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ABSTRACT

An unstable solid electrolyte interphase (SEI) has been recognized as one of the biggest 
challenges to commercializing silicon (Si) anode for high energy density batteries. This work 
thoroughly investigates a binary cation matrix of Mg2++Li+ electrolyte and its role towards SEI 
development, suppression, and evolution of a Si anode. Findings demonstrate that introducing Mg 
ions dramatically reduces the SEI growth before lithiation occurs, primarily due to the suppression 
of solvent reduction, particularly ethylene carbonate (EC) reduction. The Mg2+ alters the Li+ cation 
solvation environment as EC preferably participates in the oxophyllic Mg2+ solvation sheath, 
thereby altering the solvent reduction process, resulting in a distinct SEI formation mechanism. 
The initial SEI formation before lithiation is reduced by 70% in electrolyte with the presence of 
Mg2+ cations. While the SEI continues to develop in the post-lithiation, the inclusion of Mg ions 
results in an approximately 80% reduction in the post-lithiation SEI growth. Continuous 
electrochemical cycling reveals that Mg2+ plays a crucial role in stabilizing the deep-lithiated Si 
phases, which effectively mitigates side reactions, resulting in a controlled SEI growth and stable 
interphase while eliminating complex LixSiy formation. Mg ions promote the development of a 
notably more rigid and homogeneous SEI, characterized by a reduced dissipation (ΔD) in the 
Mg2++Li+ ion matrix compared to the solely Li+ system. This report reveals how the Mg2++Li+ ion 
matrix affects the SEI evolution, viscoelastic properties, and electrochemical behavior at the Si 
interface in real-time, laying the groundwork for devising strategies to enhance the performance 
and longevity of Si-based next-generation battery systems.   

KEYWORDS: silicon anode, solid electrolyte interphase, binary cation electrolyte
   

1. INTRODUCTION
 

The ever-increasing demand for energy storage driven by the rapid growth of the electric 
vehicle market has outpaced the capabilities of the supply chains for current secondary battery 
technology, particularly the state-of-the-art lithium-ion systems.1-4 As a result, an ambitious 
journey is being undertaken to explore alternative environmentally friendly and cost-effective 
energy storage solutions that provide increased capacity and extended lifespans.5-7 One promising 
avenue involves the substitution of conventional graphite anodes with high-capacity main group 
materials, paving the way for increased energy density.8-10 Silicon (Si), being both abundant and 
widely accessible, presents an enticing prospect for cost-effective anode material with exceptional 
specific capacity (~3640 mAh g−1), far surpassing the capacity of graphite (~370 mAh g−1).11-14 
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The practical utilization of Si as an anode faces notable challenges primarily attributed to the 
formation of an unstable solid electrolyte interphase (SEI) on the Si anode surface.15, 16 
Understanding the variables that control the SEI stability of Si is paramount as it critically impacts 
the cyclability, irreversible capacity loss, and safety aspects of lithium-ion batteries (LIBs).17, 18 
The instability of the SEI is a direct consequence of the increased reactivity of the lithiated Si 
surface towards the electrolyte components, and in tandem with volumetric changes, it results in 
rapid decay in capacity and a shortened cycle life.19, 20 Extensive research efforts have been 
directed towards strategies addressing the challenges of SEI chemistry on Si, for example, 
designing sacrificial surface layers that protect Si, modifications of electrolyte 
formulation/additives, nanostructuring, and advanced electrode engineering of Si.15, 21-26

 One effective and simple strategy to enhance the stability and reduce the reactivity of 
lithiated Si involves the in situ electrochemical formation of Li-M-Si (M = Mg, Al, Ca, Zn) ternary 
Zintl phases.27-30 The simplicity of this approach presents introduction of a multivalent cation salt 
as a secondary component in the conventional Li electrolyte, promising advancements in structural 
integrity and performance enhancement for Si anodes.31, 32 Previous post-electrochemical ex situ 
analysis investigated SEI at the Li-M-Si Zintl-phase interface suggesting that improved interphase 
stability and ion diffusion can be achieved through the formation of the inorganic-rich SEI with 
multivalent cation additives (such as Mg2+ and Ca2+).31 However, the mechanisms of why and how 
the binary cation matrix benefits SEI stability are not fully understood. A significant barrier to 
investigate the intricate mechanisms that govern the SEI evolution during electrochemical cycling 
lies in the lack of in situ techniques that can capture SEI’s dynamics and monitor its electronic and 
physical properties.

To bridge this knowledge gap, this work investigates the working mechanism of how 
multivalent cations stabilize the Si interface. Two distinct electrolyte environments are studied: 
(1) 0.2 M Mg(TFSI)2 (magnesium bis(trifluoromethylsulfonyl)imide) in 1.2 M LiPF6 (lithium 
hexafluorophosphate) in 3:7 wt% ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with 
10 wt% fluoroethylene carbonate, referred as the Mg2++Li+ ion matrix electrolyte; (2) 1.2 M LiPF6 
(lithium hexafluorophosphate) in 3:7 wt% ethylene carbonate (EC) and ethyl methyl carbonate 
(EMC) with 10 wt% fluoroethylene carbonate, referred as the solely Li+ electrolyte. Findings 
directly distinguish the gravimetric contribution at the Si interface from two distinct  electrolyte 
environments, with insights into the SEI formation mechanism and the corresponding change of 
the viscoelastic properties at the interface. Results reveal that Mg2+ suppresses SEI gravimetrically 
by 70% before lithiation due to its preferred coordination with the EC solvent. The presence of 
Mg ions leads to an approximately 80% reduction in the post-Li SEI growth ascribed to the 
structural stabilization and the elimination of the complex LixSiy phase formation that was 
unexplored previously. The presence of Mg ions contributes to the development of a more rigid 
and homogeneous SEI, as indicated by the reduced dissipation factor (ΔD) in the Mg2++Li+ ion 
matrix compared to the solely Li+ system. These findings contribute to a deep understanding of 
SEI dynamics and serve as a foundation for future research directed at developing strategies to 
enhance the performance and stability of Si anodes. 
 
2. EXPERIMENTAL SECTION

2.1. Electrode and Electrolyte Preparation. 
Si thin film electrodes were deposited onto 5 MHz Au-Ti AT-cut quartz crystal resonators 

(Q-Sense, Biolin Scientific, Sweden) and Cu foil (9 μm in thickness) by magnetron sputter 
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deposition (AJA International) with a DC power supply using an elemental Si (99.999%) target 
(Kurt J. Lesker, USA). A preliminary thin layer of Cu was sputtered onto both the quartz resonator 
and Cu foil substrates from the Cu target (99.999%, Kurt J. Lesker, USA), resulting in an 
approximate layer thickness of ~15 nm. Si-thin films with ~65 nm in thickness were obtained at a 
deposition rate of 4.129 nm/min. The base and working pressure of the deposition chamber were 
2.6 × 10−7 Torr and 3 mTorr, respectively. Following the deposition procedure, the samples were 
promptly transferred to an Ar-filled glove box (Vacuum Technology Inc.), which maintained a 
controlled environment with H2O and O2 < 0.1 ppm. The solely Li+ electrolyte consisted of 1.2 M 
lithium hexafluorophosphate (LiPF6) in 3:7 wt% ethylene carbonate (EC) and ethyl methyl 
carbonate (EMC) and used as received (Tomiyama Chemicals, Japan) with 10 wt% fluoroethylene 
carbonate (FEC, Sigma Aldrich). Magnesium bis(trifluoromethylsulfonyl)imide ((Mg(TFSI)2, 
Solvionic, 99.5%) was dried overnight (at 180 °C, <100 mTorr) in a vacuum oven (Glass Oven B-
585, BUCHI Corp.). The Mg2++Li+ ion matrix electrolyte was prepared by adding Mg(TFSI)2 salt 
into the fresh Li+ electrolyte with a 10 wt% FEC to obtain 0.2 M Mg(TFSI)2 concentration. The 
Fourier transform infrared (FTIR) spectra of the as-prepared electrolytes were collected using 
Nicolet iS50 FTIR spectrometer equipped with an attenuated total reflectance (ATR) detector at 
32 scans with a spectral resolution of 4 cm−1 in the range between 4000–400 cm−1.  

 
2.2. EQCM-D and Electrochemistry Measurements. 

Electrochemical quartz crystal microbalance measurements were carried out with a Q-
sense instrument (Biolin Scientific, Sweden) located in the Ar-filled glovebox (Vacuum 
Technology Inc.) with H2O and O2 < 0.1 ppm. The measurements were conducted using an in-
house designed electrochemical cell combined with an EQCM-D module. The EQCM-D 
resonators used in this work were AT-cut quartz crystals with an area of 0.785 cm2 and a 
fundamental resonance frequency of 5 MHz. The Si thin film-coated EQCM-D resonator was used 
as a working electrode (WE) with lithium metal (99.9%, Goodfellow) as both reference (RE) and 
counter (CE) electrode. After the electrolyte was introduced into the EQCM-D cell, the baseline 
frequency and dissipation were recorded before the start of cyclic voltammetry (CV) 
measurements. The CV was performed by applying the potential at 0.001 V/s from open circuit 
voltage (OCV) to different lithiation depths (vs Li/Li+) controlled by the Potentiostat (Princeton 
Applied Instruments). EQCM-D measurements were recorded at odd overtones (n = 3, 5, 7) using 
QSoft401 software. Data acquisition for the electrochemical measurements was performed using 
Versa Studio. 

2.3. EIS Measurement and Fitting. 
The electrochemical impedance spectroscopy (EIS) measurements were conducted using a 

Potentiostat (Princeton Applied Instruments) at room temperature. EIS was measured in a 2-
electrode Swagelok cell with Si thin film as WE and Li metal as RE and CE. For EIS analysis, 
cells were held at a controlled discharge process where the potential was scanned from the OCV 
to specific voltage points at a scan rate of 0.001 V/s. The frequency range for EIS was set from 
0.05 Hz to 1 MHz with an AC voltage amplitude of 10 mV. The EIS experimental data were fitted 
to the equivalent Randles circuit model using the AfterMath software (Pine Research 
Instrumentation, Durham, NC). The experimental EIS data was fitted to the equivalent circuit 
model consisting of the electronic elements of electrolyte resistance (Rs), charge transfer resistance 
(Rct), constant phase element (QCPE), and Warburg component (QW). 
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3. RESULTS AND DISCUSSION

 3.1. Mg Ion and its Effect on the Initial SEI Formation on Si.
 Two electrolyte environments, (1) the Mg2++Li+ ion matrix electrolyte and (2) the solely 

Li+ electrolyte, were used on a carbon-free, binder-free, thin film Si anode. The in-situ SEI 
formation and evolution of the Si interface are distinguished and discussed at two electrochemical 
stages: Section 3.1.1 – the pre-lithiation (pre-Li) SEI stage, and Section 3.1.2 – the post-lithiation 
(post-Li) SEI stage. 

Figure 1. (a) Frequency change (Δf, n = 3) versus time at Si in the Mg2++Li+ ion matrix (red) and 
solely Li+ (black) electrolytes in the pre-Li stage (OCV – 0.5 V) of the 1st electrochemical cycle 
(CV # 1); (b) The corresponding current versus time and (c) potential versus time for Mg2++Li+ 
ion matrix and solely Li+. Si-coated resonator is used as WE, with Li metal as CE and RE, the cell 
is scanned at a potential window from OCV to 0.01 V at a scan rate of 1 mVs−1. Frequency is taken 
at the 3rd overtone (n = 3). (d-e) FTIR spectra of Mg2++Li+ ion matrix (red) and solely Li+ (black) 
electrolytes. 
 
3.1.1. Pre-Lithiation SEI on Si in an Ion Matrix of Mg2++Li+.

The presence of Mg ions notably suppressed the SEI formation at initial electrochemical 
cycles before lithiation occurred. For instance, at the pre-Li stage from OCV to 0.5 V (Figure 1a-
c), SEI formation in the Mg2++Li+ ion matrix electrolyte was gravimetrically suppressed at 
voltages where solvent reduction typically occurred (1.2 V, 0.8 V, 0.5 V vs Li+/Li). The total 
frequency drop ftotal measured for the pre-Li voltages (OCV to 0.5 V) was 126 Hz in the Mg2++Li+ 
ion matrix, as compared to 429 Hz in a solely Li+ system (Figure 1a). Specifically, a one-step 
frequency change of ~ 56 Hz was seen in the Mg2++Li+ ion matrix corresponding to the FEC 
reduction at 1.2 V (red curve in Figure 1a), while an evident two-step frequency change of 120 
Hz and 216 Hz for the FEC and EC reductions was observed in the solely Li+ electrolyte, 
respectively (black curve in Figure 1a). In agreement with the frequency changes, the 
corresponding current signals in the Mg2++Li+ ion matrix were suppressed as compared to the 
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solely Li+ system (Figure 1b). A flat current plateau of ~ -10 µA was seen throughout the pre-Li 
voltages in the Mg2++Li+ ion matrix, and such plateau was mainly contributed by the FEC 
reduction.33 While two discernible current peaks of -13.7 µA at 1.2 V for FEC reduction, and -
23.7 µA at 0.8 V for EC reduction were seen in the solely Li+ electrolyte system.34 The mass-
contributed SEI changes at the Si interface due to FEC and EC reductions were clearly 
distinguished by the frequency changes from the EQCM-D and indicated that introduction of Mg2+ 
into the Li+ electrolyte plays a crucial role in the initial SEI suppression. Findings demonstrate that 
Mg2+ suppresses primary EC reduction specifically at the pre-Li stage at the initial CV cycle. The 
role of EC in the SEI formation and its function in electrolyte are critical since initial SEI acts as 
a protective and stabilizing layer for Si against further interfacial side reactions during subsequent 
electrochemical cycling.35 Such a finding is further supported by the ex-situ XPS analysis 
investigating the postmortem SEI chemical structure, revealing a notable decrease in carbonate 
species with Mg2+ additives.31 

To further explore possible mechanisms that led to the reduced EC solvent decomposition, 
the FTIR spectra of two electrolytes, the mixed cation of Mg2++Li+ ion matrix and the solely Li+ 
electrolyte, were compared. The interaction of the EC with the Mg2+ center was evident from the 
FTIR spectra (Figure 1d-e) for the uncycled Mg2++Li+ ion matrix versus the solely Li+ electrolyte. 
The noticeable shifts to lower wavenumbers in the positions of the C═O peak and the C(O)-C peak 
of coordinated EC were seen, indicating coordination of EC with the Mg ions.36 The changes in 
the coordination environment alter the electronic properties of solvent molecules and can increase 
the energy barriers for solvent reduction, ultimately resulting in a decrease in solvent reductivity.37, 

38 Elimination of the EC solvent reduction is essentially attributed to the coordination of the EC-
Mg2+ that fundamentally decreases the electrochemical reduction of EC. It is worth noting that the 
lack of noticeable reduction currents in the subsequent CV cycles (Figure S1, SI) emphasizes that 
the primary formation of SEI occurs during the initial CV cycle. However, this observation does 
not rule out the possibility of continuous SEI formation beyond the pre-Li stage.  

 
3.1.2. SEI Retention at the Post-Lithiation Stage and its Evolution.

Figure 2. (a) The change of frequency (Δf, n = 3) versus time at Si in the Mg2++Li+ ion matrix 
(red) and a solely Li+ electrolyte (black) in the post-Li stage (< 0.5 V) and delithiation stage (0.2 
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V – 1.5 V), data taken at the 1st electrochemical cycle (CV #1); (b) The corresponding current 
versus time and (c) potential versus time. (d) The change of frequency (Δf, n = 3) versus potential, 
and € the corresponding current versus potential, ascribed to the post-Li stage. Si-coated resonator 
is used as WE, with Li metal as CE and RE, potential is scanned from OCV to 0.01 V at a scan 
rate of 1 mVs−1. Frequency is taken at the 3rd overtone (n = 3). 

In the post-Li stage, with voltage from 0.5 V to 0.01 V (vs Li/Li+) (Figure 2), one of the 
most interesting findings was that the SEI continuously developed during lithiation as indicated in 
Figure 2a. However, post-Li the SEI was gravimetrically less significant than the pre-Li SEI, and 
it merely constituted less than 20 % when gravimetrically referenced to the pre-Li SEI. For 
instance, the SEI formation at the post-Li stage (0.5 V to 0.01 V) presented a Δf of 16 Hz in the 
Mg2++Li+ ion matrix and 84 Hz in the solely Li+ electrolyte. In contrast with the pre-Li SEI 
formation of 126 Hz in the Mg2++Li+, and 429 Hz in the solely Li+ electrolyte. Nonetheless, the 
addition of Mg noticeably reduced the post-Li SEI by about 80% gravimetrically due to the 
continuous suppression of the electrolyte reduction that consequently led to reduced reactivity of 
lithiated Si, which contributes to the overall improved SEI stability.  

At deep lithiation stage from 0.1 V to 0.01 V (vs Li/Li+), Mg ion facilitated a co-insertion 
or an ion exchange reaction that resulted in a greater change of current and frequency as suggested 
by the highlighted frequency versus voltage regions in Figure 2d-e.27, 32 Thus, the Mg ion helped 
to stabilize the lithiated silicide surface. The total frequency and current changes ascribed to the 
post-Li stage suggested that the largest frequency discrepancy in the Mg2++Li+ ion matrix versus 
the solely Li+ system appeared at deeper lithiation of 0.1 V and beyond (highlighted in the dashed 
area in Figure 2d). The observed maximum frequency change (Δfmax) did not coincide with the 
peak current as seen in Figure 2a. Instead, the Δfmax was detected at higher voltages during the 
reverse voltage scan, suggesting that alloying processes continued past the peak current. For the 
mixed Mg²⁺+Li⁺ ion matrix, the Δfmax occurred at a reverse voltage scan of +0.07 V, while for the 
solely Li⁺ system, the peak frequency change was observed at +0.11 V. Such ongoing lithiation is 
likely a result of the reactions involving Si that has been exposed and expanded during the deep 
lithiation phase. For instance, at a lithiation voltage of 0.01 V, additional frequency shifts of 30 Hz 
for Mg2++Li+ ion matrix and 60 Hz for solely Li+ were observed which suggests that the presence 
of Mg2+ exerts a stabilizing effect on the lithiated silicon framework. The multifold combination 
of EQCM-D with electrochemistry in situ probing revealed intricate links between Si reactivity 
and the electrochemical processes at the interface. 

After completion of the 1st electrochemical cycle, and upon delithiation, from 0.2 V to 1.5 
V (Fig. 2, green-colored block), the frequency baseline did not revert to its initial baseline of 0 Hz, 
and a notable frequency shift was observed, 142 Hz for Mg2++Li+ ion matrix and 513 Hz for solely 
Li+ electrolyte. This shift signifies that the presence of SEI persists at the Si interface upon 
delithiation or with the completion of the electrochemical cycles. Such an SEI layer was 
gravimetrically 4 times lower in the Mg2++Li+ ion matrix vs solely Li+ electrolyte. The SEI 
retention upon delithiation is ascribed to either further reduction of electrolyte concurrent with Li 
dealloying or the existence of ions irreversibly trapped within the Si structure during the dealloying 
process.39

3.2. Lithiation Depth to SEI Evolution of Si in Solely Li+ or Mixed Mg2++Li+ Electrolytes. 
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The SEI growth and stability are closely linked to Si volume expansion, with this 
relationship becoming especially critical at the deep lithiation stage. To comprehensively explore 
the impact of lithiation depth versus the electrochemical cycles on SEI evolution, a set of four 
consecutive CV scans was collected at different lithiation depths for a total of 20 CV cycles 
(Figure 3). CV # 1 - 4 correspond to a lithiation depth of 0.01 V, CV # 5 – 8 to a depth of 0.04 V, 
CV # 9 – 12 to a depth of 0.115 V, CV # 13-16 to a depth of 0.4 V, and CV # 17 - 20 correspond 
to lithiation depth of 0.005 V. 

Figure 3. Cyclic Voltammetry of Si thin film anode vs Li at lithiation depth of (a) 0.01 V and (b) 
0.005 V at continuous CV cycles (3rd CV cycle is used as the representative).; (c) Frequency 
change (Δf, n = 3) at corresponding lithiation depths, the dashed green line indicates the frequency 
baseline, and the grey vertical dashed lines separate each set of four CVs collected at different 
lithiation depths; (d) Frequency baseline shift (Δfbaseline) versus cycle number. Red and black curves 
stand for Mg2++Li+ ion matrix electrolyte and solely Li+ electrolyte, respectively. PVD sputtered 
Si thin film resonator is used as WE, Li metal is used as CE and RE. Cell is scanned at a potential 
window from OCV to 0.01 V at a scan rate of 1 mVs−1. Frequency is taken at the 3rd overtone (n 
= 3). 
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The CVs at two representative lithiation depths of 0.01 V and 0.005 V for Mg2++Li+ ion 
matrix and solely Li+ electrolyte systems are presented in Figure 3a-b. The addition of Mg ions to 
the Li electrolyte suppressed the formation of complex Li-Si phases especially pronounced at the 
deep lithiation stage. At the lithiation depth of 0.01 V, Figure 3a, the Mg2++Li+ ion matrix CV 
(red) presented the absence of the characteristic reduction peak in the solely Li+ system at ~0.3 V 
for alloying of Li with amorphous Si (aSi+Li  aSiLi) (black).40, 41 However, a shifted reduction 
peak at 0.007 V was seen for the formation of the aSiLi at a lithiation depth of 0.005 V in the 
Mg2++Li+ ion matrix electrolyte (Figure 3b). Such voltage shift has been previously observed in 
the lithiation of binary Si/Ni thin film wherein the inactive Ni during lithiation caused a 
suppression of the lithiation voltage.42 Possible formation of the Li-Mg-Si ternary phase can 
potentially suppress such formation of cLi15Si4, and this phenomenon has also been verified in the 
electrochemical formation of Li-Zn-Si ternaries where cLi15Si4 phase formation was suppressed 
resulting in full amorphization of the Si film.43 Additionally, the absence of the redox peaks in the 
Mg2++Li+ ion matrix was evident in CVs at lithiation depths of 0.04 V and 0.115 V (Figure S2, 
SI). In contrast, in a solely Li+ electrolyte system, a broad lithiation peak at 0.3 V for aSiLi was 
seen at lithiation depth of 0.005 V (Figure 3b) followed by a second peak below 0.01 V indicating 
the formation of a metastable cLi15Si4 phase upon further Li alloying (aSiLi + Li  cLi15Si4).44, 45

Figure 3c-d summarizes the shift of the baseline frequency (Δfbaseline) at lithiation depth at 
0.01 V and 0.005 V in the Mg2++Li+ ion matrix (red) vs solely Li+ system (black). At lithiation 
depth of 0.005 V, a continuous increase in SEI growth was observed, driven by Si expansion and 
exposure of fresh Si, making the interface susceptible to potential surface side reactions. This 
continuous SEI growth contributes to a loss of lithium-ion inventory, leading to a capacity fade. 
The Mg2++Li+ ion matrix exhibited a suppressed SEI growth indicating enhanced surface stability 
as highlighted by the smaller baseline frequency shift (slope of 73.9) compared to the solely Li+ 

electrolyte (slope of 108.3) shown in Figure 3d (dashed box). Results suggest the Mg2+ induced 
structural stabilization in the lithiated Si, suppressing side reactions, and promoting controlled SEI 
growth. The formation of a Li-Mg-Si ternary phase is responsible for this effect, introducing 
amorphization in the Si structure and preventing the crystalline Li15Si4 phase. This is crucial, as 
amorphous Si is known for outperforming its crystalline counterpart due to enhanced mechanical 
stability in the film.46-48

3.3. Electrochemical Impedance Spectroscopy at Pre-Lithiation vs Post-Lithiation of Si in the 
Mg2++Li+ and Li+ Electrolytes. 
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Figure 4. Nyquist plots for thin film Si anode vs Li in (a) Mg2++Li+ ion matrix and (b) solely Li+ 

electrolytes, at different lithiation voltages. Pre-Li stage at 1.2 V, 0.7 V, and post-Li stage at 0.4 
V, 0.115 V, 0.04 V, 0.01 V and 0.005 V are investigated; Symbols represent experimental data 
points, while lines depict fitted data obtained from the equivalent circuit model. EIS was measured 
in the 2-electrode Swagelok cell with Si thin film as WE and Li metal as RE/CE by sequential 
voltage scan at a scan rate of 0.001 V/s from OCV to the target voltage followed by EIS 
measurement. (c) Rct vs lithiation depths, and (d) CPE vs lithiation depths. 

Results from EIS demonstrated a substantial tenfold decrease in the charge transfer 
resistance (Rct) for Si in the Mg2++Li+ ion matrix electrolyte before lithiation occurred as compared 
with the solely Li+ electrolyte, Rct dropped from 1000 ohms (in the solely Li+ system) to 150 ohms 
at lithiation depth of 1.2 V (pre-Li) and 0.7 V (pre-Li) in Figure 4a-c (complete Nyquist plots and 
fitted data are presented in Figure S3 and Table S1, SI). In line with findings from EQCM-D and 
FTIR, such a decrease in Rct directly indicates improved charge transfer kinetics attributed to Mg2+ 
presence in the electrolyte, linked to the formation of MgF2 at the interface.49, 50 On the other hand, 
the solely Li+ system resulted in the formation of SEI-rich interphase with species from FEC and 
EC reduction such as lithium carbonate (Li2CO3) and lithium alkyl carbonate (ROCO2Li) giving 
rise to the increased Rct.51

As lithiation progressed (from 0.7 V to 0.4 V, 0.115 V, 0.04 V, 0.01 V and 0.005 V), a 
general decline in the total impedance was seen concurrently for Si in both the Mg2++Li+ ion matrix 
and the solely Li+ systems ascribed to an increase in the total electronic conductivity of Si.52 QCPE 
is related to the magnitude of the capacitance, and an exponent CPE which reflects the deviation 
from the ideal capacitive behavior at the electrochemical interfaces.53 The increase in CPE was 
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observed with the increase in lithiation depth for the Li+ system in Figure 4d indicating a more 
ideal capacitive behavior, potentially due to an enhanced surface roughness that homogenizes the 
electrochemical properties across the electrode, suggesting rougher surfaces promote closer-to-
ideal capacitance.54 In contrast, the Mg2++Li+ system showed the decrease in CPE indicates a 
deviation from ideal capacitance due to modification of surface characteristics by Mg2+ addition, 
thus leading to a less capacitive and more resistive behavior as reflected by a lower CPE.54, 55 The 
reduced CPE in the Mg²⁺+Li+ implies a more uniform and possibly smoother interface on lithiated 
Si, which is indicative of a stabilized interphase that comes along with a reduced SEI formation 
observed from EQCM-D results (Figures 1-2). The phase angle of Warburg diffusion for the 
Mg2++Li+ system was decreased from 45o to 25o at increased lithiation depth suggesting the 
resistance-dominated finite length Warburg, on the contrary, it was increased from 45o (1.2 V) to 
73o (at 0.005 V) for the solely Li+ system. This suggests that Mg2+ addition induced deviation from 
a semi-infinite diffusion model to a finite boundary Warburg.54, 56, 57 Further, the Bode plots 
suggested a less frequency dependence for the phase angle at lithiation in the Mg2++Li+ ion matrix 
against the Li+ system (Figure S4, SI).  This suggests that the Mg2++Li+ ion matrix displays a more 
linear response in the low-frequency range in contrast with the solely Li+ system. 

3.4. Viscoelastic Properties at Si Interphase in a Binary Mg2+Li+ Ion Matrix Versus Solely Li+ 
System at Si. 

Figure 5. Dissipation (ΔD) of EQCM-D over time at n = 3, 5, 7 for (a, c) in the Mg2++Li+ ion 
matrix electrolyte (CV#1 for panel a, CV#1-3 for panel c) and (b, d) in a solely Li+ electrolyte 
(CV#1 for panel b, CV#1-3 for panel d).
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Development of a notably more rigid SEI in the Mg2++Li+ ion matrix is seen at initial CV 
cycle as reflected by a significantly reduced dissipation shift when compared to the solely Li+ 

system, shown in Figure 5a-b. Introducing Mg ions led to a fourfold reduction in ΔD compared 
to the solely Li+ system. This finding suggests two key insights: (1) a more homogeneous SEI 
evolution is seen across the interphase in the Mg2++Li+ ion matrix as demonstrated by the lower 
spreading of ΔD values at different harmonics (n = 3, 5, 7); (2) SEI displays minimal energy loss 
and enhances structural stability in the Mg2++Li+ ion matrix, resulting in a more uniform and rigid 
interface with reduced detachment from the underlying Si which supports a reduced CPE in the 
presence of Mg²⁺ suggested from the EIS findings in Figure 4d.58

A detailed analysis of ΔD at the initial CV cycle and further continuous CVs was 
investigated. With the introduction of Mg2+, ΔD shift was five times smaller compared to the solely 
Li+ electrolyte in the pre-Li stage (Figure 5a), suggesting formation of a notably more rigid SEI. 
The suppressed FEC and EC reductions result in a more rigid and mechanically stable interphase. 
This finding is supported by a recent work where XPS analysis revealed an inorganic SEI of MgF2, 
MgO, and MgCO3-rich layer with the presence of Mg2+.31 In contrast, the solely Li+ system 
followed a well-reported two-layer SEI model where the initial inorganic-rich SEI is formed and 
followed by the outer organic-rich layer.59-61 The initial ΔD increase at ~1.2 V is attributed to FEC 
reduction and the inorganic SEI layer formation as supported by the experimental data in Figure 
5b, followed by a significant ΔD increase at 0.8 V for EC reduction, generating organic compounds 
which predominantly contributed to the increase in viscoelastic properties at the interface. After 
three CV cycles (Figure 5c-d), the ΔD values for the solely Li+ system (~200 × 10−6, n = 3) were 
nearly four times greater than those for the Mg2++Li+ system (~50 × 10−6, n = 3), at comparable 
frequency and current changes. This indicates that the SEI in the Mg2++Li+ ion matrix is 
considerably more rigid and is homogeneously distributed across the interface than in the solely 
Li+ electrolyte. The Mg2++Li+ ion matrix offered a more robust and uniform SEI layer compared 
to the Li+ system. Such enhanced rigidity contributes to mechanical stability, reducing the risk of 
Si cracking during cycles and improving overall electrode durability, and preserving the electrode's 
integrity. 

4. CONCLUSIONS

This study highlights the significant role of a binary cation electrolyte with the presence of 
Mg ion that reduces SEI growth before and after lithiation for a Si anode. The binary cation matrix 
of the Mg2++Li+ electrolyte altered the solvation structure of the Li+ environment, resulting in a 
distinct SEI formation mechanism. The initial SEI formation before lithiation is reduced by 70% 
in the binary Mg2++Li+ electrolyte. While the post-lithiation SEI growth is suppressed by about 
80% with the presence of Mg2+ in electrolyte and a reduced activity of lithiated Si is seen along 
with a rigid and homogeneous SEI formation. Results from this work offer insights into SEI 
dynamics and pave the way for designing more robust Si electrodes for next-generation lithium-
ion batteries.
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Supporting information is available free of charge online. Additional electrochemical CV cycles, 
Nyquist plots and Bode plots are presented in SI.
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