency between two samples. It can be seen 
both samples have very similar initial Coulombic efficiency and that both reach 100% efficiency. 
It should be noticed the Coulombic efficiency curve for LM-Coin-cell P0.33 C7.2% shows some 
fluctuation and with some data points exceeding 100% efficiency. This is because of the unstable 
test measurement. For example, the temperature rises during the day and drops during the night, 
as well as the humidity changes. These actors can all lead to the unstable Coulombic efficiency, 
but we in general regard them as 100%. 

It can also be noticed from Figure 47 that although two samples are quite similar regarding both 
capacity and Coulombic efficiency, HM-Coin-cell P0.33 C7.2% +, with a higher mass load shows a 
much faster decrease in capacity during the first 10 cycles. 

4.3 Discussion for results of the battery tests 
 

In this work, we investigated the influence of carbon concentration and porosity on the capacity 
fade of a-SiCx:H electrode. Experiments were carried out to disentangle the influence of the two 
factors. The most useful information that can be obtained from experiments is the specific 
capacity (first cycle discharge capacity), and initial Coulombic efficiency. 

Huang et al. [22] used 500 nm thick a-SiCx:H deposited by inductively-coupled- plasma chemical-
vapor-deposition (ICP-CVD). This material showed an initial reversible specific capacity 917 
mAh/g and 41% capacity remained after 100 cycles at 0.3 C charge/discharge. This is indeed 

 
Figure 48. Comparison of the charge-discharge capacity for LM-Coin-cell P0.33 C7.2% and HM-Coin-cell 

P0.33 C7.2%. 
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promising. However, this work only investigated a-SiCx:H electrode with fixed properties, that is 
stochiometric a-SiCx:H (50% carbon concentration) and the porosity was not specified.  

Based on the results of our work it is clear that both porosity and carbon concentration play a 
significant role in the capacity fade of the a-SiCx:H electrode. For example, a higher porosity leads 
to a lower initial Coulombic efficiency due to the larger surface area, enhancing the side reaction 
in which the SEI layer is formed and consuming more Li+ ions. A higher carbon concentration 
leads to a lower initial Coulombic efficiency, which is due to the enhanced irreversible reaction 
between carbon and Li+ ions.  A higher carbon concentration also results in a lower specific 
capacity (due to a lower Si content). With this relationship between porosity, carbon 
concentration, capacity, and Coulombic efficiency, we can modify the material properties such 
that the specific capacity and Coulombic efficiency can be optimized. 

The specific capacity of more than 3500 mAh/g presented in our work is higher than reported in 
literature so far (917 mAh/g in by Huang et al. [22]. The difference is mainly due to the lower 
carbon concentration used in this work. The highest carbon concentration used in our work is 
less than 18% while in Huang’s work stoichiometric SiC was used). It is also interesting to see that 
while in Huang’s work a higher carbon concentration is used, the initial Coulombic efficiency was 

as high as 86%, which is even higher than in our work (highest 82%). This is interesting because 
we conclude from our data that a higher carbon concentration always results in a lower initial 
Coulombic efficiency. We think that this indicates that other factors influence the capacity fade, 
such as the porosity. 

It was also shown in Huang’s work that a decrease in electrode thickness effectively increases the 
specific capacity by enhancing the electrode kinetics while a thicker film is beneficial for the cycle 
performance. The explanation for this is that, with a thicker film, more SiC residue remains and 
serves as a matrix to accommodate the volume expansion. However, the opposite is found in our 
work. HM-Coin-cell P0.33 C7.2%, with a mass load 3 times as higher (and three times the layer 
thickness) showed a much faster decrease in specific capacity even at the first 10 cycles 
comparing to that of LM-Coin-cell P0.33 C7.2%. Meanwhile, the specific capacity between two 
samples did not show a significant difference (although it must be taken into consideration that 
the error margin of the specific capacity of LM-Coin-cell P0.33 C7.2% is more than 50%). This 
might be due to the reason there are different ranges within which thickness has different 
influences. In the work of Huang et al., the analysis was done for 2 samples with 250 nm and 500 
nm thickness, while in this in work, LM-Coin-cell P0.33 C7.2% has a thickness of around 1.2 µm 
and that of HM-Coin-cell P0.33 C7.2% is nearly 4 µm. However, the exact reason causing this 
difference is unclear at this point. 

Comparison can also be made between a-SiCx:H in this work and Si anode in previous publications. 
In the work of Guo’s group [90], the specific capacity of a Si anode is indeed higher than a-SiCx:H, 
at around 3800 mAh/g, while the initial Coulombic efficiency is around 76%, and is comparable 
with our work. However, for the Si electrode, the specific capacity drastically decreases to around 
1500 mAh/g and 700 mAh/g after 10 and 100 cycles, respectively, corresponding to a Coulombic 
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efficiency of 40% and 20%, respectively. Despite some differences between samples, in this work 
the capacity retention is around 70% after 10 cycles, which is much higher than Si anode.  
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5.COMSOL model 
 

5.1 Introduction  
 

There are several reasons why a-SiCx:H is potentially an excellent option providing an improved 
cyclability than Si anode, as explained in Chapter 1. Careful processing of a-SiCx:H as the anode 
material has allowed optimization of the porosity and the SiCx matrix surrounding the pores. The 
pores are thought to enable the accommodation of the expansion during lithiation, whilst the 
formation of ductile LiC in the surrounding matrix may manage the expansion. However, 1/10 C 
charge and discharge rate was adapted for reasons that were explained in Chapter 4, which 
means 10 hours were needed for both charge and discharge. Including the time needed for the 
electrode to reach equilibrium potential around 30 hours were needed to complete a whole cycle. 
Usually, the difference in the capacity fade of a Si-based anode is pronounced after at least 50 
cycles [91], which will take approximately 2 months to finish. This is beyond the experimental 
capacity of this project. To observe the long-term battery performance of a-SiCx:H anode, and to 
have a more in-depth understanding of the capacity fade mechanism more optimization 
opportunities can be provided by computer modeling. With that aim, simulations were 
performed to be an alternative method and a COMSOL model based on FEM was built, a 
schematic illustration of which can be seen in Figure 49. 
 

 5.2 Model definition  
 

In this work, a 1D model was built using the Lithium-ion battery module in COMSOL 5.4. This 
modeling was developed based on ‘1D Lithium-ion battery Model for Capacity Fade’ [92] and ‘1D 
Isothermal Lithium-Air battery’ [93] provided by COMSOL. In this model, mainly three equations 
are being solved, Equation 13, 14, 15 [94], and the outcome of one equation is used as the input 
for the next one. 
 

 

 

 
 
 
 
 
 

 

𝑖SEI = −(1 + 𝐻𝐾)
𝐽𝑖loc,1C,ref

𝑒𝑥𝑝(
𝛼𝜂SEI𝐹

𝑅𝑇
)+

𝑞SEI𝑓𝐽

𝑖loc,lC,ref

                                                          Equation 13 

 
𝜕𝑐SEI

𝜕𝑡
= −

𝑣SEI𝑖loc,SEI

𝑛𝐹
                                                                                            Equation 14 

Figure 49. 1D Li-ion battery geometry consisted of cathode made of a-SiCx:H, separator, and anode 
made of thin lithium metal foil. This represents a half-cell battery test that we performed in the lab. 
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𝑞SEI =
𝐹𝑐SEI

𝐴𝑣
                                                                                                          Equation 15       

First, the current density of side reaction, 𝑖SEI (SI unit: A/m2) is  calculated according to Equation 
13 [94]. Then this current density is used to calculate the formation rate of the SEI layer,  

𝜕𝑐SEI/𝜕𝑡,which is also proportional to the rate at which Li+ ions are consumed. Then this rate of 
Li+ ions consumption can be used in Equation 15 to calculate the amount of Li+ ions, 𝑞SEI (SI unit: 
C/m2), being consumed, which is the capacity loss. This loss in Li+ ions will in turn influence the 
current density of side reactions in Equation 18 below and the calculation process is repeated. 
Symbols and parameters that appear in the model definition are summarized and described in 
Table 5. 
 

                                                               Table 5. Parameters used in model definition. 

Symbol Name / Description  Value Referen
ce  

        𝐻K Dimensionless expansion factor function 200  

𝐽 Dimensionless exchange current density for side reaction 8.4 × 10-4 [92] 

𝛼 Transfer coefficient for electrochemical reduction function 0.56  

𝜂SEI Overpotential, 0V vs Li/Li+ is the equilibrium potential 1600 [kg/m3] [92] 

𝑣SEI Stoichiometric coefficient of SEI species in the side reaction 250 [92] 

𝑛 Number of the electrons participated in the reaction 1  

𝐴𝑣 Electrode surface area 6.28 × 10-4 [cm2]  

 
In the following sections detailed composition and reactions will be discussed for each battery 
part. 
 

5.2.1 Electrolyte 
 

In this work, the electrolyte consists of LiPF6 in EC/DEC (volume ratio 1:1) and is chosen from the 
Battery and Fuel Cell/Electrolyte in COMSOL material library. This was the composition we 
applied in the experiments, although additives such as vinylene carbonate (VC) and 
fluoroethylene carbonate (FEC) were not taken into account. The concentration of LiPF6 is set to 
be 1000 mol/m3, which is also the value used in the experiments. The electrolyte is set to be filled 
in all domains shown in Figure 49. The diffusion coefficient, electrolyte conductivity, transport 
number, and activity dependence are all taken as the pre-defined functions provided by COMSOL. 
 
Nernst-Planck equations based on concentrated solution theory are adopted to describe the 
charge balance in the electrolyte [95]. 
 

 𝑁+ = (−𝐷2 +
2𝑘2𝑡+𝑡−𝑅𝑇

𝑐+𝑧+𝐹2
) (1 +

𝜕 𝑙𝑛 𝑓±

𝜕 𝑙𝑛 𝑐2
)𝛻𝑐+ −

𝑘2𝑡+

𝑧+𝐹
𝛻𝜙2                              Equation 16 

 𝑁− = (−𝐷2 +
2𝑘2𝑡−

2𝑅𝑇

𝑐−𝑧−𝐹2 ) (1 +
𝜕 𝑙𝑛 𝑓±

𝜕 𝑙𝑛 𝑐2
) 𝛻𝑐− −

𝑘2𝑡−

𝑧−𝐹
𝛻𝜙2                                 Equation 17 
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In here: 
 

 𝑁+： Positive ion molar flux in electrolyte 

 𝑁−：Negative ion molar flux in electrolyte 

 𝐷2： Li+ diffusivity in electrolyte  

 k2： Ionic conductivity   

 t+： Transport number of positive ions  

 t−： Transport number of negative ions   

 𝑐+： Positive ion concentration 

 𝑐−： Negative ion concentration 

 z+： Charge number of positive ions  

 z−： Charge number of negative ions 

 𝑓±： Average molar activity coefficient   

 ϕ2：Electrical potential of electrolyte  
 ∇𝜙1: Electrical potential of the Si electrode 
 𝑐1:     Li+ ions concentration in the Si electrode 
 
And electrolyte current density is expressed as [96] 
 

  𝒊𝒍 = (−𝜎1𝛻𝜙1) + 2𝜎1𝑅𝑇
𝐹

(1+ 𝜕 𝑙𝑛𝑓
𝜕 𝑙𝑛 𝑐1

) (1− 𝑡+) 𝛻 𝑙𝑛 𝑐1                                                           Equation 18 

In here: 
𝜎1：  Stress in the Si electrode 

  𝒊𝒍:    Electrolyte current density 
 

5.2.2 Cathode  
 
Since a-SiCx:H is a novel material for application as the anode in Li-ion batteries, it has not yet 
been pre-defined in COMSOL at the electrode for simulation. Furthermore, according to SEM/EDS 
measurements the carbon concentration is relatively low in the deposited samples (with the 
highest concentration being about 18%, and most below 10%). Hence, as a start to simplify the 
modeling process, Si is chosen to be the cathode material. By adjusting the properties of the Si 
electrode in a way it more resembles a-SiCx:H, the change in porosity and carbon concentration 
can be simulated. In this way, it is more effective than building new material from the ground. 
 
At the Si electrode, two reactions are simulated. 
 
xLi+ + Si + x𝑒− → LixSi                                                                                            Equation 19                                                                                               

S + Li+ + e- → PSEI                                                                                                    Equation 20 
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In Equation 20, S is the organic solvent in the electrolyte. PSEI is the SEI layer as the product of 
the reaction.                                                                                                   
 
Li+ ions insertion and diffusion in Si is described by Fick’s law. Chemical reactions between Si and 
Li+  ions are described by the Butler Volmer equation [97].                            
 

𝑖1,2 = −𝑖𝑆𝑖 {𝑒𝑥𝑝 (
𝛼𝑎𝜂𝐹

𝑅𝑇
) − 𝑒𝑥𝑝 (

(−𝛼𝑐)𝜂𝐹

𝑅𝑇
)}                                                              Equation 21 

𝑖𝑆𝑖 = 𝐹𝑘0𝑐2
𝛼𝑎(𝑐𝑡ℎ𝑒𝑜𝑟𝑦 − 𝑐𝑠𝑢𝑟𝑓)

𝛼𝑎
𝑐𝑠𝑢𝑟𝑓
𝛼𝑐                                                                   Equation 22 

 𝜂 = 𝜙1 − 𝜙2 − 𝑈                                                                                                      Equation 23  

  𝑖1,2 : Transfer current density at Si/electrolyte interface  
  𝑖Si :   Exchange current density at Si/electrolyte interface 
  𝛼𝑎 :   Negative charge transfer coefficient   
  𝛼𝑐 :   Positive charge transfer coefficient   
  𝜂   :   Over-potential   
  𝑘0 :   Reaction rate constant  
  𝑐𝑡ℎ𝑒𝑜𝑟𝑦 : Theoretical maximum Li concentration in Si 

  𝑐𝑠𝑢𝑟𝑓 : Li concentration at the Si surface 

  𝜙1 : Electrical potential of Si 
  𝜙2 : Electrical potential of electrolyte 
 
The reaction between SiC and Li+ ions has not yet been included in the model. The reaction 
requires more complex boundary conditions and mechanical analysis, and although it is of 
interest of this research, it was beyond my capability and has to be perfected.  

 

5.2.3 Anode  
 

A thin lithium metal foil is used as the anode in this model, as was done in the experiments. At 
the anode the following reactions mainly occur.  
 

 𝐿𝑖+ + 𝑒− → 𝐿𝑖                                                                                                         Equation 24 

 𝐿𝑖 → 𝐿𝑖+ + 𝑒−                                                                                                         Equation 25 

The reaction kinetics can be again expressed also by Butler-Volmer equation: 
 

𝑖𝑙𝑜𝑐 = 𝑖0 (𝑒𝑥𝑝 (
𝛼a𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼c𝐹𝜂

𝑅𝑇
))                                                                  Equation 26 

 𝑖0 = 𝐹(𝑘𝑎)
𝛼𝑐(𝑘𝑐)

𝛼𝑎 (
𝑐1

𝑐1, ref 
)
𝛼𝑎

                                                                              Equation 27 
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The potential of the anode is set initially to be 0 V. 
 

5.2.4 Boundary conditions 
 

No flux 
 
Charged species (Li+ ions) cannot move through the current collector at the left and right 
boundaries, so a no-flux boundary condition is applied between the Si electrode and the current 
collector. 
 
𝑁+ =  𝑁− = 0                                                                                                            Equation 28 

Insolation  
 
As electrons do not enter electrolyte, all boundaries and interfaces of the electrolyte were 
applied with insolation boundary condition. 𝒊𝒍⃗⃗ and 𝒊𝒔⃗⃗⃗   are two vectors, representing the current at 
the electrolyte and electrode surface, respectively. 𝒏⃗⃗  is the normal vector in the direction 
perpendicular to the electrolyte and electrode surface. The insulation boundary condition can 
then be expressed by the following equations: 
  
 −𝒏⃗⃗  ⋅ 𝒊𝒍 ⃗ = 0                                                                                                             Equation 29 

 −𝒏⃗⃗ ⋅ 𝒊𝒔⃗⃗ = 0                                                                                                              Equation 30 

Charge and discharge cycling  
 

Charge and discharge cycling boundary condition is applied for the Si electrode, simulating the 
charge and discharge process for different number of cycles. In this boundary condition, the 
charge and discharge current can be specified. It can also be specified whether to charge or 
discharge first. 
 

Electrode surface  
 

The electrode surface is applied to simulate the lithium metal anode, because lithium metal foil 
is highly conductive for electrons and for the diffusion of Li+ ions, to an extent that the thickness 
can be ignored. Thus an electrode interface can be used as a representation. Below in Table 6 is 
a summary of parameters used in the model 
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                                                         Table 6. summary of parameters used in the model. 

Symbol Name / Description  Value Reference  

L_neg Length of the Si electrode  5 × 10-6 [m]  

L_sep Length of the separator  30 × 10-6 [m]  

E_max Maximum potential of Si electrode  0.8 [V] [98] 

E_min Minimum potential of Si electrode 0.05 [V] [98] 

CS_neg Maximum Li+ concentration in Si electrode 2780000 [mol/m3] [92] 

rp_neg Radius of Si particle 2 × 10-6 [m] [99] 

t_factor  Time acceleration factor 100  

Cs,initial Initial Li+ concentration in Si electrode  10000 [92] 

M_SEI Molar mass of product of side reaction 0.16 [kg/mol] [92] 

Kappa SEI layer conductivity  5 × 10-6 [s/m] [92] 

Rho_SEI Density of product of side reaction 1.6 × 103  [kg/m3] [92] 

Dfilm_0 Initial SEI thickness 1 nm [92] 

DSi Diffusion coefficient of Li+ in Si 1 × 10-12 [m2/s] [92] 

 𝛼𝑎 Anodic transfer coefficient  0.5 [92] 

 𝛼𝑐 Cathodic transfer coefficient  0.5 [92] 

i0Si Exchange current density of Si lithiation reaction 1 × 10-3 [A/m2] [92] 

cl Electrolyte salt concentration  1000 mol/m3 [92] 

Ka Anodic rate constant of lithium insertion  2 × 10-11 [m/s] [92] 

Kc Cathodic rate constant of lithium insertion  2 × 10-11 [m/s] [92] 

 

5.3 Simulation results 
 

After the model was built, it is of our interest to validate the results of simulation by experimental 
data. In order to speed up the simulation, a time step is pre-defined as the time acceleration 
factor. The value of the time acceleration factor is equal to the number of cycles simulated per 
simulation step in the model. Hence, the higher this number, the quicker the simulation will be, 
but more details will not be captured. It is especially troublesome that the information for the 
first few cycles (number of cycles equals to the time acceleration factor) will be completely lost, 
since it is recognized as the first cycle by COMSOL. 
 
Despite my attempts trying to lower this factor, we have not manage to make it lower than 30 
without the system reporting errors. When the time acceleration factor is 30, on one hand, it 
means the simulation is relatively quick and can in general be done within 120 seconds. One the 
other hand, it also means the information of capacity fade during the first 30 cycles is not 
captured. Hence, this model still cannot be validated by the experiments. However, it does 
provide indicative information of how changes in carbon concentration and porosity influence 
the life time of the electrode. 
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5.3.1 Influence of porosity 
As a start, porous Si electrode was simulated. This model focuses on how the capacity of the 
electrode decreases with cycle numbers, and how this relationship is affected by the porosity  

 
In COMSOL, porosity is defined as the volume fraction of electrolyte in the electrode (as 
electrolyte can only be present in pores). This can be changed quite easily by varying the value of 
the parameter epsl_neg, that is, the porosity. As can be seen from Figure 50, the relative capacity 
of the electrode (defined as the discharge capacity of each cycle divided by the first cycle 
discharge capacity) decreases with more cycles, and the speed of decrease is dependent on the 
porosity. Note that the simulation starts from the 30th cycle. This is controlled by the time 
acceleration factor. However, our experiments indicate that during the first 10 discharge-charge 
cycles the decrease in capacity occurs mostly between the first and the second cycle. 
 
Parameters were fitted such that the relative capacity is 75% at the 30th cycle, as is based on a 
literature finding [100]. It can be seen that a lower porosity comes with a faster decrease in 
capacity. This can be explained by taking into account that, with lower porosity less space is 
provided to accommodate the volume expansion during lithiation, leading to cracks in the 
electrode that will propagate faster and result in electrode failure. In the low porosity region, 
that is, between 15% and 20%, 1% change in the porosity leads to a very significant difference in 

decrease slope. This is because, in the low porosity region, the existence of pores is more 
important to accommodate the volume expansion. In high porosity region above 25% the 
material provides enough space to accommodate the volume expansion and porosity is no longer 
the limiting factor of capacity fade. 

 
Figure 50. Simulation result of the influences of porosity on the relative capacity fade as a function of the 

number of discharge-charge cycles. 
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Figure 51 shows that the sample with 15% porosity has a specific capacity of 2105 mAh/g after 
30 cycles. If we assume that its relative capacity starts from 75% after 30 cycles, an initial capacity 
of 2800 mAh/g can be calculated. It can also be shown that while porosity differs significantly for 
each sample, there is not such a big difference in the specific capacity at the 30th cycle. This means 
that while higher porosity may lead to higher electrode kinetics, it has a less significant influence 
on specific capacity. In Figure 51, the simulated material with 15% porosity (and 0% carbon 
concentration since we are simulating a Si electrode so far) resembles the experimental sample 
LM-Coin-cell P0.12 C0.6% the most. LM-Coin-cell P0.12 C0.6% has a specific capacity of 2051 
mAh/g after 10 cycles, as can be seen from Figure 52. Since the decrease in capacity from the 
10th to the 30th cycle is expected to be less significant than the first 10 cycles, the capacity of LM-
Coin-cell P0.12 C0.6% is not expected to be much lower than 2051 mAh/g at the 30th cycle. This 
in general matches with the simulation (2105 mAh/g). 

 

Figure 51.  Simulation results of the influences of porosity on the absolute capacity fade as a function of 
the number of discharge-charge cycles. 

 
Figure 52 Capacity fade of LM-Coin-cell P0.12 C0.6% as a function of cycle number. 
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5.3.2 Influence of carbon concentration 
 

It can be seen from the analysis in Section 5.3.1 that the porosity influences the specific capacity 
and capacity retention ability very significantly. Unlike the change in porosity, in COMSOL there 
is not a parameter defined as carbon concentration that can be directly changed to simulate the 
change in carbon concentration. Instead, the change in carbon concentration has to be reflected 
in multiple other material properties, some of the most important ones are the following. In all 
the following simulations the porosity was controlled to be 30% to specifically mimic and 
investigate the influence of carbon concentration. 
 

Volume expansion factor 
 
In Equation 13, K (Volume expansion factor) is the factor that describes the volume expansion of 
electrode material during lithiation and delithiation. The most pronounced difference between 
C and Si for electrode application is that for each Li+ ion adsorbed by Si a much higher volume 
expansion is realized compared to a Li+ ion absorbed C. 

If we define for a pure Si anode the volume expansion factor K (exp) to be 1 for one inserted Li+ 
ion, this value should be lower for the graphite electrode. As can be seen from Figure 53, when 
decreasing the value of this factor from 1 to 0.2 (represents an increase in carbon concentration), 
the capacity at the 30th cycle remains virtually the same. Meanwhile, the rate of capacity fade is 
significantly influenced by the K factor. A higher K factor leads to a faster decrease in capacity. 
This decrease in capacity is also more pronounced in the lower K region, from 0.2 to 0.6. For 
higher values of the expansion factor less significant the difference between each value.  
 

 
Figure 53. Simulating the change in carbon concentration by varying the value of volume expansion factor. 
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Maximum Li+ ions concentration of the electrode 

 
Figure 54. Simulation results of the influence of the maximum Li+ ion concentration of the electrode on the 

capacity fade. 

It was shown that a Si electrode can accommodate up to 4.4 Li+ ions per Si atoms, while as many 
as 6 C atoms can only store 1 Li+ ion [22]. In other words, C atoms are much less efficient than Si 
in terms of the number of Li+ ions can be stored. Consequently, as the carbon concentration 
increases in a-SiCx:H, the electrode is less able to store Li+ ions. This can be reflected by the 
maximum concentration of the electrode. This value for Si is 278000 mol/m3 [101], and that of 
graphite is around 48000 mol/m3 [92]. A higher carbon concentration is assumed to lower the 
whole capacity of the electrode. As can be seen from Figure 54 that a variation of maximum 

concentration influences the rate of capacity fade. With a higher maximum concentration, more 
Li+ ions can be accommodated and thus create more expansion. 
 

Diffusion coefficient of the electrode  

 
Figure 55. Simulation results of the influence of the diffusion coefficient of Li+ ions in the electrode on the 

capacity fade 

The diffusion coefficient of Li+ ions in the electrode also changes with the increase of the carbon 
concentration. The diffusion coefficient of Li+ ions in Si is around 10-12 m2/s [92] while that of 
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carbon was estimated to be around 10-13 m2/s [102], so with an increase of the carbon 
concentration the diffusion coefficient of a-SiCx:H should also be lowered. As shown Figure 55, 
for material with 30% porosity in the simulation the variation of diffusion coefficient from 10-14 
to 10-10 m2/s does not make a big difference in the cycle performance of the electrode. From this 
we conclude that the diffusion coefficient of Li+ in the electrode is not the limiting factor of 
capacity fade.  
 

5.4 Conclusion for simulation results 
 
In this work, a COMSOL model was established, as a complementary method to show the cycling 
ability of the electrode, up to 500 cycles. An important advantage of simulation is that the 
influence of porosity and carbon concentration can be easily separated, unlike in the experiments, 
where those two properties are more or less interconnected. In the COMSOL model, the variation 
of porosity can simply be simulated by doing a parametric sweep of electrolyte volume fraction 
in the electrode. The change in carbon concentration, on the other hand, is more complicated, 
because this change has to be reflected in the material/electrode properties, such as volume 
expansion sensitivity towards Li+ ions insertion, ability to accommodate Li+ ions, diffusion 
coefficient, and electrical conductivity, etc. Moreover, changes in those properties happen 
simultaneously as carbon concentration increases or decreases, which makes it more 
complicated to relate quantitatively the amount of change in these properties and the change in 
the carbon concentration. Still, the model is indicative in many ways. First, it presents the 
information of capacity fade after 30 cycles, which is the region that is not covered yet by 
experiments. Secondly, it indicates the limiting factors on capacity fade speed, namely, electrode 
porosity, the number of Li+ ions stored in the electrode, and the volume expansion created per 
inserted Li+. Although some properties can also change as a consequence of changes in porosity 
and carbon concentration, such as diffusion coefficient, they do not have significant influences 
on the capacity fade. 
 
It is shown by the model that a higher porosity increases the cycle life of electrode, while does 
not have a significant influence on the specific capacity. A higher carbon concentration is also 
beneficial to the cycling ability by reducing the number of Li+ ions insertion and volume expansion 
created per Li+ ion insertion. 
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6.Conclusion 
 

In this research, both experimental and simulation approaches are applied, together they reveal 
how porosity and carbon concentration affects different aspects of the electrode performance. 
It can be concluded that, first, a-SiCx:H is a functional anode material for Li-ion battery. It can be 
assembled into a pouch-cell and a coin-cell when deposited on different substrates, and showed 
promising battery performances: For the sample deposited in carbon fiber paper, with 33% 
porosity and 7.2% carbon concentration, the specific capacity is 3178 mAh/g and the initial 
Coulombic efficiency 72%. Secondly, the structure of the deposited a-SiCx:H films are different 
when deposited on different substrates. Specifically, a more amorphous structure can be 
observed on carbon fiber paper substrates than on glass substrates. 
 
Regarding the influence of carbon concentration, it can be concluded that a higher carbon 
concentration leads to lower specific capacity and a lower initial Coulombic efficiency; meanwhile, 
the cycle life of the electrode can be extended with an increase in carbon concentration. 
 
Regarding the influence of porosity, it can be concluded by both experiments and simulations 
that it does not have a significant influence on the specific capacity. On the other hand, a higher 
porosity results in lower Coulombic efficiency due to the larger surface area of the electrode that 
comes hand in hand, enhancing the side reaction in which the SEI layers form. Also, the cycle life 
of the electrode can be extended significantly by an increased porosity, this phenomenon is 
especially pronounced at the low porosity region (porosity below 20%). While porosity is beyond 
25%, the influence of porosity on capacity fade becomes minimal. 
 
Furthermore, we can see that when the thickness of the electrode is between 1-4 µm, it does not 
have a major influence on the specific capacity and initial coulombic efficiency, while influenced 
quite significantly the cycle performance: the thicker sample appeared to decrease much faster 
in capacity at the initial stage, with the capacity retention was 58.8% and 41.6% after 10 cycles 
for the sample with 1.2 µm and 4 µm thickness, respectively. 
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7.Outlooks 
  

In this research, due to the limitation of time and battery testing channels, experiments as well 
as simulations were combined to reveal the influence of porosity and carbon concentration. It 
will be more persuasive if more cycles can be performed by experiments. This can be done using 
a higher charge and discharge current, to validate the simulation. It is also interesting to see 
whether this type of material is stable under higher current. 
  
Also, a more in-depth investigation can be conducted regarding the reaction mechanism of the 
reaction between a-SiCx:H and Li+ ions and how LiC, as a matrix, accommodate the volume 
expansion. SEM images can be taken to see the change of film structure before and after cycling, 
this can to some extent, reveal the structural influence of electrode on battery performance. 
  
Regarding the simulation, more reactions (for example, the reaction between carbon and Li+ ions) 
should be incorporated in the model to provide a more realistic simulation result. A new 
approach is needed to establish a relationship between carbon concentration and battery 
performance, to describes in a quantitatively way what are the influences of carbon 
concentration. The model can also be completed by adding more functions, such as the ability to 
simulate not only how carbon concentration and porosity influence the battery performance, but 
also how different C rate and additives in the electrolyte changes battery performance.  
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