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Abstract. Lithium ethylene dicarbonate (CH,OCO,Li), was chemically synthesized and its Fourier
Transform Infrared (FTIR) spectrum was obtained and compared with that of surface filmsformed on
Ni after cyclic voltammetry (CV) in 1.2M lithium hexafluorophosphate (LiPFg)/ ethylene carbonate
(EC): ethyl methyl carbonate (EMC) (3:7, w/w) electrolyte and on metallic lithium cleaved in-situ in the
same e ectrolyte. By comparison of IR experimental spectrawith that of the synthesized compound, we
definitively established that the title compound is the predominant surface species in both instances.
Detailed analysis of the IR spectrum utilizing quantum chemical (Hartree-Fock) calculations indicates
that intermolecular association through O---Li---O interactions is very important in this compound. Itis
likely that the title compound in passivation layer has a highly associated structure, but the exact

intermolecular conformation could not be established based on analysis of the IR spectrum.



|. Introduction

Lithium ethylene dicarbonate (CH,OCO,L ), has been proposed by Aurbach et a.* as one of
the reduction products of ethylene carbonate (EC) on noble metals and lithium electrodes. The proposed
single electron reduction path is as following:

2EC + 2€ +2Li — (CH,OCO,Li), +CH,=CH, 1 [1]
The above path was extended later by Aurbach and coworkers to the eectrochemical reduction process
of EC on carbonaceous anode surfaces, and eventually led to the general belief inherited by Li ion
battery industry and research community that this dicarbonate plays a major role in constituting the
protective film on the carbonaceous anode (solid electrolyte interface, or SEI), so that reversible lithium
ion chemistry could occur. The details have been summarized in a comprehensive review article by Xu.°
However, due to the unusual sensitivity of the title compounds toward ambient moisture, there was
never an affirmative identification that could directly link the title compound to the species detected
spectroscopically on electrode surfaces. The closest identification of this compound comes from the
FTIR spectrum obtained from the electrolysis product of EC in tetrahydrofuran (THF) + 0.5 M
tetrabutylammonium perchlorate (TBAP) on a gold electrode, which was isolated from electrolyzed
solutions in the form of precipitation?. The obtained product is speculated to be (CH,OCOsLi),, which
would be consistent with an EC single electron reduction mechanism shown in eg. [1]. The *H- Nuclear
Magnetic Resonance (NMR) collected from the decomposition of the electrolysis product in deutered
water (D,0) seemed to support this speculation. Nevertheless, the identity of this key species of SEI
remains elusive mainly for two reasons. a) the hitherto absence of true reference compound and its
reference spectrum; 2) difficulties in obtaining high quality FTIR spectra on electrode surface after
electrochemical processes, thus allowing unambiguous identification of such species. Given the critical
role of the title compound and other alkylcarbonates in the surface chemistry of Li-ion battery
technology, the in-depth understanding of their formation and physical/thermal properties would be of

significant value to this Li-ion battery research field. Thus, collaboration between Lawrence Berkeley



National Laboratory (LBNL) and U.S. Army Research Laboratory (ARL) was established, which
combined the expertise in chemical synthesis, eectrochemistry, spectroscopic characterization and
computation modeling. The present paper presents some of the results generated by this collaborative
effort.

In this work, lithium ethylene dicarbonate, was chemically synthesized and its FTIR spectrum
was obtained and compared with that of surface films formed on Ni after cyclic voltammetry in 1.2M
LiPFs/ EC.EMC (3:7, w/w) eectrolyte. The chemical synthesized compound was also reported recently
by Tarascon et al. via a different synthesis route’. This direct comparison allows us to unambiguously
identify (CH,OCOgLi), as the predominant reduction product, in addition to eectrolyte residues, in
support of EC reduction path [1] on inert metal electrode. These results also provide fingerprints of
lithium ethylene dicarbonate in experimental FTIR spectroscopy, which would serve as a reference for
SEI' components identification in future studies, as well as experimental validation of theoretical

approaches.

II. Experimental

Lithium ethylene dicarbonate (LiOCO,CH.), was synthesized in ARL by the following route:

o
Ho +2 BuLi Ho +2CO, Hy
C OH c OLi > C e) O Li
Ho o ¢ SBun LtioT ¢ Lio o >
Ha Ha Hy
O [2]

All the reaction and purification procedures were carried out in a dry-room with dew points below -85
°C. A flask equipped with reflux condenser was charged 30 mL of 2.5 M butyl lithium (LiBu) solution
in n-hexane with additional 200 mL anhydrous ether used as diluent solvent. Total of 2.3 g ethylene
glycol was then added drop-wise into the LiBu solution with vehement stirring. The mixture
temperature was maintained below 30 °C by adjusting the addition rate. After the addition, the reaction
mixture became a milky suspension of lithium ethylene dialkoxide (LiOCH,CH,OL.i), into which the

analytic grade of CO, was introduced. Immediate change was observed as the white flake crystals



formed as precipitation. After excess amount of carbon dioxide (CO,) introduction, the crystalline
product was repeatedly washed with dried acetonitrile following filtration. The sample was further dried
under vacuum at ambient temperature overnight. The dried sample was then sealed in Argon (Ar)
glovebox and shipped to LBNL.

Electrochemical measurements were carried out in an Ar-filled glove box, with O, content < 1
ppm and H,O content < 2 ppm, using a three-electrode glass cell. A high temperature annealed and
polished nickel (Ni) foil (99.999%, 0.95 cm?) was used as a working electrode, and lithium was used as
both counter and reference electrodes. The eectrolyte was 1.2 M LiPFg/ EC: EMC (3:7 w/w). The
electrochemical cell was sealed to prevent evaporation of the volatile electrolyte component, EMC,
during the experiments. All CV measurements were performed at ambient temperature with a computer-
controlled Gamry PCI4/300 potentiostat. Following voltammetry, which included lithium deposition,
the Ni electrode was removed after the final sweep in the positive directionto 2.5V, i.e. after theanodic
stripping of any deposited lithium. The Ni electrode was placed in avacuum transfer vessel in the glove
box, and the sealed transfer vessel was taken to the FTIR spectrometer. The sample chamber of the

spectrometer has a helium gas-purged enclosure that permits sample mounting without air-exposure.

To study chemical reduction, on metallic lithium, of electrolyte used in eectrochemical
reduction, a lithium (Li) foil (99.9%, Aldrich) was cleaved in-situ and l€eft in the electrolyte for a few
minutes in Ar filled glovebox. The sample transfer and measurement followed the identical procedures

asthat of Ni electrode after CV.

As a control sample for the IR spectrum of residual electrolyte, a gold foil was simply stored in
the same electrolyte for several days in the glove box, then removed and analyzed in the same manner
as the Ni electrode after CV. All the IR spectra were acquired in the attenuated total reflection (ATR)
mode at a 4 cm'* resolution and summed over 512 scans. Details of our ATR mode for FTIR analysis

have been reported in earlier publications® .

[11. Computation



We performed ab inito quantum chemical calculations using Gaussian 98'° at Hartree-Fock (HF)
theory level with a 6-31+(d,p) basis set. The molecular structure was optimization first prior to
frequency calculations at same theory level and basis. The systematic error in calculated vibrational

frequencies at the HF level was corrected by using empirical scaling factor of 0.8929™.
V. Results and Discussions

The structural identification of synthetic (CH,OCO,Li),

Approximately 20 milligrams of the synthesized title compound was mixed with 3 mL acetone-
ds in NMR tube. Since this dicarbonate salt has very poor solubility, a suspension was obtained. *H- and
3C-NMR was collected from this suspension with 400 MHz Oxford Spectrometer. The spectra (Figure
1A) showed *H-signal at 3.53 ppm (singlet) as well as **C-signals at 62.96 ppm (singlet, for C2) and
157 ppm (singlet, for C1). Due to the trace presence of the salt in solution and the low abundance of **C
nuclei, the background noise arising from the deutered solvent remains highly interfering, especialy so
for the sp>hybridized carbonyl carbon (C1). In order to confirm the existence of the carbonyl
functionalities — so that the structure of (CH,OCO,L.i), could be affirmed beyond any doubt — we
deliberately decomposed it with D,0O, and carried out further NMR measurements (Figure 1B) on the
resultant D,O solution. It was found that the *H-signal was shifted to 3.58 ppm, while a conspicuous **C
peak was detected at 160 ppm, indicating that deutered ethylene glycol and lithium carbonate (Li.COs)

were formed as aresult of deuterolysis:

o)
)J\ & o_ _ou PO B b
Lio o~ ¢ —= LipCO3+CO + O\~
o)

[3]
Therefore, the crystalline product obtained via. synthetic path [2] is in fact the desired compound
(CH2OCOsLI)3.

The FTIR spectrum of the synthesized lithium ethylene dicarbonate (CH,OCO,L.i), is shown in
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Figure 2. To aide in interpretation of the IR spectrum, we calculated vibrational frequencies of the
compound by ab initio quantum chemical calculation. The optimized structures of the (CH,OCO,L.i);
single molecule and its dimer are shown in Figures 3A and 3B, respectively. The calculated normal
mode vibrational frequencies and their comparison to experimental frequencies are tabulated in Table 1,

aswell as characteristic FTIR spectral feature assignments to (CH,OCO,Li)s.

The O(1)C(1)0O(1)O(2) symmetric stretching mode, coupled with C(2)H(1), twisting mode, is
predicted to be a 1427 cm® by quantum chemical calculation, but is observed at 1402 cm™
experimentally. The combination of C(1)O(2)C(2) asymmetric and O(1)C(1)O(1) symmetric vibrational
modes gives rise to a medium intensity peak at 1062 cm*, shifting significantly to lower wavenumber
than theoretically predicted position as well. The pesk at 825 cm™ is characteristic of the semi-
carbonate group (O(1)C(1)O(1)O(2)) out-of-plane bending mode, while the weak pesk at 726 cm” is
attribute to coupling of O(1)C(1)O(1) and C(1)O(2)C(2) deformation modes. The strongest peak at
1663 cm™ is characteristic of the asymmetry stretching mode of the O(1)C(1)O(1) resonance, with bond
order of 1.5, i.e, the two oxygens O(1) in this molecule are chemically equivalent. However, the
O(1)C(1)O(1) resonance, a very reliable group frequency, compares unsatisfying with the calculated
frequency of 1582 cm™ in single molecule (CH,OCO,Li),. Although many of the experimental spectral
features could be assigned with the aid of quantum chemical calculations based on the single molecule
mode (Fig. 3A) at HF levd, it is evident that theoretical calculation for the single molecule does not
reproduce the most reliable group frequencies with the expected accuracy, nor capture the peak splitting
at ca. 1400 cm™, 1310 cm™, and completely missed the experimental peaks at 1115 cm™ and 1006 cm™.
Calculation at much higher theory level B3PW91/6-31G(d)™ on the (CH,OCO,Li), molecule did not
improve the agreement with experiment, implying that it is the model rather than the theory level used
that fails to reproduce these experimentally observed vibrational modes. These extra features are most

likely due to strong inter- molecular interactions from either dimer formation or other solid-state effects,



e.g. coupling, neglected in the single molecule calculation.

To explore the effect of inter-molecular interactions on vibrational modes, the dimer structure
proposed by Balbuena et al.* was used, and was optimized at same theory level as the (CH,OCO,Li),
single molecule calculation, i.e. at HF/ 6-31+(d,p) level. The vibrational calculation on the optimized
dimer structure (Fig. 3B) is presented in Table 1. In the dimer structure, the semi-carbonate groups, i.e.
O(3)C(3)0(4)O(4), involved in dimerization have different chemical environment than ther
counterpart, O(2)C(1)O(1)O(1). Such unique environment gives riseto 1115 cm™, 1006 cm™, aswell as
peak splitting at ca. 1400 cm™. The most interesting aspect revealed by the dimer mode calculation is
the difference in vibrational frequencies of the O(1)C(1)O(1) and O(4)C(3)O(4) asymmetric stretching
mode, from 1583 cm for the single molecule to 1651 cm™ in the dimer. The excellent agreement of the
frequency calculated for the dimer model and the experimental vibrational mode at 1663 cm™* strongly
suggests that the (CH,CH,OCO,Li), molecules in the solid state are associated with each other via

O---Li---O interactions.
Analysis of surface species formed after lithium deposition on Ni

The CV obtained in 1.2M LiPF/EC:EMC (3:7) electrolyte on Ni electrode is shown in Fig. 4A.
The potential was swept from an open circuit voltage (OCV) of 2.9V to 0.5V, followed by reverse scan
from 0.5V to 2.5V vs. Li/Li*, at ascan rate of 1 mV//s. A pronounced cathodic peak observed in the 1%
cycle, presumably due to the electrolyte solvent reduction, was not observed on subsequent cycles,
indicating the Ni surface became passive to eectrolyte reduction in this potential range. The total
charge under the reduction peak was ca. 0.01C/cm™ The chemical nature of passivation layer was
revealed by FTIR spectrum (Figure 5, spectrum c¢) obtained on the Ni electrode after the cyclic
voltammetry shown. Although the Ni electrode was still covered with EC:LiPFs solvate, two unique
features at 1660 cm™ and 1310 cm™* (marked by arrows above the spectrum c) appeared in the spectral

region where the residual electrolyte has no vibrational modes. Interestingly, those new peaks are two of



the characteristic vibrational modes in the synthesized (CH,OCO.L.i), (spectrum ain Fig. 5). However,
the passive layer was not sufficiently adherent to the Ni surface to survive rinsing with dimethyl
carbonate (DMC), i.e. al attempts to rinse just the residual eectrolyte from the electrode resulted in

removal of the passive film as well.

A more adherent and robust reduction product was observed on the Ni electrode after cycling
through the potential region, which included lithium deposition and stripping. Thefirst sweep is shown
in Figure4B. The CV has a classic appearance with a “nucleation loop” characteristic of deposition by
a nucleation and growth mechanism®® and is qualitatively very similar to the first sweep on a Ni
microdisk electrode in 1 M LiAsF¢/propylene carbonate (PC) electrolyte reported by Pletcher et al.*.
The cycling efficiency, defined as the ratio of anodic to cathodic charge in a single cycle, varied with
the number of cycles as shown in the insert. Lithium cycling efficiencies of 50 — 75 % are also very
similar to those reported by Pletcher et al.** and more recently by Mitsubishi group®. The electrode
was removed from the cell after the Sth sweep to 2.5 V and the surface analyzed by FTIR. After
elimination of most of the residual electrolyte by controlled rinsing with DM C, the remaining reduction
product clearly evolved from the spectral features denoted by the arrows in the original (no rinsing)
spectrum from the electrode cycled only to + 0.5 V, i.e. without lithium deposition. This was strong,
but not definitive evidence, that the reduction product formed below + 0.5 V accompanying lithium
deposition is the same as that formed initially in the + 0.5—-2.5V region. As pointed out by Pletcher et
al.** previously, the initial electrochemical processes in this potential region include the reduction of
water (and possibly other impurities) in the electrolyte, as in fact we can see that in the spectra, as
discussed below. As clearly shown in Fig. 6, the spectrum b from the Ni surface has all the vibrational
modes present in that of the synthesized lithium ethylene dicarbonate, both in vibrational frequencies
and relative intensity between 2000-700 cm™. Several weak peaks, not present in lithium ethylene
dicarbonate spectrum, could be readily attributed to electrolyte residue remaining on the surface (see Fig

6, spectrum c). Virtually all the spectral features on the Ni electrode after lithium cycling could be



accountable by superposition of lithium ethylene dicarbonate and residual electrolyte (EC:LiPFs-

solvate).

It is very difficult even to estimate the thickness of the lithium ethylene dicarbonate layer on the
Ni surface after this experiment based on the absolute intensities of the IR bands. We can, however,
estimate this thickness from the total charge of ca. 0.01C/cm? under the reduction peak in Figure 4A
assuming all the charge goes to reduction of EC to lithium ethylene dicarbonate. Using 4 € per dimer,
there would be ca. 1.56 x 10" dimers per cm?. Assuming the lithium ethylene dicarbonate dimer
structure are cylinders being 20 A in length and 3 A in diameter and a monolayer (ML) is formed by
laying these cylinders end-to-end and side-to-side, there are 1.67 x10* dimers per cm? per ML. The
thickness therefore is about 100 ML or about 300 A (30 nm), consistent with 10 - 100 nm as the order of

magnitude of passive layer thickness suggested by several different studies™ *’.

As shown by the spectra in Figure 7, the purely chemical reaction between an in-situ cleaved
surface of metallic lithium and this same electrolyte produced virtually an identical surface layer on the
lithium as on the Ni after lithium deposition and dissolution. Note that these spectra also include the
region around 3600 cm™, the O-H stretching frequency region, and the features in this region in the
spectra of the lithium and Ni surfaces are as mentioned above can be attributed to LiOH - nH,O from
water reduction (the feature at 3300 cm™ in the synthesized (CH,OCO,Li), spectrum is from residual

(ethylene glycal)).

It is informative to discuss the implications of our experimental findings in the context of
theoretical studies of the mechanism of electrochemical reduction of EC. High level Density Functional
Theory (DFT) calculation considered five different paths for termination of the one-electron EC radical
anion™, identifying two barrierless dimerization pathways, resulting in either lithium butylene
dicarbionate (CH,CH,OCO.,Li), or lithium ethylene dicarbonate (CH,OCO,Li),. These two were the

energetically most favorable pathways of the five considered. In our synthesis of the latter compound,



we could distinguish the absence of the former as alkyl (-CH»-) carbon and ethoxy (-CH,0O-) carbon are
easily differentiated by their chemical shifts in NMR. In both *H- and *C- NMR of the synthesis
product in aceton-ds or D0, only one type of sp® carbon, corresponding to carbon in ethoxy, was found.
In the case of IR spectroscopy, the spectral region between 3100 —2800 cm™ is the region where the two
carbonates could be distinguished. Of particular importance is the absence of characteristic ethylene (-
CH,-) group frequencies at 2920 cm™ and 2850 cm™ in spectrum b, lower panel, Fig. 6. Such
vibrational frequencies would be found if lithium butylene dicarbionate (CH,CH,OCO,Li), instead of
lithium ethylene dicarbonate (CH,OCO.Li), is one of the main reduction products of the surface SEI
layer components.

Another interesting implication of our result is that there was no evidence of the involvement
of the co-solvent EMC in the formation of the surface layers. As pointed out so elegantly in the DFT
calculations by Wang and Balbuena et al.*®, lithium ion solvation plays an important rolein lowering the
energy barrier for electron transfer to form the radical anion, i.e. the EC molecules solvating lithium
ions are selectively reduced. Due to much higher dielectric constant (¢ = 90) of EC than that of its co-
solvent EMC (e = 3)° , EC would be expected to be the primary molecule in the inner solvation sheath
of lithium ion in an EC:EMC co-solvent™®. Recent studies on various Li-ion battery electrolytes by
Arakawa et al. using electrospray ionization mass spectroscopy, and Reddy et al.?* using *C-NMR all
confirmed that lithium ions are amost exclusively solvated by cyclic carbonates in e ectrolyte solutions
with mixed linear and cyclic carbonates. Thus, it is not surprising to find that the SEI formed in this
electrolyte would be by EC-reduction rather than EM C-reduction.

Finally, we fed it is important to discuss the physical structure of the lithium ethylene
dicarbonate layer although we have no direct evidence of what this structure is. Our FTIR spectrum of
the synthetic compound and the quantum chemical calculations (Hartree-Fock) used to interpret the
spectrum indicate that intermolecular association through O---Li---O interactions is very important in this

compound. Wang and P. Balbuena™ have conducted a detailed quantum chemical (B3PW91) study of
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the O--Li---O interactions and resulting intermolecular conformations in a number of lithium akyl
dicarbonates, including the dicarbonate of interest here. They concluded that the linear n-mer chain-like
structure, of which the dimer we used here, is not as energetically favorable as a 3-dimensional cage-
like network structure, which has a higher Li---O coordination than the linear chains. However, the IR
spectrum they calculate for more highly Li---O coordinated structures, relative to those calculated for the
dimer/trimer/tetramer structures, introduces frequency shifts and additional peaks that we did not see in
our experimental spectrum n-mer. Therefore, it appears from data available at present that the
(CH,OCO,LI), layer has a highly associated structure from relatively strong O---Li---O interactions, and
that this associated structure plays an important role in the passivating nature of the layer. The exact

intermolecular conformation of the (CH,OCO,L.i); is, however, not yet established.

V. Conclusions

By comparison of IR experimental spectra with that of the synthesized compound, we
definitively established that (CH,OCO.Li) is the predominant surface species on a Ni electrode after
lithium deposition in LiPFs/ EC:EMC( 3:7) electrolyte. We also found that lithium ethylene dicarbonate
is the passivation layer that forms on metallic lithium cleaved in-situ in the same electrolyte. Detailed
analysis of the IR spectrum utilizing quantum chemical calculations (Hartree-Fock) indicates that
intermolecular association through O---Li---O interactions is very important in this compound. It is
likely that the (CH,OCO.Li), passivation layer has a highly associated structure, but the exact
intermolecular conformation of the (CH,OCO,L.i), could not be established based on analysis of the IR

spectrum.
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Figure Captions
Figure 1. A.) *H- and *C-NMR of lithium ethylene dicarbonate in aceton-ds; B.) *H- and *C-NMR of

lithium ethylene dicarbonaten decomposition productsin D,0.

Figure 2. FTIR spectrum of synthetic lithium ethylene dicarbonate.

Figure 3. Molecular formula and structure of lithium ethylene dicarbonate (A) and dimer (B).
Chemically un-equivalent C and O atomsin the molecule are as labeled by 1-5. The geometry presented

is based on converged configuration from quantum chemical (Hartree-Fock) calculations.

Figure 4. (A) Cyclic voltammogram of Ni electrodein 1.2 M LiPFg/ EC: EMC (3:7) eectrolyte. Sweep
rate was 1mV/s; (B) first cyclic voltammogram of Li deposition and dissolution on Ni electrodein 1.2
M LiPFs/ EC: EMC (3:7) electrolyte. Sweep rate was 1mV/s. Insert: Cycling efficiency (Q4/Qc) for

lithium deposition on the Ni substrate.

Figure 5. FTIR spectra of: a.) synthetic lithium ethylene dicarbonate; b.) EC solvate; and c.) surface of

Ni electrode cycled between 0.5—2.5V vs. Li/Li* (seeFig. 4 A).

Figure 6. FTIR spectra of: a.) synthetic lithium ethylene dicarbonate; b.) surface species on Ni e ectrode

after Li deposition cycling between —0.5t0 2.5V (see Fig. 4B); c.) EC.LiPFg -solvate.

Figure 7. FTIR spectra of: a.) surface film formed on freshly cleaved metalic Li in 1.2 M LiPFg/ EC:
EMC(3:7) ; b.) Ni electrode after total nine cycles of Li deposition and dissolution; c.) synthetic lithium

ethylene dicarbonate.
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Table 1. Comparison of experimental and calculated vibrational frequencies of lithium ethylene
dicarbonate single molecule and dimer

Experimental Monomer Dimer Assignment
(cm™) Calculated Calculated
(cm™®) (cm™®)
2975 2962 2960 C(2)H(1), asym. str.
2961 2903 2902 C(2H(1)2 sym. str.
2943 2898
1663 1651 O(4)C(3)O(4) asymmetric str.
1582 1583 O(1)C(1)O(1) asymmetric str.
1452 1483 14384 C(2)H(1), deform. (scissoring)
1457 C(2)H(1), deform. scissoring
+C(1)O(2)C(2)& C(3)O(3)C(2)
1402 1427 1412 0O(1)C(1)O(1)O(2) asym. str.
+ C(2)H(1), twisting.
1385 1389 O(3)C(3)0(4)O(3) asym. str.
+ C(2)H(1), twisting.
1318, 1302 1311 1307 C(2)H(1), wagging (unreliable group fre.)
1115 1151 C(3)O(3)C(2) asymmetric str.
1061 1137 1131 C(D)O(2)C(2) asym.
+0O(1)C(1)O(2) sym. str.
1006 0 - 965 0O(4)C(3)0(4)O(4) sym. str.
+C(1)O(2)C(2) sym. str.
825 840 840 CO; out of plane bending
+ C(2)H(1), out of plane rocking
(twisting)
726 740 746 0O(1)C(1)O(1) deform.
+ C(1)O(2)C(2) deform.
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