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ARTICLE INFO ABSTRACT

Keywords: Silicon (Si) is a leading next-generation Li-ion battery anode candidate that meets rigorous performance
Lithium-ion battery demands for portable power including enhanced power and energy density with robust cycling performance.
Silicon anode However, a series of complex and interrelated reactions lead to reduced calendar life in Si-containing systems

Pitch carbon coating
Solid-electrolyte interphase (SEI) reactivity
Multi-phase characterization

and therefore challenge practical adoption. In the present work, we probe the mechanisms underlying observed
performance improvements by adding a pitch-carbon coating onto nano-Si material. We pair solid-phase (X-ray
photoemission spectroscopy, Fourier-transform infrared), semi-volatile phase (solid-phase microextraction-gas
chromatography-mass spectrometry), and gas-phase (gas chromatography-flame-ionization detector) charac-
terization signals to comprehensively evaluate the impact of pitch-carbon coating on the evolution of the
Si solid-electrolyte interphase (SEI) and the associated impacts on electrode/electrolyte reactivity. The pitch-
carbon is found to serve as a physicochemical barrier, reducing the electro-active surface area for Si/electrolyte
reactivity and preventing Si oxidation. Further, the pitch-carbon coating promotes the evolution of a more-
favorable SEI by subsuming substantial functionality typically associated with the fluoroethylene carbonate
(FEC) electrolyte additive — such as alkoxide scavenging and suppression of transesterification pathways — and
by shifting the competitive electrolyte degradation pathways’ favorability. The multi-phase characterization
approach enables holistic end-products evaluation from complex (electro)chemical interfacial reactions, which
informs a robust interpretation of the carbon coating’s role in electrochemical performance improvements. The
present mechanistic evaluation aids the rational design for improved nano-Si materials.

1. Introduction demonstrate promising cycle life [2], a series of complex and interre-
lated side reactions lead to reduced calendar life [3], impeding practical
material adoption.

During cycling, Si undergoes volume changes of ~280-300% [1,4],
which induces high mechanical stresses in Si particles and leads to
particle fracture [1,5]. Nanostructuring Si can mitigate the mechanical

Over the past several years, demand has surged for next-generation
battery materials that provide high power and increased energy den-
sity with superior cycling and calendar life capabilities. Silicon (Si)
is a promising Li-ion anode material candidate that meets these rig-

orous performance demands, given its high theoretical capacity of failure modes observed during electrochemical cycling [1], and parti-
3579 mAh g~! (nearly 10x that of graphite, for Li;sSi,), a relatively cle fracture can be mostly avoided below a critical size threshold of
low lithiation potential window of ~0.1-0.01 V vs. Li*/Li [1], and high ~150 nm. [6,7].

earth abundance, which offers enhanced supply chain security relative However, in the nanosized regime where mechanical failure modes
to battery-grade graphite. While leading Si anode battery chemistries are largely suppressed, Si is plagued by complex interfacial surface

reactivity, which is exacerbated by the high surface area. Unprotected
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(“bare”) Si demonstrates adverse reactivity — both chemical and elec-
trochemical — when exposed to carbonate solvents. Bare Si has been
shown to spontaneously react with standard battery electrolytes con-
taining LiPF¢ and carbonate solvents, forming an interfacial layer rich
in Si—-O-F and C-O-H-F type species even in the absence of an applied
potential [8]. Lithiated Si shows even greater chemical reactivity.
For example, nuclear magnetic resonance (NMR) studies suggest that
Si2~/4= anions in the Li-Si Zintl phase can serve as pseudo-nucleophiles,
driving reductive decomposition of carbonates at electrophilic sites and
can concurrently form dimers or clusters of Si [9].

Electrochemical (i.e., potential-driven) Si reactivity with carbon-
ate solvents to form the electronically insulating/ionically conductive
solid-electrolyte interphase (SEI) has also been extensively reported [8,
10-14]. The precise composition, structure, morphology, and arrange-
ment of SEI species is functionally dependent on electrode chemistry,
electrolyte composition, counter-electrode identity, applied potential,
temperature, etc. [15]. Notably, the same standard electrolyte (e.g., car-
bonate solvents with LiPF salt) that produces an effectively passivating
SEI on graphite does not act analogously with Si. Instead, these stan-
dard electrolytes undergo continuous adverse reactions to form a poorly
passivating SEI [16,17], the growth of which is exacerbated by repeated
expansion/contraction during cycling that exposes fresh lithium silicide
surfaces [18].

Electrolyte additives that improve Si anode performance have been
well-documented [19], with fluoroethylene carbonate (FEC) being per-
haps the most commonly reported [17,18,20-22]. The nominal re-
duction potential of FEC is ~0.3 V more positive than that of ethy-
lene carbonate and preferential reduction of FEC in Si systems forms
a reportedly “better” SEI [17]. Performance improvements in FEC-
containing electrolytes have, in part, been attributed to the formation
of a heterogeneous, cross-linked polymeric SEI that offers enhanced
flexibility, which is particularly beneficial for high-volume-expansion
Si materials [17,18,20]. FEC also contributes to the evolution of a
thinner-yet more effectively passivating—SEI [17].

Further, SEI-forming reactions at the Si surface depend on the termi-
nation chemistry [13]. Several methods, including pyrolytic carbon and
pitch-carbon carbon coating, have been demonstrated to improve the
electrochemical performance of silicon anodes [23,24]. For nanosized
Si, tuning the Si surface chemistry with molecular coatings has been
shown to drastically influence surface stability and associated elec-
trochemical cycling performance [25]. Without such surface coatings,
hydride-terminated nano-Si (i.e., SiH,, where x = 1,2,3) is practically
unviable due to the highly reactive hydride moiety and large total sur-
face area. Modifying SiH, with a variety of covalently attached surface
coatings is a proven strategy to minimize adverse chemical reactivity
and mimic beneficial properties of the SEI. Several distinct classes of
interfacial coatings have been explored [2,25,26], including physical
mixtures of nanosized Si and an sp2-carbon-rich polycyclic aromatic
hydrocarbon matrix derived from petroleum pitch [27]. In this promis-
ing Si-Pitch system (investigated further in the present study), capacity
retention and coulombic efficiency improvements are in large part
attributed to suppressed parasitic reactions at the electrode/electrolyte
interface as compared to an “uncoated” Si-NMP analog (also inves-
tigated further in the present study), where N-methyl-2-pyrrolidone
(NMP) is the processing solvent for the uncoated Si particles that spon-
taneously reacts with the hydride-terminated nano-Si surface to form a
covalently bound NMP-derived molecular coating. However, a robust
(electro)chemically informed rationale for this observed performance
improvement has yet to be reported.

Developing a holistic understanding of SEI evolution — for any
electrode material — is complicated by the inherently three-phase nature
and potential dependence of reactions driving SEI growth. The vast
majority of SEI studies conducted to date on Si materials have relied
predominantly on characterization conducted in the solid phase [8,13,
14,17,18,20,26,28-35]. Since the SEI evolves primarily from electrolyte
reduction species, evaluating the liquid phase also yields valuable
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insights into the SEI evolution processes. While liquid-phase analysis
is typically conducted post-mortem [36] or by soaking recovered cell
components [37]), volatile-phase preconcentration methods such as
solid-phase microextraction (SPME) have also been employed to eval-
uate electrolyte compositional changes in situ [38]. Finally, methods
using gas-phase signals to probe SEI evolution are a critical, though
still relatively under-studied, complement to more common solid- and
liquid-phase approaches. The predominantly oxide and hydrocarbon
gases evolved during electrolyte reduction can offer both qualitative
and quantitative insights into mechanistic pathways of reactivity [13,
16,39-41].

Even for a single material under a single set of operating conditions,
dozens of competing reactive pathways govern electrolyte degradation
and SEI growth [42], many producing comparable products. Due to the
immense and convoluted complexity of this challenge, workflows to
analyze SEI evolution typically aim to elucidate one particular pathway,
and/or emphasize characterization in predominantly one phase. In this
way, individual input signals can be combined and extrapolated to
build plausible complete mechanisms of reactivity. However, using
coupled characterization methods across all three phases, as in the
present work, provides a more complete picture of reactivity that is
unachievable by evaluating each phase in isolation.

We herein take a holistic, multi-phase approach to analyzing the
electrochemical degradation processes that impact Si calendar life in
a promising nano-Si composite material. We focus our study on a
recently reported novel Si-Pitch composite material, whereby nano-
sized Si (d = 5.9 nm) particles are coated with carbon extracted
from petroleum pitch. This Si-Pitch material has drastically improved
cycling performance as compared to unprotected nano-Si and is a
promising candidate to achieve improved Si calendar life [27]. We
have previously demonstrated that powders of each material produce
substantially distinct gas speciation when soaked in electrolyte [27]. In
the present work, we expand our analysis and utilize coupled in situ and
ex situ methods to probe changes to solid-surface, volatile headspace,
and gas-phase chemistry occurring during initial cell cycling. Comple-
mentary measurements are taken at targeted cell potentials associated
with specific electrolyte species reduction, decoupling the reaction
pathways tied to interfacial stability.

Our coupled characterization approach suggests that pitch serves
two dominant purposes, as shown schematically in Fig. 1: (1) Pitch
serves as a physicochemical barrier to reduce active Si area exposed
the electrolyte, and thereby lessens Si oxidation; (2) The conjugated
carbon network in pitch favors the evolution of a more favorable SEI
by (i) subsuming the role and functionality of the electrolyte additive
FEC and (ii) altering the balance of competitive electrolyte reduction
pathways. Each of these functionalities are expected to contribute to
the observed performance improvement, and each will be presented
and discussed in detail. The design principles revealed in this work
- i.e., how pitch facilitates a “better” SEI - are critical to informing
the rational and accelerated design of improved nano-Si materials and
surface coatings.

2. Materials and methods
2.1. Electrode and cell preparation

Silicon nanoparticles were synthesized by plasma enhanced chem-
ical vapor deposition according to our previously described meth-
ods [26,27,43]. Si nanoparticles (D50 = 5.9 nm) recovered from
the plasma reactor were functionalized with N-methyl-2-pyrrolidone
(NMP) using previously reported methods [26]. A portion of the
resulting material was retained for processing into Si-NMP electrodes.

Si-Pitch material was also prepared using previously reported meth-
ods [27]. Briefly, Si-Pitch slurries were prepared under an inert argon
atmosphere by ball-milling 8 mass equivalents of Si-Pitch powder with
1 mass equivalent of Timcal C65 conductive carbon. A 10 wt% solution
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Fig. 1. Schematic representation of proposed mechanisms by which pitch-carbon coating enhances the electrochemical performance of nano-Si. These mechanisms

are taken up in detail in Section 3.

of P84 polyimide (Tecapowder PI, Ensinger Sintimid GmbH) in NMP
was then added to each mixture in a screwcap scintillation vial such
that the final slurry of Si-Pitch contained the following ratio: Si-Pitch—
80:10:10 by mass of Si-Pitch powder, Timcal C45, and P84 polyimide,
respectively.

Si-NMP slurries were similarly prepared in an Ar-filled glovebox.
Si-NMP particles were dispersed in NMP; the mixture was sonicated
for 10 min in a bath sonicator and was subsequently stirred for four
hours at 100 °C. After the initial dispersion was formed, Timcal C65
was added to the mixture and was then stirred overnight at 100 °C.
Finally, a 10 wt% solution of P84 polyimide in NMP was added to
the mixture and the suspension was then stirred at 50 °C for an hour.
The final slurry of Si-NMP contained 60:20:20 by mass of Si-NMP
nanoparticles:Timcal C45:P84 polyimide. Each slurry was mixed with
a Mazerustar KK-250S planetary mixer using 3 mm glass bead mixing
media and was subsequently cast onto the rough side of 25 pm Cu foil
current collector using a doctor blade (wet gap of 100 um for Si-NMP
electrodes and 70 pm for Si-Pitch electrodes to achieve an approximate
loading of ~1.1 mg cm~2 for Si-NMP electrodes and ~1.8 mg cm~2 for
Si-Pitch electrodes). The Si-NMP electrode was dried at 420 °C for 4 h
under 0.5 L min~! of flowing nitrogen gas. The Si-Pitch electrode was
dried under vacuum at 150 °C for 4 h.

Half-cells were prepared in standard CR2032 format for current
decay measurements and solid-phase surface analysis. Each half cell
contained a 14 mm diameter punch of Si anode (Si-NMP or Si-Pitch
cast onto Cu foil) with a 15 mm diameter Li foil reference and a
19 mm diameter Celgard 2325 separator. A total of 40 pL GenF-10 elec-
trolyte (1.2 M LiPF¢ in 3:7 ethylene carbonate:ethylmethyl carbonate
(EC:EMC) by weight, with a total of 10 wt% FEC additive) was added
to each cell.

All reported gas analysis tests were conducted in half-cell format
using a PAT Gas Cell (El-Cell GmbH) assembled in an Ar gas glovebox.
Figure Sla depicts the gas-cell component configuration. In each cell, a
14 mm anode (Si-NMP or Si-Pitch cast onto Cu foil) was placed directly
onto the lower plunger (flow field) of the gas cell. 100 pL of freshly
prepared GenF-10 electrolyte was added dropwise onto the active
surface of the anode. The cell separator (Celgard 2325; 21 mm) was
immobilized in a polypropylene insulation sleeve specifically designed
to enable a gas-tight seal within the gas cell. This insulation sleeve
contained a 316L stainless steel clamping ring with no reference ring;
components were obtained in disassembled form from El-Cell GmbH
and then press-fit into place. An additional 10 pL of GenF-10 was
added dropwise on top of the separator, followed by a disc of Li foil
(15 mm, Sigma-Aldrich) that had been gently surface-cleaned using a
clean spatula to remove the native oxide and any surface impurities.
Finally, the upper plunger was centered on the stack and the gas cell
was sealed to finger-tight pressure prior to removing from the glovebox.

2.2. Electrochemical cycling

To probe electrochemical evolution of gaseous species, a voltage-
hold protocol was developed whereby the cell was held at different
potentials associated with electrochemical reduction processes previ-
ously reported in the literature for GenF-10 electrolyte. It should be
noted that, in accordance with a recent report [44], this voltage-
hold protocol has not been applied to predict (either qualitatively or
quantitatively) the calendar lifetime of the Si material under study.
Rather, the voltage-hold technique has been applied at each potential
of interest in lieu of a single time-resolved measurement to drive
the dominant reactive pathways at each potential, thereby enabling
evaluation of voltage-dependent electrochemical reaction. The data
reported therefore reflects an individual cell that was held at the
given potential. Due to the highly intensive nature of cell fabrication
and testing and the standardized cell assembly protocol, tests run in
the gas cell comprised of a single sample at each reported potential.
Further details on voltage-hold data treatment are discussed in the
Supplementary Material.

For both gas-cell and coin-cell tests, the voltage-hold protocol con-
sisted of a 5 hr initial rest at the open circuit voltage, followed by
applying a C/10 constant current (current rate determined by the
nominal mass loading of each Si electrode, which were individually
weighed) and a 180 h constant voltage hold. For Si-Pitch electrodes, the
voltage hold was conducted at 1500 mV; 800 mV; 400 mV; or 50 mV
during the first lithiation; additional measurements were conducted at
open-circuit voltage (OCV) prior to lithiation. Figure S1b illustrates
the voltage-hold protocol and highlights all measurement points. For
Si-NMP electrodes, a subset of the measurement points were selected
during the initial lithiation cycle (1500 mV, 800 mV, and 50 mV).
Following the 180 h voltage hold, cells were allowed to relax to their
open circuit potential.

2.3. Material characterization-solid phase

Following the voltage-hold protocol described above and in the
Supplementary Material, coin cells were disassembled for solid-state
surface analysis. Prior to FTIR and XPS analysis, recovered electrode
samples were soaked in 1 mL of dimethyl carbonate (DMC) for 1 min.
This mild surface rinsing was conducted to remove residual electrolyte,
which has previously been found to interfere with surface analysis,
while minimizing disruptive alterations to the native SEIL

FTIR spectra were measured using a Bruker Alpha II spectrometer
equipped with a germanium attenuated total reflectance (ATR) acces-
sory. The spectrometer was situated inside an argon glovebox with
< 0.5 ppm H,0 and < 0.5 ppm O,. Scans were collected between
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4000-600 cm~!. The glovebox atmosphere (Ar gas) was measured as
the reference blank prior to sample measurements. Reported spectra
reflect an average of 192 acquisitions. Spectra were baseline subtracted
using a convex-hull fitting function.

XPS measurements were performed in a Physical Electronics Phi
VersaProbe III instrument using Al-ka excitation (hn = 1486.7 eV).
High-resolution core-level spectra were collected at a pass energy of
55 eV. Prior to XPS measurements, effects of surface contamination
were minimized by handling and transferring samples only under
controlled-ambient (Ar) conditions. XPS spectra were curve-fitted using
customized procedures in Igor Pro, with appropriate constraints applied
to ensure peak-area proportionality and constant binding-energy sepa-
rations for all elements within a given phase across different core-level
spectra.

2.4. Material characterization—semi-volatile and gaseous headspace

Semi-volatile and gaseous headspace products evolved during cy-
cling were analyzed using an Agilent 7890B gas GC paired with an
Agilent 5977B mass spectrometer (MS) and an Agilent flame-ionization
detector (FID) with methanizer. The GC was outfitted with two par-
allel stationary columns of proprietary composition optimized for the
separation of electrolyte components (Column 1: 30 m x 0.25 mm;
Column 2: 60 m x 0.53 mm; Wasson-ECE). During SPME analysis,
the sample was only analyzed via Column 1 and the MS detector.
During direct gas analysis, sample volume was split between the two
columns, such that the first column separated and directed samples
through the MS detector, while the second column separated and
directed samples through the FID detector. The split ratio between
MS and FID columns remained constant throughout sample analysis.
Specific preparation and analysis methods for SPME and direct gas
measurements are detailed below.

Ex situ analysis of the separator recovered from coin cells was
used to evaluate the semi-volatile headspace products evolved at each
potential. Immediately after opening the coin cell in an Ar-gas glove
box, the wet separator was placed into a 1 mL polypropylene vial, then
sealed with a PTFE-lined crimp cap (Agilent). An 85 pm polyacrylate-
coated fused silica SPME fiber (24 gauge; Supelco) was inserted into
the sample vial headspace for 8 min at room temperature (~22 °C),
during which volatile and semi-volatile species adsorbed onto the fiber.
The 8 min headspace dwell time was selected following measurement
of a representative sample of GenF-10 electrolyte, whereby linearity
of the SPME signal was demonstrated up to a maximum intensity
at 8 min of headspace dwell time (Figure S2). The SPME fiber was
subsequently desorbed in the GC inlet at 270 °C for 1 min. Helium
was used as carrier gas (1.16 mL min~! column flow and 8.85 psi
column pressure) and the GC was run in splitless mode according to the
following protocol (adapted from [38]): from a starting temperature of
40 °C, the temperature was increased at a rate of 3 °C min~! to 60 °C;
then increased at a rate of 30 °C min~! until a final temperature of
260 °C was reached. Chemical species eluting from the column were
continuously measured by the MS detector.

For El-Cell samples, the volatile headspace was evaluated in situ
at the end of the voltage hold period (174 h) via diluted direct gas
extraction. A gas-tight syringe filled with 8 mL of Ar gas was used to
slowly (=10 s) introduce the dilution gas volume through the inlet port
of the El-Cell; simultaneously, a second syringe connected to the outlet
port (initially evacuated) was used to withdraw 8 mL of gas, which
contained the cell headspace product gas diluted in the Ar dilution gas.
Figure Sla illustrates the schematic setup. A dilutant was required to fill
the minimum sample volume loop on the GC and enable simultaneous
MS and FID analysis.

Prior to each analysis, a blank sample containing 8 mL of Ar gas
from the same source used for sample dilution was analyzed via GC-
MS-FID; this blank was used to both verify column purity and as a basis
for background-subtraction of peak intensities to account for minor
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Table 1
Potential-hold voltages selected for this study. Voltages were selected to be
slightly below the literature-reported nominal reduction potential of various
electrolyte species or relevant reduction events [18,20,22] and also correspond
to differential capacity features observed in half-cell cycling of Si-Pitch (Figure
S1b).

Potential vs Lit/Li

Dominate electrochemical reduction event

Open circuit N/A (pure chemical reactivity)

1.5V LiPF, decomposition”
0.8V FEC decomposition
04V EC decomposition
0.05V Si lithiation

“Reported in the presence of trace H,O [49] or as spontaneous bond breaking [22].

fluctuations in the background Ar signal. Following the blank run, 8 mL
of sample gas (El-Cell headspace diluted in Ar) was introduced onto the
GC-MS-FID. Helium was used as carrier gas (18.3 psi column pressure)
and the GC was run according to a previously established and reported
protocol [27]: briefly, a starting temperature of 40 °C was held for
3 min; the temperature was increased at a rate of 18 °C min~! to
200 °C; and the final temperature of 200 °C was held for 5 min. The
FID was operated at 200 °C with the methanizer temperature set at
450 °C; H, and air flows for the FID were set at 25 and 450 mL min~?,
respectively.

The gaseous species herein reported were evaluated primarily thr-
ough FID. Given that FID does not inherently enable product identi-
fication, a series of qualitative identification runs were performed to
determine the identity of each detected gaseous product. Specifically,
8 mL of each of a series of high-purity gaseous standards (GASCO,
Calgas Direct) was introduced onto the column. The standards were an-
alyzed using the same instrumental method described above, such that
the retention time of the standard gas could be matched to observed
retention times in the sample chromatogram.

3. Results and discussion

3.1. Reduced electrochemical reactivity of pitch-carbon-coated Si nanopar-
ticles

For novel electro-active materials (including Si composites), the
relative magnitude of adverse electrochemical reactivity can be qual-
itatively identified through a potentiostatic hold, whereby the residual
current measured throughout a long (~180 h) voltage hold is related to
side reactions in the cell [44-47]. This approach is discussed in detail
in the Supplementary Material. Previously, our team demonstrated
reduced parasitic reactivity of Si-Pitch electrodes relative to Si-NMP
material at an operationally relevant lithiation potential of 10 mV, as
evidenced by lower residual current values in the Si-Pich system [27].
In the present work, the analysis has been expanded to four distinct
voltage-hold potentials, which are applied in Si-composite/Li half cells.
This approach to evaluating voltage-resolved reactivity has previously
been used to evaluate SEI growth and passivation in Si thin-film sys-
tems [48]. Voltage-hold potentials were selected just below notable
differential capacity features observed during half-cell cycling of the
Si-Pitch material (Figure S1b-c). These potentials are listed in Table 1,
along with assignments of the predominant redox event predicted to
occur at each potential based on previous literature reports [18,20,22].

For both Si-NMP and Si-Pitch cells, model fits according to Eq. S3
show good agreement with experimentally observed capacities during
the latter portion of the voltage hold. In Fig. 2, model fits are shown
presuming a maximum lithiation onset of 100 h (7o, x = 100 h;
i.e., fitting the last 80 h of capacity data). Varying the maximum
lithiation onset time between 80 and 130 h does not substantially
improve the quality of fit (Figures S3 and S4).

Fig. 2 shows the normalized currents during the voltage holds
for Si-NMP versus Si-Pitch at potentials ranging from 1500 mV to
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Fig. 2. Normalized current decay profiles of Si-Pitch and Si-NMP coin cells during a 180 hr voltage hold at 4 potentials of interest: (a) 1500 mV, (b) 800 mV,
(c) 400 mV and (d) 50 mV. Model fits to capacity according to Eq. S3 are shown for 7, ., = 100 h.

50 mV as well as the associated model fits. For each Si composite
material (Si-NMP and Si-Pitch), currents have been normalized to the
nominal capacity achieved during lithiation to 50 mV. This ensures
appropriate comparison between the relative magnitudes of residual
current for the two material types. Voltage-hold data fit statistics are
presented in Table S1. Consistent values for the fit parameter reflecting
temporal growth of the SEI (see details in the Supplementary Material)
are obtained across all fit replicates, with a maximum coefficient of
variation of 7.67% and 5% for Si-NMP and Si-Pitch, respectively (Figure
S5). The maximum coefficient of variation is observed for the 50 mV
hold where highest reversible lithiation occurs.

In all sub-plots of Fig. 2, the normalized total current associated
with the Si-Pitch cells lie below that of the Si-NMP cells, suggesting that
Si-NMP has higher parasitic currents than Si-Pitch at all voltage-hold
potentials. The trend of higher SEI currents at lower hold-potentials
is also observed for both samples. This confirms previous reports of
improved interfacial passivation induced by the pitch-carbon coating
and suggests that the passivation mechanism is at least in part electro-
chemical, i.e., potential-dependent. However, the voltage-hold method
only tracks electrochemical contributions to parasitic reactivity and
cannot explicitly probe or quantify chemical reactivity (i.e., reactions
occurring in the absence of applied potential). Further, it is challenging
to determine from voltage-hold analyses alone whether pitch has a
beneficial impact above and beyond that of simply reducing the ex-
posed total surface area of bare Si. A more detailed analysis is needed
to explain the role of pitch in facilitating a highly performing and
surface-stable nano-Si electrode.

3.2. Pitch acts as a physicochemical barrier

Perhaps the simplest explanation for the beneficial impacts im-
parted by pitch-carbon coating is that the pitch serves as a physico-
chemical barrier between the reactive nano-Si and electrolyte. Spon-
taneous reactions of electrolyte with bare Si have been reported even
in the absence of applied potential [8,50]. Such adverse chemical
reactivity is exacerbated in lithiated Si systems, where nucleophilic
Siz—/4- species drive reductive electrolyte decomposition [9]. Uncoated

silicon’s potential-dependent reactivity with carbonate solvents has also
been extensively reported [8,10-14]. Thus, there is a strong case for the
notion that reducing the active Si surface area, such as through pitch-
carbon coating, should limit reactivity by minimizing Si/electrolyte
interactions.

We have previously demonstrated that pitch-carbon forms a hetero-
geneous surface coating on nano-Si [27], indicating that the total area
of potentially reactive Si is reduced but not fully eliminated for the
pitch-coated system (see for example, scanning transmission electron
miscroscope-energy dispersive spectroscopy in Figure S4 in [27]). By
this “physicochemical barrier” explanation, the pitch carbon would be
expected to protect the nano-Si, reducing adverse (electro)chemical
electrolyte degradation and simultaneously preserving the Si chemistry
and structure. Coupled solid-state analysis using FTIR (Fig. 3 and Figure
S6) and XPS (Fig. 4) support these conclusions. Both techniques indi-
cate that the pitch-carbon coating facilitates SEI passivation at higher
potentials relative to the baseline NMP coating. FTIR spectra of the
Si anodes recovered from half cells after 180 h voltage holds at each
of the potentials listed in Table 1 are shown in Fig. 3. The spectrum
of a pure P84 binder film is also included for reference (gray trace).
The P84 binder has several distinct IR absorption peaks including at
1724, 1512, 1360, 1100, and 720 cm~!. Most of these peaks are still
present in the OCV (2230 mV) and 1500 mV samples. However, at
800 mV and below, the P84 peaks are diminished significantly, indi-
cating surface coverage. The observed reduction in P84 signal occurs
concurrently with an increase in typical SEI species at 1840-1740 cm™!
(oligomeric vinylene or fluoroethylene carbonates), 1660-1620 and
1460 cm~! (lithium alkyl carbonate) [28,32,51], 1590 cm~! (lithium
carboxylates, asymmetric) [28], 1490 cm~! and 1440 cm~! (lithium
carbonate) [28,32], 1320 cm™! (carboxylate, symmetric), 1070 cm™!
(lithium alkoxide) [33,52], and 870-850 cm™! (lithium carbonate). In
Fig. 3, it is evident that at all cell potentials higher than 50 mV, the Si-
Pitch samples show much less signal overall as compared to the Si-NMP
samples. This indicates that a thinner and ostensibly more passivating
SEI has evolved in the Si-Pitch system.

To further probe the solid-phase SEI, XPS was conducted on a sep-
arate portion of the recovered Si-NMP and Si-Pitch electrodes that had
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Fig. 3. FTIR spectra of Si-Pitch (red) and Si-NMP (black) electrodes recovered from half coin cells following 180 h voltage hold at targeted reduction (lithiation)
potentials. Spectra of P84 binder (gray) and GenF-10 electrolyte (blue), with vertical dashed lines at significant peaks, are also included for reference.

undergone FTIR analysis. XPS spectra of the Si-Pitch samples indicate
the evolution of full SEI surface coverage by 400 mV (Fig. 4). This is
evidenced by the reduction in the total Si 2p signal to near-baseline.
In contrast, the Si-NMP sample shows high Si 2p signal, indicative of
surface-exposed Si. Not until 50 mV - the maximum lithiating potential
evaluated in this study — does the Si 2p signal disappear. Taken together
and from a simplistic perspective, these FTIR and XPS results support
the notion that less Si surface is available and that there are fewer
reactive bare Si sites in the Si-Pitch sample, such that passivation by
full SEI coverage is achieved at higher potentials.

Further support for this mechanism is evidenced in the Si oxidation
behavior with lithiation. Specifically, the presence of pitch is found to
prevent oxidation of the Si during SEI growth. For the baseline Si-NMP
sample, both the Si 2p and O 1s spectra indicate oxidation of the Si
surface to SiO, and SiO, prior to full SEI coverage. At OCV, the Si-NMP
sample shows a distinct Si° peak at ~100 eV and a broader SiO, /SiO,
peak between ~102-105 eV. With increasing lithiation state (i.e., lower
half cell potential) a shift of the predominant peak to higher binding
energies is observed for the Si-NMP sample. This implies oxidation of
Si° to SiO, (x101-103 eV) [30] before the Si 2p signal is masked by
complete SEI coverage. Additionally, the Si-NMP sample appears to
react with labile F species, which are likely evolved from the LiPFg
electrolyte salt, at high potentials to form substantial quantities of
SiO,F,. Such behavior is notably absent for the Si-Pitch sample: With
increasingly reducing potentials, the initial quantity of SiO, present
at OCV is rapidly reacted or masked; the Si 2p signal is reduced in
intensity but displays no observable binding energy shift and there
is no evolution of SiO,F,. Deconvolution of the primary Si 2p peak
at ~100 eV implies a predominance of the Si’ state in Si-Pitch at all
states of lithiation, although the Si signal is largely masked by SEI at
potentials < 1500 mV.

Notably, the Si-NMP sample also shows strong evidence of sample
charging, which occurs in the absence of mobile Li to balance charge
during the XPS measurement. In Fig. 4, this is manifest as the Si 2p
spectral peak at ~108 eV; by the presence of double peaks in the
Ols spectrum between ~534-537 eV for the higher cell potentials,
i.e., OCV and 1500 mV; by the presence of broad double-peaks in the
Cls spectra between ~286-289 eV; and by the broad shoulder in the
F1s spectra between ~688-692 eV. The emergence of double-peaks and

broad higher-binding-energy “echoes” of the dominant signals in these
regions suggests that the Si-NMP sample consists of two disconnected
particle environments, one of which experiences charging during analy-
sis and the other of which does not. This charging behavior also implies
that the Si-NMP sample is significantly electronically resistive to the
depth of the XPS measurement (~5-10 nm). At more highly lithiat-
ing potentials, evidence of charging is largely absent. This indicates
that either the Si-NMP sample has become sufficiently electronically
conductive (perhaps due to Si expansion strengthening contact with
the surrounding carbon-binder network) or there is sufficient mobile
Li to balance the charge. The fact that the Si-Pitch sample does not
show charging behavior across all analyzed potentials indicates a lower
electronic resistivity relative to the Si-NMP sample.

The solid-phase analysis presented in Figs. 3 and 4 provides ev-
idence that the pitch-carbon coating serves to limit exposure of the
native nano-Si to electrolyte, thereby limiting adverse electrolyte re-
duction processes that produce highly resistive SEI and concurrently
minimizing oxidation of the underlying Si. FTIR and XPS results both
imply that the Si-Pitch material experiences an “earlier” (i.e., higher-
potential) grow-in of the SEI relative to Si-NMP, which could be the
result of a lesser amount of exposed Si requiring passivation and could
thereby result in the observed electrochemical performance improve-
ments.

However, while this physicochemical barrier mode of pitch activity
is a temptingly simple explanation, additional features of Fig. 4 neces-
sitate a more complex interpretation. Beyond charging considerations,
it is evident from the XPS spectra that the SEI composition of Si-
Pitch is distinct from that of Si-NMP. For example, the Fls spectra
indicates a predominance of LiF at the Si-NMP surface at all potentials
analyzed, whereas the Si-Pitch samples show reduced LiF signal, on
the same order of intensity of residual LiPF, salt (which is observed
for both materials even following DMC rinsing). This disparity is most
pronounced at the lithiating potential of 50 mV, where a dramatically
lower signal from LiF is observed on the Si-Pitch surface relative to
the Si-NMP surface. If the quantity of residual LiPF¢ salt is presumed
to be relatively equivalent between the two samples, the P 2p spectra
also imply a greater predominance of Li;PO, and Li,PF,0,-type species
on the Si-NMP sample. Further, the Ols spectra reveals a Li,CO;-rich
SEI at moderate potentials of 800 and 400 mV, whereas Li,COj; is
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Fig. 4. XPS spectra and associated peak deconvolution with species assignments for Si-Pitch and Si-NMP samples following a 180 h voltage hold at each indicated
potential. Spectra are each labeled with the value of their respective voltage-hold potential.

notably absent from the Si-NMP sample at 800 mV and only minorly
present at 400 mV. Both Figs. 3 and 4 reveal a clear compositional
distinction in the SEI evolved on these two Si composites across all
potentials, suggesting that a more detailed explanation for the pitch-
carbon coating’s role in promoting improved nano-Si performance is
warranted.

3.3. Pitch carbon promotes a more-favorable SEI

To pursue a more robust evaluation of the impacts of pitch-carbon
on nano-Si performance, a multi-phase approach has been developed
to probe solid, semi-volatile, and gaseous species compositions com-
plementarily. Recent work [42] has emphasized the importance of
such a multi-phase approach to understanding the inherently complex
and convoluted network of three-phase reactions in Li-ion battery
systems. In the present study, the solid-phase analysis of SEI prod-
ucts (Figs. 3 and 4) yields an “end point” of reactive/decomposition
pathways. Qualitative and semi-quantitative analysis of volatile liquids
and gaseous products can complement these results by providing addi-
tional insight into the mechanistic pathways underlying the observed
SEI production. Specifically, pairing XPS and FTIR data (solid phase)
with headspace (HS)-SPME GC-MS results (concentrated semi-volatile
phase) and GC-FID signals (gaseous phase) for both Si-NMP and Si-Pitch
informs a holistic view of the specific contribution of the pitch coating

to Si surface passivation and associated performance improvements. As
will be discussed, the present multi-phase data strongly supports the
notion that the pitch coating drives the formation of an SEI that is
compositionally distinct through (1) altering the role and functional-
ity the fluoroethylene carbonate (FEC) additive by stabilizing radical
intermediates and suppressing linear carbonate transesterification; and
(2) altering the favorability of competitive reaction pathways.

3.3.1. Pitch as a “substitute” for FEC

In Si-containing systems, LiF evolution in the solid phase has been
strongly correlated with FEC reduction [17,28,53] (although LiF has
also been observed as an EC reduction product in a graphite system
containing no FEC or linear carbonates [53]). A broadly reported FEC
reduction pathway occurs according to Scheme 1 [18,34,53,54].

While the validity of the precise mechanistic pathway for FEC reduc-
tion has been challenged [9,55], there is broad consensus that reduction
of FEC results in production of LiF, and that FEC is the predominant
contributor to LiF formation in FEC-containing Si systems [18,34,53,
54]. It is therefore reasonable to presume that, for systems where elec-
trolyte and cell fabrication conditions are held constant, the generation
of LiF may be taken as a qualitative indicator of the relative favorability
of FEC reduction. The deconvoluted F1s signals in Fig. 4 and quantified
ratios in Table 2 show that the surface of the Si-NMP sample is more
significantly dominated by LiF at all hold potentials relative to the
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Scheme 1. Reduction pathway of fluoroethylene carbonate (FEC) as reported
broadly in literature; see Refs. [18,34,53,54].

Table 2
Selected phase fractions and phase fraction ratios associated with
SEI evolved on Si-NMP and Si-Pitch at each hold potential.

Phase fractions

Hold potential LiF (%) /
Sample (mV) LiF(%) Li,CO; (%) Li,CO; (%)
Si-NMP ocv 16.15 25.50 0.63
Si-Pitch ocv 5.01 13.68 0.37
Si-NMP 1500 13.81 2.58 5.36
Si-Pitch 1500 3.31 7.17 0.46
Si-NMP 800 12.57 6.96 1.81
Si-Pitch 800 8.58 28.79 0.30
Si-NMP 400 17.84 20.92 0.85
Si-Pitch 400 10.03 25.77 0.39
Si-NMP 50 29.44 48.37 0.61
Si-Pitch 50 14.39 29.05 0.50

Si-Pitch sample (e.g., phase fraction of 13.81% LiF for Si-NMP versus
phase fraction of 3.31% for Si-Pitch at 1500 mV).

Consistent with the concepts discussed in Section 3.2, the reduced
active Si surface area in the pitch-coated sample is anticipated to
inherently reduce the free electron density available to react with FEC
and drive reduction. In absolute terms, this would suggest less total
reduction of FEC for a Si anode composite with less surface-exposed
Si. However, such interpretation does not account for the observed
shift in speciation, and the relatively lower proportion of LiF observed
as compared to other detected surface moieties such as Li,PF,0, and
Li,CO;. For example, Table 2 and Table S2 show that at all potentials,
Si-Pitch has significantly less LiF as compared to Li,CO5. This difference
is more pronounced at higher hold potentials. For example, at 1500 mV,
the ratio of LiF/Li,CO; on the electrode surface is nearly 12 times
greater for Si-NMP as compared to Si-Pitch. This indicates that FEC
“acts differently” in the Si-Pitch sample relative to the Si-NMP material,
and in particular, the decomposition of FEC appears to be diminished
in the presence of pitch.

If the LiF production is defavored by the pitch coating, then the
presence of reactants and products associated with the LiF decom-
position pathway should also be impacted. As shown in Scheme 1,
vinylene carbonate (VC) is a proposed mechanistic intermediate of FEC
reduction [18,34,53], and VC signals have repeatedly been observed
experimentally [18,34]. In the present analysis, SPME was conducted
on separator samples recovered from coin cells following voltage hold
at each potential of interest. These SPME results serve as a proxy for
the semi-volatile composition of the liquid phase and can be applied
to evaluate the evolution of VC in both Si-Pitch and Si-NMP samples.
Such an approach has previously been employed to characterize the
headspace composition of a variety of cells with high fidelity [38].
While robust quantification of headspace components through SPME
is feasible, it requires preparation of well-defined volatile standards
with known analyte compositions, which is significantly time-intensive
and was not undertaken for the present study. However, with careful
consideration for consistency in cell preparation and disassembly pro-
cedures and fiber adsorption/desorption times, the SPME-GC-MS signal
(Figure S2) is a linear function of concentration in the headspace —
and therefore also in the liquid phase, if equilibrium vapor pressure is
assumed.

Fig. 5 illustrates the integrated intensity of VC signals (with VC iden-
tity confirmed using National Institute of Standards and Technology
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(NIST) database matching of the MS spectra) as a function of voltage-
hold potential. There is no clear monotonic trend of VC intensity with
potential for either sample; however, there is notably lower VC content
for all Si-Pitch samples relative to Si-NMP samples at each voltage-hold
potential. Interestingly, the lowest VC content for the Si-NMP sample
is observed at the most reducing potential (50 mV), which also aligns
with the highest observed phase fraction of LiF (Table 2).

It is notable that VC is observed in this system at all potentials —
including OCV. This result suggests that VC production occurs even
in the absence of applied electrochemical potential. The fundamental
mechanisms proposed in literature to describe FEC reactivity remain
under debate, with some reports suggesting pathways that entirely
preclude the direct evolution of VC as an intermediate product in
the liquid phase [9,55]. The mechanism of FEC reduction shown in
Scheme 1 remains contested in the current literature, largely because
it requires the presence of reduced carbonate species to serve as the
bases attacking FEC. These reactants include lithium alkoxide species
(LiOR, e.g. LIEMC, dilithium ethylene dicarbonate (LiEDC), etc.) which
are primarily derived from reduction of linear carbonates [16,57]. The
nominal equilibrium reduction potential of EMC is predicted by density
functional theory to be substantially lower than that of either FEC or
EC (0.52 V vs Lit/Li for EMC reduction; 0.87 V for FEC reduction; and
0.67 V for EC reduction have been reported for a simulated GenF-10
electrolyte) [42]. Given the high thermodynamic reduction potential of
FEC, these reduced carbonate species should not ostensibly be present.
While VC may be formed through alternative pathways — for example,
through decomposition of linear carbonates such as EMC [42] - the
nominal reduction potential of these linear carbonates is even lower
than that of FEC. Thus, it has been argued that VC should not be
an expected product from FEC reduction [9,55]. However, the clear
detection of VC (Fig. 5) concurrent with the production of LiF (Fig.
4) provides experimental support for the notion that other reduced
species must be present at potentials as high as 1500 mV to drive the
observed electrochemical reduction of FEC to VC. As shown in Fig. 5,
VC production is clearly at least in part potential-driven, with signals at
each measured reduction potential exceeding that attributable to pure
chemical reactivity at OCV.

In situ gas-phase signals further bolster this conclusion. Specifically,
carbon monoxide (CO) is produced concurrently with LiOR during
carbonate reduction (Scheme 2), and as such, CO may be employed
as an indicator of LiOR species generation [56]. Fig. 6a reports the
concentration of CO evolved from Si-Pitch and Si-NMP half cells after
180 h voltage hold at each of three potentials. It is immediately evident
that substantially higher intensity of CO (intensity linearly proportional
to concentration) is observed for the Si-NMP sample across all poten-
tials, but particularly at and below 800 mV. For the Si-Pitch sample,
CO concentrations decrease consistently between 1500 and 50 mV.

Taken together, the observed presence of LiOR and associated reac-
tion products, such as CO, offers an interesting perspective to consider
the performance benefits imparted by pitch-carbon coating on nano-Si.
When present in the electrolyte, LiOR species are known to catalyze
not only the reduction of FEC to VC and LiF, but also the pathway
of transesterification of the linear carbonates. In the transesterification
process, the alkoxide group (RO-) on the native linear carbonate (EMC)
is (reversibly) substituted by the alkoxide group of the reduced LiOR
species to form, for example, DMC. Transesterification has been broadly
observed experimentally [16,36,38,56,57] and several thermodynam-
ically favorable pathways describing this phenomenon have recently
been reported [42]. Left unchecked, transesterification can lead to
reduced cell performance, including sudden cell failure [16].

Several reports have noted the critical role that additives such as
VC [36,38] and FEC [16,38] can play in suppressing transesterification.
It may be intuitively presumed that such an effect is achieved through
preferential reduction of the additive (rather than the linear carbonate),
such that LiOR production would be avoided. However, it has been
demonstrated that instead, these additives function primarily through
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Scheme 2. Proposed mechanisms for (a) cyclic carbonate (EC) and (b) linear carbonate (EMC) decomposition to concurrently form LiOR and CO; see Refs. [42,56].
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Fig. 5. Variation of vinylene carbonate (VC) intensity measured via GC-SPME
for Si-Pitch (solid) and Si-NMP (dashed) samples across multiple reduction
potentials.

a method of lithium alkoxide trapping, whereby LiOR is still produced,
but the additive preferentially reacts with and consumes LiOR rather
than LiOR persisting in solution and remaining available to drive
transesterification [16,33,56,58].

For FEC in particular, the mechanism of alkoxide trapping is re-
ported to occur according to the reaction given in Scheme 3, which
produces alkoxide-substituted FEC products [16]. Such products occur
in trace concentrations relative to the bulk electrolyte composition, and
thus are rarely reported. However, their presence has been confirmed
in the present work via SPME-GC-MS analysis. As shown in Figure
S7, SPME-GC-MS of the volatile headspace of a separator recovered
from Si-Pitch electrodes cycled in GenF-10 reveals two compounds
with molar masses of 118 and 132 g mol~!. These species are unin-
dexed in the NIST database, but exhibit mass selective detector (MSD)
chromatograms precisely consistent with those detected [16] and have
been assigned as alkoxide-substituted FEC products, consistent with the
reaction given in Scheme 3.

The extent of alkoxide trapping is dependent on both the avail-
ability of the “trapping” species and the relative kinetics of alkoxide
generation vs. alkoxide trapping [56]. For the Si-NMP sample, FEC
is the only viable trapping solvent. However, as has been mentioned,
Si-Pitch also contains substantial sp?> carbon functionality that may
similarly facilitate alkoxide trapping, thereby mitigating transesterifi-
cation. Previously, a C4;Hy (butadiene) additive was reported to offer
better LiOR scavenging properties than VC; this has been attributed
to the resonance stabilization of negative charge evolved during the
nucleophilic attack of LiOR [56]. The pitch-carbon coating, with its
extended conjugated carbon network, would therefore be expected to
substantially enhance such resonance stabilization and thereby favor
LiOR trapping, as proposed in Scheme 4.

It should be noted that multiple distinct species in the cell system
are known to facilitate LiOR consumption, including FEC [16,38],
VC [36,38], and CO, [33,56,58] — and, we propose, the pitch-carbon
coating as well. While it is probable that all of these species con-
tribute to the reactive consumption of LiOR to some degree, factors
such as FEC content were intentionally maintained consistent between

samples, and all other controllable sources of variation between the
samples were minimized such that major changes in signal intensity
can be attributed to the presence (or absence) of pitch. Since (1)
previous findings suggest that resonance-stabilized conjugated species
preferentially scavenge LiOR more than species with a single reactive
double-bond [56] and (2) XPS results in Fig. 4 and Table 2 indicate a
relatively lower production of LiF (i.e., lower extent of FEC reduction)
in Si-Pitch samples, we conclude that the pitch-carbon coating is the
predominant species reactively consuming LiOR in the Si-pitch system. The
FTIR data in Fig. 3 provide further support for this hypothesis. Specifi-
cally, the Si-Pitch sample shows significantly lower absorption around
1070 cm™! at all hold potentials, which is the spectral region associated
with the C-O vibration stretch of an alkoxy moiety, i.e., LiOR [33,52].

Thus, there is robust multi-phase evidence indicating that pitch-
carbon coating is altering the “typical” FEC functionality in the nano-Si
system. XPS results (Fig. 4 and Table 2) suggest that the typical decom-
position pathway of FEC is defavored, resulting in both reduced VC
signals (detected by SPME-GC-MS) and relatively lower LiF content in
the solid phase. This carbon network is also hypothesized to facilitate
more alkoxide scavenging relative to FEC for Si-Pitch versus Si-NMP
samples, across all potentials.

These findings all point to the conclusion that FEC plays a different,
and perhaps lesser, role in stabilizing the SEI in Si-Pitch, with the pitch-
carbon network instead assuming much of the beneficial functionality
typically ascribed to FEC. This implies that using FEC as an additive
may be less critical for Si-Pitch electrodes as compared to other Si-based
electrode systems. Such a conclusion has been qualitatively borne out in
recent experimental studies by our group of various nano-Si materials
in novel electrolyte systems (data as yet unpublished), whereby FEC
addition is found to negligibly improve cycling performance for the Si-
Pitch samples, whereas FEC drastically improves the cycling stability
of nano-Si materials with alternative surface coatings. Reduced FEC
consumption in the Si-Pitch sample implies that the FEC additive will
be retained in the electrolyte for longer, where it may serve additional
beneficial roles such as preventing LiPF, decomposition and prevent-
ing catastrophic failure associated with FEC depletion that has been
reported for Si-based cells [17].

3.3.2. Pitch alters reaction competitive favorability

Beyond merely subsuming some of the functionality of FEC, the
present data suggests that the pitch-carbon coating is likely altering
the relative favorability of competitive SEI-forming reactions, resulting
in the production of a “better” SEI. While SEI-generating reaction
pathways have traditionally (and reasonably) been probed primarily
through solid-phase characterization techniques, gas-phase analysis is
a powerful complementary approach to probe reaction identity and
extent. An example of this complementarity has already been discussed
(Fig. 6a, whereby CO may be used as a proxy for detection of LiOR
in the liquid phase, and by extension, the transesterification reaction
pathway).
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Scheme 4. Alkoxide trapping mechanism facilitated by resonance stabilization: (a) Previously proposed mechanism for alkoxide scavenging by butadiene,
according to Ref. [56]; (b) Suggested mechanism for alkoxide scavenging by pitch-carbon supported by the present results.

In this study, we have utilized an in situ gas analysis approach in
which cells are fabricated with realistic (rather than mesh or model-
system) electrodes in a coin-cell-type format, which maximizes di-
rect translational comparison with electrochemical and ex situ data
from traditional coin cells. Our coupled GC-MS-FID system facilitates
a broad scope of analyte detection, with GC separation facilitating
distinct analyte qualitative identification and MS or FID detection
providing semi-quantitative concentration information, i.e., intensity
is linearly proportional to concentration. The present approach en-
ables robust identification and quantification of relative concentrations
of gaseous products in an in situ format, while minimizing artifi-
cial disruptions to realistic cell operation induced by sampling. It is
worth noting that in the present study, each cell was brought imme-
diately to the hold-potential of interest and a sample was extracted
after a 180 h hold at that potential. This notably results in distinctly
different data than if each potential-point had been measured consec-
utively, e.g., through techniques such as differential electrochemical
mass spectrometry (DEMS).

For Si systems in particular, gas evolution and gas-phase composi-
tion have been recognized as both critical indicators and influencers of
reactivity. Fig. 6 shows a complete set of potential-resolved gas-phase
data for all major detected gaseous species observed in Si-Pitch and Si-
NMP cells after a 180 h voltage hold at each of the indicated potentials.
The identity and relative quantities of gases evolved from Si-containing
systems across a range of thermodynamically relevant potentials offers
insight into competitive reaction pathways. These pathways may be
complex, convoluted, and can involve multiple plausible pathways
producing the same gaseous species [42]. Even in the absence of
applied potential, the Si surface chemistry, including the Si termination,
is known to influence the nature of evolved gases [13]. Further, the
presence of gases that are typical products of electrolyte reduction
processes during SEI formation directly influence the favorability of
additional SEI-forming reactions and the resulting solid-phase prod-
ucts [59]. Given such inherent convolution, specific attribution of each
species at each potential to an explicit pathway (or pathways) based
solely on (electro)chemical intuition is not feasible. Even in light of

10

the robust multi-phase complementary analysis reported herein, it is
similarly implausible to attempt specific mechanistic deconvolution
through precise experimental detection of all complementary evolved
species for a given pathway, since there are hundreds of relevant
species and reactive intermediates spanning all three phases. Instead,
several prominent trends that emerge from this gas-phase data will be
discussed and tied to solid- and volatile-liquid-phase data to further de-
termine the role of pitch-carbon coating in improving the performance
and (electro)chemical stability of nano-Si.

First, a comparison between the gas-phase signatures of Si-Pitch
and Si-NMP reveals that Si-Pitch shows higher concentrations of all
major hydrocarbon gases (CH,, C,H,, C,Hj) relative to Si-NMP at 1500
and 50 mV (Fig. 6¢, e, f). Conversely, at 800 mV, Si-Pitch shows
lower concentrations of CH, and C,Hy relative to Si-NMP. Gas-phase
analysis of Si-Pitch and Si-NMP soaked in GenF-10 in the absence of an
applied potential has recently suggested that Si-Pitch in both powder
and electrode configurations reacts to evolve higher concentrations of
CH, and C,H¢ gas relative to Si-NMP [27]. The gas-phase signatures
of Si-Pitch and Si-NMP at 1500 mV are consistent with this previous
observation for CH, and C,Hg evolution at OCV [27] (Fig. 6¢ and
Fig. 6f, respectively). At more reducing potentials, however, Si-NMP
shows increased electrochemical reactivity over Si-Pitch, with higher
relative production of alkane gases observed in the Si-NMP sample at
800 mV. The generation of CH, and C,Hy has been largely attributed
to the reductive decomposition of linear alkyl carbonates [53,60] (al-
though isotopic labeling in a comparable baseline electrolyte system
implies that reduction of the cyclic carbonate may also contribute to
alkane gas production to a lesser degree [40]). This data is consistent
with the suppression of linear carbonate decomposition and associated
transesterification reactions, as put forward in Section 3.3.1.

The gas evolution behavior of the two Si materials when held at
1500 mV differs from that observed during soaking experiments, how-
ever, with regards to the relative intensity of C,H, evolved. Specifically,
a higher intensity of C,H, is observed for the Si-Pitch sample as com-
pared to the Si-NMP sample at 1500 and 800 mV, despite the fact that
Si-Pitch is known to produce less C,H, as compared to Si-NMP when
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Fig. 6. Voltage-resolved evolution of seven gaseous species detected in Si-Pitch (solid) and Si-NMP (dashed) samples via GC-FID.

soaked in GenF-10 [27]. Isotopic labeling results [40] and extensive
previous literature reports have suggested that C,H, is evolved nearly
exclusively from EC degradation. Given that the gas-phase signals are
reported as intensities rather than absolute values, a higher observed
intensity of C,H, in the Si-Pitch sample at higher potentials could
indicate either: (1) Si-Pitch is driving selective degradation of EC, or (2)
other pathways associated with Si-NMP (electro)chemical reactivity are
dominant at these potentials, resulting in lower concentration of C,H,
relative to total gas produced. Analysis of Fig. 6 (and Figure S8, where
the data in Fig. 6 is replotted in an alternative form for ease of com-
parison and interpretation) lends weight to this latter interpretation. In
particular, substantially higher CO and CO, generation is observed for
Si-NMP relative to Si-Pitch at 1500 mV and 800 mV, and values of C,H,
and C;3Hg are also elevated for the Si-NMP sample at these potentials.
Moles-based analysis — which requires additional robust measurements
of pressure and volume at every system state — is under development
to strengthen direct comparisons of the gas-phase signatures between
these materials.

A second critical result is the potential-dependent non-monotonic
trend in species intensity observed for nearly all of the gaseous products
detected in the Si-Pitch system (Fig. 6). Notable exceptions are C,Hg
and C;Hg, each of which increase in concentration from OCV to 400 mV
and stabilize at 400 mV. For Si-NMP at the three lithiating potentials
measured, the same non-monotonic trend is observed for all species:
concentrations of each measured species increase between 1500 and
800 mV, and then decrease between 800 and 50 mV (Fig. 6).
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Fig. 6 shows that the majority of hydrocarbon species detected in
the Si-Pitch sample reach a maximum concentration value at 400 mV,
including CH,, C,H,, C,Hy, C3Hg, and C,H,. The 400 mV potential
point was selected in this work to be the voltage at which predominant
SEI-forming reactions (i.e., thermodynamically predicted electrochemi-
cal reduction of both FEC and EC) should be “turned on”, but lithiation
of the Si should not yet be occurring. Of these five gaseous species, C,Hg
and C;Hg remain virtually constant in concentration between 400 and
50 mV, while CH, and C,H, show a slight decrease in concentration
and C,H, shows a substantial decrease in concentration, to a value
comparable to that observed at 1500 and 800 mV. From an intensity-
agnostic point-of-view, the relative rates of potential-dependent change
are nearly identical for C,H¢ and C;Hg, indicating that these two
species are either: (1) formed from a shared set of reactants through
the same mechanistic pathway (a precise mechanism to describe this
has not been suggested, to our knowledge); (2) evolved from distinct
reactants that are produced in complementary or stoichiometrically
related pathways; (3) formed through distinct pathways with similar
thermodynamic favorability at each given potential.

The behavior of the oxide gases (CO and CO,; Fig. 6 a, b) is
perhaps the most erratic for both the Si-Pitch and Si-NMP samples, with
substantial CO and CO, generation observed at 1500 mV — above the
electrochemical reduction potential for most reported reactions. In fact,
nearly all gaseous species observed (except for C;Hg) are present in
elevated concentrations at 1500 mV, relative to what may be attributed
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to the pure chemical reactivity “baseline” measured at OCV. Reactivity
at high potentials is typically attributed to the reduction of trace con-
taminants, including HF, alcohols, or water present in the system [13].
CO, production resulting from EC hydrolysis has been reported at
potentials around 1500 mV [56], which is also the electrochemical
potential regime in which formation of LiF may occur in the presence
of LiPF, hydrolysis [49]. Additional discussion on this point is taken up
in Section 4.1.

Taken as a whole, Fig. 6 implies that the enhanced electrochemical
stability observed for nano-Si in the presence of a pitch-carbon coating
is not associated merely with suppression of all gas-generating reac-
tions. Rather, the distinct shift in the balance of which gaseous species
are observed at each measured potential between Si-NMP and Si-Pitch
implies that the pitch coating is altering the favorability of various compet-
ing reactive pathways. Surface energy differences between the materials,
the relative (un)favorability of FEC reduction given the competitive
contributions of pitch, and the varying signatures associated with pure
chemical reactivity of Si-NMP vs. Si-Pitch are all expected to contribute
to determining which pathway(s) dominate at each potential to produce
the resulting gas-phase species.

Finally, given the 180 h hold period at each measured potential
prior to sampling, gas consumption may be a contributing factor to
the observed non-monotonic behavior with respect to potential. Gas
consumption beyond that attributable to side-reactivity [56] or gas
solubility [61,62] has been observed and reported in a variety of cell
systems, particularly over longer storage periods [61]. Such behavior
indicates that these gaseous species may be serving as reactants as well
as products in SEI-forming reactions.

Mechanistic pathways describing gas consumption are generally less
studied and are less well understood as compared to pathways driv-
ing gas production. Previous reports have noted and emphasized CO,
consumption in both graphite and Si anode systems [33,56]. Carbon
dioxide consumption is believed to facilitate more favorable SEI evolu-
tion by suppressing transesterification reactions [56] and the resulting
production of more cross-linked PEO-type polymeric species [33]. This
mode of improvement is consistent with behavior of the Si-Pitch sample
discussed in the preceding sections. Presuming that the conjugated
pitch network subsumes the alkoxide-scavenging role otherwise taken
on by CO,, Si-Pitch would be expected to exhibit less CO, consumption
relative to Si-NMP. The present data support such conclusion: As shown
in Fig. 6b, the CO, concentration detected after a 180 h hold at 50 mV
is 74.2% higher than that measured after a 180 h hold at 800 mV for
the Si-Pitch sample, whereas the CO, concentration at 50 mV is 70.8%
lower than that at 800 mV for the Si-NMP sample under the same hold-
time conditions. A higher degree of CO, consumption in the Si-NMP
sample between 800 and 50 mV could plausibly be contributing to
this observed trend. In other words, in Si-NMP, some CO, is consumed
by alkoxide scavenging reactions, whereas in the presence of pitch,
the conjugated carbon network of the pitch subsumes the alkoxide
scavenging role and is acting like an additive to scavenge LiOR, similar
to how CO, may be used as an additive [56]. There is also support
for such conclusion in the solid-phase data: As reported in Section 2.3,
the Si-NMP sample shows a higher concentration of LiF and a relative
suppression of Li,CO; relative to Si-Pitch at all potentials (LiF/Li,CO5
for Si-NMP < LiF/Li,CO; for Si-Pitch; Fig. 4 and Table 2). This is
consistent with behavior previously observed for a Si thin-film half-cell
system doped with an excess of CO, [33], which by thermodynamic
arguments would suggest CO, consumptive pathways.

For several of the other gases exhibiting non-monotonic responses,
including C,H, and CO, plausible consumption pathways to solid-phase
products have been proposed [61]. However, other species such as
the alkane gases (CH, and C,Hy) are not reported to be substantially
consumed in traditional graphite systems [61], and to our knowledge,
there are no reported mechanisms to describe the consumption of
either these alkane gases or the other reported minor species such as
C,H,, C3Hy. The present results highlight the need for time-resolved
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measurements to complement the present potential-resolved data to
deconvolute gas consumption phenomena from the balance of com-
petitive reaction pathways. Such experiments, in conjunction with a
robust moles-based quantification approach and close integration with
continuum-level modeling, are presently underway.

4. Additional considerations

Beyond the above-described hypotheses regarding the specific role
of pitch carbon on the (electro)chemical reactivity of nano-Si, sev-
eral additional considerations are critical to robustly understand the
observed performance of the present system as well as other similar
next-generation Si systems. Three such considerations are outlined
below.

4.1. Considering the impact of trace water on SEI composition

In the present study, both Si-NMP and Si-Pitch samples show sub-
stantial reactivity at potentials above 1500 mV. As noted, the signals
at 1500 mV are in excess of those observed at OCV. There are a select
few reports of reductive pathways with thermodynamic potentials in
this regime: Han et al. [9] suggest that lithium silicides may chemically
react with electrolyte solvents to reduce both EC and FEC, and the
electron density provided at 1500 mV might be sufficient to initiate
such a reaction cascade. Jin et al. [20] report FEC and VC decom-
position at potentials as high as 1300 mV vs. Li*/Li for a system of
Si nanowires, and it is plausible that that the pitch coating and/or
NMP surface termination could provide a sufficient reduction in surface
energy to lower the onset potential for this reaction and produce the
signals observed at 1500 mV. Alternatively or additionally, previous
work has suggested that by applying even a minimal electrochemical
potential, Li-ions are driven to the anode, which will drag additional
bound solvents and PF, anions to the reactive Si surface. This may
alter reaction kinetics and result in the higher total amount of gaseous
products at 1500 mV relative to that evolved at OCV [13,50].

The role of water and trace impurities, which can never entirely
be removed in a practical battery system, should not be ignored.
In addition to the ppm-level quantities of water present in all com-
mercial electrolytes, it has been suggested that 2-3 monolayers of
strongly-bound “surface water” can persist on electrodes, even when
such materials have been vacuum-dried above 300 °C [63]. Given the
low volume of electrolyte used in a coin-cell configuration and the
extremely high surface area of materials such as nano-Si, even mono-
layer presence of surface water may translate to non-negligible overall
concentrations of water impurities in the electrolyte. As explored in
detail in a previous study by Ha et al. [64], the presence of water
strongly influences reactive pathways and can alter the composition
and structure of the SEIL. The transesterification reaction in particular
— and the scavenging mechanism which suppresses it — both rely on
the presence of lithium alkoxide species in the electrolyte. There is
evidence in the present data that LiOR is evolved at potentials above the
thermodynamic reduction potential of FEC, which is not predicted by
theory and may imply the presence of trace water. Practically, eliminat-
ing trace water is unfeasible in any battery system, and it is particularly
challenging to obtain highly dry electrodes without inducing damage to
the binder [63]. Thus, rather than presuming a fully dry system, it is
rather critical to understand and account for the impacts of trace water
on SEI evolution and resulting cell performance.

4.2. Considering the role of Li metal

The present studies were conducted in half cells, which is a standard
configuration for both electrochemical analysis and physicochemical
characterization that is broadly employed across the battery research
community. For gas analysis in particular, half cells offer a convenient
approach to reducing the system complexity by removing so-called
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“cross-talk” contributions from gas-generating reactions at the cathode.
However, particularly when considering pathways for gas consump-
tion, lithium may not be a truly inert component. Lithium has been
repeatedly observed to chemically react with CO, [65], particularly
in the presence of trace water, providing an additional pathway that
contributes to apparent CO, consumption. In future studies, the influ-
ence of the Li counter-electrode on gas-phase signals will be probed
by comparison with alternative counter-electrodes such as lithium iron
phosphate.

4.3. Considering poly-VC evolution

In Fig. 5 and Section 3.3.1, VC was detected and its role as an
indicator for the FEC reduction pathway was discussed. However, once
formed, VC is known to be an unstable and reactive intermediate that is
rapidly consumed until a stable SEI is developed [18]. Accumulation of
VC in the electrolyte — as observed for the Si-NMP sample - is expected
to occur with continuous FEC reduction. The lower concentration of
VC observed for the Si-Pitch samples may therefore be a convolution
of (1) a less favorable FEC reduction pathway producing less VC,
and/or (2) enhancement of pathways that promote the reduction of
VC to solid-phase species. In particular, VC is reported to undergo a
radical reduction to produce polymeric “poly-VC”-type species [34],
which have been repeatedly observed through solid-phase surface char-
acterization and are often used to explain performance improvements
achieved when employing VC as an electrolyte additive [18,20,34,66].
The production of LiF and VC is expected to occur in stoichiometric
equivalency with the reduction of FEC (Scheme 1), whereas further
reduction of VC to poly-VC is a catalytic process [34].

Poly-VC has been previously detected via FTIR in FEC-containing
electrolyte systems [28], but was not observed in substantial quantity
in either sample in the present work. This may be attributable to res-
olubilization of poly-VC in dimethyl carbonate (DMC) during the brief
electrode rinse conducted prior to FTIR analysis, given that poly-VC
is reportedly soluble in several other polar aprotic solvents [67]. VC-
derived polymeric SEI species have been shown to consist of both cross-
linked PEO- or poly-VC-type regions (Li-ion conducting) and aliphatic
regions (electronically insulating) [20], with the branched structure
ostensibly contributing enhanced mechanical properties and better ac-
commodating volume expansion [18,20]. The pitch coating on the
Si-Pitch sample consists of an extended sp?-carbon-rich polycyclic aro-
matic hydrocarbon network [27,68], which may reasonably be ex-
pected to provide pi conjugation stabilization of the VC radical and
promote the formation of a highly favorable poly-VC-rich SEI according
to this mechanism. In fact, SEM imaging of the Si-Pitch electrode after
formation cycling (see Supplementary Material) qualitatively suggests
a pliant SEI; this is in contrast to previously collected SEM of Si-
NMP following cycling, which shows visible cracking, suggesting an
inflexible SEI [26]. Thus, the contribution of poly-VC to the observed
enhancement of Si-Pitch performance relative to Si-NMP cannot be
conclusively discounted. Further analysis is underway to deconvolute
whether the lower VC signal in Si-Pitch relative to Si-NMP is exclusively
due to less FEC reduction, or whether the pitch coating may also be
favoring the evolution of a branched poly-VC-rich SEI with enhanced
stabilization properties.

4.4. Considering the role of electro-active carbon

Throughout this study and in previous reports, carbonaceous coat-
ings on Si have been considered primarily as surface-modifiers to the
Si substrate. In this view, the benefit of such coating is entirely associ-
ated with protecting the Si core from adverse electrochemical reaction
through the formation of a “better” SEI It is typically presumed that
the Si core contributes the entirety of the reversible electrochemical
performance. However, there is evidence that the pitch-carbon may
itself be electro-active, which is unsurprising given that carbon black
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materials are known to exhibit appreciable Li-ion storage capacity [69].
In our group’s previous studies, we have shown that pitch-carbon only
electrodes, analogous to those employed in this work, show nearly
450 mAh g~l-carbon [70]. Further, Li storage has been demonstrated
in 2-D layered covalent organic frameworks (COFs), which consist of a
functional pi-electron system highly analogous to that of pitch carbon.
In these 2-D COFs, the sp? carbon network is found to function similarly
to a graphite electrode, promoting (de)lithiation through C-Li bond
formation and concurrently producing an SEI-type passivating layer.
Thus, it is likely that beyond the surface stability enhancements de-
scribed herein, the pitch-carbon coating contributes an added benefit of
supplemental electro-activity. This may further facilitate the observed
performance benefits associated with Si-Pitch relative to alternative
nano-Si materials.

5. Conclusion

In this study, we have taken a holistic multi-phase approach to
elucidate how the introduction of a pitch-carbon coating onto nano-
Si material leads to observed improvements in Si calendar life. The
present data support two primary hypotheses, which we have explored
in detail. First, the pitch-carbon is found to serve as a physicochemical
barrier, reducing the inherently high surface area available for the
nano-Si material to react with electrolyte. This concurrently prevents
the oxidation of the Si to SiO, and SiO, that is deleterious to anode
performance [43]. Second, there is evidence that the pitch-carbon
coating promotes the evolution of a more-favorable SEI. The pitch
carbon subsumes substantial functionality typically associated with the
FEC additive that is known to contribute to enhanced cell performance.
Specifically, the pitch coating appears to facilitate alkoxide scavenging,
which mitigates deleterious transesterification reactions. We anticipate
that such behavior is facilitated through radical stabilization by the
conjugated carbon network of the pitch-carbon. Further, there is strong
evidence that the pitch carbon is shifting the favorability of various
plausible competing reaction pathways for SEI growth through relative
suppression of the FEC reduction pathway and modification of the
Si surface energy. These mechanisms work synergistically so that the
pitch coating reduces how much interfacial chemistry happens and
simultaneously directs what chemistry does happen into forming a
better SEI, earlier in the lithiation window. That dual action explains
the improved passivation, lower parasitic currents, and improved cy-
cling and calendar-aging performance of Si-Pitch versus Si-NMP. The
mechanisms of performance improvement observed herein for Si-Pitch
can be capitalized and expanded on to inform the rational design of
improved nano-Si materials. To this end, a couple of recent examples
show how nanoporous Si confined within doped carbon frameworks
can maintain structural integrity, enhance electronic transport, and
stabilize the SEI [71,72].

Our approach intentionally utilizes a suite of complementary di-
agnostic techniques to robustly evaluate the three-phase speciation
developed in Si-containing Li cells. By studying the end-product evo-
lution of complex (electro)chemical interfacial reactions in all phases,
we can more robustly interpret the role of the Si surface coating on
improved electrochemical performance. A complete understanding of
the initial (formation) and continual evolution of the SEI, electrolyte
degradation, and gaseous formation requires diagnostic techniques and
approaches that study the solid, liquid, and gas phases present in Li-
ion batteries. Future work includes full-cell validation with detailed
interfacial characterization on both electrodes, building on our prior
full-cell study [27]. As additional technologies are developed to realize
“beyond Li” batteries, it is expected that multi-phase characterization
approaches will become an increasingly essential complement to robust
electrochemical analysis to rapidly identify and address deleterious
chemical mechanisms.
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Acronyms
Definition
ATR Attenuated total reflectance
DEMS Differential electrochemical mass spectrometry
DMC Dimethyl carbonate
EC Ethylene carbonate
EMC Ethyl methyl carbonate
FEC Fluoroethylene carbonate
FID Flame-ionization detector
FTIR Fourier Transform Infrared Spectroscopy
GenF-10 1.2 M LiPF¢ in 3:7 wt:wt EC:CEMC + 10 wt.% FEC
GC Gas chromatography
GC-MS Gas chromatography-mass spectrometry
HS Headspace
ID Inner diameter
LiEDC Dilithium ethylene dicarbonate
LiOR Lithium alkoxide species
MS Mass spectrometer
MSD Mass selective detector
NMP N-methyl-2-pyrrolidone
NMR Nuclear magnetic resonance
ocv Open-circuit voltage
oD Outer diameter
SEI Solid-electrolyte interphase
SEM Scanning electron microscopy
SPME Solid-phase micro-extraction
SSRM Scanning spreading resistance microscopy
ssNMR Solid-state nuclear magnetic resonance
TEM Transmission electron microscopy
vC Vinylene carbonate
XPS X-ray photoelectron spectroscopy
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