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Abstract 

In addressing calendar aging in silicon (Si)-based lithium-ion batteries, this study leverages glyme-type 

dual salt electrolytes (LiTFSI and LiDFOB) to mitigate parasitic reactions and capacity loss in Si-NMC 

(nickel manganese cobalt) full cells. These electrolytes outperform traditional carbonate-based ones by 

preserving the Si anode and enhancing cathode/electrolyte interphases (CEI) with a phosphate additive, 

significantly decelerating calendar aging. Critically, without the phosphate additive, both LiTFSI and 

LiDFOB undergo individual decomposition on the NMC surface, underscoring the unique role of 

phosphate in stabilizing the battery chemistry. The addition of the N2FC phosphate additive leads to a 

conformal coating on the cathode surface and a marked increase in -SO3 moieties, indicating the 

synergistic decomposition of LiTFSI and LiDFOB. These findings highlight the vital importance of 

electrolyte composition in extending the calendar life of Si batteries and open new avenues for enhancing 

the performance and longevity of next-generation Li-Si batteries. 

Introduction 

In the evolving landscape of next-generation Li-ion batteries, the development of silicon (Si) anodes 

stands at the forefront of scientific inquiry and innovation. In its full lithiated state (Li15Si4), silicon 

delivers a theoretical capacity of ∼3640 mAh/g, approximately 10 times higher than graphite (∼370 

mAh/g).[8–10] Therefore, it promises a leap forward in Li-ion battery performance, heralding a new era of 

energy storage solutions.  

Practical use of Si anodes faces several challenges. A primary issue is the substantial volume change (e.g. 

269.3 % from silicon to Li15Si4),  silicon undergoes during lithiation and delithiation processes, which can 

lead to particle pulverization and degradation of the anode material over time. 1 This volume expansion 

also causes silicon particles to become electrically disconnected from the electrode, further reducing the 

cycle life of the battery. 2 Additionally, the volumetric expansion of Si anode over continuous lithiation 

and delithiation leads to unstable solid-electrolyte interphase (SEI) formation, thereby reducing the 
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battery’s cycle life significantly.3 Therefore, significant strides have been made to extend the cycle life of 

the Si batteries and/or creating a stable SEI layer at the Si surface, including anode structure design,4,5 Si 

doping 6 and surface coating,7  electrolytes development, 1,8,9 binder development, 10-12 and artificial SEI 

engineering. 13,14 

Despite its critical importance for the longevity and reliability of the batteries, the calendar life of the Si 

batteries remains significantly underexplored. The battery calendar life emphasizes the temporal 

degradation of batteries, independent of the number of charge-discharge cycles they undergo. Recent 

studies have highlighted that calendar aging in silicon anodes is a more significant issue than previously 

anticipated. 15-17 However, the pursuit of understanding Si calendar aging mechanisms and the 

formulation of strategies to mitigate calendar aging's impact on Si anodes have lagged. To date, only 

limited number of methods have been reported to prolong Si battery calendar life. 16,18 This scarcity of 

strategies to extend the cycle life of Si batteries, particularly in the context of calendar aging, underscores 

a significant oversight. 

Herein we show that the calendar aging issue of Si-NMC full cells can be mitigated by using glyme-type 

of electrolytes, composed of a mixture of two salts, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

and lithium difluoro(oxalato)borate (LiDFOB) (denoted as dual-salt electrolytes) when compared with the 

state-of-the-art carbonate-based electrolyte with fluoroethylene carbonate additives (denoted as GenF 

electrolytes). We demonstrate that storing Si-NMC in a fully charged state with dual-salt electrolytes 

mitigates parasitic reactions and battery capacity loss, thereby reducing the calendar aging and promoting 

the cycling stability. The addition of a phosphate additive further alleviates the side reactions. Our 

detailed mechanistic explorations reveal that dual-salt glyme electrolytes enhance the integrity of the 

high-loading Si anode and improve the NMC cathode/electrolyte interphases (CEI) by forming a -CF3 and 

-SO3 -rich and conformal coating on the NMC cathode surface. The findings of this study suggest that this 

strategy could significantly extend the calendar life of Si-based batteries, thereby realizing the full 

potential of next-generation energy storage technologies.  

Experimental 

Materials  

The GenF electrolyte composes of lithium hexafluorophosphate (LiPF6, 1.2 M) in the 3:7 wt % ethylene 

carbonate (EC)/ethyl methyl carbonate (EMC) electrolyte (Tomiyama Chemicals, Japan) and 3 wt% 

fluoroethylene carbonate (FEC, BASF, purity 99.94%). Bis(trifluoromethane)sulfonimide lithium salt 

(LiTFSI) (Sigma, 99.95% trace metals basis) and lithium difluoro(oxalato)borate (LiDFOB) (Sigma) were 

dried in 90 oC in vacuum over 48 hours before use. 1,2-dimethoxyethane (DME) (Sigma, 99.5% inhibitor 

free) was dried in 4Ǻ molecular sieve in the Ar-filled glove box for at least one week before use. N2-

FCA2 cathode additive (H2O < 50 ppm, HF < 20 ppm) was courtesy of NOHMs technology and used as 

received.  

The particle-based Si composite electrodes were prepared by laminating the Cu foil as the current 

collector with a slurry containing 60 wt % silicon nanoparticles, 20 wt % hard carbon additive (C45), and 

20 wt % lithium polyacrylate (LiPAA) silicon compatible binder, mixed in DI water. The Si electrode has 

a final loading of 0.68 mg/cm2 and a thickness of 9 μm (excluding Cu foil). All electrodes were produced 

at the U.S. Department of Energy's (DOE) CAMP (Cell Analysis, Modeling and Prototyping) Facility, 

Argonne National Laboratory. The NMC622 cathode contained 90 wt% Targray NMC622, 5wt% Timcal 

C45 carbon black, and 5wt% Solvay 5130 PVDF binder, with a loading of 9.78 mg·cm−2. All Si anodes 

were dried in vacuum at 150 oC and all other electrodes were dried at 120 oC in vacuum overnight prior to 

use at Ar-filled glove box (O2< 0.1 ppm and H2O < 0.1 ppm).  
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Electrochemical measurements 

All electrochemical measurements were taken at 25 oC on a Bio-Logic potentiostat (VMP-3). The 

electrochemistry results were analyzed by EC-Lab software (version 11.34). The typical full cell calendar 

life test begins with a 4-hour open circuit voltage rest, followed by three formation cycles at a C/10 rate 

within a voltage window of 2.7 to 4.1 V for NMC622. Finally, two diagnostic cycles are performed at a 

C/10 rate. The cyclic performance of Si/NMC622 full cells is tested at a C/3 rate for 100 cycles. 

Coin cell fabrication 

The 2032 stainless steel coin cell (Hohsen Corp., Osaka, Japan) configuration was used for electrochemical 

performance test. All coin cells were fabricated in an Ar-filled glove box (O2< 0.1 ppm and H2O < 0.1 ppm). 

The Si622 anode was punched to 5/8” diameter disk and the NMC622 was punched to 1/2” diameter prior 

to cell assembly. A single layer Celgard (Celgard 2400) separator was used for each coin cell. 

Characterizations  

XPS  

K-Alpha XPS X-ray photoelectron spectroscopy (XPS) was performed with a Thermo Scientific Model K-

Alpha XPS instrument. The instrument uses a monochromated, micro-focusing, Al Kα X-ray source 

(1486.6 eV) with a variable spot size (30-400 µm).  Analyses of most samples are typically conducted with 

a 400 µm X-ray spot size for maximum signal and to obtain an average surface composition over the largest 

possible area.  The instrument has a hemispherical electron energy analyzer equipped with a 128 multi-

channel detector system.  The base pressure in the analysis chamber is typically 2 x 10-9 mbar or lower.  

Samples were attached to the XPS sample holder with metal clips.  The holder was designed to move 

samples under inert atmosphere conditions from an Ar-filled glove box to the XPS instrument.  Wide energy 

range survey spectra (0-1350 eV) are acquired for qualitative and quantitative analysis using an analyzer 

pass energy of 200 eV.  For assessing the chemical bonding of identified elements, narrow energy range 

core level spectra are acquired with an analyzer pass energy of 50 eV.  When insulating materials are 

analyzed a charge neutralization flood gun is used to maintain stable analysis conditions.  The flood gun 

uses a combination of low energy electrons and argon ions for optimum charge compensation.  The typical 

pressure in the analysis chamber with the flood gun operating is 2 x 10-7 mbar.  Data were collected and 

processed using the Thermo Scientific Avantage XPS software package (v 4.61) and the CasaXPS software. 

When necessary, spectra were charge corrected using the C 1s core level peak set to 284.8 eV. 

SEM  

SEM micrographs of the a-Si were collected by a cold-cathode field emission(FE) SEM system (Hitachi 

S4800) at 20 kV accelerating voltage, and a 20 μA beam current. Energy dispersive X-ray spectrometer 

(EDX) was used to obtain the elemental composition distribution of the electrode surface (20 kV, 20 μA). 

The EDX mappings were analyzed by an EDAX Genesis software package. 

Results and Discussions  
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Figure 1. Calendar life test protocol and outcomes of Si/NMC full cells with different electrolytes. (a) 

Calendar life evaluation protocol launched by the U.S. Department of Energy Silicon Consortium Project 

(SCP). 19 (b) Comparison of the discharge capacity of the third formation cycle and the second diagnostic 

cycle for different electrolytes. (c) Overview of the parasitic current of GenF, Dual-Salt and Dual- 

Salt+N2FC additive during the 180-hour holding period at 4.1V (Inset: magnified view of the parasitic 

current after a hold at 4.1V for 180 hours ). (d) The chemical formula of the salts and additive used in the 

glyme electrolytes.  The additive from NOHMS have two proprietary carbon-based group denoted as ‘X” 

The calendar life test protocol is illustrated in Figure 1a. 19 Briefly, the Si/NMC622 full cell is cycled at a 

C/10 equivalent rate for three cycles. The cell is charged to a high state of charge (SOC) (i.e. 4.1 V vs. Si) 

followed by a 180-hour high voltage hold, or calendar aging period to evaluate the parasitic reactions in the 

Si/NMC622 full cell. Two diagnostic galvanostatic cycles are performed at a C/10 rate. Maintaining 

Si/NMC611 full cells at a SOC while measuring the current change simulates the vampire drain experienced 

by Si batteries after a full charge in a practical use. Holding the cell at a high SOC would yield continuous 

side reactions between the electrolytes and the Si and NMC622 electrodes, if any, thereby accelerating cell 

failure resulted from the inadequate electrode passivation. Two types of electrolytes were used in the current 

study. The best performing carbonate electrolyte, GenF was used as the baseline electrolyte. The dual salt 

and dual salt with a phosphate additive, N2FC (with unknown carbonaceous group, labeled as X and Y in 

Figure 1d) were explored as a non-carbonate counterpart against GenF.  

Comparison of the irreversible capacity loss resulting from parasitic currents during the high SOC hold 

among all electrolytes can be explored through two means. The first method involves comparing the 

discharge capacity difference between the last formation cycle and the second diagnostic cycle, as 

illustrated in Figure 1b. Despite having the highest capacity in the formation cycles with GenF, its average 

capacity loss was the highest among the three electrolytes at 14.4%. The use of the dual salt glyme 

electrolyte reduced the capacity loss to 10.8%. The addition of the N2FC phosphate additive further reduces 

the capacity loss to 2.9%. The second method compares the leakage current at the end of the 180-hour high 

SOC holding period. It is assumed that all redox reactions contributing to reversible capacity have been 

completed at the beginning of the high SOC holding period. Any finite current observed at the end of the 
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high SOC holding stage results from side or parasitic reactions between the electrolyte and the Si and 

NMC622 electrodes. As shown in Figure 1c, the current (normalized to the discharge capacity of the 3rd 

formation cycle for ease of comparison) of the dual-salt + N2FC was lower and more stable at the end of 

the high voltage holding period compared to GenF and dual-salt electrolytes. The capacity exchange over 

the high SOC holding period (Figure S1) agrees with the observation of the parasitic current comparison 

among different electrolytes. Clearly, using a dual salt glyme electrolyte with the phosphate additive not 

only mitigates irreversible capacity loss during high SOC holds but also stabilizes leakage current, 

indicating reduced parasitic reactions and enhanced electrode surface passivation in Si/NMC622 full cells, 

outperforming GenF carbonate counterpart. 

The long-term cycling stability of each electrolyte in Si/NMC622 full cells was assessed. As shown in 

Figure S2, after galvanostatic cycling at a C/3 rate for 400 cycles, the dual salt + N2FC additive boasts the 

highest capacity retention among the three electrolytes, at 40%. While GenF showed a higher initial 

capacity in the first three cycles, its capacity loss became more severe after 130 cycles when compared to 

the dual salt electrolyte counterparts. Clearly, the use of the dual-salt electrolyte, especially with the 

addition of the N2FC phosphate additive, enhances the promotion of long-term stability in Si/NMC622 

full cells. Additionally, our findings indicate that the outcomes of the calendar life tests are in line with 

the cycling stability tests in the Si/NMC full cell. Thus, the calendar life test protocol is confirmed as an 

effective preliminary screening method for selecting suitable electrolytes for Si batteries. 

 

Figure 2. (a) Optical photographs of the Si anodes after calendar life testing in different electrolytes. (b) 

(left most column) SEM micrographs of the Si anode after the calendar life test in different electrolytes 

and (right columns) the corresponding EDX mapping of the same scanned area for each sample. There is 
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no phosphorus species in the dual salt electrolyte. Refer to Figure S3 for SEM micrographs and EDX 

mapping for NMC622 cathodes tested in different electrolytes.  

To investigate the mechanisms by which dual-salt electrolytes enhance the calendar life in Si/NMC622 

full cells, a series of post-cycling morphological and chemical characterizations were conducted on Si and 

NMC electrodes, including Scanning Electron Microscope (SEM), Energy Dispersive X-ray analysis 

(EDX), and X-ray photoelectron spectroscopy (XPS).  

The integrity of the electrodes after calendar life aging test was first assessed using optical imaging. It 

was immediately noted that the anodic materials exhibited chipping and partial detachment from the 

copper current collector after calendar aging test with GenF (Figure 2a). Conversely, anode integrity was 

maintained with both dual salt and dual salt + N2FC electrolytes (Figures 2b and c). SEM micrographs 

and corresponding EDX element maps were employed to examine microscopic morphological and 

chemical changes. The Si anode aged in GenF features a crack pattern in the SEM image (Figure 2b), 

which was less severe in the dual-salt electrolyte series. Notably, with the N2FC additive, no crack 

pattern was distinguishable (Figure 2b bottom left). This finding is corroborated by the Si EDX map 

(Figure 2b), where the SEI layer in GenF appeared heterogeneous, as shown by the oxygen, fluorine, and 

phosphorus elemental maps. The presence of oxygen is attributed to electrolyte solvent decomposition, 

while the phosphorus results are from salt decomposition on the Si anode. The SEI is fractured in GenF 

anode, likely due to the cracked Si anode. In sharp contrast, SEI layers formed in dual-salt and dual-salt + 

N2FC electrolytes were more uniformly distributed and free of cracks, indicating a more conformal and 

protective SEI layer on the Si surface. Furthermore, no crack patterns were observed on the NMC622 

cathode for any of the electrolytes (Figure S3) after calendar aging, suggesting that anode morphological 

degradation is the primary contributor to the higher capacity loss during calendar aging with GenF 

electrolyte, while cathode morphological changes seem less significant in affecting Si/NMC622 calendar 

life. However, the NMC622 cathode tested with the dual salt + N2FC additive exhibits a passivation layer 

that fills the gaps among the cathode particles. This layer was not observed with GenF or the dual-salt 

electrolyte alone, suggesting that the N2FC additive contributes to the formation of a distinct Cathode 

Electrolyte Interface (CEI) layer. 

 

Figure 3. (a-b) EDX spectra and elemental distribution on Si and NMC622 electrodes. (a) EDX spectra of 

the Si electrode and (b) NMC622 electrode after cycling with different electrolytes: Pristine (no cycling), 
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GenF, Dual-Salt, and Dual-Salt + N2FC. Corresponding atomic percent distribution for (c) Si and (d) 

NMC622 electrodes showcases the elemental composition changes due to electrolyte interaction. 

Analysis of the SEI and CEI chemistry may reflect the beneficial components on these passivation layers 

on Si anode and NMC622 cathode and is meaningful to guide electrolyte and future artificial SEI/CEI 

design for the next generation high energy Li-Si batteries. Both the SEI and CEI chemistries are different 

from the dual salt electrolyte series than for the GenF based on the EDX analysis as shown in Figure 3.  

For the Si electrode (Figure 3a), the prominent Si Kα peak provides a baseline for identifying additional 

elements that signal the formation of the SEI layer. The intensity and presence of elements such as F, O, 

P, and S differ significantly with the various electrolytes, implying distinct compositions of the SEI layer. 

GenF displays more than twice the Si atom% compared to its dual-salt glyme counterparts, as seen in 

Figures 3a and 3c. The diminished Si content in the dual-salt SEI may be due to a more uniform SEI on Si 

or a lesser amount of Si-related SEI species or LixSi relative to the GenF counterpart. In comparison to 

the GenF SEI, the fluorine atom% increases by 67.0% for the dual salt. The presence of sulfur in the dual-

salt SEI (with or without N2FC) is distinctive, considering that the GenF electrolyte lacks sulfur-related 

species. The F- and S-containing species found in the dual-salt series SEI originate from the reductive 

decomposition of LiTFSI and LiDFOB, with the detailed composition requiring further exploration (refer 

to XPS results). 

The addition of N2FC appears to alter the SEI composition. While the change of the fluorine and sulfur 

contents (resulted from the salt decomposition) is marginal (Figure 3c, e.g. F% is 29.3% for both 

electrolytes), the variation of the carbon and oxygen atomic concentrations between the two electrolytes is 

distinguishable. With N2FC additive, the carbon atom% is decreased by 23.1%, whereas the oxygen 

atom% increases by 18.5%, Based on this observation, N2FC seems to affect the solvent reduction 

decomposition more prominently than the salt reduction on Si anode surface.  

The most interesting phenomenon worth noting on the CEI is that the nickel atomic concentration is 

significantly reduced in dual salt+N2FC CEI as manifest by its reduced Ni Lα edge peak at 8.0 KeV 

shown in Figure 3b (intensity reduced by 74% benchmarked to dual salt). This may result from a thicker 

CEI layer on NMC622 after calendar aging in dual salt+N2FC, or it is due to that the mitigation of 

transition metal leaching was mitigated during the calendar aging.  

The O Kα peak is ubiquitous due to the inherent oxide nature of the cathode. However, the addition of 

N2FC seems to facilitate the formation of a passivation layer that is distinct from what is observed with 

GenF and Dual-Salt electrolytes. This passivation layer is indicated by a pronounced S Kα peak, likely 

resulting from the formation of sulfide species in the CEI layer, which are absent or significantly reduced 

in the GenF and Dual Salt spectra.  The atomic percent distribution graphs (Figures c and d) consolidate 

these findings, providing a quantitative comparison of the elemental composition changes. For the Si 

electrode, there is a notable reduction in F content and an increase in P content with Dual Salt + N2FC, 

which correlates with a more stable SEI layer. The dual-salt electrolyte has S atom% of 1.76%. Addition 

of N2FC additive lowered it to 0.96%. Clearly, the additive alleviates the oxidation side reaction of the 

LiTFSI, likely contributing to the improved stability of the CEI layer. 

Overall, these figures suggest that the dual salt + N2FC electrolyte system not only modifies the SEI layer 

on the Si electrode but also promotes a more protective and possibly more chemically stable CEI layer on 

the NMC622 cathode, which is crucial for enhancing the overall stability and longevity of the Si/NMC 

full cells. 
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Figure 4. XPS analysis of Si and NMC622 electrodes with different electrolytes. (a-c) C 1s spectra for Si 

electrodes, (d-f) C 1s spectra for NMC622 electrodes, (g-i) F 1s spectra for Si electrodes, and (j-l) F 1s 

spectra for NMC622 electrodes across GenF, Dual Salt, and Dual Salt + N2FC electrolytes. (m-n) B 1s 

spectra for Si electrodes, and (o-p) B 1s spectra for NMC622 electrodes. Refer to Figure S4 for S 2p XPS 

spectra.  

To detail the chemical compositions of the SEI and CEI collected from electrodes tested in various 

electrolytes, we resort to XPS shown in Figure 4. The spectra reveal differences in the chemical states and 

compositions of the electrode surfaces influenced by the electrolyte types. From C 1s spectra, the carbon-

containing groups indicate the drastically different surface chemistries. For GenF, -CO3 moiety shows up 

only on NMC622. For the glyme electrolytes, the abundance of -CF is noticeably smaller on NMC622 

than on the Si anodes. These indicate that the oxidation decomposition of the electrolytes follows a 

different path than its reduction counterparts. Noticeably, both use of GenF leads to higher C-C/C-H 

moiety concentration on both Si and NMC622 electrodes compared to the glyme electrolytes (Figure 5). 

For the glyme electrolytes, use of N2FC additive lowered the C-C/C-H by 53.9% and 80.3%, respectively 

for Si and NMC622 cathode benchmarked to the dual salt electrolyte. The C-C/C-H may stem from the 
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saturated hydrocarbon species in the SEI/CEI. Given dual salt electrolyte with N2FC additive performs 

the best among these three electrolytes, it indicates that reducing the saturated hydrocarbon species in 

SEI/CEI may promote the cell performance of the Li-Si batteries. Based on the F 1s spectra, both Si and 

NMC622 have exclusively high P-O-F moieties due to LiPF6 salt decomposition compared to glyme 

electrolytes. It is not clear if this SEI and CEI composition is neutral or detrimental for Si/NMC622 full 

cells. Addition of the N2FC phosphate also leads in increased -CF3, -SO3 and B-O moieties in CEI, 

respectively by 26.7%, 148.1% and nearly infinitely (zero B-O was found in dual salt CEI), compared to 

the dual salt counterparts, whereas dual salt has noticeably higher -BF and -SO2 concentration in CEI. 

Since these moieties step from the salts in the glyme electrolyte, it is clear that N2FC phosphate additive 

alter the oxidation decomposition of the salts in the dual salt electrolyte.   

 

Figure 5. Comparison of the atomic percentage of different moieties found in SEI on Si and CEI on NMC 

after calendar life test in various electrolytes. Refer to Table S1 for an overview of the moiety peak center 

and abundance of all samples.  
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Figure 6. A schematic representation of the oxidative decomposition processes for LiTFSI and LiDFOB 

in (a) dual salt and (b) dual salt + N2FC electrolytes. Red dash lines indicate the position where bond 

cleavage may occur.  

Based on the evaluations of the CEI chemistry (top 10 nm layer) on NMC622, the following reaction 

mechanisms can be proposed, as shown in Figure 6. For the dual salt electrolyte, it appears that both salts, 

LiTFSI and LiDFOB, undergo individual oxidation reactions on the NMC622 surface during high SOC 

holding. For instance, the S-N bond cleavage (Figure 6a) leads to the generation of abundant -SO2 

moieties, which agrees well with the higher -SO2 concentration compared to the dual salt + N2FC. The 

presence of the S-N bond on NMC622 is barely noticeable for the dual salt electrolyte (Figure 5, bottom 

right), further demonstrating the preferential cleavage of the S-N bond in LiTFSI for the dual salt. The 

higher concentration of B-F in the dual salt than that with N2FC (increased by 37.8%) indicates that the 

ring-opening reaction occurs preferentially for the LiDFOB salt. Furthermore, the B-O abundance on 

NMC622 is nearly zero, as shown in the B 1s spectrum in Figure 5, demonstrating that both B-O bonds 

break for LiDFOB in the dual salt during high SOC hold; hence, the reaction path shown in Figure 6a 

(bottom).  

We emphasize that, N2FC phosphate additive facilitates a co-decomposition of the salts. With the N2FC 

additive, NMC622 exhibits an 148.1% increase in the -SO3 moiety (Figure 5, bottom right), indicating 

that LiTFSI oxidative decomposition occurs concurrently with LiDFOB (Figure 6b). The moiety in 

Figure 6b, R5, could be a CF3-SO2 radical, which further explains the higher concentrations of -CF3 and -

SO3 in the CEI with the N2FC additive when compared with the dual salt electrolyte. The exact role that 

the N2FC additive plays in these reaction mechanisms, with and without the additive, is unclear and 

pending further exploration. 

Conclusion 

This study demonstrates that a glyme-based electrolyte composed of two salts, LiTFSI and LiDFOB, 

outperforms state-of-the-art carbonate electrolytes with FEC additives by reducing parasitic reactions, 

mitigating the capacity loss, and projecting extended calendar life in a Si-NMC622 full cell at high SOC. 

Additionally, the introduction of a phosphate additive, N2FC, further reduces side reactions in the dual 

salt glyme electrolyte. This dual salt system stabilizes both the Si anode and NMC622 cathode. On the Si 

anode side, the dual salt plus N2FC is shown to prevent Si delamination from the current collector and 

mitigate Si fracturing and peeling. The resulting SEI on Si is more conformal and enriched in -SO2, -SO3, 

and -CF moieties. The phosphate additive leads to different reaction paths in the dual salt electrolyte, with 

the beneficial CEI layer arising from the co-decomposition of the two salts, resulting in a CEI layer rich 

in -CF3, -SO3, and B-O and poor in saturated hydrocarbon. The oxidation reduction of the dual salt 

electrolyte generates a more protective boron-contained conformal polymeric CEI layer on the NMC 
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surface, which helps mitigate the transition metal leaching from the NMC and reduce the parasitic current 

of the Si/NMC622 full cells. Our research not only advances the understanding of electrolyte composition 

but also serves as a crucial foundation for the design of artificial SEI and CEI layers to alleviate the 

calendar aging, which are essential for the development of next-generation high-energy silicon batteries. 

Acknowledgement  

This work is supported by the U.S. Department of Energy (DOE) Vehicle Technologies Office under the 

Silicon Electrolyte Interface Stabilization (SEISta) Consortium directed by Brian Cunningham and 

managed by Anthony Burrell. The manuscript has been authored by UT-Battelle LLC under Contract DE-

AC05-00OR22725 with DOE. The electrodes in this article were fabricated at Argonne’s Cell Analysis, 

Modeling and Prototyping (CAMP) Facility. The authors thank Drs. Andrew Jansen, Bryant Polzin, and 

Fulya Dogan Key for experiment support. The U.S. Government retains and the publisher, by accepting the 

article for publication, acknowledges that the U.S. government retains a non-exclusive, paid-up, irrevocable, 

worldwide license to publish or reproduce the published form of the manuscript, or allow other to do so, 

for U.S. government purposes. DOE will provide public access to these results of federally sponsored 

research in accordance with the DOE Public Access Plan(http://energy.gov/downloads/doe-public-access-

plan). 

 

Corresponding Authors 

Guang Yang−Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

37831, UnitedStates;orcid.org/0000-0003-0583-6272;Email:yangg@ornl.gov 

Jagjit Nanda−Applied Energy Division, SLAC National Laboratory, Menlo Park, CA 94025, United 

States. jnanda@slac.stanford.edu 

 

 

References  

(1) Yang, G.; Frisco, S.; Tao, R.; Philip, N.; Bennett, T. H.; Stetson, C.; Zhang, J.-G.; Han, S.-D.; Teeter, 
G.; Harvey, S. P. Robust solid/electrolyte interphase (SEI) formation on Si anodes using glyme-
based electrolytes. ACS Energy Letters 2021, 6 (5), 1684. 

(2) Chae, S.; Ko, M.; Kim, K.; Ahn, K.; Cho, J. Confronting issues of the practical implementation of Si 
anode in high-energy lithium-ion batteries. Joule 2017, 1 (1), 47. 

(3) Zhang, C.; Wang, F.; Han, J.; Bai, S.; Tan, J.; Liu, J.; Li, F. Challenges and recent progress on 
silicon‐based anode materials for next‐generation lithium‐ion batteries. Small Structures 2021, 

2 (6), 2100009. 
(4) Aaron, M. C. Tin-Seeded Silicon Nanowires for High Capacity Li-Ion Batteries. Department of 

Chemical Engineering, Texas Materials Institute, Center for Nano-and Molecular Science and 
Technology, The University of Texas at Austin, Austin, Texas, 78712. 

(5) Thakur, M.; Pernites, R. B.; Nitta, N.; Isaacson, M.; Sinsabaugh, S. L.; Wong, M. S.; Biswal, S. L. 
Freestanding macroporous silicon and pyrolyzed polyacrylonitrile as a composite anode for 
lithium ion batteries. Chemistry of Materials 2012, 24 (15), 2998. 

(6) Wang, Y.; Satoh, M.; Arao, M.; Matsumoto, M.; Imai, H.; Nishihara, H. High-energy, Long-cycle-
life Secondary Battery with electrochemically pre-doped Silicon Anode. Scientific reports 2020, 
10 (1), 3208. 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

mailto:jnanda@slac.stanford.edu
mailto:jnanda@slac.stanford.edu


12 
 

(7) Araño, K. G.; Yang, G.; Armstrong, B. L.; Aytug, T.; Chambers, M. S.; Self, E. C.; Meyer III, H. M.; 
Quinn, J.; Browning, J. F.; Wang, C. Carbon Coating Influence on the Formation of Percolating 
Electrode Networks for Silicon Anodes. ACS Applied Energy Materials 2023, 6 (21), 11308. 

(8) Hou, T.; Yang, G.; Rajput, N. N.; Self, J.; Park, S.-W.; Nanda, J.; Persson, K. A. The influence of FEC 
on the solvation structure and reduction reaction of LiPF6/EC electrolytes and its implication for 
solid electrolyte interphase formation. Nano Energy 2019, 64, 103881. 

(9) Yang, S.; Zhang, Y.; Li, Z.; Takenaka, N.; Liu, Y.; Zou, H.; Chen, W.; Du, M.; Hong, X.-J.; Shang, R. 
Rational electrolyte design to form inorganic–polymeric interphase on silicon-based anodes. ACS 
Energy Letters 2021, 6 (5), 1811. 

(10) Chen, Z.; Zhang, H.; Dong, T.; Mu, P.; Rong, X.; Li, Z. Uncovering the chemistry of cross-linked 
polymer binders via chemical bonds for silicon-based electrodes. ACS Applied Materials & 
Interfaces 2020, 12 (42), 47164. 

(11) Cao, P.-F.; Yang, G.; Li, B.; Zhang, Y.; Zhao, S.; Zhang, S.; Erwin, A.; Zhang, Z.; Sokolov, A. P.; 
Nanda, J. Rational design of a multifunctional binder for high-capacity silicon-based anodes. ACS 
Energy Letters 2019, 4 (5), 1171. 

(12) Parikh, P.; Sina, M.; Banerjee, A.; Wang, X.; D’Souza, M. S.; Doux, J.-M.; Wu, E. A.; Trieu, O. Y.; 
Gong, Y.; Zhou, Q. Role of polyacrylic acid (PAA) binder on the solid electrolyte interphase in 
silicon anodes. Chemistry of Materials 2019, 31 (7), 2535. 

(13) Li, J.; Dudney, N. J.; Nanda, J.; Liang, C. Artificial solid electrolyte interphase to address the 
electrochemical degradation of silicon electrodes. ACS applied materials & interfaces 2014, 6 
(13), 10083. 

(14) Fang, J.-B.; Chang, S.-z.; Ren, Q.; Zi, T.-q.; Wu, D.; Li, A.-D. Tailoring stress and ion-transport 
kinetics via a molecular layer deposition-induced artificial solid electrolyte interphase for 
durable silicon composite anodes. ACS Applied Materials & Interfaces 2021, 13 (27), 32520. 

(15) McBrayer, J. D.; Rodrigues, M.-T. F.; Schulze, M. C.; Abraham, D. P.; Apblett, C. A.; Bloom, I.; 
Carroll, G. M.; Colclasure, A. M.; Fang, C.; Harrison, K. L. Calendar aging of silicon-containing 
batteries. Nature Energy 2021, 6 (9), 866. 

(16) Zhang, Y.; Li, X.; Sivonxay, E.; Wen, J.; Persson, K. A.; Vaughey, J. T.; Key, B.; Dogan, F. Silicon 
anodes with improved calendar life enabled by multivalent additives. Advanced Energy 
Materials 2021, 11 (37), 2101820. 

(17) Kalaga, K.; Rodrigues, M.-T. F.; Trask, S. E.; Shkrob, I. A.; Abraham, D. P. Calendar-life versus 
cycle-life aging of lithium-ion cells with silicon-graphite composite electrodes. Electrochimica 
Acta 2018, 280, 221. 

(18) Cao, X.; Yi, R.; Kim, J.-M.; Xu, W.; Zhang, J.-G. Electrochemical Society Meeting Abstracts 244, 
2023; p 571. 

(19) Schulze, M.; Rodrigues, M.; McBrayer, J.; Bloom, I.; Colclasure, A.; Abraham, D.; Veith, G.; Neale, 
N.; Burrell, A.; Vaughey, J. 

 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.




