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The decomposition of electrolyte and additive molecules has a critical impact on
battery performance. In this work, large-molecule decomposition products in
solid-electrolyte interphase (SEI) are identified with clear structure assignment
by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS). The MALDI analysis is facilitated by on-electrode
chromatography that serves to fractionate different molecular species on the
electrode surfaces prior to MS measurements. These methods exemplify a
practical and readily adoptable strategy to characterize the organic elements in
SEls.
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Summary

The solid-electrolyte interphase (SEl) produced by the decomposition of electrolyte has critical impact on
battery performance. However, the precise makeup of SEl including the composition of organic and
polymeric species, is one of the least understood aspects of lithium-ion batteries. Here, we probe the SEls
using Matrix-Assisted Laser Desorption/lonization-Time of Flight mass spectrometry (MALDI-TOF-MS)
assisted by on-electrode chromatography. On-electrode chromatography utilizes the electrode itself as
the stationary phase for fractionating the molecules on the electrode surfaces, thus realizing separation
of different molecular species prior to MALDI analysis. This strategy has proven important for effective
MALDI measurements of SEI components directly on the electrode surfaces. With on-electrode
chromatography, large molecule decomposition products of carbonate electrolytes containing vinylene
carbonate and methacrylate additives are unambiguously illustrated in each case with clear structure
assignment. This work provides a simple, powerful and universal solution for identification of the organic

components in SEls.

Keywords
Solid-electrolyte Interphase, MALDI, On-electrode Chromatography, Lithium-ion Battery, Electrolyte,

Additive.



Introduction

Rechargeable batteries are crucial for contemporary society and play essential roles in electric vehicles
(EVs), portable digital devices, large-scale electricity storage, etc.’® Nevertheless, rechargeable batteries
with increased cycle lifetime, energy density and cost efficiency are needed to power the coming clean
energy revolution.”® Consequently, the development of next-generation lithium-ion batteries (LIBs) has
attracted tremendous research interest.#1° The challenges at the center of high energy and longer lifetime
battery system are the reactivity of the electrolyte/electrode interface at potentials beyond the
thermodynamic stability window of the electrolyte as well as the morphology change of the electrode
surfaces during charge and discharge processes. Common electrolyte liquids for LIBs include carbonate

811 and the decomposition of these molecules leads to the formation of solid-electrolyte

solvents,
interphase (SEI) that dictates further interactions between the electrode and the bulk electrolyte.!! In
addition, additives have been incorporated into the electrolyte as sacrificial components to improve the
SEl properties.'*12 The decomposition reactions of electrolyte and additive molecules have been a key
research focus for LIBs but the precise identification of the organic decomposition products has proven

elusive.1316

Many techniques have been employed for retrieving the elemental and bonding information of the SEI

)17—19'

components, including X-ray photoelectron spectroscopy (XPS Fourier transform infrared

14152122 otc, Mass spectrometry (MS) can

spectroscopy (FTIR)!*1617.20 nyclear magnetic resonance (NMR)
identify the molecular and fragmental weights of the analytes and can hence provide critical information
for clear assignment of the structures of the analytes. Gas chromatography mass spectrometry?*2> (GC-
MS) and liquid chromatography mass spectrometry %27 (LC-MS) can analyze volatile/gaseous and non-

volatile electrolyte decomposition products, respectively. Nevertheless, GC/LC-MS methods require

external chromatography for separation of the SEI components, which may not be chemically compatible



without removal of the destructive components.?®? To directly analyze the SEls on electrode surfaces,
secondary ion mass spectrometry (SIMS) has been developed as a depth-resolving MS tool, which makes
SIMS an important and promising technique for SEI analysis.3%3! SIMS ionizes SEI and electrolyte
components with the primary ion beam, which generates small secondary ions and fragments that can
reflect the dynamics of SEI formation. Due to the working mechanism of SIMS, it would experience
difficulties in detecting large and fragile molecules in SEls. Matrix-Assisted Laser Desorption/lonization-
Time of Flight mass spectrometry (MALDI-TOF-MS) is a MS method that can be employed for direct
characterization of the electrode surfaces to identify organic and polymeric molecules in SEls.32-3> MALDI
is a well-established MS technique that functions similarly to SIMS, differing in ionizing analytes by laser
shots possibly with the assistance of matrix molecules for absorbing the laser energy.3® The working
principle of MALDI helps to reduce fragmentation and thus detect organic and polymer species in their
molecular ion form, which provides key information for assignment of the exact structures of the
molecular SEl elements. This is an important advantage of the MALDI technique. It has been demonstrated
that MALDI has high sensitivity to track the chemical reaction of single layer of molecules on surfaces,”:3
and therefore, MALDI is suitable for characterizing the small/trace amount of materials in SEls.
Nevertheless, the existing reports of MALDI studies of electrode samples suffer from low resolution of the
spectra, bringing difficulties for spectrum analysis and assignment of electrolyte decomposition

products.3*%

In this work, we couple MALDI with on-electrode chromatography to facilitate MALDI characterization of
SEl components directly on the electrode (see Figure 1). Instead of solvent extraction of SEls for external
chromatography in GC/LC-MS measurements, on-electrode chromatography is employed to utilize the
electrode surface as the stationary phase to realize controlled separation of the molecules on the

electrode surfaces, which can be conveniently monitored with FTIR. With proper on-electrode



chromatography protocol, the SEI components of interest can be selectively retained and then measured
by MALDI directly on the electrode surfaces. This approach bypasses the compatibility problem of external
chromatography in GC/LC-MS moethods. The feasibility of on-electrode chromatography has been
demonstrated with both Cu and silicon electrodes in our previous report.?® In the present study, on-
electrode chromatography prior to MALDI measurements has proven critical for effective MALDI analysis
of SEls. Decomposition reactions of carbonate electrolytes containing vinylene carbonate (VC) and
triethylene glycol methyl ether methacrylate (TEGMA) additives are investigated individually, and high-
mass polymeric decomposition products in SEls have been unambiguously identified in each case with

clear structure assignment.
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Figure 1. Schematic depiction of electrode surface characterization by MALDI, assisted by on-electrode
chromatography.

MALDI measurement of electrodes could be easily hindered by the complicated chemical environment
on the electrode surfaces. Through proper solvent elution (left part of the figure) to fractionate different
molecular species on electrode surfaces (such as ethylene carbonate, the green molecules), on-
electrode chromatography can realize separation of the organic SEI components. This approach
facilitates the MALDI detection of the organic electrolyte decomposition products in SEls (right part of
the figure), especially the high-mass polymeric species (the blue molecules). Multiple elution conditions



could be employed to separate and to distinguish different SEI components. The MALDI measurement is
carried out with conventional MALDI instrumentation.

Results and Discussion

Decomposition of EC-based electrolyte and DHB matrix property

In this section, copper (Cu) electrodes cycled with 1.2M LiPF¢ EC/EMC electrolyte (ethylene
carbonate/ethyl methyl carbonate, 3/7 w/w) are analyzed with on-electrode chromatography, FTIR, and
MALDI as model system to investigate the decomposition product of EC-based electrolyte and the
behaviors of matrix molecules. Matrix molecules are employed in MALDI measurements to assist
ionization of the analytes, and therefore, the interpretation of MALDI spectra requires an accurate
understanding of matrix behaviors. DHB (2,5-dihydroxybenzoic acid) is a common MALDI matrix3® that has
been used in previous MALDI studies of SEls,33° and it is thus employed in the present study. As the
molecular weight of DHB is 154 Da, the low mass regions are covered in MALDI measurements to fully

illustrate the behaviors of DHB matrix.
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Figure 2. Characterization of Cu electrodes cycled with LiPFs:EC/EMC electrolyte.

(A) FTIR spectra of electrodes (I) untreated and (ll) treated with 3:7 EA:Hex elution. See also Figure S1.
(B) MALDI spectra of (BI) untreated electrode and electrodes treated with (Bll) 3:7 EA:Hex elution, (BllI)
EA elution and (BIV) DMC elution. (Black and grey color indicate signals originated from EC and DHB
matrix, respectively.)

(C) Higher mass region of spectrum B-Il demonstrating the presence of PEO species.



In our previous report,> we demonstrated that 3:7 ethyl acetate (EA):hexane (Hex) elution (v/v) could
reliably remove residual EC electrolyte from the electrode surface, exposing underlying polymeric species.
This controlled elution condition was the minimum polarity needed for separating EC, and would not lead
to outstanding removal of the high-mass polymeric SEI components. Before carrying out MALDI analysis,
the properness of 3:7 EA:Hex elution in the present study was examined by FTIR measurements. As shown
in Figure 2A, the Cu electrode surface cycled with LiPFs:EC/EMC electrolyte (Spectrum 1) presented
EC:LiPF¢ solvate?®3® (1804, 1780, 1191, 1077, 822 cm™), LIHCO3*>4° (1649 cm?), and lithium ethylene di-
carbonate®®3® (LEDC, 1404, 1314 cm™), while on-electrode chromatography of 3:7 EA:Hex elution
removed residual EC from the electrode surface (Spectrum I, as evidenced by the disappearance of EC’s
characteristic FTIR signals highlighted in Spectrum I). This result is consistent with our previous report. A
more comprehensive analysis of Spectrum | is provided with Figure S1A. As this study focuses on the high-
mass species in SEls, the precise identity and behavior of LEDC are not pursued (alternative assignment

could be lithium ethylene mono-carbonate, or LEMC).2

Stronger elution conditions with more polar solvents EA and dimethyl carbonate (DMC) were attempted
in parallel tests. There was no outstanding FTIR signal observed on the electrode surfaces in these cases,
indicating removal of the organic species (see Figure S1A). To further verify the properness of 3:7 EA:Hex
elution, Nuclear Magnetic Resonance (NMR) study of the elution solution content was carried out, and
there was no outstanding evidence that organic SEI species were present in the elution solution (see
Figure S2 and Extended Discussion). Therefore, 3:7 EA:Hex elution was considered appropriate and was
adopted to assist MALDI analysis. It is worth noting here that on-electrode chromatography is a general
technique, and that elution conditions other than 3:7 EA:Hex could possibly be demanded for different

interfaces, which can be systematically examined by gradient polarity solvent wash (gradient wash)



technique® to identify the optimum elution condition. FTIR can serve as a convenient complementary

analytical tool to verify the properness of different elution conditions.

Next, MALDI measurements were carried out for the untreated and eluted Cu electrodes as shown in
Figure 2B. The major peaks associated with DHB (grey) and EC (black) have been marked (assignments in
Table 1). The behaviors of DHB matrix is firstly discussed here since the correct understanding of matrix
properties is critical for MALDI data interpretation. DHB matrix is well-known to form clusters and be
ionized by cations within the samples, possibly with mixed cations.**** For example, [DHB+Li]* at 161 Da
and [3DHB-3H+4Li]* at 487 Da are observed in Figure 2B, which were induced by the residual lithium salts
that originated from the electrolyte. Lithiation of DHB clusters was observed together with Na* ion (Figure
2B, Table 1) presumably due to the ubiquitous presence of sodium element. Furthermore, DHB clusters
could undergo fragmentation by losing water and carbonyl masses.***** Therefore, the combined factors
of DHB clustering, mixed cationization agents and fragmentation resulted in a series of matrix signals in
MALDI measurements. Such mechanisms have been experimentally verified with DHB reference samples
(see Figure S3 and Extended Discussion). The presence of DHB signals is a complication in DHB-based
MALDI measurements. But on the other hand, these lithiated DHB species can be readily distinguished
thanks to the lithium isotope effect. The lithium element occurs naturally as a mixture of °Li (7.52%) and
’Li (92.48%) isotopes, which leads to an unique and relatively strong isotopic pattern at -1 Da position of
the monoisotopic peaks.*® Such an isotope effect is particularly pronounced for DHB clusters containing

multiple lithium ions. Therefore, DHB-related signals can be identified easily by lithium isotope patterns.

With clarification of DHB matrix signals, the MALDI spectra were further analyzed to reveal the EC
decomposition products. Without on-electrode chromatography elution, strong EC signals (Figure 2BlI)

were identified on the untreated electrode surface (higher mass region shown in Figure S1C). Upon 3:7



EA:Hex elution, EC was removed and no longer observed in MALDI measurement (Figure 2BII), which is
consistent with FTIR results. The high-mass region of Figure 2BIl is shown in Figure 2C, where a set of weak
peaks separated by 44 Da was found between 900 and 1200 Da. Such a pattern could only be observed
upon 3:7 EA:Hex elution, and it is attributed to polyethylene oxide (PEO), the decomposition product of
EC-based electrolytes.'*?247 (The topic of PEO formation will be further developed in the next section.) It
can be concluded that the residue electrolyte on the electrode surface hinders effective MALDI
measurements of SEls, and on-electrode chromatography is thus demanded for fractionating the organic
species. In parallel tests, elution of the electrode samples with more polar solvents, namely EA and DMC,
led to no outstanding MALDI signals other than DHB matrix (Figure 2BIIl and 2BIV). These results
confirmed the removal of organic species under polar elution conditions, which is in agreement with FTIR
observations. Figure 2Blll and IV are further analyzed in the Supplementary Information (Figure S4A, Table

S1) to demonstrate the possible DHB signals in MALDI measurement.

To briefly summarize, MALDI analysis assisted by on-electrode chromatography illustrated the formation
of high-mass PEOs by decomposition of EC-based electrolyte, which could only be identified with proper
on-electrode chromatography procedure. The on-electrode chromatography approach bypasses the
complication of SEI extraction for external column-based chromatography and thus can serve as a

convenient strategy to facilitate mass spectrometry analysis of SEls by MALDI.



o
~
Poly(VC) !
g -
©
0
o |x0.2
B! (I1) 3:7 EA:Hex
< e .
PEO _1
x0.1
(I) Untreated
EG 1633 _1
148214021316 1192 1078 829
x0. V
1900 1700 1500 1300 1100 900 700

Wavenumber (cm-)

Figure 3. FTIR spectra of Cu electrodes cycled with LiPFs:EC/EMC electrolyte containing VC additive.
() untreated electrode, and electrodes treated with (1) 3:7 EA:Hex elution, (lll) 3:7 EA:Hex elution twice,
(IV) 4:6 EA:Hex elution, (V) EA elution, and (VI) DMC elution. See also Figure S5.

Impact of vinylene carbonate on decomposition of EC-based electrolyte

Vinylene carbonate (VC) is one of the most commonly used additives for LIBs that can effectively improve
the cell performance.! However, the precise electrochemical reaction pathway of VC is still under
investigation.® It is known that decomposition of EC yields PEO,*?247 and VC can affect the formation of
PEO species.' PEO species can improve the ionic conductivity and increase the flexibility of the SE|.*84°
Therefore, it is of interest to precisely identify the PEO species in SEls. The impact of VC on the

decomposition of EC-based electrolytes and formation of PEOs is explored in this section.
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Figure 4. MALDI spectra of Cu electrodes cycled with LiPF¢:EC/EMC electrolyte containing VC additive.
(A) Electrodes after different elution treatments (I) untreated, (1) 3:7 EA:Hex elution, (IIl) EA elution and
(IV) DMC elution. (Black and grey color indicate signals originated from EC and DHB matrix, respectively.)
(B) High mass region of A-ll expanded to demonstrate the PEO species.
(C) Isotope patterns of representative PEO signals.
(D) Possible PEO structures.
(E) 166 Da repeating pattern observed in MALDI measurement (top) and +6 Da patterns for each main

peak (bottom, marked by arrows). See also Figure S11.
(F) 162 Da repeating pattern observed in MALDI measurement. See also Figure S11.

Firstly, on-electrode chromatography procedure was examined for Cu electrodes cycled with VC additive
in LiPFs:EC/EMC, as VC additive was not investigated in our previous study.?® By FTIR measurement, it was
found that 3:7 EA:Hex elution remained effective for removal of residual EC electrolyte (Figure 3l vs 3lI,
as evidenced by the disappearance of EC peaks). The full FTIR spectra of the samples in this section are
provided in Figure S5. After 3:7 EA:Hex elution, a broad peak around 1100 cm™ (C-O-C stretching)

appeared (Figure 3Il), which is attributed to the exposed PEO molecules.>® This PEO signal was not clearly

observed for Cu electrode cycled without VC additive. In Figure 3ll, there is another broad weak peak at
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about 1770 cm™ (carbonate C=0), and such a feature may indicate trace residual EC electrolyte that was
not completely removed by elution. To verify the effectiveness of 3:7 EA:Hex elution procedure, stronger
elution was conducted in parallel tests with either two rounds of 3:7 EA:Hex elution (Figure 31ll) or a single
round of 4:6 EA:Hex elution (Figure 31V). The persistent presence of the 1770 cm™ peak (highlighted in
Figures 3ll, lll and 1V) indicates that residual EC was unlikely the origin for this peak. Therefore, the 1770
cm? peak is attributed to poly(VC), which is structurally similar to EC and has been proposed as VC
decomposition product.?>! Because the stronger elution conditions led to diminished PEO signal on FTIR
spectra (also weak PEO signals in MALDI measurements, see Figure S6), 3:7 EA:Hex elution was adopted
to avoid removal of organic species from the electrode surface. The post-elution 3:7 EA:Hex solution has
been characterized by NMR, and there was no outstanding evidence that major organic SEI components
were rinsed off (see Figure S2and Extended Discussion). Elution of parallel electrode samples by EA and
DMC was also performed, and no outstanding FTIR signal was detected afterwards (Figures 3V and 3VI),

indicating removal of organic species from the electrode.

With confirmation of on-electrode chromatography procedure, the MALDI analysis was carried out for Cu
electrodes cycled with VC additive. As shown in Figure 4Al, the untreated electrode presented DHB (grey)
and EC (black) (see Table 1). The higher mass region of Spectrum | is shown in Figure S1D. The 3:7 EA:Hex
elution removed EC and allowed the detection of strong PEO signals in the 700-1300 Da range (Figure
4All). The expanded PEO region is shown in Figure 4B. The strong PEO signals in both FTIR and MALDI
measurements indicate that VC is possibly a promoter for the formation of PEOs around 1000 Da masses.
No outstanding MALDI signals other than DHB matrix were detected for the electrode samples eluted with
EA and DMC (Figures 4Alll and 4AlV, also see Figure S4B). These results agree with FTIR observations. As
evidenced by FTIR, MALDI and NMR measurements, 3:7 EA:Hex elution would not result in destructive

removal of the organic components in SEls produced with VC additive. The isotope patterns of a few major

12



PEO signals in Figure 4B are shown in Figure 4C. There were +1 Da satellite peaks due to 3C isotope but
no -1 Da satellite peaks that would be characteristic of ®Li isotope. Therefore, the PEOs were likely
cationized by Na* ion instead of Li* ion (isotope patterns from Na* are negligible). The possible structures
of PEO-sodium adducts are given in Figure 4D, which share the same series of masses and are consistent
with previous reports.?>?* It is worth noting here that previous MS studies demonstrated low-mass PEO
species as decomposition products of EC-based electrolytes?**’, while the present study illustrates the
generation of high-mass PEO molecules (above 1000 Da) on electrode surfaces. The capability of MALDI
in detection of high-mass molecules in their molecular ion form is a key advantage of MALDI technique as

the precise molecular weight information helps to clarify the exact structures of the analytes.

As described earlier, post-elution FTIR measurements identified poly(VC) on the electrode surfaces, which
was not extensively observed in MALDI measurements (see Figure S7 and Extended Discussion).
Optimization of MALDI protocols might be demanded to specifically target at poly(VC) species. It is worth
noting here that complementary analytical techniques such as FTIR are important for retrieving
comprehensive SEl information to guide MALDI protocol development. Separately, non-cycled electrodes
with or without VC additive have been processed with 3:7 EA:Hex elution and measured by MALDI. No
PEO species were identified on the non-cycled electrodes (Figure S8), which verified that the high-mass
PEOs were generated with electrochemical processes. The performances of silicon (Si) nanoparticle
composite electrodes cycled with and without VC additive in LiPFs:EC/EMC electrolyte are shown in Figure
S9. It was found that VC led to higher specific capacity and Columbic Efficiency (CE). A detailed description

is provided in Extended Discussion of Figure S9.

In the search for PEO species during MALDI measurements, two other unexpected polymer-like repeating

features were observed, with 166 Da and 162 Da separation patterns, respectively. Both patterns have

13



been observed with or without the PEOs, indicating that they were not artifacts. The representative
spectra are presented in Figures 4E and 4F, and the origins of these two patterns are discussed below. It
has been verified that the MALDI signals observed on the electrodes did not originate from the tape
materials used for attaching the electrodes (see Figure S10 and Extended Discussion), although
precautions should always be taken to minimize the risk of tape-related contamination (see Supplemental

Experimental Procedures).

The 166 Da repeating pattern in Figure 4E (top) was found with a Cu electrode cycled with VC additive and
eluted with 3:7 EA:Hex. Although such a pattern highly resembles polymers, a careful examination of the
spectrum revealed a few key features that suggest otherwise. As shown by the expanded spectra (Figure
4E, bottom), the polymer-like peaks at 173, 339, 505, 671, and 837 Da were accompanied by strong -1 Da
isotope patterns, indicating high content of lithium. Additional satellite peaks at +6n Da positions were
observed (highlighted by vertical arrows). The number of +6n Da satellite peaks was found identical as the
apparent ‘polymerization degree’: for example, the ‘pentamer’ peak at 837 Da was associated with five
sets of +6n satellite peaks at +6, +12, +18, +24, +30 Da positions. The +6 Da pattern can be observed when
a proton of the analyte molecule is substituted by a lithium ion. Therefore, each ‘polymer unit’ should
contain a reactive proton (e.g. -OH), which is unlikely possible for commonly accepted electrolyte
decomposition products.'*® Consequently, the 166 Da repeating patterns is attributed to [(DHB-
2H+2Li)+Lil*, namely aggregates of lithiated DHB molecule [DHB-2H+2Li] (166 Da). Since each [DHB-
2H+2Li] unit could allow one more Li* substitution, +6n satellite peaks were observed for these DHB
aggregates. This rationale is also consistent with the observation of high lithium content. The 166 Da
repeating pattern has been observed without the presence of PEOs as well (Figure S11A). To quickly
summarize, the 166 Da repeating pattern is identified as highly lithiated DHB clusters as evidenced by

their unique lithium substitution and lithium isotope patterns.
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It should be stressed here that repeating mass patterns observed by MALDI must be carefully examined
to conclude on their origination, since aggregates such as matrix clusters may generate ‘fake’ polymer
patterns. It should also be emphasized that in-depth understanding of matrix properties is essential and

critical for accurate MALDI analysis.

The 162 Da repeating pattern in Figure 4F was also observed for an electrode sample cycled with VC
additive (eluted with 3:7 EA:Hex twice). Repeating patterns in similar mass ranges have been proposed to
be polymeric electrolyte decomposition products.?*3* The marked peaks are accompanied by +6 Da
satellite peaks and strong -1 Da isotope peaks, indicating that these masses were likely partially composed
of small lithium-DHB clusters. It is possible that the 162 Da repeating pattern originated from minor
electrolyte decomposition products coupled with DHB/Li* aggregates, which is consistent with the
observation that this pattern was only found above 400 Da. This 162 Da repeating pattern has been

observed with PEOs as well (Figure S11B).

Polymerization of methacrylate additive

Methacrylate-based materials are widely investigated for applications in LIBs,>!! and the polymerization
of methacrylates as sacrificial components in electrolyte is worth investigation. In our previous study,*
polymerization of methacrylate additives was confirmed by FTIR but the polymer masses were not known.

In the present study, the polymerization reaction of TEGMA additive (Figure 5E) is investigated by MALDI.

15
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Figure 5. Characterization of Cu electrodes cycled with LiPFs:EC/EMC electrolyte containing TEGMA
additive. (1M through 12M in red color refer to TEGMA monomer through dodecamer.)

(A) FTIR spectra of (1) untreated electrode, (Il) electrode treated with 3:7 EA:Hex elution, and (lll)
synthetic poly(TEGMA). See also Figure S1.

(B) MALDI spectra of (1) untreated electrode and electrodes treated with (Il) 3:7 EA:Hex elution, (lll) EA
elution and (IV) DMC elution. (Black, grey and red colors indicate signals originated from EC, DHB and
TEGMA, respectively.)

(C) (1) and (1) Full range MALDI spectrum of B-Il demonstrating poly(TEGMA) species (asterisk mark
indicates -132 Da fragmentation).

(D) High mass range of B-I.

(E) Polymerization of TEGMA additive.

(F) Fragmentation of triethylene glycol methyl ether chain of poly(TEGMA) molecules.

Firstly, FTIR measurements of the electrodes cycled with TEGMA after on-electrode chromatography
treatments showed results consistent with the previous study. The untreated electrode surface (Figure
5A-1) was covered with residual EC electrolyte, which could be removed by 3:7 EA:Hex elution, exposing

underlying poly(TEGMA) species (Figure 5All) as confirmed with synthetic reference (Figure 5Alll). The

16



carbonyl group (1714 cm™) of poly(TEGMA) in Figure 5All was found to experience a red shift due to

solvation effect of lithium salt.®

The 3:7 EA:Hex elution solution has been characterized by NMR and
MALDI, and only TEGMA trimer was found in the elution solution (see Figure S2 and Extended Discussion).
There was no outstanding evidence that high-mass TEGMA species were removed by 3:7 EA:Hex elution.
In parallel tests, more extensive elution of the electrodes with EA and DMC resulted in removal of

poly(TEGMA) species and exposure of lithium methacrylate on the electrode surface (Figure S1B), which

originated from the decomposition of TEGMA.%

Next, the molecular weight of the poly(TEGMA) molecules was investigated by MALDI (Figure 5B-D, m/z
values and assignments provided in Table S2). The untreated electrode surface presented EC (Figure 5BI,
Table 1) and poly(TEGMA) species up to hexamer (Figure 5Bl and 5D). The 171 Da peak is attributed to the
lithium adduct of methyl triethylene glycol ether (TEGMA fragment). The higher mass region of the
untreated electrode sample is shown in Figure S1E. Upon 3:7 EA:Hex elution, residual EC was removed
and the TEGMA oligomers were identified by MALDI (Figure 5BII) with significantly higher signal intensities.
The full spectrum is provided in Figures 5CI (<1000 Da) and 5CII (>1000 Da), illustrating up to TEGMA
dodecamers. The structure assignment of poly(TEGMA) species are provided in Table S2, and the non-
regular structures of TEGMA dimer and trimer®? is explained in the Extended Discussion of Table S2. Two
common fragmentation pathways of the poly(TEGMA) species have been identified. The pronounced
fragmentation pattern involves the rearrangement of the triethylene glycol side chain of the poly(TEGMA)
molecules presumably through a six-member-ring mechanism that leads to loss of 132 Da mass (Figure
5F).>3 The -132 Da fragments have been marked with asterisks in Figures 5C. Another minor fragmentation
pathway involves the loss of the methanol mass (-32 Da) presumably by fragmentation of the terminal
methoxy group of poly(TEGMA). Loss of one or two methanol masses have been observed for all the major

poly(TEGMA) species (Figures 5C) as marked by red arrows linked to the corresponding parent peaks (see
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Figure 5CI, the 4M peak as an example). These well-defined fragmentation pathways identified with high-

quality spectra helped to endorse the assignment of poly(TEGMA) molecules.

The cycled electrode samples that were eluted with EA and DMC were also examined by MALDI.
Poly(TEGMA) species were not found for these two samples (Figure 5Blll and 5BIV), and only DHB signals
were observed (also see Figure S4C). Yet, TEGMA-Li* adduct (1M, 239 Da) was clearly observed in both
cases, which is rationalized as the adsorption of the methacrylate molecules on the Cu electrode surface.>*
It is worth briefly noting here that the low-mass regions should be examined in MALDI measurements to
constitute a comprehensive understanding of the SEI components. The FTIR and MALDI characterization
of poly(TEGMA) species described above verified that 3:7 EA:Hex elution would not lead to significant
removal of the large molecule components in SEls, which was also supported by NMR studies of the

elution solution (see Figure S2 and Extended Discussion).

The results in this section further demonstrated the benefit of on-electrode chromatography for MALDI
analysis of electrode samples. There were three levels in fractionating the molecules on the electrode
surfaces: (1) untreated electrode surface showed only low-mass TEGMA oligomers; (2) 3:7 EA:Hex elution
removed residue electrolyte and led to detection of high-mass TEGMA oligomers; and (3) EA/DMC elution
removed most of the organic species and revealed adsorbed TEGMA monomers on Cu electrode. The
combined approaches of FTIR, on-electrode chromatography and MALDI fully illustrated the
polymerization reactions of TEGMA additive, which could provide useful insights for tuning the

electrochemical procedures for additive decomposition.

The universality of MALDI and on-electrode chromatography techniques has been demonstrated with SiOy

and graphite electrodes cycled with TEGMA additive (Figure S12). For both types of electrodes, only
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TEGMA trimer could be observed without on-electrode chromatography treatment while 3:7 EA:Hex
elution revealed the presence of up to TEGMA hexamers. The performance of Si electrode cycled with
TEGMA additive is shown in Figure S9, and TEGMA additive resulted in higher specific capacity and CE
than the base electrolyte. The correlation of cell performance and SElI composition is presented in the

Extended Discussion of Figure S9.

Conclusions

The on-electrode chromatography technique was employed to facilitate MALDI analysis of organic and
polymeric species in SEls by fractionating different components on the electrode surfaces. High-mass PEO
and poly(TEGMA) molecules have been identified as electrolyte and additive decomposition products with
clear structure assignment based on masses, isotope patterns, and fragmentation pathways. In addition,
the DHB matrix was found capable of forming clusters upon lithiation to produce a range of signals
including polymer-like repeating mass patterns, which highlights the necessity of careful examination of
observed mass features in MALDI measurements. This work demonstrates that conventional MALDI
technique in conjunction with on-electrode chromatography is a convenient and powerful method for
identification of the exact molecular structures of organic and polymer components in SEls. The
universality of the introduced methods for SEI characterization has been demonstrated with Cu, SiOx and
graphite electrodes. As the only prerequisite for MALDI approach is the moderate electrical conductivity
of the electrode sample, MALDI could be applied to various battery systems for characterization and

rational design of the SEls.

Experimental Procedures
Resource Availability

Lead Contact
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Further information and requests for resources and materials should be directed to and will be fulfilled

by the Lead Contact, Gao Liu (gliu@Ibl.gov).

Materials Availability

This study did not generate new unique materials.

Data and Code Availability

This study did not generate code.

Materials

1.2 M LiPF¢ Ethylene Carbonate/Ethyl Methyl Carbonate (EC/EMC 3:7 w/w) electrolyte (Tomiyama Pure
Chemical Industries, LTD), vinylene carbonate (VC, Sigma), triethylene glycol methyl ether methacrylate
(TEGMA, Sigma) and 2,5-dihydroxybenzoic acid (DHB, Sigma) were used as received. The electrolyte has
a water content of less than 20 ppm. Additive-containing electrolytes were made with 5wt% of the
corresponding additive. Copper (Cu) electrodes 9/16” in diameter were punched from Cu foil. The

synthetic poly(TEGMA) reference sample was obtained as previously reported.

Procedures

The cell assembly and electrochemical protocols are adopted from our previous study® and are briefly
described as follows. 2325 type coin cells (National Research Council, Canada) were assembled with Cu
electrodes in a glovebox using Celgard 2400 separators (Celgard). The counter electrode was lithium metal
electrode made from lithium foil (Albemarle), and the electrolyte used was 1.2 M LiPFs EC/EMC (3:7 w/w).
In the cases where VC and TEGMA additives were applied, 5wt% of additives were incorporated. The

electrochemical discharge of the assembled cell was carried out with linear sweep voltammetry on a
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Maccor Series 4200 Battery Tester at 30°C from open-circuit voltage (OCV) to 50 mV vs Li/Li* at a sweep
rate of 1 mV s7%, followed by a potentiostatic hold at 50 mV for 2 hours. The linear sweep voltammetry
allows precise control of the discharge process of Cu electrodes as the Cu model electrodes have no actual
capacity. The potentiostatic hold step allows completion of the chemistry to generate SEls comparable to
those formed on actual battery electrodes. This adopted protocol also helps to ensure the comparability
of the data to the previous report and between different samples. The cycled cells were opened under
inert atmosphere to recover the Cu electrodes, which were immediately dried under vacuum to minimize

further evolution of the SEl layers and were stored under inert atmosphere.

The on-electrode chromatography and FTIR procedures were adopted from the gradient polarity solvent
wash technique in our previous report.> To briefly summarize, the Cu electrode was eluted with 5 ml
solvents of choice in glass vials by manual agitation for 30 seconds. The electrode was then taken out from
the solvent and immediately dried thoroughly under vacuum. Electrode samples eluted with different
solvents were prepared in parallel. Both on-electrode chromatography and FTIR (Thermo Nicolet iS50, 32
scans at 4 cm™ with reflective apparatus) were carried out as quickly as possible to minimize air exposure.

The electrode samples were stored in air-isolated conditions and were transferred in sealed vials.

MALDI-TOF-MS measurements were performed on AB SCIEX TF4800 MALDI TOF-TOF Mass Spectrometer
in reflector mode (positive mode, up to 4000 m/z) using DHB as matrix. It is worth briefly noting here that
DHB is not the sole choice for MALDI matrix and other aprotic matrices are readily available (e.g. 9-
nitroanthracene). The instrument was equipped with a Nd:YAG laser (355 nm wavelength, 3 to 7 ns pulse
width, 200 Hz firing rate), and the spectra were collected in the 50-4000 Da range. The mass spectra were
acquired from averaging of 400 laser shots. The matrix was applied to the electrode surface in

tetrahydrofuran (THF) solution (10 mg/ml) before the electrode was fixed onto a standard 384-spot
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MALDI sample plate with double-side conductive tape (Ted Pella, Inc). The THF solvent evaporated quickly
due to its high volatility so that the matrix application could be performed fast under ambient condition.
The use of double-side tape for sample attachment helps to conveniently and quickly complete the
operation to minimize air exposure of the electrode samples. The MALDI plate was then immediately

transferred into MALDI instrument (operating under vacuum).

Supplementary Information
Supplementary Information includes twelve figures and two tables and can be found with this article

online at https://doi.org/10.1016.joule XXXX.XX.XXX.
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Figures

Figure 1. Schematic depiction of electrode surface characterization by MALDI, assisted by on-electrode
chromatography.

MALDI measurement of electrodes could be easily hindered by the complicated chemical environment
on the electrode surfaces. Through proper solvent elution (left part of the figure) to fractionate different
molecular species on electrode surfaces (such as ethylene carbonate, the green molecules), on-
electrode chromatography can realize separation of the organic SEI components. This approach
facilitates the MALDI detection of the organic electrolyte decomposition products in SEls (right part of
the figure), especially the high-mass polymeric species (the blue molecules). Multiple elution conditions
could be employed to separate and to distinguish different SEI components. The MALDI measurement is
carried out with conventional MALDI instrumentation.

Figure 2. Characterization of Cu electrodes cycled with LiPFs:EC/EMC electrolyte.

(A) FTIR spectra of electrodes (I) untreated and (ll) treated with 3:7 EA:Hex elution. See also Figure S1.
(B) MALDI spectra of (1) untreated electrode and electrodes treated with (Il) 3:7 EA:Hex elution, (lll) EA
elution and (IV) DMC elution. (Black and grey color indicate signals originated from EC and DHB matrix,
respectively.)

(C) Higher mass region of spectrum B-Il demonstrating the presence of PEO species.

Figure 3. FTIR spectra of Cu electrodes cycled with LiPFs:EC/EMC electrolyte containing VC additive.
(I) untreated electrode, and electrodes treated with (1) 3:7 EA:Hex elution, (lll) 3:7 EA:Hex elution twice,
(IV) 4:6 EA:Hex elution, (V) EA elution, and (VI) DMC elution. See also Figure S5.

Figure 4. MALDI spectra of Cu electrodes cycled with LiPFs:EC/EMC electrolyte containing VC additive.
(A) Electrodes after different elution treatments (I) untreated, (1) 3:7 EA:Hex elution, (IIl) EA elution and
(IV) DMC elution. (Black and grey color indicate signals originated from EC and DHB matrix, respectively.)
(B) High mass region of A-ll expanded to demonstrate the PEO species.

(C) Isotope patterns of representative PEO signals.

(D) Possible PEO structures.

(E) 166 Da repeating pattern observed in MALDI measurement (top) and +6 Da patterns for each main
peak (bottom, marked by arrows). See also Figure S11.

(F) 162 Da repeating pattern observed in MALDI measurement. See also Figure S11.

Figure 5. Characterization of Cu electrodes cycled with LiPFs:EC/EMC electrolyte containing TEGMA
additive. (1M through 12M in red color refer to TEGMA monomer through dodecamer.)

(A) FTIR spectra of (1) untreated electrode, (Il) electrode treated with 3:7 EA:Hex elution, and (lll)
synthetic poly(TEGMA). See also Figure S1.

(B) MALDI spectra of (1) untreated electrode and electrodes treated with (Il) 3:7 EA:Hex elution, (lll) EA
elution and (IV) DMC elution. (Black, grey and red colors indicate signals originated from EC, DHB and
TEGMA, respectively.)

(C) (1) and (1) Full range MALDI spectrum of B-Il demonstrating poly(TEGMA) species (asterisk mark
indicates -132 Da fragmentation).

(D) High mass range of B-l.

(E) Polymerization of TEGMA additive.

(F) Fragmentation of triethylene glycol methyl ether chain of poly(TEGMA) molecules.
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Table 1. Assignment of EC and DHB species in MALDI measurements.

m/z Assignment m/z Assignment

161 DHB+Li 315 2DHB+Li

167 DHB-H+2Li 325 2DHB-H,0-2H+2Li+Na
183 2EC+Li 485 3DHB-H,0-3H+3Li+Na
199 2EC+Na 487 3DHB-3H+4Li

213 EC+DHB-2H,0+Li 505 3DHB-6H+7Li

265 EC+DHB+Na

28





