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Abstract: Raising the upper cutoff voltage of lithium-ion batteries (LIBs) to increase energy
density often exceeds the electrolyte’s anodic stability limit, accelerating degradation
and creating a major durability tradeoff. Designing electrolytes that can sustain long-
term high-voltage cycling requires a clearer understanding of the fundamental
mechanisms occurring when commercial carbonate solvents oxidize. To this end,
simplified single-salt, single-solvent formulations of LiClO4 and LiPF6 in dimethyl
carbonate (DMC), ethylene carbonate (EC), or ethyl methyl carbonate (EMC) were
anodically electrolyzed on inert electrodes and monitored for extended periods of time
using 1H, 13C, 19F, and 35Cl nuclear magnetic resonance (NMR) spectroscopy. The
controlled environment of the experiments, coupled to the unique sensitivity of NMR,
unveiled novel metastable intermediates and the formation of branching networks of
products with temporal evolution. Oxidation of the pristine solvent primarily proceeds
through a radical pathway that also produces highly reactive protons but faces
competition from a second pathway involving a radical carbocation intermediate. In all
cases, the intermediates follow a variety of downstream pathways that can intersect
with each other. The concomitant network of reactions represents a significant increase
in complexity compared to common descriptions in the literature, yet, critically, it helps
explain the wide range of products typically identified in electrolyte oxidation in
complete cells. The results highlight the need for refocusing fundamental research on
anodic stability to analysis of the hierarchy of reaction networks to better inform efforts
to mitigate the detrimental effects on battery performance, including prevention and
harvesting of proton and radical products.
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Reviewer #1: This paper employs nuclear magnetic resonance (NMR) spectroscopy to 

investigate the electrochemical oxidation of common solvents in lithium-ion batteries 

(LIBs). 

While the research topic is of some interest, its scientific significance and impact are 

relatively limited. Several critical questions and suggestions are raised as follows: 

 

We appreciate the input and viewpoint. We hope the reviewer will understand that our 

contribution in this work lays the foundational understanding of the simplest electrolyte 

systems with controls to develop an understanding of more complex systems which we 

have already started working on and plan to continue focusing on for the next few years. 

In fact, we were surprised by how complex the mechanistic picture is even for the 

simplest solvent system (as shown in Figure 3 and 4), which hopefully justifies the 

statement to this reviewer. 

 

(1) In Figures c, d, and e, the reported chemical shifts appear to be incorrect or 

inconsistent with typical values for the targeted species. 

All reported chemical shifts were done in reference to a flame-sealed external D2O 

capillary with a peak at 4.67 ppm. The following sentence has been added to the 

experimental section to provide this additional context:  

“All NMR samples were prepared in an argon-filled glovebox with flame sealed glass capillary 

inserts containing deuterated water (D2O) as an external reference at 4.67 ppm.” 

Furthermore, peak position in NMR spectra can vary very slightly depending on the 

position of the sample in the magnet, orientation of the capillary inside the NMR tube 

(which must be used to preserve the reactive intermediates from side reactions with 

lock solvents unlike other studies in the literature where they’re typically mixed in with 

the samples), and the coordination chemistry of the solution especially with our specific 

lock-solvent configuration to preserve sample purity and to not alter degradation 

mechanisms. Given the electrolyte composition in this study is continuously evolving, 

slight variances in chemical shift of the same species are likely. Therefore, in all cases, 

peak position of the main solvent was used as a secondary reference point to ensure 

the data was aligned properly.  

 

(2) The TOCSY-HSQC pulse sequence is recommended to improve the resolution and 

reliability of the NMR spectral analysis. 

Use of the TOCSY-HSQC method would certainly improve the resolution and combine 

the results of the COSY and HSQC run in this experiment. However, TOCSY, arguably, 

is best suited for complex molecules with chains of coupled spins and likely required a 

longer measurement time which was a limited resource to study metastable species in 

Response to Reviewers (without Author Details)



this study (https://nmr.chem.columbia.edu/content/tocsy). Based on the splitting and 

shifts of our peaks, it seems almost all of the proposed products only have direct 

coupling, which COSY can and did measure perfectly well. We were also concerned 

about capturing any small changes in the proton spectra of the electrolyte and wanted 

to keep our measurements as short as possible while still maintaining the necessary 

resolution to identify species. We thank the reviewer for the suggestion and will likely 

utilize the method in our future studies into complex electrolytes where there will 

undoubtedly be more overlapping peaks. 

 

(3) No electron paramagnetic resonance (EPR) experimental results were presented or 

discussed in the manuscript. Therefore, the entire EPR experimental section should be 

removed. 

We have now included the EPR data for EMC and EC systems showing oxidized 

sample vs. baseline in Figure S5.  

 

Figure S5: EPR data of oxidized LiClO4/EMC and LiClO4/EC 

 



These results indicate no significant stable EPR-active radicals present which is 

consistent with our reasoning that either the concentrations of radicals were too low in 

proportion to the bulk solvent to be measured, or, more likely, as proposed in the 

mechanisms, that the free radical species are driven towards radical-free metastable 

intermediates and stable products. 

 

(4) The research would be significantly more compelling and relevant if solvent mixtures 

(e.g., ethylene carbonate/dimethyl carbonate, EC/DMC), which are widely used in 

practical LIB electrolytes, were employed instead of single solvents. 

This work is intended to be a fundamental study that can then be built upon with more 

complex multi-solvent electrolytes in the future; in fact, we purposefully designed it so. 

Given the large number of complicated products that are formed from DMC (the 

simplest system) and EC alone (which we started working on first but decided to switch 

to the simplest system), combining them from the start would have more likely resulted 

in a series of overlapping and complicated peaks that would be hard to distinguish and 

exceedingly challenging to attribute to any specific mechanism conclusively. To 

demonstrate this, we have plotted both LiClO4/DMC and LiClO4/EC together below. With 

the two together, there is no way to definitively assign one product to one solvent over 

the other, especially when considering the possibility of products coming from the two 

pathways intersecting. Needless to say, as suggested by the reviewer and now stated in 

conclusions, a follow-up study is going to be conducted on multi-component electrolyte 

systems with increasing complexity (solvents and additives) with the knowledge gained 

from this work of potential intersections between the different reaction mechanisms. 

 

Linear combination of oxidized LiClO4/DMC and LiClO4/EC 1H NMR spectra 



 

 

(5) Although the use of Pt electrodes in the experiments is methodologically interesting, 

the results lack practical relevance. This is because the electrochemical oxidation 

mechanism on Pt electrodes differs substantially from that on practical LIB electrodes, 

such as LiCoO₂ (LCO) cathodes or graphite anodes, which are more representative of 

real-world battery systems. 

Again, this work is intended to be a fundamental study that can then be built upon with 

more complex systems in the future and what has been suggested by the reviewer has 

already been attempted (Ref. 7) with limited to no insights into the mechanisms we’ve 

proposed here. While our immediate plan is to increase electrolyte solvent and additive 

complexity, real-world battery system electrodes are within future plans. That being said, 

VC is formed at potential from EC with Pt electrodes and transition metal oxides alike 

(Ref. 34), directly demonstrating the commonality of reaction mechanisms in real world 

batteries and what is shown in this work. Ultimately, this work seeks to answer the 

fundamental chemical mechanisms occurring in solvent oxidation during and after the 

initial electrochemical reaction. The removal of one proton and two electrons would 

occur no matter what electrode surface the reaction occurs on (Ref. 34). Additionally, if 

these reactions were performed in a “real-world” battery setup, the highly reactive 

intermediates and products would be consumed or masked by any number of other 

side-reactions occurring in the cell which is why they’ve never been observed prior to 

this work that explains electrochemical VC formation. By isolating this reaction as much 

as possible in an idealized electrochemical system, we are able to trace mechanisms 

back to their initial solvent reactions directly with no confounding factors. Building 

complexity in future over this foundation is built-in in our experimental design.  

 

Reviewer #2: This work presents a systematic and insightful investigation into the 

intrinsic electrochemical oxidation mechanisms of common carbonate solvents, 

providing a crucial theoretical foundation for subsequent high-performance electrolyte 

design. However, there are a few potential areas for improvement that require further 

clarification before publication: 

We thank the reviewer for their kind comments and helpful suggestions. 

 

1. The oxidation products of EMC are complex, and some peaks remain unassigned, 

with unclear molecular structures. The integration of other characterization techniques 

(such as MS) would provide complementary evidence for proposed structures. 

We wish we could have provided more insight into the oxidation products of EMC, but 

due to the relatively asymmetric nature of the molecule itself, our current solution NMR 

techniques are unable to clarify the matter further. Many proposed molecules were run 



through our DFT models, but none met our threshold for acceptable matches. Gel-like 

precipitate was extracted from the EMC NMR tubes; however, solid-state NMR was also 

inconclusive to its identity (see below). Still, we have added the figure below to the SI 

and the following statement to the manuscript: 

“This precipitate was measured with 1H solid-state NMR (Figure S42); however, results were 

inconclusive beyond that it is likely a polymeric species.” 

It would likely be difficult to dissolve this species into a solvent able to run on an HPLC-

MS without changing some fundamental structural properties, and we have been unable 

to do this. By providing the splitting, shifts, and what they likely mean for the structure, 

we hope that we provide the basis of an assignment for other researchers and/or to our 

future study to potentially identify and add further context to these unknown molecules. 

 

 

Figure S42: 1H solid-state MAS NMR of LiPF6/EMC precipitate 

 

2. The experiments utilized Pt electrodes, however, in practical cathode materials (e.g., 

NMC) are known to catalyze electrolyte oxidation, release lattice oxygen, and 

participate in surface reactions. It would be valuable to discuss or conduct validation 

experiments on actual cathodes. 

 

Electrolyte oxidation on typical battery cathode materials has been relatively well-

studied whether it is the influence of lattice oxygen release (Ref. 19) or reactions with 

the electrode surface (Ref. 10). In fact, previous research (Figure 2 in Ref. 34) 

comparing an NMC622 cathode with C65 and a pure C65 electrode showed that the 



majority of electrochemical solvent decomposition occurs at the carbon material due to 

the larger amount of surface area present, implying there is no specific catalytic 

influence from the cathode active material. However, the presence of these additional 

factors can actually mask the underlying chemical degradation mechanism of the 

electrolyte as reactive species may be formed in small amounts and be consumed 

through side reactions. By starting with pure Pt(111) electrodes, we are able to remove 

any additional consumption mechanisms and thus, capture the majority of the reaction 

process from oxidation to final products such as VC from EC. VC is formed at potential 

from EC with Pt electrodes and transition metal oxides alike (Ref. 7 and 34), directly 

demonstrating the commonality of reaction mechanisms in real world batteries and what 

is shown in this work. With this fundamental knowledge in mind, we plan to first 

introduce multi-solvent and additive systems and subsequently different electrode 

materials (LMO, LNMO, NMC) to examine the influence of each additional variable on 

the reaction products observed in a systematic fashion. 

 

3. While analyzing single-solvent is methodologically sound for mechanistic clarity, 

commercial electrolytes typically consist of complex solvents. The study would gain 

more practical significance if the authors could compare the oxidation behavior of mixed 

solvents and determine whether synergistic or competitive effects alter degradation 

pathways. 

We agree moving on to commercial electrolytes would be an interesting comparison, 

and we have already started making plans to do a follow-up on multi-component 

electrolyte systems with increasing complexity (solvents and additives) with the 

knowledge gained from this work of potential intersections between the different 

reaction mechanisms. 

We think that the intermediates and fundamental mechanisms in this work provide 

necessary contexts for all of the potential reactive molecules in solution and will be 

instrumental in identifying any new products that may result from combinations of the 

different solvents. A statement is added to the conclusion section highlighting this. 

“By systematically isolating each component of the electrolyte and mapping the whole network, 

this knowledge will guide fresh approaches to mitigation of degradation that more precisely 

target specific intermediate stages and arrest the worst outcomes, especially when moving 

towards more complex, multi-solvent systems with battery electrode materials.” 

 

4. It is recommended to improve the resolution of the figures and provide enlarged, 

annotated views of key spectral regions. 

All figures were exported at 300 ppi resolution in .tif format making online pixel counts 

compressed. For high resolution versions, click on the link in the top corner of each 



figure to see the original submitted version. All identified peaks were labelled with the 

abbreviation of the compound with the major peak in each oxidized sample enlarged to 

the side. 



Graphical Abstract Click here to access/download;Graphical Abstract;TOC graphic energy storage
materials sized.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655442&guid=dc76730a-626e-472f-a01b-35268b311ced&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655442&guid=dc76730a-626e-472f-a01b-35268b311ced&scheme=1


Networks of Electrochemical Oxidation of Common Lithium-Ion Battery Solvents 

Revealed by NMR Spectroscopy 

Leah Rynearson,a* Haoyu Liu,a Stefan Ilic,b Milena Martins,b, c, d Pedro Farinazzo Bergamo Dias 

Martins,b, c Jens Niklas,a Justin G. Connell,b Dusan Strmcnik,b, c Jordi Cabana,b, e Baris Keya* 

a Chemical Sciences and Engineering, Argonne National Laboratory, Lemont, IL, USA 
b Materials Science Division, Argonne National Laboratory, Lemont, IL, USA 
c National Institute of Chemistry, Ljubljana, Slovenia 
d Faculty of Chemistry and Chemical Engineering, University of Maribor, 2000 Maribor, Slovenia 
e Department of Chemistry, University of Illinois Chicago, Chicago, IL, USA 

* Co-corresponding authors  

 

Corresponding Authors Address: 

9700 S. Cass Avenue 

Lemont, IL 60439 

lrynearson@anl.gov; bkey@anl.gov  

 

Acknowledgments 

This work was primarily supported by the Assistant Secretary for Energy Efficiency and 

Renewable Energy, Office of Vehicle Technologies of the U.S. Department of Energy (DOE) 

through the Cathode-Electrolyte Interphase (CEI) consortium. The EPR measurements were 

supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences, 

Division of Chemical Sciences, Geosciences, and Biosciences, through Argonne National 

Laboratory under Contract No. DE-AC02-06CH11357. 

 

CRediT authorship contribution statement 

Leah Rynearson: Writing – original draft, Investigation, Methodology, Visualization. Haoyu Liu: 

Investigation, Methodology, Visualization, Writing- review & editing. Stefan Ilic: Investigation, 

Methodology, Writing- review & editing. Milena Martins: Investigation, Visualization. Pedro 

Farinazzo Bergamo Dias Martins: Investigation, Visualization. Jens Niklas: Investigation, 

Writing- review & editing. Justin G. Connell: Supervision, Writing- review & editing. Dusan 

Strmcnik: Conceptualization, Methodology, Supervision, Writing- review & editing. Jordi 

Cabana: Conceptualization, Funding acquisition, Supervision, Writing- review & editing. Baris 

Key: Conceptualization, Methodology, Supervision, Writing- review & editing 

 

Title Page (with Author Details)

mailto:lrynearson@anl.gov
mailto:bkey@anl.gov


Fig1.tif Click here to access/download;Figure;Fig1.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655444&guid=203f10e3-b1de-4c94-88f7-ac833d82aa9f&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655444&guid=203f10e3-b1de-4c94-88f7-ac833d82aa9f&scheme=1


Fig2.tif Click here to access/download;Figure;Fig2.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655445&guid=d54d494d-bb72-4779-bb71-48c87b1344a5&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655445&guid=d54d494d-bb72-4779-bb71-48c87b1344a5&scheme=1


Fig3.tif Click here to access/download;Figure;Fig3.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655446&guid=bf8764ba-95df-4154-8fb3-e75d5c77ea94&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655446&guid=bf8764ba-95df-4154-8fb3-e75d5c77ea94&scheme=1


Fig4.tif Click here to access/download;Figure;Fig4.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655447&guid=8e973294-2c79-4e5f-a578-92a61765bfaf&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655447&guid=8e973294-2c79-4e5f-a578-92a61765bfaf&scheme=1


Fig5.tif Click here to access/download;Figure;Fig5.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655448&guid=e892c0f7-7702-4b24-bdd5-4e89baec1642&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655448&guid=e892c0f7-7702-4b24-bdd5-4e89baec1642&scheme=1


Fig6.tif Click here to access/download;Figure;Fig6.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655449&guid=0a2a72a8-207e-457a-8b0c-610cee8b0c33&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655449&guid=0a2a72a8-207e-457a-8b0c-610cee8b0c33&scheme=1


Fig7.tif Click here to access/download;Figure;Fig7.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655450&guid=90e3a351-17d4-447e-9190-f115b7037c41&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655450&guid=90e3a351-17d4-447e-9190-f115b7037c41&scheme=1


Fig8.tif Click here to access/download;Figure;Fig8.tif

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655451&guid=cee39ef1-ab8b-4910-be95-94506390b3d7&scheme=1
https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655451&guid=cee39ef1-ab8b-4910-be95-94506390b3d7&scheme=1


  

Supplementary Material(without author details),Clean Version -
Appears online exactly as provided here

Click here to access/download
Supplementary Material(without author details),Clean

Version - Appears online exactly as provided here
Solvent Oxidation Paper SI ESM resubmit.docx

https://www2.cloud.editorialmanager.com/ensm/download.aspx?id=655456&guid=4fed4ebd-7dc5-4258-959e-d0e9ddfb4ee4&scheme=1


Declaration of interests 
  
☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
  
☐ The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests: 
 

 
  
  
  
 

Declaration of Interest Statement



1 

 

 

Abstract 

Raising the upper cutoff voltage of lithium-ion batteries (LIBs) to increase energy density often 

exceeds the electrolyte’s anodic stability limit, accelerating degradation and creating a major 

durability tradeoff. Designing electrolytes that can sustain long-term high-voltage cycling requires 

a clearer understanding of the fundamental mechanisms occurring when commercial carbonate 

solvents oxidize. To this end, simplified single-salt, single-solvent formulations of LiClO4 and 

LiPF6 in dimethyl carbonate (DMC), ethylene carbonate (EC), or ethyl methyl carbonate (EMC) 

were anodically electrolyzed on inert electrodes and monitored for extended periods of time using 
1H, 13C, 19F, and 35Cl nuclear magnetic resonance (NMR) spectroscopy. The controlled 

environment of the experiments, coupled to the unique sensitivity of NMR, unveiled novel 

metastable intermediates and the formation of branching networks of products with temporal 

evolution. Oxidation of the pristine solvent primarily proceeds through a radical pathway that also 

produces highly reactive protons but faces competition from a second pathway involving a radical 

carbocation intermediate. In all cases, the intermediates follow a variety of downstream pathways 

that can intersect with each other. The concomitant network of reactions represents a significant 

increase in complexity compared to common descriptions in the literature, yet, critically, it helps 

explain the wide range of products typically identified in electrolyte oxidation in complete cells. 

The results highlight the need for refocusing fundamental research on anodic stability to analysis 

of the hierarchy of reaction networks to better inform efforts to mitigate the detrimental effects on 

battery performance, including prevention and harvesting of proton and radical products.    
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1. 

Introduction 

There is a widespread push towards improving the energy density of lithium-ion batteries 

through the use of cathodes operating at a high voltage such as LiNi0.8Mn0.1Co0.1O2 (NMC811) 

and LiNi0.5Mn1.5O4 (LNMO) [1,2].  However, cycling to the higher voltages enabled by these 

cathodes often leads to rapid capacity loss and eventual cell failure [3]. These challenges can be 

attributed to a variety of failure mechanisms associated with processes at the cathode surface and 

in the electrolyte [4-7]. Unlike the SEI at the anode, the subsequent formation of cathode 

electrolyte interphases (CEI) is insufficient to induce electronic passivation, so the electrolyte 

continues to reach the electrode surface and undergoes oxidation upon cycling. Oxidation of the 

electrolyte contributes directly to these failure mechanisms via detrimental gas formation, 

generation of aggressive acidic species, and loss of ionic transport at the interface due to solvent 

depletion [8,9]. However, the exact hierarchy of the electrochemical and chemical reactions that 

build the pathways of oxidation of Li-ion battery electrolytes is only partly understood. This lack 

of understanding has resulted in highly empirical approaches to electrolyte design that, so far, 

have been unable to produce a breakthrough solution to mitigate degradation while enabling 

high-voltage, high-energy devices. 

Degradation studies of the leading carbonate-based electrolytes have become widespread over 

the years, spanning experiments [7,10-13] and computations [14-16]. To date, it has been 

proposed that oxidation-induced breakdown of components of the electrolyte can proceed 

through C-H bond scission on the highly charged cathode surface [10,11,14,17], reaction with 

oxygen and peroxide species released during cathode phase changes [7,18-20], and interactions 

with radical and charged species in the electrolyte [21-23]. Yet there is still a significant lack of 

consensus on the inherent stability of the electrolytes at high potential, and, particularly, the 

relationship between the fundamental mechanism by which they can oxidize and the products of 

degradation observed. This outcome is not surprising when considering the chemical variability 

of possible solvents. In particular, the choice of salt in the oxidation study has been shown to 

affect the products of anodic decomposition, and studies evaluating degradation often use full 

cells designed for performance evaluation, which are heavily influenced by improper control of 

impurities, such as water, or contamination from the many components present [24-28].  

The predominance of analyses of specific blends of solvents and salt makes it challenging to 

isolate the reactivity of each component and identify the largest culprits of degradation. As a 

consequence, linear carbonates like dimethyl carbonate (DMC) and ethyl methyl carbonate 

(EMC) are often assumed to be stable up to 5.0 V because cyclic carbonates like ethylene 

carbonate (EC) [29] tend to dominate behaviour in blends. A small number of reports indicate 

that DMC can degrade into formic acid, lithium methyl carbonate, CO2, and organic 

polycarbonates [7,23,30], while EMC undergoes transesterification in the presence of lithium 

alkoxides to form DMC and DEC which can then further react to form additional dialkyl 
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carbonates [31]. However, a more complete analysis of the chemical decomposition of the linear 

carbonates in isolation is still necessary to understand each individual mechanism contributing to 

electrolyte degradation during high voltages. 

Despite the comparably much greater effort on understanding the decomposition behaviour of 

EC, there is still no unified theory relating all of its products to specific pathways [29]. The 

leading mechanism in the literature involves ring-opening reactions to form glycolic acid, CO2, 

oxalic acid, and long-chain oligomeric PEO-like species, although typically aided by the 

presence of some form of O-containing species (either as a transition metal oxide in the cathode 

or reactive oxygen species released during cathode phase changes) [7,19,21,32,33]. A second, 

less examined possibility involves EC undergoing double deprotonation to form vinylene 

carbonate (VC) [10,11,19] or even polymerizing to form poly-EC [13], rather than ring opening. 

The steps by which two hydrogen atoms can be removed simultaneously have not yet been 

revealed. Freiberg et al. proposed a reaction with singlet oxygen to abstract two protons and 

release an H2O2 molecule [19] whereas Zhang et al. theorized a two-step deprotonation involving 

a charged NMC811 surface with in-situ FTIR measurements [10]. Both paths rely on the 

presence of an oxide in the cell, yet previous work by our group has demonstrated the formation 

of VC from electrooxidized EC alone on oxide-free, inert Pt surfaces [34]. The only known 

mechanism that could generate VC without involvement of oxygenated species is a proposal by 

Shkrob et al. where they theorized that radiolysis can induce the disproportionation of two EC-

generated radicals [21]. Therefore, a more in-depth tracking of the actual steps that follow EC 

oxidation remains necessary to understand the fundamentals of these reactions.  

Electrolyte decomposition mechanisms have been analyzed with a wide variety of techniques 

including infrared/Raman spectroscopy [23], online electrochemical mass spectrometry (OEMS) 

[8], electron paramagnetic resonance (EPR) [21], and nuclear magnetic resonance (NMR) 

spectroscopy [7]. NMR, in particular, provides unique insight into bonding, electronegativity, 

and functional groups of unknown compounds, allowing for new structures and soluble 

decomposition products to be theorized. However, NMR shifts and identifications are highly 

influenced by the solvation environment and contaminants. Even the addition of deuterium-

labelled solvents into the electrolyte for referencing can cause unforeseen reactions with 

impurities (e.g. H2O in DMSO-d6), leading to misleading products [35]. Therefore, careful 

precautions must be taken to ensure the act of measuring the sample does not influence the 

results. Furthermore, to minimize the complexity of the observed reactions and allow the direct 

measurement of specific solvent degradation mechanisms, model electrolytes on inert electrodes 

must be utilized. While NMR studies on inert electrodes have been performed in the past, only a 

handful of products were identified, resulting in an incomplete understanding of the reactions 

possible even in these simpler systems [23,30].   

In this work, we targeted the intrinsic anodic chemistry of the most common solvents in LIBs. 

Model electrolytes composed of a single salt (LiPF6 or LiClO4) and solvent (DMC, EMC, or EC) 

were oxidized on an inert single crystal Pt (111) surface before being analysed with a 
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combination of 1H, 13C, 19F, and 35Cl NMR for dynamic tracking of species, utilizing multi-

compartment, flame-sealed glass capillaries to avoid reactions between the oxidized electrolyte 

and the deuterium-labelled solvent. By decreasing the potential reactants to just one salt and one 

solvent, direct mechanistic tracing from products to oxidized intermediates became possible. The 

results reveal that even these simple systems undergo a network of reactions that can compete 

with each other. We describe their hierarchy, isolate the main paths of electrochemical versus 

chemical degradation, as well as label the structures of four intermediate species and four 

products that were previously unidentified. By identifying key moments in electrolyte solvent 

oxidation and chemical degradation mechanisms that lead to the most damage in the eventual 

cell, more effective mitigation techniques can be applied, eventually unlocking increasing 

voltages in Li-ion batteries.  

2.  

Results 

Solutions of 1.3 M LiClO4 or LiPF6 in DMC, EC, or EMC were oxidized on either a RDE or RRDE 

under constant Ar flow. Electrochemical oxidation has often been reported to begin with a proton 

abstraction reaction [16,36]. The use of the RRDE enabled the comparison of the current density 

detected at the disk (Figure 1a) from solvent oxidation directly to the current measured at the ring 

(Figure 1b) when set at a potential to induce proton reduction to determine the proportion of 

electrons to protons generated in each of the three solvents (Figure 1c). RRDE has been previously 

discussed as a tool for investigating the electrooxidation of solvents by Hatsukade et al [37].  The 

formation of protons in all three solvents was further confirmed via 1H NMR spectroscopy (LiPF6: 

Figure 1d, LiClO4: Figures S1-3) [34]. These highly deshielded protons appear further downfield 

than many reported superacids [7,38], suggesting a very aggressive chemical nature. They varied 

in chemical shift from 18.51 ppm for EC to 17.91 ppm and 15.00 ppm for DMC and EMC, 

respectively. The higher acidity in EC can be attributed to the delocalization of the remaining 

electron across the cyclic structure after proton removal, making the conjugate-base EC more 

stable and leading to increased acidity [39,40]. Upon storage, the reactive acidic proton signal 

shifted upfield and changed linewidth, indicating a change in its chemical environment, but, for 

the first week, the integrated intensity remained steady, indicating that there was no significant 

decrease in proton concentration during the earlier stages. Although the results presented here were 

performed in borosilicate glass tubes, reactive proton generation with similar trends were observed 

in PTFE NMR tubes containing oxidized LiClO4/EC (Figure S4). In order to achieve the 

concentrations of species necessary to observe products in NMR, the RRDE was run for long 

periods, leading to the high potentials observed in Figure 1a-b; however, protons have been 

previously reported to form at potentials typical of standard battery cycling (~4.0V vs. Li/Li+) [37]. 

In previous work, we found that protons generated from solvent oxidation can proceed to 

catalytically convert EC into CO2 and various ether products through a ring-opening mechanism 

in a chemical decomposition process without an applied potential [34]. However, this proton-
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promoted cascade does not fully account for the myriad of other products, like VC and FEC, often 

observed at these high potentials [10,19]. RRDE data (Figure 1c) measured at a range of voltages 

indicates that the electrochemical oxidation occurs with a proton-to-electron ratio of roughly 1:2 

[37]. Given the calculated ratio, three initial electrochemical oxidation pathways have been 

proposed for each solvent (Figure 2) based on the most logical locations on the molecule that 

protons and electrons would be lost. Path A would generate a radical carbocation through the loss 

of a single electron (e.g. EC•+). Path B would involve the loss of a proton and an electron resulting 

in a neutral radical molecule (e.g. EC•). In order to achieve the observed 1:2 ratio, a combination 

of path A and path B would need to occur simultaneously. Path C would combine path A and path 

B into a single process, removing two electrons and a proton, leaving a carbocation (e.g. EC+). All 

the proposed intermediates are expected to be highly reactive and unstable, especially the primary 

radicals or carbocations that would form from DMC (Figure 2a), compared to the possible ring-

stabilization of EC intermediates (Figure 2b), or the secondary species in EMC (Figure 2c). 

Species associated with Path B have previously been proposed upon oxidation of EMC and EC on 

NMC811 oxide surfaces [10], but these radicals seem to be too short-lived to be observed without 

additional stabilization in this oxygen-free environment with no surface anchorage possible. EPR 

data was collected for electrolyzed EMC and EC (DMC was not measured due to the instability of 

the proposed primary radicals in these samples) only a few minutes after stopping the 

electrochemical cell, but no stable EPR-active radical species were observed. The lack of a major 

EPR signal (Figure S5) or any shortening in NMR relaxation times in 1H NMR does not eliminate 

the possibility of the electrochemical paths proposed in Figure 2. Instead, it simply indicates either 

the concentrations of radicals were too low (in proportion to the bulk solvent) to be detected via 

EPR and/or the proposed free radical species are highly driven towards stable products and/or 

radical-free metastable intermediates, which have much longer lifetimes and can be measured via 

NMR. Addition of any radical trapping species for EPR measurements would more likely result in 

the degradation of the trap, leading to additional complications in interpreting the underlying 

mechanism. 

The wide variety of decomposition products observed by tracking the evolution of electrolyzed 

solutions by 1H and 13C NMR 1D/2D NMR nonetheless presented commonalities in structure that 

enabled backtracking to common ancestors (Paths A-C) to determine a full mechanistic 

understanding of solvent degradation from initial oxidation onwards. The highly branched and 

interconnected mechanism derived from these results is contrary to the linear reaction pathways 

often discussed in the literature. 35Cl and 19F were performed to gather additional information on 

the influence of salt in product formation. To better understand the complex reactions occurring 

within each solvent, their specific mechanism of degradation is presented first, using detailed NMR 

spectra and reasoning based on established chemical principles, followed by a summary of the key 

lessons of this work. Due to the similarities in symmetry, simplicity, and overall outcomes, 

decomposition pathways for DMC and EC are discussed first, followed by EMC, which presented 

additional complexity due to its asymmetry. Our discussion decouples the main products after 

oxidation from those that form during subsequent chemical cascades over extended periods of time 
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(~1 week of storage). Furthermore, the addition of water as an impurity obscures many of the 

results reported below indicating how some of these products can often be masked in more 

complex systems. 

2.1 

DMC 

Of the three solvents examined, dimethyl carbonate was the simplest, leading to a series of 

relatively straightforward decomposition peaks in the NMR spectra. The overall mechanism from 

DMC with LiClO4 or LiPF6 to products is presented in Figure 3. A tally of NMR peaks with an 

assignment of species, leading to Figure 3 from the data in Figure 4, is summarized in Table S1. 

Figure 4a presents the 1H NMR data in a way that highlights the early species, with Figure 4b 

tracking the species from downstream processes. Figure 4c presents the evolution of the 13C NMR 

for the same samples. From these results, it is clear that DMC• (Path B) is the key intersection from 

which many of the subsequent products are formed while DMC•+ (Path A) mainly serves to form 

minor and small molecule products. 

Based on 1H peak integrations (Figure S6), the major oxidation product of LiClO4/DMC is 

associated with a singlet at 4.62 ppm, which grows over time. Careful investigation of the 13C 

spectra showed that peaks at 62.4 ppm and 154.8 ppm grow concurrently (Figure 4c). These peaks 

are consistent with methylene groups directly attached to O in a symmetric molecule like dimethyl-

2,5-dioxahexanedioate (DMDOHC). DMDOHC was first proposed as a product of DMC oxidation 

by Moshkovich et al., with the same peaks at 4.62 ppm for 1H and 62.4 ppm for 13C [23]. Most 

current reports of DMDOHC generation came from studies of electrolyte formulations containing 

EC and LiPF6 along with DMC and, therefore, attribute its formation exclusively to EC ring-

opening [31,41,42]. Alternatively, this product could form from two DMC• molecules reacting with 

each other at the terminal radical. In theory, an additional methyl 1H signal should be observed 

around 4.01 ppm for DMDOHC, but it was likely masked by the DMC signal due to its low 

concentration. Indeed, no new 1H signals were observed after purposefully adding small amounts 

of DMDOHC (~0.5 wt%) to pristine LiPF6/DMC, without any obvious asymmetry of the DMC 

peak (Figure S7). Furthermore, DMDOHC can decompose into a mixture of EC and DMC in the 

presence of a lithium alkoxide [31,41,43]. While alkoxides were not initially observed in the 

oxidized electrolytes, continued chemical degradation reactions, possibly combined with slow 

oxygen leakage through the Teflon taping, led to the appearance of LiOCH3 (
1H: 3.57 ppm, Figure 

4b) after roughly a week of aging, unlocking this pathway [7]. The growth of a new singlet peak 

at 4.78 ppm (Figure 4a) about a week after the initial oxidation provides evidence of the generation 

of EC in the final solution, which was further affirmed by standard additions to pristine 

LiPF6/DMC electrolytes (Figure S8). DMDOHC and EC signals continuously increased over the 

NMR observation period. Given their origin on Path B, this trend indicates that generation of 

DMC• must be occurring even after oxidation has stopped. The continuous increase in DMC• was 
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previously observed by EPR in a study where it was proposed to form as a secondary product from 

the reaction of DMC with a methyl or formyl radical from a different reaction [21].  

The presence of the 1H singlet at 6.45 ppm for a full day before disappearing indicates a metastable 

species that is eventually consumed and/or converted.  When examining the 13C spectra (Figure 

4c), peaks at 91.2 ppm and 153.9 ppm disappeared around the same time. Together, these shifts 

indicate a -CH2- functionality with two highly electronegative components adjacent on each side. 

Carbonate units meet this criterion, suggesting a molecule like the DMC A+B carbocation in 

Figure 3. DFT calculations of this A+B intermediate (Figure S9) predicted 1H peaks at 6.49 ppm 

(13C: 88.6 ppm) for the protons in the -CH2- functionality between carbonate units, and 4.29 ppm 

and 4.84 ppm for the outer -CH3 groups, in reasonable agreement with weak signals at 4.15 ppm 

and 4.76 ppm (Figure S10). These three peaks showed similar temporal dynamics upon storage, 

further supporting the assignment. Consequently, the formation of both initial intermediates in Path 

A and B is possible simultaneously upon oxidation. Both DMC•+ and DMC• (Figure 2a) are too 

unstable in their original radical forms to be measured by NMR, especially as a paramagnetic 

organic species without a clear metal centre associated with them [44]. However, it is entirely 

plausible that they could form the metastable A+B species, thus eliminating the radicals and 

allowing detection via NMR. Although more stable than DMC•+ and DMC•, A+B is still a 

carbocation, albeit ternary, that will eventually break back apart into its constituent DMC•+ and 

DMC• molecules to follow the respective product networks. An alternative structure of A+B could 

be theorized where the radical O• of DMC•+ abstracts a proton from the terminal carbon of a pristine 

DMC molecule to generate more DMC• [14,21]. However, this pathway seems less likely, as a 

protonated version of DMC•+ was not observed in these measurements. 

Minor products of oxidation and associated chemical cascades were observed as the solution 

continued to degrade during storage. Very small amounts of HCOOH (Figure S11) were detected 

at 8.35 ppm (1H, s) from the early stages, but without significant concentration changes after day 

2 [7,45]. The only other minor product formed just after the initial oxidation step was observed at 

5.97 ppm (1H, s, Figure 4a) and grew in intensity until about one day after oxidation before 

levelling off. It is assigned as dimethyl methylene bis(carbonate) (DMMBC), first hypothesized 

by Moshkovich et al. [23] to arise from the reaction DMC• with a radical methyl carbonate from 

the abstraction of CH3
+ from DMC•+. DMMBC forms independent of the salt; however, further 

validation of this mechanism can be seen when the salt in the electrolyte is switched from LiClO4 

to LiPF6 (discussed in more detail below), as the reaction of CH3
+ with F generates fluoromethane  

in the 19F spectra at -269.7 ppm (q, 2JFH=46.2 Hz, Figure S12) [46,47]. As the solution continued 

to react over storage time, other products were generated from the continued chemical degradation 

of solvent molecules in the oxidized electrolyte. Besides LiOCH3, lithium methyl carbonate (1H 

singlet at 3.54 ppm in Figure 4b) was ascribed to unavoidable leaks of air into the NMR tube over 

time [7,43]. Finally, CO2 was observed in the 13C spectra (125.1 ppm, Figure 4c) 15 hours after 

oxidation, which has been widely reported as a downstream reaction product along with formic 

acid after DMC oxidation [7,17,23].  
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To determine the influence of salt on solvent-derived degradation products, LiPF6/DMC was also 

studied. The main outcomes were very similar to LiClO4/DMC (Table S1), so we focus here on 

the key differences. The major 1H peaks of interest are tracked over storage time in Figure 5a-d, 

with peak integrations (relative to the DMC solvent peaks) plotted in Figure S13. The reactive 

proton generated by oxidation of LiPF6/DMC appears at a higher field (17.91 ppm, Figure 1d) than 

in LiClO4/DMC (Figure S1), suggesting a greater acidity [48]. The A+B carbocation peak at 6.45 

ppm displayed seemingly accelerated dynamics, as its concentration peaks sooner than in 

LiClO4/DMC, lasting less than 7 h. This observation hints at an increasing decomposition rate 

catalysed by the PF6
- anion that increases the charge density on the carbonate moiety of A+B. This 

leads to more nucleophilic attacks, and thus, higher concentrations of the main decomposition 

product at 4.64 ppm [41].  

The presence of fluorine in the electrolyte mixture also introduces new products. Present from the 

initial stages after oxidation, fluoromethyl methyl carbonate (FMMC) was assigned to signals at 

5.94 ppm (d, 2JHF = 51.0 Hz, Figure 5a) and -157.6 ppm (t, 2JFH= 51.0 Hz) (Figure 5d) in the 1H 

and 19F NMR, respectively, with correlated HSQC and HMBC 13C 2D data (Figure S14). The 

methyl moiety of FMMC appeared as a small singlet peak around 4.01 ppm (Figure S15), in 

accordance with its proximity to DMC at 4.00 ppm. This product results from the fluorination of 

DMC• [49]. A fluorinated version of DMDOHC (FDMDOHC, Figure 3) was assigned to the major 
1H peak at 4.64 ppm (s), only slightly shifted from the F-free product in LiClO4/DMC, correlated 

to 13C peaks at 63.0 and 162.9 ppm (Figure 5b). The addition of F to the terminal C should be 

enough to slightly deshield the inner -CH2- to cause the subtle shift. DFT simulations (Figure S16) 

placed them in the range of 4.38 ppm (similar to the 4.39 ppm predicted for the inner -CH2- in 

DMDOHC), with the terminal H adjacent to F theoretically overlapping with the FMMC peaks at 

5.92 ppm. This molecule could form from linking together two subsequently deprotonated FMMC 

molecules or by subsequent fluorination of DMDOHC from linking two DMC•. 

A closer look at the 1H (Figure 5c) and 19F spectra (Figure S17) also revealed products of 

decomposition of the salt over the observation period. The major fluorophosphate formed was 

OPF2(OCH3), at -88.5 ppm in 19F (d, J=1005.7 Hz) and 4.44 ppm in 1H (d, J=12.1 Hz)). Wilken et 

al. predicted this product from the reaction of DMC with POF3, also observed at -90.1 ppm (19F, 

d, J=1066.1 Hz), itself arising from exposure of PF5
- with trace H2O [47]. Very small 19F signals 

were also observed for OPF2(OH) at -84.9 ppm (d, J=975.5 Hz) and OPF(OCH3)2 at -88.3 ppm (d, 

J=961.0 Hz) [9,47,50]. While HF would be expected to form from PF6
-, there were no detectable 

peaks in the 9.14-10.60 ppm 1H range where a doublet would be expected [7,48]. In addition, there 

was only a faint, broad singlet around -191.4 ppm in the 19F spectrum (Figure S18) indicating that 

if HF is formed, it is at very low concentrations and/or consumed. In contrast, a 19F signal at -156.1 

ppm (s) (Figure 5d) arose upon extended storage, indicating the formation of BF4
- from etching of 

the borosilicate glass tubes by the acidic solution, likely coming from the OPF2(OH) and highly 

acidic proton (Figure 1d) [48].  
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2.2  

EC  

Moving from a linear symmetric molecule like DMC to a cyclic symmetric molecule like EC 

significantly increases the complexity of the chemical cascade products, as the ring can stabilize 

reactive intermediates or open to form a mixture of linear and cyclic products. However, despite 

the differences in products, DMC and EC have very similar initial mechanisms indicating the 

importance of symmetry in these early reactions. The full EC reaction mechanism is presented in 

Figure 6, and Table S2 summarizes all the 1H NMR peaks observed and discussed below. 

The 1H NMR spectra of the oxidation products of both LiClO4 and LiPF6 in EC are displayed in 

Figure 7 with the overlay spectra for the major peak at 7.35 ppm expanded on the left. In fact, 

outside of direct anion reactions with reactive EC intermediates, almost all the reported oxidation 

products were observed in both LiClO4 and LiPF6-containing electrolytes. The only major 

difference was the faster growth of the main reaction products, particularly VC, in oxidized 

LiPF6/EC (Figure S19), similar to the case of oxidized DMC [51]. Similar LiPF6 hydrolysis steps 

were observed as in DMC with still little to no evidence of HF formation (Figure S20).  

The products of EC oxidation can be sorted into two categories, ring-opened and cyclic molecules, 

which correspond to paths that start with one electron transfer (Path A) and one electron/proton 

transfer (Path B), respectively. Overall, the major oxidation product of EC is VC, which requires 

the net removal of two electrons and two protons. It corresponds to a 1H signal at 7.35 ppm(s) and 
13C peaks at 134.1 ppm (HSQC) and 156.1 ppm (HMBC) (Figure S21). Its formation was further 

confirmed via addition of 100 mM VC into the oxidized electrolyte, resulting in an increased 

intensity at 7.35 ppm (Figure S22). In the literature, EC has been reported to oxidize to form VC 

and CO2  separately, but with much debate over the exact mechanism [10,15,19,52]. Typically, the 

removal of the second proton is explained via reaction with oxygen species (singlet, peroxide, 

superoxide) originating from the cathode material [10,12,18,19,33]. However, such a mechanism 

is not possible on inert Pt electrodes used here. Instead, one of the theorized radical intermediates 

(Figure 2b), likely EC•, could perform a secondary radical reaction on either another EC• or EC 

itself, resulting in additional proton abstractions and the formation of the alkene bond in the ring. 

The continuous increase in VC concentration over storage time thus implies that additional radical 

species must be either formed or made available for further reactions, even after electrochemical 

oxidation has stopped. 

The continued availability of EC• could also arise from the dynamics of an EC A+B metastable 

species analogous to that described for DMC. DFT predicts 1H NMR shifts for the neutral ring 

portion of a plausible A+B intermediate at around 6.81 ppm (dd, according to traditional splitting 

patterns) [53] with adjacent 1H at 4.92 ppm and 4.94 ppm, as well as 13C peaks of 70.4 ppm, 105.7 

ppm, and 153.5 ppm (Figure S23). These predictions match the 1H peak at 6.59 ppm (dd, J=5.5, 

1.9 Hz) with correlated peaks at 4.78 ppm and 4.95 ppm from the adjacent H in the ring structure 

(Figure S24) and 13C shifts of 71.6 ppm, 96.8 ppm, and 156.0 ppm (Figure S25-26). The original 
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1H peaks on the carbocation ring portion of the A+B species are predicted at 5.44 ppm, in a region 

where they could be masked by large noise around the EC solvent peak (Figure 7). In addition to 

the noise, carbocation predictions are challenging as simulations cannot perfectly reflect the 

complicated solution dynamics occurring in the electrolyte including the influence of salts and 

other ions on the conformation and positioning of the molecule, perhaps explaining the slight 

difference between experimental and estimated shift in the 13C peak at 96.8 ppm. Still, this 

structure seems reasonable as Chen et al. have assigned a similar peak (6.62 ppm (dd, 3JH-H= 5.6, 

1.9 Hz)) to methoxyethylene carbonate (MEC), a molecule with a very similar structure [54].  

Regardless of electrolyte salt, a short-lived intermediate appeared at 5.34 ppm (s) that is correlated 

with 13C NMR peaks of 76.5 ppm (HSQC) and 169.6 ppm (HMBC) (Figures S26-27). Based on 

the mechanism of VC formation from EC through a double radical along Path B, this peak could 

be a dimerized form of EC, (EC)2, from two double radical intermediates, branching away from 

VC formation. DFT simulation of this molecule estimates a 1H chemical shift of 5.16 ppm (s) and 
13C peaks at 77.4 ppm and 164.5 ppm (Figure S28). Anti-parallel EC dimers have previously been 

observed in both solution and gas-phases using dielectric and infrared spectroscopy, respectively, 

and are highly dependent on surrounding solvent dynamics to determine the degree of dimerization 

[55,56]. Since the only solvent here is EC, it is likely stabilized enough by the other EC molecules 

to be observed via NMR, whether that is with actual bonding or a quasi-shared radical species 

between the two charged molecules. Still, the predicted molecule would experience significant 

amounts of ring strain, especially in the quasi-butane ring connecting the two molecules, making 

it highly unstable. Conversely, VC is highly stable and can be generated from the same initial 

diradical components. Therefore, any generated (EC)2 likely breaks apart somewhat quickly to still 

form more VC molecules over time. 

Cyclic intermediates and even minor products along Path B seemed to converge toward VC. 

Polymerized forms are also expected based on literature observations, but only a dimerized form 

of EC, [4,4’-bi(1,3-dioxolane)]-2,2’-dione (BDOD), generated from two EC• molecules attaching 

at the radical position was detected after a day of storage with 1H peaks around 5.37 ppm (m, 

J=12.1 Hz) (Figure S29) and widths similar to the literature [57,58]. Once VC has formed, it can 

also further react with a double addition of EC•+ across the alkene bond to form a VC+2A structure 

(Figures 7, S22, S30), which is ascribed to the 1H signals at 6.63ppm (s) with correlated 13C peaks 

of 98.7 ppm and 152.2 ppm (Figure S27, S31), and would offer a plausible path to polymerization. 

A similar branching mechanism of VC polymerization was reported by Ota et al [57].  

As a radical carbocation molecule, EC•+ is predicted to favor ring opening [23]. Based on peak 

integrations, the ring-opened products were much more prevalent in LiClO4/EC than LiPF6/EC. 

Once opened, these molecules can undergo any number of chemical reactions, fracturing and 

rejoining to form new species, creating new branches of the network. Based on the shift and 

splitting patterns, the products at 6.08 ppm (dt, J=5.5, 2.5 Hz) and 5.83 ppm (dd, J=5.5, 2.5 Hz) 

are examples of polymeric species that can be generated as a result. The former can be ascribed to 

a proton with two H on one adjacent C (likely on the end of a double bond) and one H on the other 
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adjacent C while still containing a carbonate group (Figures S24-27). The result could have a 

similar structure to but-3-en-2-yl carbonate, although confirmation requires further study. The peak 

at 5.83 ppm is consistent with poly(1-hydroxyethyl carbonate) (PHEC) where an OH• group (either 

from trace H2O or from other molecule fragments) reacts on the ring-opened EC molecule to form 

a hydroxylated polymeric chain similar to previous reports (Figures S24-25, S31) [57,59]. Smaller 

molecules formed during the first NMR measurements as a result of fragmentation, including 

glyoxal at 9.34 ppm (s) (Figure S32) [23,60,61], CO2, and various ether molecules at 3.72 ppm 

and 3.66 ppm (s) (Figure S29). CO2 and ethers like oxirane, 1,4-dioxane, and 2-methyl-1,3-

dioxolane were previously reported to form as a result of chemical (as opposed to electrochemical) 

decomposition of intact EC molecules, catalysed by the protons generated by the anodic process 

[34]. The sharp intensity increase in the 3.72 ppm and 3.66 ppm peaks after a week of storage 

corresponds to the generation of Li2CO3 and LiOCH3 due to slow oxygen leakage through the 

Teflon tape, as discussed for DMC. EC can react with LiOCH3 to form DMDOHC (or its 

fluorinated counterpart, FDMDOHC), which could explain the appearance of a small 1H peak at 

4.66 ppm (Figure S29).  

We observed products related to the reaction of the specific electrolyte salt with EC• after the initial 

oxidation. In the oxidized LiClO4/EC electrolyte, a 1H signal at 6.94 ppm (dd, J=6.0, 1.7Hz), 

correlated with other H at 4.90 ppm and 4.99 ppm (Figure S24) and 13C at 102.6 ppm (Figure S27), 

was hypothesized to arise from Cl-based substitution into EC. DFT calculations for shifts of 

potential candidates led to (ClO4)EC, which would produce a 1H peak at 6.79 ppm and a correlated 
13C peak at 99.9 ppm (Figure S33). Due to the rapid relaxation of the 35Cl nuclei, concurrent 35Cl 

NMR (Figure S34) only showed a single broad peak, related to the coordination of the LiClO4 salt 

with solvent molecules, that did not change over storage time [62]. However, the broad nature of 

this peak does not necessarily distinguish between coordinated ClO4
- to EC and the unstable bond 

forming (ClO4)EC from the anion and EC•. The bulky substituent and the poor solvation of ClO4
- 

with EC [28,63] likely render the molecule highly unstable, consistent with its prominence only in 

the first scan and its complete disappearance after two days of storage. In contrast, LiPF6 unlocked 

a path to the clear and sustained presence of fluorinated ethylene carbonate (FEC), with 1H peaks 

at 6.42 ppm (ddd, J=64.1, 4.3, 1.1 Hz) and 19F peaks centered at -124.0 ppm (dq, J=64.1 Hz) 

(Figure S34) [7,54].  

Due to the high reactivity of the intermediates in the oxidized electrolyte, the slightest amount of 

contamination either from air or H2O will steer the observations artificially away from the 

specific products resulting from oxidizing the electrolyte. These impurities can come from the 

purity of electrolyte solvents, the efficacy in sealing the samples, and, most insidiously, even the 

use of common deuterated NMR standards. Our experimental design avoided these issues by 

engineering a sample holder that allowed us to seal sample and deuterated standard free from air 

in separate chambers to prevent cross contamination. To highlight the importance of this design, 

we conducted experiments where we intentionally added 1 wt% H2O to LiClO4/EC immediately 

after oxidation had ceased and conducted similar 1H NMR analyses (Figure S36). First, the 
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highly deshielded proton signals were absent, replaced by a broad peak around 9.10ppm, which 

would be consistent with a carboxylic acid instead of a highly acidic species. Second, while VC 

and other species were still formed, they did so at smaller concentrations in the presence of H2O. 

Third, the EC A+B peak at 6.59 ppm changed shape slightly and disappeared quickly and some 

of the more unstable intermediates, like (ClO4)EC and (EC)2, were not observed at all. Instead, 

the presence of H2O induced the formation of PHEC, at 5.83 ppm, which could result from 

hydroxyl groups reacting with a ring-opened molecule. Overall, these observations do not 

necessarily mean the initial intermediates are not formed, but they were certainly masked and/or 

altered by other reactions in the solution, ultimately fundamentally modifying the observed 

pathways, distorting observations enough to potentially lead to incomplete conclusions. 

2.3 

EMC 

The 1H NMR spectra for oxidized LiPF6/EMC are presented below in Figure 8 with the 

corresponding 1H data for oxidized LiClO4/EMC in Figure S37 and integrations in Figure S38. 

The summary of 1H and 13C data is displayed in Table S3.  The change from a symmetric 

molecule like DMC and EC to an asymmetric molecule like EMC, increased the possible 

mechanism permutations because more than one type of H is available for extraction. Previous 

theoretical work has predicted the preferential deprotonation at the b-site in the ethyl group 

[10,64]. The products themselves, however, reflect the asymmetry of the molecule and include a 

mixture of products associated with excision of either -CH3 group, similar to DMC oxidation, or 

-CH2-CH3 group of EMC. Out of all the solvents examined, EMC appeared to have the highest 

concentration of HF observable via NMR at -191.1 ppm (19F, Figure S39) with increased BF4
- 

glass etching and more fluorophosphate degradation species (Figure S40).  

The major product in both LiClO4 and LiPF6/EMC appeared in the 1H spectrum at 4.96 ppm (13C 

peak at 75.1 ppm) and 1.70 ppm (13C peak at 12.7 ppm) (Figure S41). In LiClO4/EMC, these 

signals appeared as a clear quartet (2J=7.2 Hz) and triplet (2J= 7.0 Hz), respectively, indicative of 

a R-O-CH2-CH3 overall structure (Figure S37, S41); with smaller overlapping peaks growing in 

over storage time. With LiPF6/EMC, the peaks became even harder to interpret because of overlap 

with other peaks in the same region from the first measurement. The exact structure of this 

molecule(s) or how it correlates to the proposed Paths in Figure 2c could not be uniquely 

elucidated, but some conclusions could still be drawn based on the splitting and shifts of the NMR 

data. To start, the molecule is likely similar in structure to EMC, but the attached R functional 

group would need to be more electronegative than a carbonate in order to shift the peaks downfield. 

In LiPF6/EMC, this could potentially mean two Path B intermediates attaching at the radical site. 

Secondly, the small differences in peak shape and overlap between LiClO4 and LiPF6 can likely 

be attributed to the presence of fluorinated species, in analogy to DMC and EC observations. 

Finally, it is plausible that polymeric species were present in both salts as the electrolyzed solution 

became highly discoloured and opaque immediately after oxidation, giving way to a gel-like 
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precipitate. This precipitate was measured with 1H solid-state NMR (Figure S42); however, results 

were inconclusive beyond that it is likely a polymeric species. In contrast, the oxidized DMC 

electrolyte was still transparent with only a slight yellow tint after a month of storage (Figure S43). 

At this point, the signal-to-noise ratio and prominence of the solvent peaks limited the detection 

of any possible additional peak(s) of the product(s) in solution. Future research that overcomes 

these experimental barriers is needed to better clarify their identity and structure. 

Beyond this major product, oxidizing EMC produces many of the same species observed upon 

DMC oxidation, with slight differences in shift, likely due to solvation effects, and much lower 

intensities, likely due to competing reactions (Figure S44). It was interesting to observe the 

formation of the A+B intermediate identified for DMC, with a similar lifetime (~1 day of storage). 

The observation of some DMMBC indicates that cleavage of -O-CH2- bond on the ethyl side is a 

competing process. While HCOOH was observed regardless of salt, small amounts of DMDOHC 

formed in LiClO4, compared to the fluorinated molecules FMMC and FDMDOHC in LiPF6 

(Figure 8, Figure S45). These products all indicate that some form of either DMC, DMC•, or 

DMC•+ must be generated during EMC oxidation. While EMC has been reported to undergo either 

disproportionation or transesterification into DMC and DEC [41] in the presence of lithium 

alkoxides, no evidence of DMC or DEC was observed, unless masked by the bulk EMC, and 

alkoxides were not observed until after a few weeks of storage. We postulate that minor branching 

of the reaction involves EMC molecules fragmenting to form DMC• (DMC Path B) and CH3
• after 

deprotonation of the ethyl group [10,21], which proceed to further react. Unlike with EC, EMC 

appears highly unlikely to undergo a double proton abstraction due to the steric effects introduced 

by the additional -CH3 group. This event would demand the formation of PC, which was never 

observed. 

The deprotonation of the b-site H to produce EMC• (Figure 2b) would explain the formation of 1-

fluoroethyl methyl carbonate (FEMC) in LiPF6 [10,64], assigned to 1H peaks at 6.45 ppm (dq, J= 

56.4, 5.1 Hz), highlighted in Figure 8 and S39, and at -121.8 ppm in the 19F spectra (dq, J=56.7, 

20.7 Hz, Figure S44, S46) [54].  FEMC slowly disappeared with storage time, indicating ongoing 

reaction dynamics for weeks after oxidation was stopped. The final F-containing product of EMC 

oxidation was at 6.80 ppm (dd, J= 5.7, 1.8 Hz), correlated with 1H and 13C peaks at 4.99 ppm (m, 

J=7.1 Hz) and 161.4 ppm, respectively (Figure S47). They appeared to be associated with a 19F 

signal at -138.8 ppm (dt, J=55.2, 15.5 Hz) (Figure S39) based on similar intensities and peak 

formation after oxidation. Based on these correlations, this product was assigned as a polymeric 

form of FEMC (poly(FEMC)), which could further contribute to the dark discoloration and 

precipitates. 

When H2O was intentionally added to oxidized LiClO4/EMC (Figure S48), almost all the 

aforementioned intermediates and products were fully quenched. The only observable was a broad 

peak at 6.27 ppm, which shifted upfield and narrowed over time, giving way to a sharp peak at 

5.20 ppm after 10 days. This behaviour suggests that it is likely a polymeric product that is not 

fully dissolved in solution, but its exact identity remained unclear and warrants future investigation 
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[65]. The near complete disappearance of all other products indicates how even trace levels of H2O 

can drastically affect which oxidation intermediates and products are observable, and even 

neutralize the subsequent chemical cascades catalysed by the reactive protons. 

3. 

Discussion 

Our use of model systems using chemically inert electrodes unlocked the identification and 

tracking of products resulting from anodic decomposition of common alkyl carbonate solvents in 

Li-ion batteries, free of confounding factors associated with other battery components or 

simultaneous degradation processes like lattice oxygen release at the cathode. We also demonstrate 

that small amounts of H2O, common in deuterated solvents used for NMR referencing [35], are 

sufficient to completely skew the observations away from the inherent pathways, and we propose 

a solution that was key for unobstructed insight. Overall, our approach allowed us to identify the 

key structures of four new intermediates and four new products compared to the existing body of 

knowledge [7,10,19]. We were able to discriminate intrinsic solvent activity from the modulation 

induced by interactions with the specific salt in the electrolyte and even separate salt 

decomposition. Even in these constrained conditions, the results highlight that the process of 

electrolyte oxidation is, in reality, a network of reactions with preferential and competing branches 

that can also cross. This fact likely makes modelling the process extremely challenging, as linear 

outcomes are typically assumed.  

The electrochemical oxidation of all solvents studied begins the same way: electron transfer that 

may or may not be concurrent to proton transfer. The very high 1H NMR shifts (> 14 ppm) of the 

protons indicate high reactivity. These acidic species are rarely reported in battery literature, likely 

because they can be consumed by other cell components, resulting in transition metal dissolution 

from the cathode, degradation of CEI products, and chemical degradation of the electrolyte 

producing many products commonly observed in the literature, e.g., CO2 and a series of ether-

based molecules and polymers [4,7,12,34]. Furthermore, their persistence for days after 

electrolysis indicates that HF and difluorophosphoric acid, observed in electrolytes containing 

LiPF6 [9], are far from the sole acidic contributors to decomposition.  

Electrochemical quantification led to three proposed initial intermediates (Figure 2). Although 

none of these intermediates can be directly measured with NMR because they are radicals and/or 

carbocations, forensic identification of the main products provided strong evidence of a preference 

for a combination of an initial 1-electron (Path A) and 1-electron/1-proton step (Path B). No 

evidence of molecules that could be tracked to Path C was found. The main products of oxidation 

in DMC ((F)DMDOHC) and EC (VC) provided the clearest evidence of the existence of Path B. 

The fluorination of solvent molecules to form FMMC, FEC, and FEMC further implied the 

preferential deprotonation at specific locations. The existence of Path B indirectly indicates that 

Path A must also be followed to produce the 2:1 ratio measured via RRDE. In both DMC and EC, 

metastable intermediates conceivably assembled from the initial intermediates of Path A and B 
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further support this conclusion. Molecules solely associated with Path A were slightly more 

challenging to confirm, with downstream products like DMMBC and CO2 suggesting that 

chemical evolution is rapid along this pathway. Importantly, not only do competing pathways build 

a complex network of products, but the fact that they can cross is key to realizing that the damage 

continues even when the electrolyte is no longer under applied potentials.  

The solvents begin to diverge mechanistically after the formation of the initial intermediates. DMC 

and EC are the simplest forms of their respective class of carbonates (linear and cyclic) and are 

fully symmetric. There are few possible positions on the molecule where permutations could occur, 

which leads to very predictable reactions. While they follow largely equivalent pathways, DMC 

creates fewer and more straightforward products, whereas EC can undergo either ring-opening 

mechanisms to form polymers along Path A or maintain a ring structure with additional 

substituents or changes along Path B. The greater stabilization of the ring via delocalized electron 

density endows the associated intermediates with longer lifetimes, and, thus, measurement 

prevalence. When an asymmetric molecule like EMC is oxidized, the complexity of the reaction 

networks increases because a variety of branches are unlocked, including fracturing or 

functionalization on either side of the molecule. This leads to a mixture reminiscent of the DMC 

outcomes, plus additional species that include ethyl groups. It is rather trivial to extrapolate that 

further increasing molecular complexity will scale the complexity of the reaction network, which 

explains the challenges identifying the products of propylene carbonate (PC) oxidation in the 

literature [16,21,28]. It is likely that resolution of these challenges will demand combined 

approaches based on experiments and computational modelling of the reaction explicitly as a 

network [66].  

It is worth pondering the effects of the observed products on the overall health of a battery. At first 

glance, some of the products formed may seem beneficial to cycling. VC, for example, has been 

widely included in the electrolyte as a sacrificial additive to form a polymeric CEI and prevent 

surface reconstruction [6,67]. In the case of DMC, there is still some debate over the role of 

DMDOHC, with conflicting reports of high viscosity and poor conductivities contrasting with a 

role avoiding detrimental gas formation upon cycling at high temperature [46,47,68]. Regardless 

of outcomes, formation of these two products from EC and DMC demands the simultaneous 

generation of highly reactive protons and their degradation cascades, which would likely negate 

any benefits they may provide [34].  

With the clarity on the mechanisms involved in anodic decomposition in hand, we can tackle an 

important question: what can be done to stop the oxidation of the electrolyte entirely? Ideally, 

solvents would be available that simply withstand the potentials at which these alkylcarbonates 

react, which can be as low as 4.3 V vs. Li+/Li0 depending on the metric chosen [34], without penalty 

along the other requirements for device function, like electrode passivation, current collector 

stability, viscosity and ionic conductivity [29]. An alternative route involves the use of additives 

that can act as a radical trap of the initial intermediates or that can target most harmful products in 

the reaction mechanism. At a fundamental level, the first approach would offer the most 
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comprehensive solution by tackling the earliest intermediates in the network, but it is unclear that 

traps exist that are themselves stable at these potentials. At the other end, proton scavengers would 

prevent chemical degradation breakdown of the solvent into CO2 and ether species. It is possible 

that these additives can take the form of molecules in the electrolyte or coatings on the electrode. 

Outside of electrolyte manipulation, these decomposition pathways could also be halted by simply 

avoiding the onset potential of proton formation. Ultimately, a multi-pronged approach is likely to 

be necessary to preventing or alleviating the effects of anodic decomposition, considering the 

complex network of reactions and the possibility that only the balance of branches is altered. 

4. 

Conclusions 

Anodic decomposition of the electrolyte at high voltages in Li-ion batteries is fundamental to the 

challenge of durability, especially when high energy density is needed, so establishing their 

chemical underpinnings is essential. Through a combination of experimental and computational 

NMR on model electrolyte systems in controlled environments, we isolate the inherent pathways 

of decomposition of three leading solvents in commercial batteries, DMC, EC and EMC. The 

approach uncovered key, previously unknown intermediates that allowed us to reconstruct the 

complex network of reactions associated with the electrochemical process. In all cases, the initial 

step involves a combination of 1-electron and 1-electron/1-proton transfer, an early onset of 

branching. Subsequent downstream chemistry depends highly on the symmetry and complexity 

of the molecule. In symmetric molecules, the continued formation of small molecules is enabled 

by the formation of metastable intermediates that can fragment to continue to drive chemical 

degradation. Molecular asymmetry scales the complexity of the reaction network, making it 

much harder to predict and elucidate. Molecular complexity acts as another factor in network 

branching, as demonstrated by linear DMC leading to significantly less products than cyclic EC. 

The results lay bare the complexity of solvent oxidation at high voltages. By systematically 

isolating each component of the electrolyte and mapping the whole network, this knowledge will 

guide fresh approaches to mitigation of degradation that more precisely target specific 

intermediate stages and arrest the worst outcomes, especially when moving towards more 

complex, multi-solvent systems with battery electrode materials. Central to this goal will be 

strategies that can prevent the formation or reactivity of protons in the first place, since all 

reactions appear to be downhill after their formation. The potential payoff in the form of 

transformational energy density and lifetime demand a renewed effort to translate mechanistic 

knowledge into sophisticated molecular design. 

5. 

Experimental Methods 

5.1 
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Electrodes and electrolytes. For rotating disc electrode (RDE) and rotating ring disc electrode 

(RRDE) measurements, Pt (111) single crystal disk (6 mm diameter) electrodes were used. Prior 

to assembling the Pt (111) disk into the RDE or RRDE holder (Pine Research Instrumentation), its 

surface was conditioned by inductive heating for 7 min at 1050 °C in an argon-hydrogen flow (3 

% hydrogen) and cooled slowly to room temperature under the inert atmosphere. Before 

assembling into RDE or RRDE and during the transfer, the surface of the Pt (111) was protected 

from oxidation and surface contamination with a droplet of deionized water (Milli-Q system). The 

difference between the RDE and RRDE holder is that the latter has a Pt ring with inner and outer 

diameter of approximately 7.5 and 8.5 mm, respectively. The Pt ring surface was prepared by 

mechanical polishing using SiC paper (1200 grit, Buehler), then rinsed and dried. 

The electrolytes were prepared in the Ar-filled glove box by mixing LiClO4 (battery grade, 99.99 

% trace metal, Sigma Aldrich), which was dried under dynamic vacuum in the glass oven at 150 

°C for 150 h, or LiPF6 (BASF), which was also dried under dynamic vacuum at 120 °C, with 

ethylene carbonate, dimethyl carbonate or ethyl methyl carbonate (Gotion). The electrolytes had a 

water content of less than 10 ppm H2O. All electrolytes were stored in FEP bottles and prepared 

fresh for all experiments. 

5.2 

Electrochemical cells for RDE and RRDE analyses. A flooded cell configuration was used for RDE 

and RRDE measurements. The electrochemical cell was assembled in a three-electrode glass 

configuration, where a Pt-wire and a Li-metal were used as counter electrode and reference 

electrode, respectively, inside an Ar-filled glove box (VAC, < 0.2 ppm O2, < 0.5 ppm H2O). The 

electrolyte volume was between 7 mL and 9 mL for RDE and between 35 mL and 45 mL for RRDE 

(purged with Ar gas). 

5.3 

Electrochemical protocols. The electrochemical experiments were performed inside an Ar-filled 

glovebox (VAC, < 0.2 ppm O2, < 0.5 ppm H2O) equipped with feedthroughs for gas lines and for 

electrical connections to a potentiostat located externally (Autolab PGSTAT302N, Metrohm). 

Measurements were conducted in a custom glass cell, which was dried overnight at 180 °C under 

vacuum in the antechamber and then directly put inside the glovebox. The cell had a Luggin 

capillary in which to place the reference electrode (lithium metal) near the working electrode, as 

well as a frit that separated the counter electrode (platinum wire) from the main compartment. The 

cell resistance was measured by electrochemical impedance spectroscopy and the potential was 

manually post-corrected for the ohmic losses. 90 % IR drop correction was used in all 

electrochemical measurements. The samples for NMR analysis were generated by passing 45 

coulombs of charge through the electrolyte galvanostatically at 10mA output current using a Pt 

(111) electrode at 900 rpm rotation rate. 

5.4 
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NMR analysis. Electrochemically oxidized electrolytes consisting of one salt (LiClO4 or LiPF6) 

and one solvent (DMC, EC, or EMC) were measured using 1H, 13C, 19F, and 35Cl NMR 

spectroscopy on a 300MHz Bruker Avance III HD spectrometer with an ATMA BBO probe. 2D 

NMR was performed including 1H-1H Homonuclear Correlation Spectroscopy (COSY), 1H-13C 

Heteronuclear Single Quantum Coherence (HSQC), and Heteronuclear Multiple Bond Correlation 

(HMBC) using the same spectrometer. All NMR samples were prepared in an argon-filled 

glovebox with flame sealed glass capillary inserts containing deuterated water (D2O) as an external 

reference at 4.67 ppm. Each NMR tube was double sealed with Teflon tape to allow for extended 

measurements over time at room temperature in the atmosphere. The time between the end of the 

electrolyte oxidation and the first NMR spectroscopy measurement was roughly 20 minutes. NMR 

measurements were taken constantly for three straight days and then periodically for a minimum 

of three weeks. All NMR measurements were performed at room temperature. Solid-state MAS 

NMR measurements were performed on a 300MHz Bruker Avance III spectrometer using a 3.2 

mm zirconium rotor at a spinning speed of 20kHz. 

5.5 

EPR analysis. Continuous wave (cw) X-band (9.5 GHz) electron paramagnetic resonance (EPR) 

measurements were conducted using a Bruker ELEXSYS II E500 spectrometer equipped with a 

rectangular TE102 resonator (Bruker ER 4102ST). All EPR measurements were performed at 

cryogenic temperatures, which was provided by liquid helium gas-flow cryostat (ICE Oxford, UK) 

and an ITC temperature controller (Oxford Instruments, UK). 

5.6 

DFT calculations. DFT calculations were conducted using an ab initio quantum chemistry 

program, ORCA 5.0.4 [69]. The molecular configuration was first optimized based on Universal 

Force Field (UFF) implemented in a molecule editor and visualizer software, Avogadro, before 

further optimization at ωB97M-V/ cc-pVQZ/JK level [70]. The chemical shielding tensors and J-

coupling tensors were calculated with the B3LYP density functional in conjunction with the 

pcSseg-n basis set and solvent effects accounted for using the Conductor-like Polarizable 

Continuum Model (CPCM) based on the dielectric constant and refraction index of EC solution 

with approximately 1 M of Li salt [71-72]. The shielding values were then converted to predicted 

chemical shifts with a calibration factor determined by the difference between experimental and 

calculated chemical shifts of the primary solvent molecule (DMC, EC, etc.) then verified by 

comparing known products like VC, FEC, and FMMC. Due to the inherent gap in complexity 

between the modeled systems of electrolyte used in DFT calculations compared to those measured 

experimentally that contain a host of other species that can affect the solvation structure of the 

molecule of interest, perfect alignment of simulation and measured is unlikely. Therefore, based 

on comparisons of species identified via other methods to their predicted shifts, a ±0.3 ppm error 

range of 1H simulations and ±5.0 ppm error range of 13C simulations has been implemented.  

Predicted structures were visualized using VESTA [73].  
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Additional figures, text, and data are provided in the Supplemental Information. 
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Figure 1. a) Current measured on the disk and b) ring of the RRDE setup during oxidation of  

LiClO4/DMC (purple), EC (blue), and EMC (pink), c) ratio of protons to electrons participating in 

the oxidation reaction across the three solvents at different voltage points obtained by dividing the 

currents in a) and b), d) Zoom of the 1H NMR spectra tracking the evolution of electrogenerated 

protons in LiPF6/DMC (top), /EC (middle), and /EMC (bottom) over storage time  

Figure 2. Proposed electrochemical oxidation pathways of electrolytes with a) DMC, b) EC, and 

c) EMC 

Figure 3: Oxidation and chemical degradation pathways of DMC.  

Figure 4: Region between a) 4.50 and 6.50 ppm and b) 3.35 and 4.20  ppm of the 1H NMR spectra, 

and c) 13C NMR spectra of LiClO4/DMC electrolyte at different time stamps. “Pristine” refers to 

the electrolyte prior to electrolysis, with “Oxidized Day 1” occurring roughly 20 minutes after 

electrolysis was stopped. The color coding follows the same assignment as Figure 3: the reaction 

intermediates are highlighted in yellow, the major oxidation product in green and the products of 

chemical cascades in purple. The zoom to the right of panel a) shows a close look at the increase 

in intensity of the major product.  

Figure 5: a) 1H shifts of oxidized LiPF6/DMC electrolyte at different time points after initial 

electrochemical oxidation was stopped from 4.50-6.50 ppm. The reaction intermediate peak is 

highlighted in yellow at 6.45 ppm. The major oxidation product at 4.64 ppm is highlighted in green 

and its intensity increase upon aging is expanded upon on the right. b) 1H and 13C correlation 2D 

NMR (HSQC (left) and HMBC (right)) of FDMDOHC and other oxidation products, inset of 

labeled FDMDOHC structure. c) 1H shifts of oxidized LiPF6/DMC electrolyte at different time 

points after initial electrochemical oxidation has stopped from 3.55-4.82 ppm, d) 19F shifts of 

FMMC and BF4
- in oxidized LiPF6/DMC 

Figure 6: Oxidation and chemical degradation pathways of EC 

Figure 7: 1H shifts of oxidized EC electrolyte with LiClO4 (top) or LiPF6 (bottom) at different 

time points after initial electrochemical oxidation has stopped. The reaction intermediates are 

highlighted in yellow. The major oxidation product, VC, is highlighted in green and expanded 

upon on the left.  

Figure 8: 1H shifts of oxidized LiPF6/EMC electrolyte at different time points after initial 

electrochemical oxidation has stopped. Intermediates are highlighted in yellow and the major 

https://doi.org/10.1107/S0021889811038970
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oxidation product at 4.97 ppm and 1.67 ppm is highlighted in green. Its intensity increase upon 

aging is expanded upon below. 
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Abstract 

Raising the upper cutoff voltage of lithium-ion batteries (LIBs) to increase energy density often 

exceeds the electrolyte’s anodic stability limit, accelerating degradation and creating a major 

durability tradeoff. Designing electrolytes that can sustain long-term high-voltage cycling requires 

a clearer understanding of the fundamental mechanisms occurring when commercial carbonate 

solvents oxidize. To this end, simplified single-salt, single-solvent formulations of LiClO4 and 

LiPF6 in dimethyl carbonate (DMC), ethylene carbonate (EC), or ethyl methyl carbonate (EMC) 

were anodically electrolyzed on inert electrodes and monitored for extended periods of time using 
1H, 13C, 19F, and 35Cl nuclear magnetic resonance (NMR) spectroscopy. The controlled 

environment of the experiments, coupled to the unique sensitivity of NMR, unveiled novel 

metastable intermediates and the formation of branching networks of products with temporal 

evolution. Oxidation of the pristine solvent primarily proceeds through a radical pathway that also 

produces highly reactive protons but faces competition from a second pathway involving a radical 

carbocation intermediate. In all cases, the intermediates follow a variety of downstream pathways 

that can intersect with each other. The concomitant network of reactions represents a significant 

increase in complexity compared to common descriptions in the literature, yet, critically, it helps 

explain the wide range of products typically identified in electrolyte oxidation in complete cells. 

The results highlight the need for refocusing fundamental research on anodic stability to analysis 

of the hierarchy of reaction networks to better inform efforts to mitigate the detrimental effects on 

battery performance, including prevention and harvesting of proton and radical products.    

Revised manuscript (marked version, only for review purpose),
without author details
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1. 

Introduction 

There is a widespread push towards improving the energy density of lithium-ion batteries through 

the use of cathodes operating at a high voltage such as LiNi0.8Mn0.1Co0.1O2 (NMC811) and 

LiNi0.5Mn1.5O4 (LNMO) [1,2].  However, cycling to the higher voltages enabled by these cathodes 

often leads to rapid capacity loss and eventual cell failure [3]. These challenges can be attributed 

to a variety of failure mechanisms associated with processes at the cathode surface and in the 

electrolyte [4-7]. Unlike the SEI at the anode, the subsequent formation of cathode electrolyte 

interphases (CEI) is insufficient to induce electronic passivation, so the electrolyte continues to 

reach the electrode surface and undergoes oxidation upon cycling. Oxidation of the electrolyte 

contributes directly to these failure mechanisms via detrimental gas formation, generation of 

aggressive acidic species, and loss of ionic transport at the interface due to solvent depletion [8,9]. 

However, the exact hierarchy of the electrochemical and chemical reactions that build the 

pathways of oxidation of Li-ion battery electrolytes is only partly understood. This lack of 

understanding has resulted in highly empirical approaches to electrolyte design that, so far, have 

been unable to produce a breakthrough solution to mitigate degradation while enabling high-

voltage, high-energy devices. 

Degradation studies of the leading carbonate-based electrolytes have become widespread over the 

years, spanning experiments [7,10-13] and computations [14-16]. To date, it has been proposed 

that oxidation-induced breakdown of components of the electrolyte can proceed through C-H bond 

scission on the highly charged cathode surface [10,11,14,17], reaction with oxygen and peroxide 

species released during cathode phase changes [7,18-20], and interactions with radical and charged 

species in the electrolyte [21-23]. Yet there is still a significant lack of consensus on the inherent 

stability of the electrolytes at high potential, and, particularly, the relationship between the 

fundamental mechanism by which they can oxidize and the products of degradation observed. This 

outcome is not surprising when considering the chemical variability of possible solvents. In 

particular, the choice of salt in the oxidation study has been shown to affect the products of anodic 

decomposition, and studies evaluating degradation often use full cells designed for performance 

evaluation, which are heavily influenced by improper control of impurities, such as water, or 

contamination from the many components present [24-28]. 

The predominance of analyses of specific blends of solvents and salt makes it challenging to isolate 

the reactivity of each component and identify the largest culprits of degradation. As a consequence, 

linear carbonates like dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC) are often 

assumed to be stable up to 5.0 V because cyclic carbonates like ethylene carbonate (EC) [29] tend 

to dominate behaviour in blends. A small number of reports indicate that DMC can degrade into 

formic acid, lithium methyl carbonate, CO2, and organic polycarbonates [7,23,30], while EMC 

undergoes transesterification in the presence of lithium alkoxides to form DMC and DEC which 

can then further react to form additional dialkyl carbonates [31]. However, a more complete 
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analysis of the chemical decomposition of the linear carbonates in isolation is still necessary to 

understand each individual mechanism contributing to electrolyte degradation during high 

voltages. 

Despite the comparably much greater effort on understanding the decomposition behaviour of EC, 

there is still no unified theory relating all of its products to specific pathways [29]. The leading 

mechanism in the literature involves ring-opening reactions to form glycolic acid, CO2, oxalic 

acid, and long-chain oligomeric PEO-like species, although typically aided by the presence of 

some form of O-containing species (either as a transition metal oxide in the cathode or reactive 

oxygen species released during cathode phase changes) [7,19,21,32,33]. A second, less examined 

possibility involves EC undergoing double deprotonation to form vinylene carbonate (VC) 

[10,11,19] or even polymerizing to form poly-EC [13], rather than ring opening. The steps by 

which two hydrogen atoms can be removed simultaneously have not yet been revealed. Freiberg 

et al. proposed a reaction with singlet oxygen to abstract two protons and release an H2O2 molecule 

[19] whereas Zhang et al. theorized a two-step deprotonation involving a charged NMC811 surface 

with in-situ FTIR measurements [10]. Both paths rely on the presence of an oxide in the cell, yet 

previous work by our group has demonstrated the formation of VC from electrooxidized EC alone 

on oxide-free, inert Pt surfaces [34]. The only known mechanism that could generate VC without 

involvement of oxygenated species is a proposal by Shkrob et al. where they theorized that 

radiolysis can induce the disproportionation of two EC-generated radicals [21]. Therefore, a more 

in-depth tracking of the actual steps that follow EC oxidation remains necessary to understand the 

fundamentals of these reactions. 

Electrolyte decomposition mechanisms have been analyzed with a wide variety of techniques 

including infrared/Raman spectroscopy [23], online electrochemical mass spectrometry (OEMS) 

[8], electron paramagnetic resonance (EPR) [21], and nuclear magnetic resonance (NMR) 

spectroscopy [7]. NMR, in particular, provides unique insight into bonding, electronegativity, and 

functional groups of unknown compounds, allowing for new structures and soluble decomposition 

products to be theorized. However, NMR shifts and identifications are highly influenced by the 

solvation environment and contaminants. Even the addition of deuterium-labelled solvents into the 

electrolyte for referencing can cause unforeseen reactions with impurities (e.g. H2O in DMSO-d6), 

leading to misleading products [35]. Therefore, careful precautions must be taken to ensure the act 

of measuring the sample does not influence the results. Furthermore, to minimize the complexity 

of the observed reactions and allow the direct measurement of specific solvent degradation 

mechanisms, model electrolytes on inert electrodes must be utilized. While NMR studies on inert 

electrodes have been performed in the past, only a handful of products were identified, resulting 

in an incomplete understanding of the reactions possible even in these simpler systems [23,30]. 

In this work, we targeted the intrinsic anodic chemistry of the most common solvents in LIBs. 

Model electrolytes composed of a single salt (LiPF6 or LiClO4) and solvent (DMC, EMC, or EC) 

were oxidized on an inert single crystal Pt (111) surface before being analysed with a combination 

of 1H, 13C, 19F, and 35Cl NMR for dynamic tracking of species, utilizing multi-compartment, flame-
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sealed glass capillaries to avoid reactions between the oxidized electrolyte and the deuterium-

labelled solvent. By decreasing the potential reactants to just one salt and one solvent, direct 

mechanistic tracing from products to oxidized intermediates became possible. The results reveal 

that even these simple systems undergo a network of reactions that can compete with each other. 

We describe their hierarchy, isolate the main paths of electrochemical versus chemical degradation, 

as well as label the structures of four intermediate species and four products that were previously 

unidentified. By identifying key moments in electrolyte solvent oxidation and chemical 

degradation mechanisms that lead to the most damage in the eventual cell, more effective 

mitigation techniques can be applied, eventually unlocking increasing voltages in Li-ion batteries. 

2.  

Results 

Solutions of 1.3 M LiClO4 or LiPF6 in DMC, EC, or EMC were oxidized on either a RDE or RRDE 

under constant Ar flow. Electrochemical oxidation has often been reported to begin with a proton 

abstraction reaction [16,36]. The use of the RRDE enabled the comparison of the current density 

detected at the disk (Figure 1a) from solvent oxidation directly to the current measured at the ring 

(Figure 1b) when set at a potential to induce proton reduction to determine the proportion of 

electrons to protons generated in each of the three solvents (Figure 1c). RRDE has been previously 

discussed as a tool for investigating the electrooxidation of solvents by Hatsukade et al [37].  The 

formation of protons in all three solvents was further confirmed via 1H NMR spectroscopy (LiPF6: 

Figure 1d, LiClO4: Figures S1-3) [34]. These highly deshielded protons appear further downfield 

than many reported superacids [7,38], suggesting a very aggressive chemical nature. They varied 

in chemical shift from 18.51 ppm for EC to 17.91 ppm and 15.00 ppm for DMC and EMC, 

respectively. The higher acidity in EC can be attributed to the delocalization of the remaining 

electron across the cyclic structure after proton removal, making the conjugate-base EC more 

stable and leading to increased acidity [39,40]. Upon storage, the reactive acidic proton signal 

shifted upfield and changed linewidth, indicating a change in its chemical environment, but, for 

the first week, the integrated intensity remained steady, indicating that there was no significant 

decrease in proton concentration during the earlier stages. Although the results presented here were 

performed in borosilicate glass tubes, reactive proton generation with similar trends were observed 

in PTFE NMR tubes containing oxidized LiClO4/EC (Figure S4). In order to achieve the 

concentrations of species necessary to observe products in NMR, the RRDE was run for long 

periods, leading to the high potentials observed in Figure 1a-b; however, protons have been 

previously reported to form at potentials typical of standard battery cycling (~4.0V vs. Li/Li+) [37]. 

In previous work, we found that protons generated from solvent oxidation can proceed to 

catalytically convert EC into CO2 and various ether products through a ring-opening mechanism 

in a chemical decomposition process without an applied potential [34]. However, this proton-

promoted cascade does not fully account for the myriad of other products, like VC and FEC, often 

observed at these high potentials [10,19]. RRDE data (Figure 1c) measured at a range of voltages 
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indicates that the electrochemical oxidation occurs with a proton-to-electron ratio of roughly 1:2 

[37]. Given the calculated ratio, three initial electrochemical oxidation pathways have been 

proposed for each solvent (Figure 2) based on the most logical locations on the molecule that 

protons and electrons would be lost. Path A would generate a radical carbocation through the loss 

of a single electron (e.g. EC•+). Path B would involve the loss of a proton and an electron resulting 

in a neutral radical molecule (e.g. EC•). In order to achieve the observed 1:2 ratio, a combination 

of path A and path B would need to occur simultaneously. Path C would combine path A and path 

B into a single process, removing two electrons and a proton, leaving a carbocation (e.g. EC+). All 

the proposed intermediates are expected to be highly reactive and unstable, especially the primary 

radicals or carbocations that would form from DMC (Figure 2a), compared to the possible ring-

stabilization of EC intermediates (Figure 2b), or the secondary species in EMC (Figure 2c). 

Species associated with Path B have previously been proposed upon oxidation of EMC and EC on 

NMC811 oxide surfaces [10], but these radicals seem to be too short-lived to be observed without 

additional stabilization in this oxygen-free environment with no surface anchorage possible. EPR 

data was collected for electrolyzed EMC and EC (DMC was not measured due to the instability of 

the proposed primary radicals in these samples) only a few minutes after stopping the 

electrochemical cell, but no stable EPR-active radical species were observed. The lack of a major 

EPR signal (Figure S5) or any shortening in NMR relaxation times in 1H NMR does not eliminate 

the possibility of the electrochemical paths proposed in Figure 2. Instead, it simply indicates either 

the concentrations of radicals were too low (in proportion to the bulk solvent) to be detected via 

EPR and/or the proposed free radical species are highly driven towards stable products and/or 

radical-free metastable intermediates, which have much longer lifetimes and can be measured via 

NMR. Addition of any radical trapping species for EPR measurements would more likely result in 

the degradation of the trap, leading to additional complications in interpreting the underlying 

mechanism. 

The wide variety of decomposition products observed by tracking the evolution of electrolyzed 

solutions by 1H and 13C NMR 1D/2D NMR nonetheless presented commonalities in structure that 

enabled backtracking to common ancestors (Paths A-C) to determine a full mechanistic 

understanding of solvent degradation from initial oxidation onwards. The highly branched and 

interconnected mechanism derived from these results is contrary to the linear reaction pathways 

often discussed in the literature. 35Cl and 19F were performed to gather additional information on 

the influence of salt in product formation. To better understand the complex reactions occurring 

within each solvent, their specific mechanism of degradation is presented first, using detailed NMR 

spectra and reasoning based on established chemical principles, followed by a summary of the key 

lessons of this work. Due to the similarities in symmetry, simplicity, and overall outcomes, 

decomposition pathways for DMC and EC are discussed first, followed by EMC, which presented 

additional complexity due to its asymmetry. Our discussion decouples the main products after 

oxidation from those that form during subsequent chemical cascades over extended periods of time 

(~1 week of storage). Furthermore, the addition of water as an impurity obscures many of the 
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results reported below indicating how some of these products can often be masked in more 

complex systems. 

2.1 

DMC 

Of the three solvents examined, dimethyl carbonate was the simplest, leading to a series of 

relatively straightforward decomposition peaks in the NMR spectra. The overall mechanism from 

DMC with LiClO4 or LiPF6 to products is presented in Figure 3. A tally of NMR peaks with an 

assignment of species, leading to Figure 3 from the data in Figure 4, is summarized in Table S1. 

Figure 4a presents the 1H NMR data in a way that highlights the early species, with Figure 4b 

tracking the species from downstream processes. Figure 4c presents the evolution of the 13C NMR 

for the same samples. From these results, it is clear that DMC• (Path B) is the key intersection from 

which many of the subsequent products are formed while DMC•+ (Path A) mainly serves to form 

minor and small molecule products. 

Based on 1H peak integrations (Figure S6), the major oxidation product of LiClO4/DMC is 

associated with a singlet at 4.62 ppm, which grows over time. Careful investigation of the 13C 

spectra showed that peaks at 62.4 ppm and 154.8 ppm grow concurrently (Figure 4c). These peaks 

are consistent with methylene groups directly attached to O in a symmetric molecule like dimethyl-

2,5-dioxahexanedioate (DMDOHC). DMDOHC was first proposed as a product of DMC oxidation 

by Moshkovich et al., with the same peaks at 4.62 ppm for 1H and 62.4 ppm for 13C [23]. Most 

current reports of DMDOHC generation came from studies of electrolyte formulations containing 

EC and LiPF6 along with DMC and, therefore, attribute its formation exclusively to EC ring-

opening [31,41,42]. Alternatively, this product could form from two DMC• molecules reacting with 

each other at the terminal radical. In theory, an additional methyl 1H signal should be observed 

around 4.01 ppm for DMDOHC, but it was likely masked by the DMC signal due to its low 

concentration. Indeed, no new 1H signals were observed after purposefully adding small amounts 

of DMDOHC (~0.5 wt%) to pristine LiPF6/DMC, without any obvious asymmetry of the DMC 

peak (Figure S7). Furthermore, DMDOHC can decompose into a mixture of EC and DMC in the 

presence of a lithium alkoxide [31,41,43]. While alkoxides were not initially observed in the 

oxidized electrolytes, continued chemical degradation reactions, possibly combined with slow 

oxygen leakage through the Teflon taping, led to the appearance of LiOCH3 (
1H: 3.57 ppm, Figure 

4b) after roughly a week of aging, unlocking this pathway [7]. The growth of a new singlet peak 

at 4.78 ppm (Figure 4a) about a week after the initial oxidation provides evidence of the generation 

of EC in the final solution, which was further affirmed by standard additions to pristine 

LiPF6/DMC electrolytes (Figure S8). DMDOHC and EC signals continuously increased over the 

NMR observation period. Given their origin on Path B, this trend indicates that generation of 

DMC• must be occurring even after oxidation has stopped. The continuous increase in DMC• was 

previously observed by EPR in a study where it was proposed to form as a secondary product from 

the reaction of DMC with a methyl or formyl radical from a different reaction [21].  
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The presence of the 1H singlet at 6.45 ppm for a full day before disappearing indicates a metastable 

species that is eventually consumed and/or converted.  When examining the 13C spectra (Figure 

4c), peaks at 91.2 ppm and 153.9 ppm disappeared around the same time. Together, these shifts 

indicate a -CH2- functionality with two highly electronegative components adjacent on each side. 

Carbonate units meet this criterion, suggesting a molecule like the DMC A+B carbocation in 

Figure 3. DFT calculations of this A+B intermediate (Figure S9) predicted 1H peaks at 6.49 ppm 

(13C: 88.6 ppm) for the protons in the -CH2- functionality between carbonate units, and 4.29 ppm 

and 4.84 ppm for the outer -CH3 groups, in reasonable agreement with weak signals at 4.15 ppm 

and 4.76 ppm (Figure S10). These three peaks showed similar temporal dynamics upon storage, 

further supporting the assignment. Consequently, the formation of both initial intermediates in Path 

A and B is possible simultaneously upon oxidation. Both DMC•+ and DMC• (Figure 2a) are too 

unstable in their original radical forms to be measured by NMR, especially as a paramagnetic 

organic species without a clear metal centre associated with them [44]. However, it is entirely 

plausible that they could form the metastable A+B species, thus eliminating the radicals and 

allowing detection via NMR. Although more stable than DMC•+ and DMC•, A+B is still a 

carbocation, albeit ternary, that will eventually break back apart into its constituent DMC•+ and 

DMC• molecules to follow the respective product networks. An alternative structure of A+B could 

be theorized where the radical O• of DMC•+ abstracts a proton from the terminal carbon of a pristine 

DMC molecule to generate more DMC• [14,21]. However, this pathway seems less likely, as a 

protonated version of DMC•+ was not observed in these measurements. 

Minor products of oxidation and associated chemical cascades were observed as the solution 

continued to degrade during storage. Very small amounts of HCOOH (Figure S11) were detected 

at 8.35 ppm (1H, s) from the early stages, but without significant concentration changes after day 

2 [7,45]. The only other minor product formed just after the initial oxidation step was observed at 

5.97 ppm (1H, s, Figure 4a) and grew in intensity until about one day after oxidation before 

levelling off. It is assigned as dimethyl methylene bis(carbonate) (DMMBC), first hypothesized 

by Moshkovich et al. [23] to arise from the reaction DMC• with a radical methyl carbonate from 

the abstraction of CH3
+ from DMC•+. DMMBC forms independent of the salt; however, further 

validation of this mechanism can be seen when the salt in the electrolyte is switched from LiClO4 

to LiPF6 (discussed in more detail below), as the reaction of CH3
+ with F generates fluoromethane  

in the 19F spectra at -269.7 ppm (q, 2JFH=46.2 Hz, Figure S12) [46,47]. As the solution continued 

to react over storage time, other products were generated from the continued chemical degradation 

of solvent molecules in the oxidized electrolyte. Besides LiOCH3, lithium methyl carbonate (1H 

singlet at 3.54 ppm in Figure 4b) was ascribed to unavoidable leaks of air into the NMR tube over 

time [7,43]. Finally, CO2 was observed in the 13C spectra (125.1 ppm, Figure 4c) 15 hours after 

oxidation, which has been widely reported as a downstream reaction product along with formic 

acid after DMC oxidation [7,17,23].  

To determine the influence of salt on solvent-derived degradation products, LiPF6/DMC was also 

studied. The main outcomes were very similar to LiClO4/DMC (Table S1), so we focus here on 
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the key differences. The major 1H peaks of interest are tracked over storage time in Figure 5a-d, 

with peak integrations (relative to the DMC solvent peaks) plotted in Figure S13. The reactive 

proton generated by oxidation of LiPF6/DMC appears at a higher field (17.91 ppm, Figure 1d) than 

in LiClO4/DMC (Figure S1), suggesting a greater acidity [48]. The A+B carbocation peak at 6.45 

ppm displayed seemingly accelerated dynamics, as its concentration peaks sooner than in 

LiClO4/DMC, lasting less than 7 h. This observation hints at an increasing decomposition rate 

catalysed by the PF6
- anion that increases the charge density on the carbonate moiety of A+B. This 

leads to more nucleophilic attacks, and thus, higher concentrations of the main decomposition 

product at 4.64 ppm [41].  

The presence of fluorine in the electrolyte mixture also introduces new products. Present from the 

initial stages after oxidation, fluoromethyl methyl carbonate (FMMC) was assigned to signals at 

5.94 ppm (d, 2JHF = 51.0 Hz, Figure 5a) and -157.6 ppm (t, 2JFH= 51.0 Hz) (Figure 5d) in the 1H 

and 19F NMR, respectively, with correlated HSQC and HMBC 13C 2D data (Figure S14). The 

methyl moiety of FMMC appeared as a small singlet peak around 4.01 ppm (Figure S15), in 

accordance with its proximity to DMC at 4.00 ppm. This product results from the fluorination of 

DMC• [49]. A fluorinated version of DMDOHC (FDMDOHC, Figure 3) was assigned to the major 
1H peak at 4.64 ppm (s), only slightly shifted from the F-free product in LiClO4/DMC, correlated 

to 13C peaks at 63.0 and 162.9 ppm (Figure 5b). The addition of F to the terminal C should be 

enough to slightly deshield the inner -CH2- to cause the subtle shift. DFT simulations (Figure S16) 

placed them in the range of 4.38 ppm (similar to the 4.39 ppm predicted for the inner -CH2- in 

DMDOHC), with the terminal H adjacent to F theoretically overlapping with the FMMC peaks at 

5.92 ppm. This molecule could form from linking together two subsequently deprotonated FMMC 

molecules or by subsequent fluorination of DMDOHC from linking two DMC•. 

A closer look at the 1H (Figure 5c) and 19F spectra (Figure S17) also revealed products of 

decomposition of the salt over the observation period. The major fluorophosphate formed was 

OPF2(OCH3), at -88.5 ppm in 19F (d, J=1005.7 Hz) and 4.44 ppm in 1H (d, J=12.1 Hz)). Wilken et 

al. predicted this product from the reaction of DMC with POF3, also observed at -90.1 ppm (19F, 

d, J=1066.1 Hz), itself arising from exposure of PF5
- with trace H2O [47]. Very small 19F signals 

were also observed for OPF2(OH) at -84.9 ppm (d, J=975.5 Hz) and OPF(OCH3)2 at -88.3 ppm (d, 

J=961.0 Hz) [9,47,50]. While HF would be expected to form from PF6
-, there were no detectable 

peaks in the 9.14-10.60 ppm 1H range where a doublet would be expected [7,48]. In addition, there 

was only a faint, broad singlet around -191.4 ppm in the 19F spectrum (Figure S18) indicating that 

if HF is formed, it is at very low concentrations and/or consumed. In contrast, a 19F signal at -156.1 

ppm (s) (Figure 5d) arose upon extended storage, indicating the formation of BF4
- from etching of 

the borosilicate glass tubes by the acidic solution, likely coming from the OPF2(OH) and highly 

acidic proton (Figure 1d) [48].  

 

2.2  
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EC  

Moving from a linear symmetric molecule like DMC to a cyclic symmetric molecule like EC 

significantly increases the complexity of the chemical cascade products, as the ring can stabilize 

reactive intermediates or open to form a mixture of linear and cyclic products. However, despite 

the differences in products, DMC and EC have very similar initial mechanisms indicating the 

importance of symmetry in these early reactions. The full EC reaction mechanism is presented in 

Figure 6, and Table S2 summarizes all the 1H NMR peaks observed and discussed below. 

The 1H NMR spectra of the oxidation products of both LiClO4 and LiPF6 in EC are displayed in 

Figure 7 with the overlay spectra for the major peak at 7.35 ppm expanded on the left. In fact, 

outside of direct anion reactions with reactive EC intermediates, almost all the reported oxidation 

products were observed in both LiClO4 and LiPF6-containing electrolytes. The only major 

difference was the faster growth of the main reaction products, particularly VC, in oxidized 

LiPF6/EC (Figure S19), similar to the case of oxidized DMC [51]. Similar LiPF6 hydrolysis steps 

were observed as in DMC with still little to no evidence of HF formation (Figure S20).  

The products of EC oxidation can be sorted into two categories, ring-opened and cyclic molecules, 

which correspond to paths that start with one electron transfer (Path A) and one electron/proton 

transfer (Path B), respectively. Overall, the major oxidation product of EC is VC, which requires 

the net removal of two electrons and two protons. It corresponds to a 1H signal at 7.35 ppm(s) and 
13C peaks at 134.1 ppm (HSQC) and 156.1 ppm (HMBC) (Figure S21). Its formation was further 

confirmed via addition of 100 mM VC into the oxidized electrolyte, resulting in an increased 

intensity at 7.35 ppm (Figure S22). In the literature, EC has been reported to oxidize to form VC 

and CO2  separately, but with much debate over the exact mechanism [10,15,19,52]. Typically, the 

removal of the second proton is explained via reaction with oxygen species (singlet, peroxide, 

superoxide) originating from the cathode material [10,12,18,19,33]. However, such a mechanism 

is not possible on inert Pt electrodes used here. Instead, one of the theorized radical intermediates 

(Figure 2b), likely EC•, could perform a secondary radical reaction on either another EC• or EC 

itself, resulting in additional proton abstractions and the formation of the alkene bond in the ring. 

The continuous increase in VC concentration over storage time thus implies that additional radical 

species must be either formed or made available for further reactions, even after electrochemical 

oxidation has stopped. 

The continued availability of EC• could also arise from the dynamics of an EC A+B metastable 

species analogous to that described for DMC. DFT predicts 1H NMR shifts for the neutral ring 

portion of a plausible A+B intermediate at around 6.81 ppm (dd, according to traditional splitting 

patterns) [53] with adjacent 1H at 4.92 ppm and 4.94 ppm, as well as 13C peaks of 70.4 ppm, 105.7 

ppm, and 153.5 ppm (Figure S23). These predictions match the 1H peak at 6.59 ppm (dd, J=5.5, 

1.9 Hz) with correlated peaks at 4.78 ppm and 4.95 ppm from the adjacent H in the ring structure 

(Figure S24) and 13C shifts of 71.6 ppm, 96.8 ppm, and 156.0 ppm (Figure S25-26). The original 
1H peaks on the carbocation ring portion of the A+B species are predicted at 5.44 ppm, in a region 
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where they could be masked by large noise around the EC solvent peak (Figure 7). In addition to 

the noise, carbocation predictions are challenging as simulations cannot perfectly reflect the 

complicated solution dynamics occurring in the electrolyte including the influence of salts and 

other ions on the conformation and positioning of the molecule, perhaps explaining the slight 

difference between experimental and estimated shift in the 13C peak at 96.8 ppm. Still, this 

structure seems reasonable as Chen et al. have assigned a similar peak (6.62 ppm (dd, 3JH-H= 5.6, 

1.9 Hz)) to methoxyethylene carbonate (MEC), a molecule with a very similar structure [54].  

Regardless of electrolyte salt, a short-lived intermediate appeared at 5.34 ppm (s) that is correlated 

with 13C NMR peaks of 76.5 ppm (HSQC) and 169.6 ppm (HMBC) (Figures S26-27). Based on 

the mechanism of VC formation from EC through a double radical along Path B, this peak could 

be a dimerized form of EC, (EC)2, from two double radical intermediates, branching away from 

VC formation. DFT simulation of this molecule estimates a 1H chemical shift of 5.16 ppm (s) and 
13C peaks at 77.4 ppm and 164.5 ppm (Figure S28). Anti-parallel EC dimers have previously been 

observed in both solution and gas-phases using dielectric and infrared spectroscopy, respectively, 

and are highly dependent on surrounding solvent dynamics to determine the degree of dimerization 

[55,56]. Since the only solvent here is EC, it is likely stabilized enough by the other EC molecules 

to be observed via NMR, whether that is with actual bonding or a quasi-shared radical species 

between the two charged molecules. Still, the predicted molecule would experience significant 

amounts of ring strain, especially in the quasi-butane ring connecting the two molecules, making 

it highly unstable. Conversely, VC is highly stable and can be generated from the same initial 

diradical components. Therefore, any generated (EC)2 likely breaks apart somewhat quickly to still 

form more VC molecules over time. 

Cyclic intermediates and even minor products along Path B seemed to converge toward VC. 

Polymerized forms are also expected based on literature observations, but only a dimerized form 

of EC, [4,4’-bi(1,3-dioxolane)]-2,2’-dione (BDOD), generated from two EC• molecules attaching 

at the radical position was detected after a day of storage with 1H peaks around 5.37 ppm (m, 

J=12.1 Hz) (Figure S29) and widths similar to the literature [57,58]. Once VC has formed, it can 

also further react with a double addition of EC•+ across the alkene bond to form a VC+2A structure 

(Figures 7, S22, S30), which is ascribed to the 1H signals at 6.63ppm (s) with correlated 13C peaks 

of 98.7 ppm and 152.2 ppm (Figure S27, S31), and would offer a plausible path to polymerization. 

A similar branching mechanism of VC polymerization was reported by Ota et al [57].  

As a radical carbocation molecule, EC•+ is predicted to favor ring opening [23]. Based on peak 

integrations, the ring-opened products were much more prevalent in LiClO4/EC than LiPF6/EC. 

Once opened, these molecules can undergo any number of chemical reactions, fracturing and 

rejoining to form new species, creating new branches of the network. Based on the shift and 

splitting patterns, the products at 6.08 ppm (dt, J=5.5, 2.5 Hz) and 5.83 ppm (dd, J=5.5, 2.5 Hz) 

are examples of polymeric species that can be generated as a result. The former can be ascribed to 

a proton with two H on one adjacent C (likely on the end of a double bond) and one H on the other 

adjacent C while still containing a carbonate group (Figures S24-27). The result could have a 
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similar structure to but-3-en-2-yl carbonate, although confirmation requires further study. The peak 

at 5.83 ppm is consistent with poly(1-hydroxyethyl carbonate) (PHEC) where an OH• group (either 

from trace H2O or from other molecule fragments) reacts on the ring-opened EC molecule to form 

a hydroxylated polymeric chain similar to previous reports (Figures S24-25, S31) [57,59]. Smaller 

molecules formed during the first NMR measurements as a result of fragmentation, including 

glyoxal at 9.34 ppm (s) (Figure S32) [23,60,61], CO2, and various ether molecules at 3.72 ppm 

and 3.66 ppm (s) (Figure S29). CO2 and ethers like oxirane, 1,4-dioxane, and 2-methyl-1,3-

dioxolane were previously reported to form as a result of chemical (as opposed to electrochemical) 

decomposition of intact EC molecules, catalysed by the protons generated by the anodic process 

[34]. The sharp intensity increase in the 3.72 ppm and 3.66 ppm peaks after a week of storage 

corresponds to the generation of Li2CO3 and LiOCH3 due to slow oxygen leakage through the 

Teflon tape, as discussed for DMC. EC can react with LiOCH3 to form DMDOHC (or its 

fluorinated counterpart, FDMDOHC), which could explain the appearance of a small 1H peak at 

4.66 ppm (Figure S29).  

We observed products related to the reaction of the specific electrolyte salt with EC• after the initial 

oxidation. In the oxidized LiClO4/EC electrolyte, a 1H signal at 6.94 ppm (dd, J=6.0, 1.7Hz), 

correlated with other H at 4.90 ppm and 4.99 ppm (Figure S24) and 13C at 102.6 ppm (Figure S27), 

was hypothesized to arise from Cl-based substitution into EC. DFT calculations for shifts of 

potential candidates led to (ClO4)EC, which would produce a 1H peak at 6.79 ppm and a correlated 
13C peak at 99.9 ppm (Figure S33). Due to the rapid relaxation of the 35Cl nuclei, concurrent 35Cl 

NMR (Figure S34) only showed a single broad peak, related to the coordination of the LiClO4 salt 

with solvent molecules, that did not change over storage time [62]. However, the broad nature of 

this peak does not necessarily distinguish between coordinated ClO4
- to EC and the unstable bond 

forming (ClO4)EC from the anion and EC•. The bulky substituent and the poor solvation of ClO4
- 

with EC [28,63] likely render the molecule highly unstable, consistent with its prominence only in 

the first scan and its complete disappearance after two days of storage. In contrast, LiPF6 unlocked 

a path to the clear and sustained presence of fluorinated ethylene carbonate (FEC), with 1H peaks 

at 6.42 ppm (ddd, J=64.1, 4.3, 1.1 Hz) and 19F peaks centered at -124.0 ppm (dq, J=64.1 Hz) 

(Figure S34) [7,54].  

Due to the high reactivity of the intermediates in the oxidized electrolyte, the slightest amount of 

contamination either from air or H2O will steer the observations artificially away from the specific 

products resulting from oxidizing the electrolyte. These impurities can come from the purity of 

electrolyte solvents, the efficacy in sealing the samples, and, most insidiously, even the use of 

common deuterated NMR standards. Our experimental design avoided these issues by engineering 

a sample holder that allowed us to seal sample and deuterated standard free from air in separate 

chambers to prevent cross contamination. To highlight the importance of this design, we conducted 

experiments where we intentionally added 1 wt% H2O to LiClO4/EC immediately after oxidation 

had ceased and conducted similar 1H NMR analyses (Figure S36). First, the highly deshielded 

proton signals were absent, replaced by a broad peak around 9.10ppm, which would be consistent 
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with a carboxylic acid instead of a highly acidic species. Second, while VC and other species were 

still formed, they did so at smaller concentrations in the presence of H2O. Third, the EC A+B peak 

at 6.59 ppm changed shape slightly and disappeared quickly and some of the more unstable 

intermediates, like (ClO4)EC and (EC)2, were not observed at all. Instead, the presence of H2O 

induced the formation of PHEC, at 5.83 ppm, which could result from hydroxyl groups reacting 

with a ring-opened molecule. Overall, these observations do not necessarily mean the initial 

intermediates are not formed, but they were certainly masked and/or altered by other reactions in 

the solution, ultimately fundamentally modifying the observed pathways, distorting observations 

enough to potentially lead to incomplete conclusions. 

2.3 

EMC 

The 1H NMR spectra for oxidized LiPF6/EMC are presented below in Figure 8 with the 

corresponding 1H data for oxidized LiClO4/EMC in Figure S37 and integrations in Figure S38. 

The summary of 1H and 13C data is displayed in Table S3.  The change from a symmetric molecule 

like DMC and EC to an asymmetric molecule like EMC, increased the possible mechanism 

permutations because more than one type of H is available for extraction. Previous theoretical 

work has predicted the preferential deprotonation at the b-site in the ethyl group [10,64]. The 

products themselves, however, reflect the asymmetry of the molecule and include a mixture of 

products associated with excision of either -CH3 group, similar to DMC oxidation, or -CH2-CH3 

group of EMC. Out of all the solvents examined, EMC appeared to have the highest concentration 

of HF observable via NMR at -191.1 ppm (19F, Figure S39) with increased BF4
- glass etching and 

more fluorophosphate degradation species (Figure S40).  

The major product in both LiClO4 and LiPF6/EMC appeared in the 1H spectrum at 4.96 ppm (13C 

peak at 75.1 ppm) and 1.70 ppm (13C peak at 12.7 ppm) (Figure S41). In LiClO4/EMC, these 

signals appeared as a clear quartet (2J=7.2 Hz) and triplet (2J= 7.0 Hz), respectively, indicative of 

a R-O-CH2-CH3 overall structure (Figure S37, S41); with smaller overlapping peaks growing in 

over storage time. With LiPF6/EMC, the peaks became even harder to interpret because of overlap 

with other peaks in the same region from the first measurement. The exact structure of this 

molecule(s) or how it correlates to the proposed Paths in Figure 2c could not be uniquely 

elucidated, but some conclusions could still be drawn based on the splitting and shifts of the NMR 

data. To start, the molecule is likely similar in structure to EMC, but the attached R functional 

group would need to be more electronegative than a carbonate in order to shift the peaks downfield. 

In LiPF6/EMC, this could potentially mean two Path B intermediates attaching at the radical site. 

Secondly, the small differences in peak shape and overlap between LiClO4 and LiPF6 can likely 

be attributed to the presence of fluorinated species, in analogy to DMC and EC observations. 

Finally, it is plausible that polymeric species were present in both salts as the electrolyzed solution 

became highly discoloured and opaque immediately after oxidation, giving way to a gel-like 

precipitate. This precipitate was measured with 1H solid-state NMR (Figure S42); however, results 
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were inconclusive beyond that it is likely a polymeric species. In contrast, the oxidized DMC 

electrolyte was still transparent with only a slight yellow tint after a month of storage (Figure S43). 

At this point, the signal-to-noise ratio and prominence of the solvent peaks limited the detection 

of any possible additional peak(s) of the product(s) in solution. Future research that overcomes 

these experimental barriers is needed to better clarify their identity and structure. 

Beyond this major product, oxidizing EMC produces many of the same species observed upon 

DMC oxidation, with slight differences in shift, likely due to solvation effects, and much lower 

intensities, likely due to competing reactions (Figure S44). It was interesting to observe the 

formation of the A+B intermediate identified for DMC, with a similar lifetime (~1 day of storage). 

The observation of some DMMBC indicates that cleavage of -O-CH2- bond on the ethyl side is a 

competing process. While HCOOH was observed regardless of salt, small amounts of DMDOHC 

formed in LiClO4, compared to the fluorinated molecules FMMC and FDMDOHC in LiPF6 

(Figure 8, Figure S45). These products all indicate that some form of either DMC, DMC•, or 

DMC•+ must be generated during EMC oxidation. While EMC has been reported to undergo either 

disproportionation or transesterification into DMC and DEC [41] in the presence of lithium 

alkoxides, no evidence of DMC or DEC was observed, unless masked by the bulk EMC, and 

alkoxides were not observed until after a few weeks of storage. We postulate that minor branching 

of the reaction involves EMC molecules fragmenting to form DMC• (DMC Path B) and CH3
• after 

deprotonation of the ethyl group [10,21], which proceed to further react. Unlike with EC, EMC 

appears highly unlikely to undergo a double proton abstraction due to the steric effects introduced 

by the additional -CH3 group. This event would demand the formation of PC, which was never 

observed. 

The deprotonation of the b-site H to produce EMC• (Figure 2b) would explain the formation of 1-

fluoroethyl methyl carbonate (FEMC) in LiPF6 [10,64], assigned to 1H peaks at 6.45 ppm (dq, J= 

56.4, 5.1 Hz), highlighted in Figure 8 and S39, and at -121.8 ppm in the 19F spectra (dq, J=56.7, 

20.7 Hz, Figure S44, S46) [54].  FEMC slowly disappeared with storage time, indicating ongoing 

reaction dynamics for weeks after oxidation was stopped. The final F-containing product of EMC 

oxidation was at 6.80 ppm (dd, J= 5.7, 1.8 Hz), correlated with 1H and 13C peaks at 4.99 ppm (m, 

J=7.1 Hz) and 161.4 ppm, respectively (Figure S47). They appeared to be associated with a 19F 

signal at -138.8 ppm (dt, J=55.2, 15.5 Hz) (Figure S39) based on similar intensities and peak 

formation after oxidation. Based on these correlations, this product was assigned as a polymeric 

form of FEMC (poly(FEMC)), which could further contribute to the dark discoloration and 

precipitates. 

When H2O was intentionally added to oxidized LiClO4/EMC (Figure S48), almost all the 

aforementioned intermediates and products were fully quenched. The only observable was a broad 

peak at 6.27 ppm, which shifted upfield and narrowed over time, giving way to a sharp peak at 

5.20 ppm after 10 days. This behaviour suggests that it is likely a polymeric product that is not 

fully dissolved in solution, but its exact identity remained unclear and warrants future investigation 

[65]. The near complete disappearance of all other products indicates how even trace levels of H2O 
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can drastically affect which oxidation intermediates and products are observable, and even 

neutralize the subsequent chemical cascades catalysed by the reactive protons. 

3. 

Discussion 

Our use of model systems using chemically inert electrodes unlocked the identification and 

tracking of products resulting from anodic decomposition of common alkyl carbonate solvents in 

Li-ion batteries, free of confounding factors associated with other battery components or 

simultaneous degradation processes like lattice oxygen release at the cathode. We also demonstrate 

that small amounts of H2O, common in deuterated solvents used for NMR referencing [35], are 

sufficient to completely skew the observations away from the inherent pathways, and we propose 

a solution that was key for unobstructed insight. Overall, our approach allowed us to identify the 

key structures of four new intermediates and four new products compared to the existing body of 

knowledge [7,10,19]. We were able to discriminate intrinsic solvent activity from the modulation 

induced by interactions with the specific salt in the electrolyte and even separate salt 

decomposition. Even in these constrained conditions, the results highlight that the process of 

electrolyte oxidation is, in reality, a network of reactions with preferential and competing branches 

that can also cross. This fact likely makes modelling the process extremely challenging, as linear 

outcomes are typically assumed.  

The electrochemical oxidation of all solvents studied begins the same way: electron transfer that 

may or may not be concurrent to proton transfer. The very high 1H NMR shifts (> 14 ppm) of the 

protons indicate high reactivity. These acidic species are rarely reported in battery literature, likely 

because they can be consumed by other cell components, resulting in transition metal dissolution 

from the cathode, degradation of CEI products, and chemical degradation of the electrolyte 

producing many products commonly observed in the literature, e.g., CO2 and a series of ether-

based molecules and polymers [4,7,12,34]. Furthermore, their persistence for days after 

electrolysis indicates that HF and difluorophosphoric acid, observed in electrolytes containing 

LiPF6 [9], are far from the sole acidic contributors to decomposition.  

Electrochemical quantification led to three proposed initial intermediates (Figure 2). Although 

none of these intermediates can be directly measured with NMR because they are radicals and/or 

carbocations, forensic identification of the main products provided strong evidence of a preference 

for a combination of an initial 1-electron (Path A) and 1-electron/1-proton step (Path B). No 

evidence of molecules that could be tracked to Path C was found. The main products of oxidation 

in DMC ((F)DMDOHC) and EC (VC) provided the clearest evidence of the existence of Path B. 

The fluorination of solvent molecules to form FMMC, FEC, and FEMC further implied the 

preferential deprotonation at specific locations. The existence of Path B indirectly indicates that 

Path A must also be followed to produce the 2:1 ratio measured via RRDE. In both DMC and EC, 

metastable intermediates conceivably assembled from the initial intermediates of Path A and B 

further support this conclusion. Molecules solely associated with Path A were slightly more 
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challenging to confirm, with downstream products like DMMBC and CO2 suggesting that 

chemical evolution is rapid along this pathway. Importantly, not only do competing pathways build 

a complex network of products, but the fact that they can cross is key to realizing that the damage 

continues even when the electrolyte is no longer under applied potentials.  

The solvents begin to diverge mechanistically after the formation of the initial intermediates. DMC 

and EC are the simplest forms of their respective class of carbonates (linear and cyclic) and are 

fully symmetric. There are few possible positions on the molecule where permutations could occur, 

which leads to very predictable reactions. While they follow largely equivalent pathways, DMC 

creates fewer and more straightforward products, whereas EC can undergo either ring-opening 

mechanisms to form polymers along Path A or maintain a ring structure with additional 

substituents or changes along Path B. The greater stabilization of the ring via delocalized electron 

density endows the associated intermediates with longer lifetimes, and, thus, measurement 

prevalence. When an asymmetric molecule like EMC is oxidized, the complexity of the reaction 

networks increases because a variety of branches are unlocked, including fracturing or 

functionalization on either side of the molecule. This leads to a mixture reminiscent of the DMC 

outcomes, plus additional species that include ethyl groups. It is rather trivial to extrapolate that 

further increasing molecular complexity will scale the complexity of the reaction network, which 

explains the challenges identifying the products of propylene carbonate (PC) oxidation in the 

literature [16,21,28]. It is likely that resolution of these challenges will demand combined 

approaches based on experiments and computational modelling of the reaction explicitly as a 

network [66].  

It is worth pondering the effects of the observed products on the overall health of a battery. At first 

glance, some of the products formed may seem beneficial to cycling. VC, for example, has been 

widely included in the electrolyte as a sacrificial additive to form a polymeric CEI and prevent 

surface reconstruction [6,67]. In the case of DMC, there is still some debate over the role of 

DMDOHC, with conflicting reports of high viscosity and poor conductivities contrasting with a 

role avoiding detrimental gas formation upon cycling at high temperature [46,47,68]. Regardless 

of outcomes, formation of these two products from EC and DMC demands the simultaneous 

generation of highly reactive protons and their degradation cascades, which would likely negate 

any benefits they may provide [34].  

With the clarity on the mechanisms involved in anodic decomposition in hand, we can tackle an 

important question: what can be done to stop the oxidation of the electrolyte entirely? Ideally, 

solvents would be available that simply withstand the potentials at which these alkylcarbonates 

react, which can be as low as 4.3 V vs. Li+/Li0 depending on the metric chosen [34], without penalty 

along the other requirements for device function, like electrode passivation, current collector 

stability, viscosity and ionic conductivity [29]. An alternative route involves the use of additives 

that can act as a radical trap of the initial intermediates or that can target most harmful products in 

the reaction mechanism. At a fundamental level, the first approach would offer the most 

comprehensive solution by tackling the earliest intermediates in the network, but it is unclear that 
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traps exist that are themselves stable at these potentials. At the other end, proton scavengers would 

prevent chemical degradation breakdown of the solvent into CO2 and ether species. It is possible 

that these additives can take the form of molecules in the electrolyte or coatings on the electrode. 

Outside of electrolyte manipulation, these decomposition pathways could also be halted by simply 

avoiding the onset potential of proton formation. Ultimately, a multi-pronged approach is likely to 

be necessary to preventing or alleviating the effects of anodic decomposition, considering the 

complex network of reactions and the possibility that only the balance of branches is altered. 

4. 

Conclusions 

Anodic decomposition of the electrolyte at high voltages in Li-ion batteries is fundamental to the 

challenge of durability, especially when high energy density is needed, so establishing their 

chemical underpinnings is essential. Through a combination of experimental and computational 

NMR on model electrolyte systems in controlled environments, we isolate the inherent pathways 

of decomposition of three leading solvents in commercial batteries, DMC, EC and EMC. The 

approach uncovered key, previously unknown intermediates that allowed us to reconstruct the 

complex network of reactions associated with the electrochemical process. In all cases, the initial 

step involves a combination of 1-electron and 1-electron/1-proton transfer, an early onset of 

branching. Subsequent downstream chemistry depends highly on the symmetry and complexity of 

the molecule. In symmetric molecules, the continued formation of small molecules is enabled by 

the formation of metastable intermediates that can fragment to continue to drive chemical 

degradation. Molecular asymmetry scales the complexity of the reaction network, making it much 

harder to predict and elucidate. Molecular complexity acts as another factor in network branching, 

as demonstrated by linear DMC leading to significantly less products than cyclic EC. The results 

lay bare the complexity of solvent oxidation at high voltages. By systematically isolating each 

component of the electrolyte and mapping the whole network, this knowledge will guide fresh 

approaches to mitigation of degradation that more precisely target specific intermediate stages and 

arrest the worst outcomes, especially when moving towards more complex, multi-solvent systems 

with battery electrode materials. Central to this goal will be strategies that can prevent the 

formation or reactivity of protons in the first place, since all reactions appear to be downhill after 

their formation. The potential payoff in the form of transformational energy density and lifetime 

demand a renewed effort to translate mechanistic knowledge into sophisticated molecular design. 

5. 

Experimental Methods 

5.1 

Electrodes and electrolytes. For rotating disc electrode (RDE) and rotating ring disc electrode 

(RRDE) measurements, Pt (111) single crystal disk (6 mm diameter) electrodes were used. Prior 

to assembling the Pt (111) disk into the RDE or RRDE holder (Pine Research Instrumentation), its 
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surface was conditioned by inductive heating for 7 min at 1050 °C in an argon-hydrogen flow (3 

% hydrogen) and cooled slowly to room temperature under the inert atmosphere. Before 

assembling into RDE or RRDE and during the transfer, the surface of the Pt (111) was protected 

from oxidation and surface contamination with a droplet of deionized water (Milli-Q system). The 

difference between the RDE and RRDE holder is that the latter has a Pt ring with inner and outer 

diameter of approximately 7.5 and 8.5 mm, respectively. The Pt ring surface was prepared by 

mechanical polishing using SiC paper (1200 grit, Buehler), then rinsed and dried. 

The electrolytes were prepared in the Ar-filled glove box by mixing LiClO4 (battery grade, 99.99 

% trace metal, Sigma Aldrich), which was dried under dynamic vacuum in the glass oven at 150 

°C for 150 h, or LiPF6 (BASF), which was also dried under dynamic vacuum at 120 °C, with 

ethylene carbonate, dimethyl carbonate or ethyl methyl carbonate (Gotion). The electrolytes had a 

water content of less than 10 ppm H2O. All electrolytes were stored in FEP bottles and prepared 

fresh for all experiments. 

5.2 

Electrochemical cells for RDE and RRDE analyses. A flooded cell configuration was used for RDE 

and RRDE measurements. The electrochemical cell was assembled in a three-electrode glass 

configuration, where a Pt-wire and a Li-metal were used as counter electrode and reference 

electrode, respectively, inside an Ar-filled glove box (VAC, < 0.2 ppm O2, < 0.5 ppm H2O). The 

electrolyte volume was between 7 mL and 9 mL for RDE and between 35 mL and 45 mL for RRDE 

(purged with Ar gas). 

5.3 

Electrochemical protocols. The electrochemical experiments were performed inside an Ar-filled 

glovebox (VAC, < 0.2 ppm O2, < 0.5 ppm H2O) equipped with feedthroughs for gas lines and for 

electrical connections to a potentiostat located externally (Autolab PGSTAT302N, Metrohm). 

Measurements were conducted in a custom glass cell, which was dried overnight at 180 °C under 

vacuum in the antechamber and then directly put inside the glovebox. The cell had a Luggin 

capillary in which to place the reference electrode (lithium metal) near the working electrode, as 

well as a frit that separated the counter electrode (platinum wire) from the main compartment. The 

cell resistance was measured by electrochemical impedance spectroscopy and the potential was 

manually post-corrected for the ohmic losses. 90 % IR drop correction was used in all 

electrochemical measurements. The samples for NMR analysis were generated by passing 45 

coulombs of charge through the electrolyte galvanostatically at 10mA output current using a Pt 

(111) electrode at 900 rpm rotation rate. 

5.4 

NMR analysis. Electrochemically oxidized electrolytes consisting of one salt (LiClO4 or LiPF6) 

and one solvent (DMC, EC, or EMC) were measured using 1H, 13C, 19F, and 35Cl NMR 

spectroscopy on a 300MHz Bruker Avance III HD spectrometer with an ATMA BBO probe. 2D 
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NMR was performed including 1H-1H Homonuclear Correlation Spectroscopy (COSY), 1H-13C 

Heteronuclear Single Quantum Coherence (HSQC), and Heteronuclear Multiple Bond Correlation 

(HMBC) using the same spectrometer. All NMR samples were prepared in an argon-filled 

glovebox with flame sealed glass capillary inserts containing deuterated water (D2O) as an external 

reference at 4.67 ppm. Each NMR tube was double sealed with Teflon tape to allow for extended 

measurements over time at room temperature in the atmosphere. The time between the end of the 

electrolyte oxidation and the first NMR spectroscopy measurement was roughly 20 minutes. NMR 

measurements were taken constantly for three straight days and then periodically for a minimum 

of three weeks. All NMR measurements were performed at room temperature. Solid-state MAS 

NMR measurements were performed on a 300MHz Bruker Avance III spectrometer using a 3.2 

mm zirconium rotor at a spinning speed of 20kHz. 

5.5 

EPR analysis. Continuous wave (cw) X-band (9.5 GHz) electron paramagnetic resonance (EPR) 

measurements were conducted using a Bruker ELEXSYS II E500 spectrometer equipped with a 

rectangular TE102 resonator (Bruker ER 4102ST). All EPR measurements were performed at 

cryogenic temperatures, which was provided by liquid helium gas-flow cryostat (ICE Oxford, UK) 

and an ITC temperature controller (Oxford Instruments, UK). 

5.6 

DFT calculations. DFT calculations were conducted using an ab initio quantum chemistry 

program, ORCA 5.0.4 [69]. The molecular configuration was first optimized based on Universal 

Force Field (UFF) implemented in a molecule editor and visualizer software, Avogadro, before 

further optimization at ωB97M-V/ cc-pVQZ/JK level [70]. The chemical shielding tensors and J-

coupling tensors were calculated with the B3LYP density functional in conjunction with the 

pcSseg-n basis set and solvent effects accounted for using the Conductor-like Polarizable 

Continuum Model (CPCM) based on the dielectric constant and refraction index of EC solution 

with approximately 1 M of Li salt [71-72]. The shielding values were then converted to predicted 

chemical shifts with a calibration factor determined by the difference between experimental and 

calculated chemical shifts of the primary solvent molecule (DMC, EC, etc.) then verified by 

comparing known products like VC, FEC, and FMMC. Due to the inherent gap in complexity 

between the modeled systems of electrolyte used in DFT calculations compared to those measured 

experimentally that contain a host of other species that can affect the solvation structure of the 

molecule of interest, perfect alignment of simulation and measured is unlikely. Therefore, based 

on comparisons of species identified via other methods to their predicted shifts, a ±0.3 ppm error 

range of 1H simulations and ±5.0 ppm error range of 13C simulations has been implemented.  

Predicted structures were visualized using VESTA [73].  

Additional figures, text, and data are provided in the Supplemental Information. 
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Figure 1. a) Current measured on the disk and b) ring of the RRDE setup during oxidation of  

LiClO4/DMC (purple), EC (blue), and EMC (pink), c) ratio of protons to electrons participating in 

the oxidation reaction across the three solvents at different voltage points obtained by dividing the 

currents in a) and b), d) Zoom of the 1H NMR spectra tracking the evolution of electrogenerated 

protons in LiPF6/DMC (top), /EC (middle), and /EMC (bottom) over storage time  

Figure 2. Proposed electrochemical oxidation pathways of electrolytes with a) DMC, b) EC, and 

c) EMC 

Figure 3: Oxidation and chemical degradation pathways of DMC.  

Figure 4: Region between a) 4.50 and 6.50 ppm and b) 3.35 and 4.20  ppm of the 1H NMR spectra, 

and c) 13C NMR spectra of LiClO4/DMC electrolyte at different time stamps. “Pristine” refers to 

the electrolyte prior to electrolysis, with “Oxidized Day 1” occurring roughly 20 minutes after 

electrolysis was stopped. The color coding follows the same assignment as Figure 3: the reaction 

intermediates are highlighted in yellow, the major oxidation product in green and the products of 

chemical cascades in purple. The zoom to the right of panel a) shows a close look at the increase 

in intensity of the major product.  

Figure 5: a) 1H shifts of oxidized LiPF6/DMC electrolyte at different time points after initial 

electrochemical oxidation was stopped from 4.50-6.50 ppm. The reaction intermediate peak is 

highlighted in yellow at 6.45 ppm. The major oxidation product at 4.64 ppm is highlighted in green 

and its intensity increase upon aging is expanded upon on the right. b) 1H and 13C correlation 2D 

NMR (HSQC (left) and HMBC (right)) of FDMDOHC and other oxidation products, inset of 

labeled FDMDOHC structure. c) 1H shifts of oxidized LiPF6/DMC electrolyte at different time 

points after initial electrochemical oxidation has stopped from 3.55-4.82 ppm, d) 19F shifts of 

FMMC and BF4
- in oxidized LiPF6/DMC 

Figure 6: Oxidation and chemical degradation pathways of EC 

Figure 7: 1H shifts of oxidized EC electrolyte with LiClO4 (top) or LiPF6 (bottom) at different 

time points after initial electrochemical oxidation has stopped. The reaction intermediates are 

highlighted in yellow. The major oxidation product, VC, is highlighted in green and expanded 

upon on the left.  

Figure 8: 1H shifts of oxidized LiPF6/EMC electrolyte at different time points after initial 

electrochemical oxidation has stopped. Intermediates are highlighted in yellow and the major 

oxidation product at 4.97 ppm and 1.67 ppm is highlighted in green. Its intensity increase upon 

aging is expanded upon below. 

 

 

 


