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Abstract: The formation of c-Li3.75Si is known to be detrimental to silicon anodes in lithium-ion batteries. 

To suppress the formation of this crystalline phase and improve the electrochemical performance of Si-

based anodes, three approaches were amalgamated: addition of a nickel adhesion sublayer, alloying of the 

silicon with titanium, and the addition of either carbon or TiO2 as a capping layer. The silicon-based films 

were analyzed by a suite of methods, including scanning electron microscopy (SEM) and a variety of 

electrochemical methods, as well as X-ray photoelectron spectroscopy (XPS) to provide insights into the 

composition of the resulting solid electrolyte interphase (SEI). A nickel adhesion layer decreased the extent 

of delamination of the silicon from the underlying copper substrate, compared to Si deposited directly on 

Cu, which resulted in less capacity loss. Alloying of silicon with titanium (85% silicon, 15% titanium) 

further increased the stability. Finally, capping these multilayer electrodes with either a thin 10 nm layer of 

carbon or TiO2 resulted in the best electrode behavior, and lowest cumulative relative irreversible capacity. 

TiO2 is slightly more effective in enhancing the capacity retention, most likely due to differences in the 

resulting solid electrolyte interphase (SEI). The combination of an adhesion layer, alloying, and surface 

coatings shows a cumulative suppression of the formation of c-Li3.75Si and SEI, resulting in the greatest 

improvement of capacity retention when all three are incorporated together. However, these strategies 

appear to only delay the onset of the c-Li3.75Si phase; eventually, the c-Li3.75Si phase will form, and at that 

point, the rate of capacity degradation of all the electrodes becomes similar. 

Graphical Abstract 
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INTRODUCTION 
Next-generation lithium-ion batteries (LIBs) with high energy density and long-term stability are required 

for both stationary and mobile applications including electric vehicles, microgrids, and grid-level energy 

storage.1–3 One of the primary foci of LIB development is the improvement of the materials comprising the 

cathode and anode.4,5 On the anode side, graphite, which has a specific capacity of 372 mA h/g, has been 

used in commercial LIBs for over three decades.6 In contrast, silicon has a theoretical specific capacity 

3579 mAh/g based on Li3.75Si, which is almost 10 times higher than that of graphite, but has yet to see 

extensive commercialization as an anode material. In addition to capacity, Si has other advantages, 

including low average discharge potential (0.4 V vs Li) and high elemental abundance in the earth’s 

crust.3,7–9 However, several challenges need to be overcome to enable the commercialization of silicon 

anodes, including its low electrical conductivity, the low diffusion rate of Li, and more importantly, the 

large volume changes (~280% based on Li3.75Si) that accompany lithiation and delithiation.3,4,10–12 The 

repeated expansion and contraction during the lithiation–delithiation cycles lead to fracturing and 

pulverization of the silicon electrode, and growth of solid electrode interphase (SEI) on the freshly exposed 

interfaces.3,4,13–18 

Crystalline c-Li3.75Si has been observed to form when silicon is lithiated at a voltage <50 mV vs 

Li at room temperature.19 The formation of c-Li3.75Si has been found to be detrimental to the electrode 

integrity. The capacity degradation has been attributed to internal stress and associated mechanical fracture 

that accompanies the amorphous–crystalline phase transition.20–22 In addition, Han et al found that the 

metastable c-Li3.75Si is particularly reactive towards the electrolytes, suggesting that the formation of the c-

Li3.75Si phase may exacerbate the growth of SEI on the Si electrode.[gao2017]  

To suppress the formation of this c-Li3.75Si phase, researchers have devised a number of 

approaches, all revolving around inducing stress in the material. Application of mechanical stress has been 

shown to lower the lithiation voltage curve of silicon by ~100–120 mV/GPA.23 Since c-Li3.75Si only forms 

below 50 mV vs Li,19,20,22,24 sufficiently high stress can prevent this phase from forming. In one approach, 

Obrovac and co-workers prepared a series of alloys of silicon with transition metals including Ti, Ni, and 

Cu, both as powders and thin films.25–28 c-Li3.75Si was suppressed in both the powder and thin film 

electrodes, and was ascribed to increased stress induced by crystalline intermetallic inclusions in the 

powders,25 and the dissolved transition metal atoms in the thin films.26–28  

Another approach to inhibiting the formation of c-Li3.75Si is through induction of mechanical 

stress at the interface between a silicon film and the substrate. Iaboni et al compared a number of 

differently treated Cu substrates and a Ni adhesion layer and found that a Ni layer in particular was quite 

effective at suppressing c-Li3.75Si.20 Compressive stress arising from capping layers in contact with the 

silicon can similarly disfavour formation of the c-Li3.75Si phase in silicon films or silicon in sheet-like 

geometries.22,29 TiN also seems effective at preventing c-Li3.75Si formation in silicon nanowires30. Capping 

layers of Al2O3,31–33 C,34 TiO2,33,35,36 and TiN30,33 have been shown to also alleviate the continuous growth 
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of SEI and improve the Coulombic efficiency (CE) of the silicon electrode. Thus, the role of capping layers 

in improving the capacity retention of silicon electrodes is convoluted.  

In this work, we combined the approaches described above, integrating a nickel adhesion layer 

and a surface coating, as well as alloying the silicon with titanium, to examine their combined influence in 

tandem to suppress formation of the detrimental c-Li3.75Si phase. A series of silicon-based electrodes with 

and without an adhesion layer, an alloying element, and surface coatings were prepared by sputtering, as 

shown in Figure 1. This work looks to generate insights into synergies between different modes of 

stabilization of silicon-based anodes to guide further optimization. 

 

Figure 1. Schematic illustration of the electrodes prepared via magnetron sputtering. Throughout the paper, 
these electrodes (from left to right) are labelled as Cu/Si, Cu/Ni/Si, Cu/Ni/Si85Ti15, Cu/Ni/Si85Ti15/C, and 
Cu/Ni/Si85Ti15/10TiO2 and Cu/Ni/Si85Ti15/5TiO2, respectively. 

 

EXPERIMENTAL METHODS 
Materials and equipment. Copper foil was obtained from McMaster Carr. CR2032 coin cell 

cases, stainless steel spacers, and springs were purchased from MTI Corporation. 1.0 M lithium 

hexafluorophosphate (LiPF6) solution in ethylene carbonate and diethyl carbonate (EC/DEC=50/50 v/v%, 

battery-grade), fluoroethylene carbonate (FEC) (99%), diethyl carbonate (anhydrous, ≥99%), and metallic 

Li foil (99.9%) were purchased from Sigma-Aldrich. Trilayer polypropylene−polyethylene−polypropylene 

separators (2325) with a porosity of 39% were obtained from Celgard. Sputtering targets were obtained 

from Plasmaterials, Inc. and the sputtering system used was an ATC Orion 8 (AJA International). The 

argon gas used for the sputtering system was 5 N purity and was supplied by Praxair Canada Inc. A 

microbalance (XP6U) with an accuracy of 0.1 μg, purchased from Mettler Toledo, was used to determine 

the weight of our samples. Electrochemical measurements were carried out with an Arbin BT2000 battery 

testing system. 

Electrode preparation and battery assembly. Copper foils with a diameter of 15 mm were 

cleaned by sequential sonication in acetone and isopropanol for 10 min prior to sputtering. Six samples 

with different compositions and nominal thicknesses as shown in Figure 1 were deposited on the Cu foils 

via sputtering at room temperature. Si85Ti15 denotes that the film that has a nominal molar ratio of 85% 

silicon and 15% titanium. The prepared electrodes are referred to as Cu/Si, Cu/Ni/Si, Cu/Ni/Si85Ti15, 

Cu/Ni/Si85Ti15/C, Cu/Ni/Si85Ti15/10TiO2, Cu/Ni/Si85Ti15/5TiO2. 10TiO2 and 5TiO2 refer to coating 

thicknesses of 10 and 5 nm, respectively. For carbon coating, a thickness of 10 nm was used in this study. 
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Nickel and carbon were deposited with radio-frequency magnetron sputtering, while silicon (n-type) and 

titanium deposition were performed via DC-magnetron sputtering. Sputtering was carried out using argon 

gas at 5 mTorr with continuous substrate rotation. Si85Ti15 was prepared by co-sputtering silicon and 

titanium, while titanium dioxide deposition was performed by reactive sputtering of titanium and oxygen 

under a mixed gas of argon and oxygen (9:1 v/v%, 4 mTorr in total).37–39 Sputtering rates for Ni, Si, Ti, and 

C were 1.03, 2.46, 0.384 and 0.414 nm/min respectively. The sputtered films were weighed with the 

microbalance and transferred to an argon-filled glove box. CR2032-type coin cells were assembled using 

lithium foils as a counter electrode in an argon-filled glove box with moisture and oxygen level below 0.2 

ppm. The electrolyte used was 1.0 M LiPF6 solution in EC/DEC (50:50 v/v%), mixed with FEC (10% by 

volume). 

Electrochemical testing. Galvanostatic charge–discharge tests were performed at a C-rate of 0.4 

C and in a voltage range of 5 mV - 1.0 V vs Li. The C-rate was calculated based on the theoretical specific 

capacity of each sample prepared in this work as shown in Table S1. The two constant voltage (CV) steps 

were further carried out at the end of the constant current (CC) steps for lithiation and delithiation 

respectively (i.e. at 5 mV and 1.0 V vs Li) with a current limit of 0.01 C. All coin cells were tested in a 

temperature-controlled chamber at 25.0 ± 0.1 °C. Gravimetric capacity was calculated using the total 

weight of each film except the Ni layer. Capacity retention was calculated with respect to the highest 

delithiation capacity exhibited in each sample. 

Characterization. X-ray diffraction (XRD) analysis was carried out using an AXS 

diffractometer (Discover 8, Bruker, Madison, WI) equipped with a Histar general-area two-dimensional 

detection system (GADDs) and using Cu-Ka radiation (= 1.5406 Å) at an incident angle of 15 degrees. X-

ray photoelectron spectroscopy (XPS) analysis was carried out with Kratos Axis Ultra spectrometer with 

monochromatic Al Kα radiation (hν = 1486.6 eV) and under ultrahigh vacuum (10-9 Torr). The samples for 

XPS analysis were first tested for 10 charge–discharge cycles and immediately disassembled in the argon-

filled glove box. The disassembled electrodes were rinsed with DEC to remove the residual electrolyte. An 

airtight container designed for transporting air-sensitive samples was used to transfer the electrodes from 

the glove box to the ultrahigh vacuum chamber for XPS measurements. The XPS results were analyzed 

using CasaXPS software. Scanning electron microscopy (SEM) analysis was performed with a Hitachi S-

4800 field emission SEM at 15 kV and 20 μA. 
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RESULTS AND DISCUSSION 

 

Figure 2. SEM micrographs of films in the delithiated state after 10 charge-discharge cycles: (a) Cu/Si, (b) 
Cu/Ni/Si, (c) Cu/Ni/Si85Ti15, (d) Cu/Ni/Si85Ti15/C, (e) Cu/Ni/Si85Ti15/10TiO2, and (f) Cu/Ni/Si85Ti15/5TiO2. 

To study the effect of the adhesion layer, alloying, and surface coatings, 6 different silicon 

electrodes were prepared by magnetron sputtering on copper substrates, as shown in Figure 1. Structural 

determination via X-ray diffraction (XRD) of these films on copper substrates is difficult, as the signal is 

dominated by the polycrystalline Cu substrate (Figure S1a). However, when deposited on single crystal 

silicon substrates, there does not appear to be any detectable reflections from the deposited Si, C or TiO2 

layers, while there are very clear peaks that can be indexed to crystalline nickel (Figure S1b). As such, it is 

reasonable to assume that the lack of distinct crystalline peaks from the Si, C or TiO2 layers suggests that 

they are all amorphous or nanocrystalline. Scanning electron microscopy (SEM) of the as-deposited 100 

nm Si-based films reveals that the morphologies of the silicon films reflected the surface topology of the 

Cu substrate (Figure S2). After 10 lithiation–delithiation cycles, however, the silicon films directly 

deposited on a Cu substrate undergo a high degree of delamination, as shown in Figure 2a. The Cu/Ni/Si 

electrode, however, composed of 100 nm Si on a 20 nm Ni as an adhesion layer on a Cu substrate, appears 

to show less delamination of the silicon film compared to that without the Ni layer (Figure 2b). Moreover, 

the Cu/Ni/Si85Ti15 electrode exhibits fewer cracks and better overall film integrity, Figure 2c, compared to 

the Cu/Ni/Si and Cu/Si electrodes. The trend of improved film integrity continues in the presence of a 

capping layer of either C or TiO2; the Cu/Ni/Si85Ti15/C, Cu/Ni/Si85Ti15/10TiO2, and Cu/Ni/Si85Ti15/5TiO2 

electrodes approximately retain the as-deposited morphologies after 10 cycles (Figure 2d-f). 
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Figure 3. Specific capacity (a), associated Coulombic efficiency (b), and capacity retention (c) vs cycle 
number. The inset in (b) shows the CE for the first five cycles. The electrodes were first tested at a constant 
current step with a rate of 0.4 C, followed by constant voltage steps at 5 mV and 1.0 V for lithiation and 
delithiation, respectively. The current limit for constant voltage steps is 0.01 C. 

The specific capacities, Coulombic efficiencies (CE), and capacity retention of the six prepared 

electrodes throughout cycling to 200 cycles, are illustrated in Figure 3. The results in Figure 3a-c were 

obtained using a constant-current constant-voltage (CCCV) protocol with a cut-off voltage of 5 mV and 1.0 

V vs Li for lithiation and delithiation, respectively. The CCCV protocol is typically used for charging 

commercial lithium-ion batteries.40 As shown in Figure 3a-c, both Cu/Si and Cu/Ni/Si electrodes show 
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similar specific capacities of ~3500 mAh/g for the first cycle, which are close to the theoretical capacity of 

Si at room temperature (3579 mAh/g based on Li3.75Si). However, the film of elemental Si directly 

deposited on a Cu substrate shows a rapid capacity degradation during the first 25 cycles (Figure 3a and c). 

The addition of a 20 nm nickel layer between the Cu substrate and Si film, Cu/Ni/Si, results in a significant 

improvement of the capacity retention from ~38% (without a Ni layer) to ~80% of the initial capacity after 

200 cycles. A similar improvement of capacity retention was also observed by Iaboni et al using Ni foil as a 

substrate.20 Nickel and silicon form a large number of intermetallics with stoichiometries ranging from 

NiSi2 to Ni3Si, and thus, strong bonding is expected between the Ni adhesion layer and the freshly 

deposited Si.41 It is worth mentioning that we did not observe any signals for nickel silicides by XRD, 

which could be a result of subnanometer thicknesses of these phases or their amorphous nature if any is 

formed. The Cu/Ni/Si85Ti15 electrode shows improved capacity retention of 82% after 200 cycles; Wang et 

al reported similar results for Ti-Si alloys and attributed the observation to the suppression of the c-Li3.75Si 

phase.25 Compared to the Cu/Ni/Si85Ti15 electrode, addition of carbon (10 nm) or TiO2 (5 or 10 nm) 

capping layers exhibits further improvement in capacity retention as well as CE. The improvement in CE 

might result from less (or different) SEI formation, although this remains to be determined (vide infra). 
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Figure 4. Cumulative relative irreversible capacity due to the formation of SEI (∑𝐑𝐈𝐂𝐒𝐄𝐈) vs cycle number. 

 

To study the effect of the C and TiO2 coatings on the formation of the solid-electrolyte 

interphase (SEI), the cumulative relative irreversible capacity for SEI formation (∑RIC*+,) throughout 

cycling for all of the studied samples was calculated and illustrated in Figure 4. The cumulative RICSEI is 

calculated as expressed below:22,42 

∑RIC*+, = .
𝑄0123456 − 𝑄089:456

𝑄089:456

;

0<2

  (1) 

where 𝑄0123456 is the lithiation capacity at cycle 𝑛 + 1 and 𝑄089:456 is the delithiation capacity at cycle 𝑛. The 

quantity of observed RICSEI accumulation after 100 cycles varies somewhat over the suite of samples. The 

Cu/Ni/Si85Ti15 electrode without a carbon or TiO2 capping layer shows the highest cumulative RICSEI. 

Addition of such a capping layer to this film, as seen with the Cu/Ni/Si85Ti15/10TiO2 and Cu/Ni/Si85Ti15/C~ 

electrodes, however, shows the lowest cumulative RICSEI buildup. These capped electrodes also show a 

lower degree of cracking (Figure 2d-f), which would expose less reactive surface area to the electrolyte, 

hence resulting in less SEI. 
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The surface chemistry of the starting electrodes could play a more subtle chemical role in SEI 

growth and resulting electrode performance. Therefore, the compositions of the SEI of the different 

electrodes were investigated by XPS (Figure S3 and Figure S4). Capping the surface of silicon-based 

electrodes with 10 nm carbon or TiO2 layer was found to influence the composition of the SEI. As shown 

in Figure S4, the SEI on the Cu/Ni/Si85Ti15/C electrode contains more LiF species than that of the Cu/Ni/Si 

and Cu/Ni/Si85Ti15 electrodes. The presence of LiF close to the electrode surface has been associated with 

better SEI stability, better passivation and, as a result, higher CE.43 Compared to the Cu/Ni/Si and 

Cu/Ni/Si85Ti15 electrodes, the SEI on the Cu/Ni/Si85Ti15/10TiO2 electrode contains significantly less 

carbonate species, which are decomposition products of EC, DEC or FEC,43–45 indicating less electrolyte 

decomposition on the TiO2 capped electrodes, consistent with their lower cumulative RICSEI. 

 

Figure 5. Differential capacity vs voltage of (a) Si, (b) Cu/Ni/Si, (c) Cu/Ni/Si85Ti15, (d) Cu/Ni/Si85Ti15/C, 
(e) Cu/Ni/Si85Ti15/10TiO2, and (f) Cu/Ni/Si85Ti15/5TiO2 for selected cycles tested at CCCV protocol. The 
red arrow in panel a indicate the peak attributed to the delithiation of c-Li3.75Si. The corresponding 
galvanostatic charge−discharge curves are shown in Figure S5. 

Figure 5 shows the differential capacity plots (dQ/dV vs voltage) for all of the studied samples in 

Figure 3 - corresponding galvanostatic charge–discharge plots are illustrated in Figure S5. All electrodes 

exhibit two broad peaks during lithiation and delithiation at the second cycle, typical of amorphous 

silicon.46,47 After 18 cycles, the electrode with only elemental Si on Cu shows a sharp delithiation peak at 

ca. 0.42 V vs Li, indicating the formation of c-Li3.75Si at the end of the lithiation step (Figure 5a); the lack 

of formation of the c-Li3.75Si phase during the first 18 cycles may be attributed to stress resulting from the 

substrate-silicon interface.21 The addition of the 20 nm-thick Ni adhesion layer between the copper and the 

silicon delays the appearance of the delithiation peak for the c-Li3.75Si phase to cycle 35, as shown in 

Figure 5b. Going one step further and alloying the silicon with titanium (85% Si, 15% Ti), the c-Li3.75Si 

delithiation peak of the Cu/Ni/Si85Ti15 electrode starts to appear after ~42 cycles, while the 
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Cu/Ni/Si85Ti15/C，Cu/Ni/Si85Ti15/10TiO2, and Cu/Ni/Si85Ti15/5TiO2 electrodes show onsets for the c-

Li3.75Si delithiation peak after ~60 cycles. 

To further investigate the correlation between capacity degradation and the appearance of the c-

Li3.75Si phase, the delithiation dQ/dV profiles for all of the studied electrodes were curve fit using Voigt 

profiles (Figure S6). From this curve fitting it is possible to determine the relative delithiation capacity that 

can be attributed to the c-Li3.75Si phase throughout cycling. The capacity of the c-Li3.75Si peaks were 

normalized to the weight fraction of Si in the Si-based films as expressed below: 

𝑄CD34E.GH*4
IJKL =

𝑄CD34E.GH*4
M45

𝑀*4/𝑀+:9C5KJP9
  (2) 

where 𝑄CD34E.GH*4
IJKL  is the normalized capacity from the c-Li3.75Si phase, 𝑄CD34E.GH*4

M45  is the area of the curve fit 

to the c-Li3.75Si peak, 𝑀*4 is the mass of the silicon in the electrode and 𝑀+:9C5KJP9 is the total mass of the 

electrode. 

Figure S7 shows the trend in the area of the delithiation peak at 0.42 V vs Li as well as the 

capacity retention vs cycle number for the elemental Si electrodes with and without Ni adhesion layer. The 

capacity of the elemental Si film on a Cu substrate decays to 80% of the initial capacity during the first 18 

cycles, although the c-Li3.75Si phase has not yet appeared. The Cu/Ni/Si electrode, on the other hand, 

retains 97% of its initial capacity before the onset of c-Li3.75Si formation around cycle 35. Thus, the initial 

capacity decay for the elemental Si on the Cu substrate is not correlated to the formation of the c-Li3.75Si 

phase and might be attributed to the delamination of the Si film and its weak adhesion to the Cu substrate, 

as revealed by SEM (Figure 2a). Once the c-Li3.75Si phase starts to form in the Cu/Si electrode, the capacity 

decay accelerates (between cycle 20 and 25); at this point, the electrode loses an additional 20% of its 

initial capacity. 
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Figure 6. The curves with unfilled markers show delithiation capacity loss per cycle indicated by the left 
axis, calculated using Equation 3 and filtered using a 10-cycle moving average filter. The curves with the 
filled markers indicate the attributed capacity of the c-Li3.75Si vs cycle number. Capacity of the c-Li3.75Si 
phase was calculated using Equation 2. 

Once the nickel adhesion layer is incorporated, the degradation pathway changes significantly. 

Shown in Figure 6 is a plot of the delithiation capacity loss per cycle, 𝛥𝑄89:4560 , 

𝛥𝑄89:4560 =
−(𝑄89:4560 − 𝑄89:4560D2 )

𝑀*4
  (3) 

where 𝑄89:4560  is the delithiation capacity of the 𝑛56 cycle. The capacity loss per cycle is simply the rate of 

change in capacity, which is clearly correlated to the amount of charge associated with the c-Li3.75Si phase, 

as seen in Figure 6. Specifically, there is a sharp increase in the capacity loss per cycle with the onset of the 

formation of the c-Li3.75Si phase (indicated by the vertical dotted lines in Figure 6). This strongly suggests 

that for all samples, the formation of the c-Li3.75Si phase accelerates the capacity fade. Moreover, it appears 

that all samples asymptote towards the same capacity loss per cycle of ~3 mAh/gSi, independent of 
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adhesion layer, alloying or capping layer (which can also be seen from the slopes of the capacity fade 

curves in Figure 3a). The primary difference between samples is when the formation of the c-Li3.75Si phase 

begins; there is an additive effect for suppressing the c-Li3.75Si phase, where the latest onset of the c-Li3.75Si 

phase occurs with the combination of an adhesion layer, capping layer and alloying (Cu/Ni/Si85Ti15/TiO2 or 

C). 

Taken as a whole, a clear picture of the effects of these different anode modifications begins to 

emerge. Each interfacial layer (adhesion or capping) imposes an external stress on the silicon anode film, 

and these external stresses create an activation barrier to the formation of the c-Li3.75Si phase as the 

interfacial adhesion forces constrain the large volume expansion associated with the crystalline phase. This 

is also true for alloying with the hard non-active transition metal inclusions, titanium in our case, which 

generate internal stresses in the silicon film.25–28 However, with each delithiation cycle, there is a non-zero 

amount of fracture that occurs. Pores and fractures between ‘islands’ result in additional free volume for 

expansion in the electrode material, as is visible in the SEM micrographs in Figure 2 and is often observed 

during lithiation–delithiation cycling of silicon thin films.22,48–50 Increases in the amount of free volume 

available subsequently relieve the stresses in the silicon film, therefore, reducing the activation barrier for 

the formation of the c-Li3.75Si phase. Once a critical amount of free volume is reached the c-Li3.75Si phase 

can be formed, which then starts a positive feedback loop where the formation of the crystalline phase 

creates a differentially larger amount of fracturing and free volume; this allows a larger amount of c-Li3.75Si 

formation in the subsequent cycle, which leads to greater capacity loss per cycle and amount of c-Li3.75Si 

phase the next cycle, ad infinitum. However, a constant rate of capacity loss is reached when the 

detachment rate matches the rate of free volume expansion. Therefore, any of the commonly employed 

strategies for reducing capacity fade in silicon anodes (interfacial layer and alloying) primarily serve to 

delay the onset of the formation of the c-Li3.75Si phase, however, once the c-Li3.75Si phase is inevitably 

formed all the electrodes will lose capacity at the same rate. 

CONCLUSIONS 
The formation of the c-Li3.75Si phase has been found to be highly detrimental for Si-based anodes in Li-ion 

batteries. Our studies focused on three different parameters - inclusion of an adhesion layer, alloying of the 

silicon with a lithium inert metal, and capping with a surface layer - to investigate their interconnectivity on 

the appearance and formation of the c-Li3.75Si phase. All three mechanisms generate stresses in the silicon 

film, which act as an activation barrier to the formation of the c-Li3.75Si phase and delay the onset of this 

phase. As such, a combination of all three showed the best capacity retention, highest Coulombic 

efficiency, and lowest cumulative relative irreversible capacities. However, these strategies can only serve 

to delay the inevitable. Eventually, the c-Li3.75Si phase will form and all of the different thin film anode 

architectures will begin to degrade at a similar rate. In this way, it is important to consider the detrimental 

effects of strategies like alloying with inert metal which will reduce the specific capacity of the anode, 

while only delaying the onset of the c-Li3.75Si phase by a finite number of cycles. 
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Table S1. Theoretical specific capacity of each sample prepared in this work. The mass of the Ni layer was 
not taken into account. The theoretical capacities of the sputtered carbon and TiO2 used for calculations are 
1116 mAh/g (assuming each C atom can consume 0.5 Li atom)1,2 and 335 mAh/g3 respectively. 

Sample Theoretical specific capacity (mAh/g) 
Cu/Si and Cu/Ni/Si 3579 
Cu/Ni/Si85Ti15 2751 
Cu/Ni/Si85Ti15/C 2691 
Cu/Ni/Si85Ti15/10TiO2 2431 
Cu/Ni/Si85Ti15/5TiO2 2580 

 

Figure S1. XRD patterns of as-deposited Si-based films on (a) Cu substrates and (b) silicon wafers. XRD 
patterns are collected at an incident angle of 𝜔 = 15∘ using an area detector. 
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Figure S2. SEM images of as-deposited films of (a) Cu/Si, (b) Cu/Ni/Si, (c) Cu/Ni/Si85Ti15, (d) 
Cu/Ni/Si85Ti15/C, (e) Cu/Ni/Si85Ti15/10TiO2, and (f) Cu/Ni/Si85Ti15/5TiO2. 



4	
	

 

 

Figure S3. XPS spectra and Voigt function fits of the SEI composition, in the C1s, F 1s, P 2p, Li 1s, and O 
1s regions. 
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Figure S4. Relative composition of SEI in the outer 10 nm after 10 cycles of lithiation–delithiation. The 
results were calculated based on the XPS spectra of F 1s, C 1s, and Li 1s. All samples were tested using a 
CCCV protocol. 

The peak assignment is similar to other reported analyses for the SEI of silicon-based 

electrodes.4–8 The identified organic functionalities in Figure S4 include aliphatic carbon (labelled as “C 

SP3”), alkoxy group (“RCO”, contained in ethers and alkoxides), carboxyl group and/or oxalates (“ROCO”, 

contained in carboxylates, esters, or oxalates), carbonates (“RCO3”, contained in carbonic esters and ionic 

carbonate salts), and organofluorines (“RCF”). The inorganic components include an LiCx compound 

(“LiCx”), lithium fluoride (“LiF”), and phosphoro-fluoride compounds (“PFx”, contained in LixPFy and 

LixPOyFz). The other components that cannot be distinguished within the envelope of the Li 1s feature, 

such as alkyl lithium, LiO, and Li2O, were labeled as “LiX”. 
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Figure S5. Galvanostatic charge−discharge curves of (a) Si, (b) Cu/Ni/Si, (c) Cu/Ni/Si85Ti15, (d) 
Cu/Ni/Si85Ti15/C, (e) Cu/Ni/Si85Ti15/10TiO2, and (f) Cu/Ni/Si85Ti15/5TiO2 for selected cycles. The results 
are tested using the CCCV protocol, and are associated with the results presented in Figure 5. 
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Figure S6. Curve fitting of the delithiation dQ/dV branch of Cu/Ni/Si for cycles (a) 30, (b) 35, (c) 40 and 
(d) 90. 

Figure S6 shows some examples of the curve fitting of the dQ/dV plot, used to derive the 

capacity associated with the c-Li3.75Si phase shown in Figures 6 and S7. 



8	
	

 

 

Figure S7. Capacity retention and the attributed capacity of the c-Li3.75Si vs cycle number. Capacity of the 
c-Li3.75Si phase is calculated using Equation 2. 
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