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Abstract 

The SiOx/graphite composite is recognized as a promising anode material for lithium-ion 

batteries (LIBs), owing to the high theoretical capacity of SiOx combined with the excellent 

stability of graphite. However, the inherent disadvantage of volume expansion in silicon-based 

anodes places significant challenges on the solid-electrolyte interphase (SEI) and severely 

degrades the electrochemical performance. Rational formulation of electrolyte, including its 

additives, is crucial in accommodating and optimizing the composition of the SEI and enhancing 

cell performance. In this work, we present a comparative study of vinylene carbonate (VC) and 

lithium difluoro(oxalate)borate (LiDFOB) additives combined with fluoroethylene carbonate 

(FEC) in the electrolyte for SiOx/graphite||LiNi1−x−y−zCoxMnyAlzO2 full cells. VC outperformed 

LiDFOB as an additive, delivering higher capacity cycling, higher coulombic efficiency and better 

cycle stability up to 400 cycles. XPS and impedance analysis reveals that LiDFOB contributed to 

SEI/CEI with both a lower proportions of LiF and a higher proportions of poly(VC), which tended 

to produce higher cell impedance. XRD and XANES further indicated that using the LiDFOB 

additive the NCMA cycled to a shallower degree than that of the VC additive. Although the VC-

additive maintained a higher capacity up to 400 cycles, microstrain and SEM analysis shows a 

higher strained NCMA along with clear evidence of cracking over the surface of the NCMA 

particle in VC-based electrolyte but not in LiDFOB. This suggests that the negative influence of 

LiDFOB at the anode (inferior SEI) supersedes the negative impact of both a cracked NCMA and 

a deeper cycled NCMA and SiOx-based anode.  

 

Introduction 

Lithium-ion batteries (LIBs) have emerged as one of the most important rechargeable 

batteries in a variety of fields, such as consumer electronics, electric vehicles, and energy storage 

devices. Despite their widespread use, the advancement of LIB technology encounters a bottleneck 

due to the low theoretical capacity of conventional graphite anodes (372 mAh/g).1-6 Silicon, 

boasting an exceptionally high theoretical capacity of 3579 mAh/g (Li15Si4), attracting increasing 

attention as a promising alternative anode material for LIBs.7-12 However, silicon's substantial 

volume expansion during cycle processes poses significant challenges, including particle 

fragmentation, material detachment, and instability of the solid electrolyte interface (SEI), 

hindering battery longevity and safety. In contrast, silicon oxide (SiOx, where 0 < x < 2) emerges 

as a compelling substitute for silicon, attributed to its cost-effectiveness and reduced volume 

variation.13 Notably, during initial lithiation, the formation of lithium silicate compounds such as 

Li4SiO4 and Li2Si2O5, along with lithium oxide (Li2O), effectively mitigate SiOx's volume 

fluctuations, ensuring robust cycling stability.14 The use of SiOx/graphite composite anode can 

further reduce volume expansion, improve stability, and enhance conductivity of the anode. 

To enhance the cycling stability of SiOx-based LIBs and reduce SEI failure caused by 

volume expansion, numerous additives have been explored. For example, fluoroethylene 

carbonate (FEC) has shown promise as an additive for silicon anode LIB,15-17 because it can 

generate a stable SEI rich in LiF and polymer, which is believed to be beneficial for 

accommodating the volume changes inherent in silicon-based anode during cycling.18 

Nevertheless, high concentration of FEC can lead to increased generation of hydrofluoric acid (HF) 

during cycling at elevated temperatures, which promote transition metal dissolution from the 



cathode.19 When used at additive levels, the cycle stabilizing effect of FEC is eventually reduced 

as it is gradually consumed over the course of cycling.18  

Vinylene carbonate (VC) is an effective commercialized additive for silicon-based anode 

LIB.17 It has been reported that VC could generate a reasonably stable SEI on the surface of 

Si@SiOx/C composite anode.20 Akin to FEC, SEI formed in VC electrolyte contains cross-linked 

poly(ethylene oxide) and aliphatic chain functionalities with carbonate and carboxylate functional 

groups.21 The SEI, enhanced by these organic and inorganic compounds, demonstrates improved 

resilience against the volume expansion of silicon-based anodes. VC is also known for its ability 

to stabilize graphite materials on the anode, which is beneficial for improving the compatibility of 

SiOx/graphite composite anode. Alternatively, lithium difluoro(oxalate) borate (LiDFOB) serves 

as another common electrolyte additive that can produce a thinner and LiF-rich SEI to extend the 

cycle life of graphite and silicon anodes.22, 23 It has been observed that FEC alone fails to establish 

a stable film on graphite surfaces, but the addition of LiDFOB has been shown to address this 

issue.24 This suggests that LiDFOB may serve as a suitable additive to improve the stability of 

SiOx/graphite composite anodes in LIB. 

Although VC and LiDFOB each have their advantages, comparative studies of their use in 

combination with the FEC additive in a standard 1M LiPF6 EC/EMC (3:7 volume ratio) electrolyte 

with a SiOx/graphite composite anode are seldom reported. In this study, we conduct a 

comprehensive analysis of the effects of VC and LiDFOB additives on cycling performance. 

Additionally, we delve into the mechanisms underlying these effects by employing scanning 

electron microscopy (SEM), X-ray Diffraction (XRD), X-ray absorption spectroscopy (XAS), X-

ray photoelectron spectroscopy (XPS), and Electrochemical impedance spectroscopy (EIS). 

Experimental 

Materials: 

The electrolyte consisted of 1M LiPF6 in a mixture of ethylene carbonate (EC) and 

ethylmethyl carbonate (EMC) at a volume ratio of 3:7, supplemented with an additional 2 wt% of 

fluoroethylene carbonate (FEC) and either 1 wt% of vinylene carbonate (VC) or lithium 

difluoro(oxalato)borate (LiDFOB). 

Electrochemical Characterization: 

To prepare NCMA cathode LiNi1−x−y−zCoxMnyAlzO2 where (x, y, z <1), 1.5% of Super P 

was dispersed in PVDF-NMP solution with total PVDF content of 1.4%. CNT solution with 0.1% 

of CNT was then added to the mixture. 97% active NCMA was added at the final stage. The loading 

density of NCMA cathode was ~3.0 mAh/cm2. For the SiOx/graphite anode (where 1 < x <2, 95 

wt% of SiOx/Graphite was mixed with 2% of styrene-butadiene rubber (SBR)/ 2% sodium 

carboxymethyl cellulose (CMC) and 1% carbon black. The loading density of the SiOx anode was 

3.4 mAh/cm2. 

The 2032 coin full-cells were assembled using a 14-mm NCMA cathode, a 15-mm 

SiOx/graphite anode, Entek Ceramic-Coated separator, and 60 μL of LiDFOB or VC electrolyte in 

an argon filled glove box. All cells were crimped by an automatic coin cell crimper purchased from 

Hohsen Corp. All electrochemical measurements were taken on a NEWARE cycler. For the cycling 

experiments, each cell was taken the initial formation under the following conditions: constant 



current charging at 0.238 mA (C/10), constant voltage charging at 4.2 V with a cutoff current of 

0.024 mA, and constant current discharging at 0.238 mA (C/10) for three cycles. Subsequently, all 

cells were subjected to cycling under a constant current charge of 1.59 mA (C/3), constant voltage 

charge at 4.2 V with a cutoff current of 0.238 mA, and constant current discharge at 1.59 mA (C/3). 

The cycle tests ended at 400th cycle. 

The EIS of the cells was measured using an electrochemical workstation from Solartron 

Analytical (1470E Cell Test System), with a scanning frequency range from 0.1 Hz to 100,000 Hz. 

The EIS of each cell was performed after the formation cycles. 

Physical Characterization: 

The surface morphology of cathode and anode samples were characterized by a scanning 

electron microscopy (SEM, JEOL IT800HL). The surface composition was characterized by XPS 

technique using a Physical Electronics PHI 5000 VersaProbe II system photoelectron spectrometer 

at an operating pressure of 1 × 10−7 Torr. The XPS samples were taken from full cells after they 

were subjected to the formation and 10 cycles. The samples were rinsed gently with DMC. XPS 

was conducted by directly transferring electrodes from glovebox into the XPS equipment without 

exposure to air. 

The surface compositions were characterized by the operando synchrotron X-ray 

diffraction (XRD) that were conducted at the beamline 28-ID-1 of Brookhaven National 

Laboratory with a wavelength of 0.1665 Å. The synchrotron instrument parameters were calibrated 

by the CeO2 standard. X-ray absorption spectroscopy (XAS) experiments for the NCMA cathode 

were carried out at 7-BM-B beamline of National Synchrotron Light Source II (NSLS-II) of 

Brookhaven National Laboratory. The synchrotron instrument parameters were calibrated by the 

CeO2 standard.25 

Results and Discussion 

Cycling performance of NCMA cathode and SiOx/graphite composite anode full cell 

The capacity retention and coulombic efficiency (CE) for cells with two different 

electrolytes containing 1 wt% of LiDFOB and VC additives, respectively, are plotted in Figure 1. 

The first three cycles are formation cycles that operate at C/10 (Figure 1a), followed by cycling 

at C/3 (Figure 1b). During the formation process, the first cycle of LiDFOB produced a higher 

discharge capacity than that of VC whereupon, VC began to yield a higher capacity than LiDFOB 

from the 2nd cycle. The initial CE of VC is 82.78%, slightly lower than the 83.51% of LiDFOB. 

This indicates that the cell with VC as an additive consumed slightly more Li+ ions compared to 

the LiDFOB cell to form the SEI. The subsequent formation cycles show the VC-based electrolyte 

producing a higher discharge capacity than that of LiDFOB (2.89 mAh cm-2 vs 2.83 mAh cm-2 at 

the third formation cycle). The same trend is observed as post formation with VC maintaining a 

higher discharge capacity. 

The areal capacity of cells with VC additive was found to be consistently larger than that 

of LiDFOB (Figure 1b). After normalizing the discharge capacity to the first cycle after the 

formation process (Figure 1c), the same trend is maintained. At ~250 cycles, the performance of 

LiDFOB began to deteriorate at a significantly quicker rate. This was also accompanied with a 

sudden drop in coulombic efficiency. LiDFOB has been previously shown to perform quite well 



for Si-based anodes26 and NMC-based cathodes.26 However, the capacity retention results suggest 

that this ability is not consistently maintained throughout the cycling process and not as long-

lasting as VC. At the end of test, the capacity retention was 77% for VC electrolyte and ~72% for 

LiDFOB electrolyte relative to 1st cycle post formation. The cycling results reveal that the VC 

additive demonstrates a consistently higher specific capacity than the LiDFOB additive throughout 

the entire cycling process.  

The voltage profiles at various cycles can be found in Figure 1d along with the dQdV-1 for 

various cycles from Figure 1e-h. During the first formation cycle, the charging peaks from 3.5-

3.75 V shifted to a higher potential for the LiDFOB-containing cells when compared to the VC-

containing electrolyte. As no significant difference in peak positions were found at other SOCs 

and on the subsequent discharge, the observed difference of the first charge peaks (from 3.5-3.7 V) 

likely stems from differing SEI/CEI formation potentials. Post formation and at the 10th cycles, the 

difference was very minor with LiDFOB exhibiting a slight shift in all peak position, indicating a 

slightly higher impedance.  One key feature of interest is that at the 400th cycles, the upper voltage 

plateau (~4.0 V) of the LiDFOB-containing cell appears to be higher than that of the VC-

containing cell (~3.9 V). This is reflected more clearly in the dQdV-1 of the data (Figure 1e-h). At 

the 400th cycle, the same clear lower voltage shift of the ~4.0 V peak to ~3.9 V is observed (Figure 

1h) . Moreover, it appears the entire impedance of the cell using VC is larger than that of LiDFOB, 

yielding a shift in all dQdV-1 peaks to a higher/lower potential during charge/discharge, 

respectively. Interestingly, the reduction peak at  ~3.9 V of VC is much larger in magnitude than 

that of LiDFOB. The reason for the larger capacity of VC over LiDFOB in this voltage regime 

when the potential is lower for VC remains to be seen. 



 

Figure 1. Cycle performance of cells with 1 wt% of LiDFOB and VC additives in the electrolyte 

for silicon-anode LIB. Specific capacity changes with cycle number for a) formation process and 



b) cycle process. c) Capacity retention normalized to 1st cycle post formation. d) Voltage profile at 

various cycles, e-h) dQ dV-1 from 1st formation cycle, 1st cycle post formation, 10th cycle post 

formation, and 400th cycle post formation, respectively. 

SEM analysis for NCMA cathode and SiOx/graphite composite anode 

In an attempt to investigate the cause of the differences in performance, the morphology of 

the cathode and anode was investigated. SEM was performed on cathode and anode harvested 

from coin cells at different cycle numbers. As expected, there are no discernable differences in 

morphology between the pristine (Figure S1) and NCMA cycled in LiDFOB or VC-based 

electrolytes directly after formation and at the 10th cycle (Figure S2 a-d). This aligns well with the 

cycling results. However, at the EOT (400 cycles), we observed a degree of void 

formation/cracking on the surface of the NCMA particles cycled with VC (Figure S2e) whereas 

the one cycled with LiDFOB did not have any apparent changes beside some debris accumulation. 

This is inconsistent with the poorer cycle retention of LiDFOB than VC, possibly indicating that 

perhaps the anode is the cause of the poorer performance for LiDFOB rather than the cathode. 

However, this could explain the larger impedance from dQdV-1 of the VC sample. As the NCMA 

particles crack, more electrochemically active surface area is introduced to the cell. While this 

might temporarily decrease the impedance for the immediate cycles post cracking, the buildup of 

additional and substantial amount of CEI likely resulted in the observed higher impedance.            

Looking at the anode, the SEM of the SiOx/graphite electrode’s morphology at different 

cycle numbers for both electrolytes are shown in Figure 2. The SEM and EDS mapping of pristine 

SiOx/graphite particle are shown in Figure 2a and Figure 2b, respectively. Differentiation between 

the graphite and Si-based material can be easily made based on the EDS mapping. After formation 

process, the SiOx particles show very little degradation Figure 2c and Figure 2d in both 

electrolytes. The SiOx particles are degraded in both VC and LiDFOB electrolyte. It is evident that 

the anode employing the LiDFOB-containing electrolyte retains its structure better than that of the 

VC electrolyte, showing less fracture in LiDFOB up to 10 cycles (Figure 2e and Figure 2f). One 

possible explanation is that the lower degree of lithiation of the SiOx/graphite anode in the 

LiDFOB-based electrolyte induced less volume expansion in comparison to the VC-containing 

electrolyte. This would produce a less cracked SiOx and NCMA. However, this effect was not 

found at the end of the test. In fact, the anode cycled with LiDFOB-based electrolyte exhibited 

arguably more signs of pulverization (Figure 2h) than the one cycled with VC (Figure 2g). 

Moreover, there is clearly a larger interparticle pore volume for the cell cycled with VC over 

LiDFOB-containing electrolyte. It is likely that the pores that are supposed to be present for the 

LiDFOB-containing electrolyte is actually filled with an excessive buildup of SEI at the end of 

test, which aligns well with the lower CE of LiDFOB-containing electrolyte and higher rate of 

cycle degradation. 



 

Figure 2. SEM images for SiOx/graphite composite anode for pristine (a) SEM and (b) EDS, post 

formation (c-d), 10th cycle (e-f), and end of test (g-h) in VC and LiDFOB electrolyte. 

XPS analysis for NCMA cathode and SiOx/graphite composite anode 

Given the significant impact of the SEI/CEI on cycling, XPS was utilized to examine the 

surface composition of SiOx/graphite composite anodes and NCMA cathodes from cells containing 

either LiDFOB or VC containing electrolytes after 10 cycles. Briefly, the C1s peaks (are 

deconvoluted into seven components with the adventitious C=C sp2 at 284.8 eV, including C–C 

(285.6 eV), C–O (286.5 eV), C=O (287.8 eV), CO3
2- (289.0 eV), poly(VC) (290.3 eV), PVDF 

(291.4 eV), and LixC6 (283.0 eV).27-29 LixC6 only exists on anode. The C1s peak on cathode at 

around 291.4 eV are mainly attributed to PVDF binder and exclusively to poly(VC) for the anode 

as PVDF was not used as the binder. The F1s peaks are deconvoluted into two components, 

including LiF (685.0 eV) and a combination of P-F, B-F and C-F bonds (686.7-687.4 eV), which 

was not attempted to be further deconvoluted.17,30 The P-F bond is from LixPFyOz, a typical 

compound in SEI. The B-F and C-F bonds are attributed to LiDFOB and FEC, respectively. The 

O1s peaks are deconvoluted into three components, including C=O (532.0 eV), C-O (533.5 eV), 

RO-Li (330.0-330.5 eV) and Metal-O (529.0 eV).28, 30 RO-Li is from some side reactions between 

Li and solvent.30 Metal-O bond only exist on cathode surface. No significant difference between 

VC and LiDFOB can be differentiated using the Li 1s (Figure S3). Si 2p (Figure S4) reveals a 

slightly larger Si signal in the LiDFOB-containing electrolyte. The atomic composition of various 

element as analyzed by XPS is presented in Table S1. 



 

Figure 3. C1s, F1s, and O1s for SiOx/graphite composite anode and NCMA cathode that were 

cycled 10 times after formation in LiDFOB or VC electrolyte, (a-c) anode and (d-f) cathode. 

 

The F 1s peak from 686.7 to 687.3 eV was found to be higher in LiDFOB than in VC 

(Figure 3b and Figure 3e), likely due to the contribution of the B-F bond from LiDFOB in addition 

to the typically present P-F bond. B-F/P-F are much too convoluted to drawn reliable conclusions. 

Perhaps the more informative peak is that of LiF centered at ~685 eV. Although both electrolytes 

contain FEC (main source of LiF), the addition of another source of LiF (LiDFOB) would be 

expected to promote the formation of comparatively more LiF. Surprisingly, this was found to be 

not the case. Upon deconvoluting the contribution of P-F/B-F/C-F and LiF, the LiF concentration 

in the SEI derived from the LiDFOB electrolyte is much lower than that in the VC electrolyte 

(Figure 3b and Figure 3e), even when taking F atomic concentration into consideration (Table S1). 

This result aligns with another study which found that the SEI generated with a LiDFOB additive 

in a FEC-based electrolyte contained less LiF compared to an SEI formed without the LiDFOB 

additive.24 We believe this is related to the tendency of LiDFOB to form nanosized LiF.31 

Specifically, the formation mechanism of LiF stems from the propensity of LiDFOB’s oxalate 

moiety to bind to LiF (capping effect). This has been shown to promote the formation of a thin 

organic layer over the surface of nanostructured LiF as illustrated in a TEM study by Jurng et al.31 

Supporting this, we also observed a higher concentration of C-O and C=O bonds in C1s and O1s 

in the LiDFOB electrolyte (Figure 3 a and c) compared to that in the VC electrolyte, presumably 

from the carboxylate layer formed from LiDFOB. The role of the capping layer is not clear but it 

appears to hinder LiF formation. Interestingly, the concentration of poly(VC) is higher in the 

LiDFOB electrolyte than in the VC electrolyte on both the anode and cathode from C1s (Figure 

3a and Figure 3d). This is surprising as VC is expected to form poly(VC) while LiDFOB is not. 

For the anode, we suspect that this might be related again to the tendency of LiDFOB to produce 

nanostructured LiF.31 Although nanostructured LiF have been previously argued to produce more 

uniform diffusion fields, benefiting Li metal plating,31 is impact on SiOx anodes are less clear.  



As the reduction potential of FEC is higher than that of VC (due to the fluorine atom), it 

should be the main poly(VC) forming agent, in the absence of LiDFOB, the decomposition of FEC 

likely promoted larger-sized LiF. While it is unknown why the smaller sized LiF seem to trigger 

more poly(VC) formation, we can speculate. It is possible that the LiF formed in LiDFOB-

containing electrolytes are not only smaller in dimension but also lesser in total mass of LiF, 

offering less total surface coverage of the anode. If this is the case, the nano-sized LiF are less 

effective in passivating the anode and therefore demands more poly(VC) to achieve passivation of 

the anode. Unfortunately, more poly(VC) without the presence of a high amount of LiF, has been 

shown to yield a higher impedance.32-34 Similar XPS trends were observed for the CEI (Figure 

3d-f). Finally, the use of LiDFOB is known to form a surface layer that can be used for passivating 

the cathode’s surface against oxidation.35 Together, both the CEI/SEI may impart measurable 

impedance, which aligns well with the 10th post-formation cycle dQdV-1 (Figure 1f and g) and also 

electrochemical impedance spectroscopy after the 1st post-formation cycle (Figure S5). 

The reason for the lower coulombic efficiency and poorer cycle retention is likely related 

to the nature of the SEI. XPS of Si 2p of the anode cycled LiDFOB-containing electrolyte had a 

slightly stronger Si signal over VC-containing electrolyte. This suggests either that the LiDFOB-

based SEI is either thinner (<penetration depth of XPS) or more porous than VC’s SEI. Given that 

the impedance is higher in the LiDFOB-based cells in addition to the fact that the Si anode 

appeared more porous from the 400th cycle SEM (discharged state), the SEI based on LiDFOB 

additive is unlikely to be the cause. Accordingly, it is more likely that the XPS of Si 2p indicates a 

higher SEI porosity, allowing more excited electrons to escape the sample to reach the detector.  A 

study by Zhang et al  indicated that porous SEI will have its pores enlarged upon lithiation of Si-

based anode due to tensile stress. This will increase the diffusion coefficient of electrolyte 

constituents in the SEI phase which accelerates the formation of new SEI.36 When taken together, 

these results suggest that the cause of the poor cycle retention and lower coulombic efficiency in 

the LiDFOB-additive stems from the anode. 

 

XRD and XANES analyses on NCMA cathode 



 

Figure 4. XRD analysis for NCMA cathode at different cycle with LiDFOB or VC additives. (a) 

and (b) XRD spectra for NCMA cathode cycled in VC electrolyte harvested at the discharged state; 

(c) and (d) peak (003) of NCMA cathode cycled in VC electrolyte; (e) Comparison of 2θ changes 

for NCMA cathode cycled in VC or LiDFOB electrolyte; (f) Comparison of microstrain changes 

for NCMA cathode cycled in VC or LiDFOB electrolyte. 

 

This conclusion is also reflected in further characterization of the NCMA cathode. The 

negative implication of LiDFOB-derived SEI/CEI is also reflected in the NMC material. To 

evaluate the impact of additives on structure of NCMA cathode, XRD was performed at different 

cycle numbers: pristine, post-formation, 10th cycle samples, and EOT (Figure 4a and 4b). It is 

shown that the (003) shifts toward lower 2-theta for both LiDFOB and VC as the cell is cycled 

with LiDFOB exhibiting a more significant shift than VC (Figure 4c-e). This indicates there is a 

greater increase in d(003) spacing and more lattice expansion along the c-axis. While the shift was 

generally more drastic for LiDFOB than VC-containing electrolyte, the 10th cycle exhibited the 

largest difference in the (003) peak position between LiDFOB and VC. As the c-axis spacing 

closely tracks the degree of Li-ion content in the cathode,37 this suggests that the NCMA cycled 

with LiDFOB has a lower ability to lithiate than that of VC. A similar but less drastic finding can 

be seen for the EOT samples. This agrees with the cycle performance where the LiDFOB additive 

results in a consistently lower specific capacity and coulombic efficiency during the entire cycling, 

which likely stems from a quicker Li-ion consumption at the anode. A similar trend is also 

supported by XANES (X-ray absorption near edge spectroscopy). XANES performed at the Ni, 

Co, and Mn K-edge on NCMA cathode harvested from at post formation and the 10th cycle is 

shown in Figure 5a-c, respectively. Compared with the pristine NCMA, both LiDFOB and VC-

based electrolyte produced NCMA with more oxidized Ni and Co.  A higher oxidation state implies 

an inability of the NCMA to be lithiated during discharge i.e. less discharge capacity. The LiDFOB-

containing electrolyte produced Ni and Co with comparatively higher oxidation state than VC-



containing electrolyte for both the post formation and 10th cycle. This is consistent with the XRD 

results where LiDFOB yielded the largest shift of the (003) peak (Figure 4e).  

Interestingly, we found that FWHMhkl of the VC-based cathode was smaller than that of 

LiDFOB after 10 cycles (Figure 4f). Estimation of microstrain by the Williamson-Hall analysis 

(Figure S6)38 indicates that the microstrain of NCMA cycled in the two electrolyte were similar 

and within error except for the 10th cycle where the separation was clearly large. The 10th cycle 

was also where difference in the (003) peak position was the largest. It is somewhat unexpected 

that the LiDFOB-containing electrolyte produced an NCMA with a higher microstrain because the 

lower capacity cycling in LiDFOB-containing electrolyte (presumably induced by the anode) will 

likely result in a NCMA that is cycled to a shallower degree. The fact that the microstrain is higher 

for the LiDFOB-containing electrolyte indicates that the lower capacity of LiDFOB-based 

electrolyte is not only related to the impedance imparted by differing CEI/SEI composition, but 

also likely stemming from some structural differences i.e. LiDFOB induces some damage that is 

not present in VC.  

However, at EOT, the microstrain of VC-based electrolyte increased while that of LiDFOB-

based electrolyte did not significantly change from the 10th cycle to EOT. The microstrain of VC 

does appear to be slightly larger than LiDFOB (although it is within error). When looking at the 

post cycling SEM, Figure S2), there are clear indications of cracks over the surface of the NCMA 

cycled in VC-based electrolyte (Figure S2e), while no cracks can be seen when cycled with the 

LiDFOB-based electrolyte (Figure S2f). This points to the microstrain of NCMA cycled in VC-

based electrolyte to be higher at EOT. The cause of the cracking is likely due to a deeper capacity 

discharge, using more of the NCMA’s capacity and causing more volume expansion/contraction 

over cycling. However, since the capacity of the VC-containing cell is still larger than that of the 

LiDFOB-containing cell at EOT, it seems that the negative impact of LiDFOB on the anode 

supersedes negative performance effects due to structural damage of the cathode.  

  

 

 

Figure 5. XANES analysis for NCMA cathode at the discharged state harvested at different cycle 

status with LiDFOB or VC additives. a) Ni K-edge, b) Co K-edge, and c) Mn K-edge. 

 

Conclusions 



A comparative study was performed on NCMA/SiOx+graphite full cells (coin cells) using 

1M LiPF6 in EC/EMC at a volume ratio of 3:7, with 2 wt% of fluoroethylene carbonate (FEC) and 

either 1 wt% of vinylene carbonate (VC) or lithium difluoro(oxalato)borate (LiDFOB). The cells 

containing VC significantly outperformed those containing LiDFOB, in terms of delivering a 

higher discharge capacity, higher coulombic efficiency during cycling, and along with a higher 

cycle retention of ~77% vs 72 %. Interestingly, LiDFOB produced a higher coulombic efficiency 

and capacity only during the first formation cycles at C/10. However, upon switching to the cycling 

current of C/3, the performance of VC immediately began to exhibit both higher coulombic 

efficiency and capacity. Analysis of SEI composition via XPS, revealing both the CEI and SEI of 

the LiDFOB-containing cells contained less LiF and more poly(VC). When taken together with a 

higher full cell impedance after formation for LiDFOB, it appears that the use of LiDFOB imparted 

the cell with an organic-based SEI/CEI layer that are typically considered more impedance 

inducing. XPS at Si 2p of cycled anodes indicated a stronger Si signal with LiDFOB additive, 

which points to a more porous and less passivating SEI. SEM analysis of the anode harvested after 

the 400th cycle further revealed much more interparticle pore volume in the anode cycled with 

LiDFOB, suggesting more volume expansion. At the cathode, clear signs of NCMA cracking at 

the 400th cycle can be found only for the VC-containing electrolyte, which does not correspond to 

the observed higher performance of the VC-based system. This was also supported by a higher 

400th cycle microstrain (albeit with overlapping error bars) for the VC additive. XRD and XANES 

analysis both show that NCMA cycled in LiDFOB-containing electrolyte can re-lithiate to a lesser 

extent than the VC-containing electrolyte, aligning nicely with a lower capacity cycling. It appears 

that even with a cracked NCMA cathode at the 400th cycle in addition to a higher usage of NCMA 

and SiOx specific capacities, the VC sample can still outperform the LiDFOB additive. The 

inability of LiDFOB in protecting the Si-based anode relative to VC likely controlled the 

performance of the cell. While our study focuses on the electrochemical performance of LiDFOB, 

it is known that LiDFOB can generate gas under certain conditions, which may not be evident in 

coin cell studies. Future research with methods to detect gas generation could offer more insights. 
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