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ABSTRACT: The solid—electrolyte interphase (SEI) is well-
known to provide critical protection between the strongly
reducing negative electrode and the organic electrolytes of
nonaqueous batteries. Batteries with a poorly passivating SEI will
suffer from rapid capacity fade and short lifetimes. Despite its
importance and extensive study of its structure and composition,
the mechanism of SEI passivation remains poorly understood. In
this work, we demonstrate using electrochemical collector-
generator measurements that the SEI is chemically selective in its
passivation and propose a model based on catalytic active sites to
explain its performance. Electrochemically interrogating the SEI
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with functionalized ferrocene mediators shows that the through-film mediator reduction is much more sensitive to mediator
functional group than size, indicating preferential partitioning into the organic SEI layer. Additional experiments with controlled
electrode crosstalk show that incorporation of dissolved transition metals increases both the density and the activity of active
sites within the SEI. We conclude that the inner, inorganic layer is responsible for preventing charge transfer through the SEI
while the outer, organic layer is minimally important. Our model reconciles contradictory observations from the literature and

identifies the most important components of a functional battery interface.

B INTRODUCTION

The solid—electrolyte interphase (SEI) is vital to the lifetime of
Li-ion and other advanced battery chemistries. Consumption
of cyclable Li during its formation and growth remains the
leading cause of capacity fade in Li-ion batteries, yet the
underlying mechanism of how the film fails or succeeds to
protect the battery remains elusive. Since its discovery in 1979,
the film has been studied extensively.' > SEI composition and
performance vary based on the anode material, electrolyte
composition, and even the cathode material due to electrode
crosstalk.”

In particular, electrode crosstalk accelerates SEI growth and
capacity fade in high-voltage batteries, resulting in unaccept-
ably poor battery lifetimes.”~'® This accelerated capacity fade
is due to dissolution of metals from the transition metal oxide
cathode." At voltages above 4.2 V vs Li/Li", transition metals
dissolve out of the cathode active material >'* and travel to the
anode, where they interfere with SEI reactions and cause rapid
capacity fade. Mn and Ni have been detected at the negative
electrode as deposits and in the bulk electrolyte.”'%'>'*~”
Abraham et al. have shown that dissolved Mn, rather than
other metals, is the leading contributor to accelerated capacity
fade; thus, the role of Mn has been the topic of extensive
research over the past decade."

While researchers agree that Mn contamination of the SEI is
responsible for short battery lifetimes, there is little agreement
over the effects of Mn on the mechanisms of passivation, the
location of Mn within the SEI, and the oxidation state of the
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dissolved species. One school of thought is that metal
deposition within the SEI forms a conductive pathway for
electrons to easily hop to an electrolyte molecule,"*'® while
another school maintains that Mn catalyzes gas-evolving
reactions that cause the SEI to crack and allow facile
electrolyte transport.'”'®'? A third explanation hypothesizes
that deposited Mn reduces electrolyte molecules via a catalytic
Cycle.13,20—22

Confusion over the role of Mn in SEI disruption points to a
deeper, unresolved question: namely, how does the SEI block
charge transfer, even without Mn contamination? It is accepted
that a protective SEI is electronically insulating yet Li-ion
conducting.” Additionally, multiple reports have observed a
bilayer structure of the SEI, with a compact inorganic inner
layer and a porous organic outer layer.”” However, there is no
agreement on which of the two layers actually protects the
electrode, even in commercial systems. Early work proposed
that growth is limited by electron tunneling or hopping across
the compact inorganic layer and was later supported by
demonstrations that the inorganic layer forms after the organic
layer.”>** On the other hand, studies of SEI-forming
polymerization reactions have shown correlations between
beneficial SEI additives and strong elastic properties of their
reduction products, suggesting that organic polymers provide a
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diffusion barrier to solvent.*>™>

Furthermore, cycle-life studies
show that capacity fade scales with /¢, indicating a transport-
limited process that is more consistent with limitations from
the porous layer.*' ~*°

Accelerated battery failure cannot be resolved without
understanding the mechanisms of SEI passivation. However,
chemical characterization of SEIs does not identify the
property most relevant to battery lifetime: its ability to block
electrons. We have previously applied redox mediators as
molecular probes of transport and reaction through the
SEL3*™* In contrast to SEI formation or cation intercalation,
the mediator is a fast outer-sphere reaction, so changes to
redox mediator kinetics in the presence and absence of SEI can
therefore be used to extract quantitative data about charge
transport in surface films. Unlike two-electrode coin cell
measurements, the mediator method isolates electron from ion
transport within the SEI. Extending this method from a
rotating disk electrode (RDE) to a rotating ring—disk electrode
(RRDE)*"** controls electrode crosstalk to intentionally
incorporate Mn into the SEI. Additionally, the ability to run
collector—generator measurements with the RRDE avoids the
need to provide the redox mediator in the oxidized form. As a
result, we can systematically vary the electronic and steric
properties of the mediator to systematically probe the
passivation properties of the SEI. These results reveal a
previously unobserved selective transport mechanism. Devel-
oping these observations into a coherent model for passivation
concludes that the inorganic inner layer is primarily responsible
for the SEI’s protective behavior.

B EXPERIMENTAL SECTION

Electrode Preparation. A solution of LiNiy;Mn; O,
(LNMO) was prepared by suspending 0.1 g of LNMO
particles (Sigma-Aldrich) in 10 g of ethanol. The suspension
was sonicated for 15 min, and 8 uL of the suspension was
drop-casted on the carbon disk of a glassy carbon/glassy
carbon RRDE assembly (Pine Instruments). The electrode
assembly was dried at room temperature and transferred into
an Ar-filled glovebox (LC Technology Solutions) for testing.
The dimensions of the ring—disk assembly were 5.61 mm disk
outer diameter, 6.25 mm ring inner diameter, 7.92 mm ring
outer diameter, 320 um ring—disk gap, and 15 mm outer
diameter PTFE shroud encapsulating the electrodes (Pine
Research Instruments). After testing, the ring—disk assembly
was removed from the glovebox, gently polished using 1.0 ym
alumina MicroPolish (Buehler) on a nylon polishing cloth
(BASi), and then sonicated in deionized water for 15 min to
remove the alumina particles before drying under vacuum.

Electrochemical Measurements. All electrochemical
testing was performed in a custom-made glass cell containing
~12 mL of electrolyte, a Li reference electrode, and a Pt
counter electrode. The reference and counter electrodes were
separated from the body of the cell by a fritted gas dispersion
tube to impede transport of transition metals. Without
separation, the Li turned black and the open-circuit voltage
drifted significantly, which indicated that transition metals
oxidized the reference electrode. The electrolyte was
commercial 1 M LiPF, in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1, v:v) (LP 30 Gotion). The
redox mediators were introduced to the electrochemical cell in
632 pL additions from a 40 mM stock solution to reach a bulk
concentration of ~2 mM.

Prior to adding the redox mediator, the RRDE was rotated
at 200 rpm (Pine Research Instruments) in 12 mL of LP 30
electrolyte. The disk was oxidized at a high voltage while the
ring cycled from 0.015 to 3 V vs Li/Li+ for three cycles at a
scan rate of 20 mV/s. In this potential window, electrolyte
reduction and decomposition reactions occurred, and a solid—
electrolyte interphase (SEI) was formed on the ring. Then, the
redox mediator was added to the electrolyte, and the RRDE
rotated at 400 rpm while the open circuit voltage was
monitored. Rotation rates were selected to maintain controlled
hydrodynamics and steady-state convection, while minimizing
undesirable effects of rotation such as shear stress and frictional
heating. Once a stable open circuit voltage near the standard
redox potential of the added mediator was reached, the disk
potential was held at oxidizing limiting current while a CV was
performed on the ring, cycling to between —1500 and —1100
mV overpotential. This CV potential window was outside the
range of electrolyte reduction, electrolyte oxidation, and SEI
oxidation reactions, ensuring that the measured current was
attributed solely to redox mediator reactions.

Computational Methods. COMSOL Multiphysics soft-
ware was used to extract Butler—Volmer rate constants (k.g)
and through-film limiting current densities (i, ) for mediator
reduction on the ring electrode for known bulk mediator
concentrations and bulk diffusivities. Simulated and exper-
imental i—V curves were compared over a range of k. and i, ¢
input values. A best-fit of k. and iy, ¢ for each experimental
curve was tabulated.

B RESULTS AND DISCUSSION

Mn Contamination of SElI More Disruptive to
Through-Film Kinetics than Transport. A schematic
representation of how the rotating ring—disk electrode
(RRDE) simulates crosstalk from the upstream glassy carbon
disk (cathode) to the downstream glassy carbon ring (anode)
is shown in Figure la. The disk is oxidized at high potential
while the ring is cycled to low potential and the entire
assembly rotated. Dissolved species then convect to the ring
electrode, where they may interact with the formation and
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Figure 1. High-voltage LNMO oxidation alters SEI formation via
crosstalk. (a) Schematic of RRDE simulating electrode crosstalk and
LNMO particle oxidation at disk electrode. (b) First cycle of SEI
formation CV on ring downstream from various disk oxidation
potentials.
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growth of a SEIL Figure 1b demonstrates this effect. In the
cyclic voltammogram (CV) of the glassy carbon ring, no Li
intercalation is observed at low potentials, consistent with
glassy carbon’s status as an inert and mechanically robust
substrate. When the LNMO-coated disk is held at higher
potentials, a new reduction peak near 1.1 V vs Li/Li" appears
at the ring electrode. The 1.1 V peak may indicate that
oxidation products from the disk disrupt the formation of an
SEI on the ring or that the oxidation products are
electrochemically reduced at this potential. The reduction
potentials for Mn** and Ni** in nonaqueous electrolyte have
not yet been measured, though Komaba reported potentials
1.87 and 2.80 V vs Li/Li", respectively, based on standard
aqueous redox potentials.” Thus, the reduction at 1.1 V vs Li/
Li" cannot be directly attributed to metal electrodeposition
without further investigation of their reduction potentials in
nonaqueous electrolyte. The SEI formation CV on the ring
appears identical when the disk is held at low potential (4.2 V,
red) or when it is LNMO-free (purple), suggesting that 42 V
oxidation does not result in dissolution, consistent with battery
studies.'>'**

After SEI formation on the ring, a redox mediator probes the
electrochemical properties of the SEI, as demonstrated in
Figure 2a. Potentiostatically holding the disk at the limiting
current oxidizes the neutral mediator molecules to their
cations, which convect to the passivated ring and are reduced
back to the neutral species. Figure 2b displays the cathodic
sweeps of CVs at the ring, normalized according to

tring

iNorm = for ferrocenium reduction after SEI formation

Ldisklc
under the various disk conditions in Figure 1b.

The reduction profile with no SEI on the ring is shown in
gray for comparison. Without an SEI (gray), the reduction
reaction is immeasurably fast, reaching the limiting current
around —100 mV overpotential. With a passivating SEI formed
in the absence of LNMO (Mn-free, purple), the shallow slope
and lack of limiting current demonstrate kinetic and transport
barriers to charge transfer. The through-film reduction for SEIs
formed downstream of LNMO (contaminated SEI) depends
on the oxidation voltage of the disk. At Vg = 4.2 V (red), the
through-film ferrocenium reduction is nearly identical to the
Mn-free SEI (purple), consistent with battery experiments
showing limited capacity fade below 4.3 V.'>"* As Vi
increases above 4.2 V, the contaminated SEI becomes
increasingly less passivating with faster reduction kinetics and
through-film transport. These observations are consistent with
coin-cell studies on the effect of upper cutoff voltage** and
demonstrate the ability of the approach to reproduce electrode
crosstalk. The rapid transport from convection, as well as the
ability of the four-electrode system to apply a constant
oxidation potential at the disk while varying the reduction
potential of the ring, considerably amplifies the effects of Mn
dissolution in comparison to a traditional battery. As a result,
effects of crosstalk can be observed in minutes, rather than over
weeks, of cycling.

In contrast to the electrolyte reduction reactions that form
SEI, the mediator reduction is a one-electron outer-sphere
electron transfer in supporting electrolyte, which is therefore
amenable to traditional electroanalysis.*> The presence of an
SEI results in both kinetic and transport limits to mediator
reduction, as represented by the effective kinetic Butler—
Volmer rate constant kg and the through-film limiting current
density iy, 5 respectively.’® Both parameters are affected by
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Figure 2. High-voltage Mn dissolution accelerates through-SEI
reduction kinetics. (a) Schematic of collector—generator redox
mediator method on RRDE. Neutral mediators (blue) oxidize to
cations (orange) on the disk and then convect to the ring and reduce
back to neutral. (b) CVs for ferrocenium reduction on SEI formed
with varying upstream disk conditions. (c) Kinetic and transport
parameters of voltammograms via finite element simulations. Dotted
line guides the eye for high-voltage experiments with LNMO-coated
disk.

morphology and composition of the inner and outer SEI layers,
as discussed below.

Because the current distribution on a rotating ring electrode
is inherently nonuniform, compared to the rotating disk, finite
element simulations were applied to quantitatively interpret
the through-film reduction voltammograms. COMSOL was
used to simulate solution-phase mediator convection and
diffusion, Butler—Volmer ring kinetics, and mediator diffusion
through the SEI on the ring. Details are provided in the
Supporting Information. The simulated voltammograms were
fit to the experimental data to quantify the kinetic and
transport parameters k. and iy, of the through-film reaction
(Figure S1). In Figure 2c, these parameters, which correlate
inversely with SEI passivity, are plotted against the disk
oxidation voltage. The results confirm that increased Mn
dissolution at high potential disrupts the SEI's performance.
Interestingly, the through-film reduction kinetics are accel-
erated by orders of magnitude more than the through-film
transport. For example, the effective kinetic rate constant
through SEI formed with LNMO oxidation at 4.9 V is 160
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Figure 3. Functionalized redox mediators probe SEI passivation sensitivity. (a) Cyclic voltammograms for mediator reduction on pristine glassy
carbon ring electrode. Cathodic sweep shown. (c) Representative cyclic voltammograms for mediator reduction on SEI. Cathodic sweep shown. (¢,
d) Mean kinetic and transport parameters for mediator cation reduction on Mn-free SEI vs bulk diffusivity (c) and standard potential (d). Error

bars represent one standard deviation.

times greater than the rate on the SEI formed in the absence of
LNMO, while the through-film limiting current density is only
7 times greater. This discrepancy shows that the presence of
transition metals in the SEI has much stronger effects on
electronic than morphological properties. However, the ohmic
resistance of the SEI remains negligible for all films, including
those formed without LNMO (Figure S6).

In addition to the CV SEI formation shown above, constant-
current and constant—current—constant—voltage formation
procedures were explored. SEIs formed under these protocols
were less suitable for this study because they resulted in a
completely passivated ring electrode. Accurate resolution of
transport and kinetic limits to redox mediator reduction
requires moderate through-film electron transfer; thus, fully
blocking films cannot be accurately probed by mediator
reduction. The CV protocol intentionally grows films which
allow some electron transfer so that in situ electrochemical
measurements are quickly collected, which would be
impossible in coin-cell batteries, and thus the passivation
behavior of various films can be distinguished and
quantitatively compared.

Functionalized Redox Mediators Show Preferential
Reduction in SEl. While the data of Figures 1 and 2
demonstrate the ability to control crosstalk and study effects of
Mn contamination on SEI properties, the greater power of the

20635

collector—generator approach is the ability to systematically
investigate the mechanism of SEI passivation. This is
accomplished via functionalization of the redox mediator.
Table S1 lists the functionalized ferrocene-based mediators
along with selected properties. Representative through-film
reduction profiles of the five mediator cations (ferrocenium,
ethylferrocenium, tert-butylferrocenium, acetylferrocenium,
and benzoylferrocenium) are displayed in Figure 3a for a
pristine ring and Figure 3b for the SEI formed without
upstream LNMO oxidation. There is a clear distinction
between the through-film reduction of ferrocenyl alkane
mediators (orange, blue, and gray) and ferrocenyl ketone
mediators (red and green): reduction of the ferrocenyl ketone
cations through the SEI proceeds with faster kinetics and
transport. The higher standard redox potentials for the
ferrocenyl ketone mediator couples do not explain the
observed reduction behavior because plotting current density
versus overpotential in Figure 3b accounts for these differ-
ences. Additionally, the normalization of the ring current by
the disk current and collection efficiency facilitates comparison
of mediators with different bulk diffusivities.

The mean effective kinetic rate constants (bottom) and
through-film limiting current densities (top) for each mediator
on the Mn-free SEI are plotted in Figure 3¢ with the measured
bulk diffusivity (Figure S7) as the abscissa (left) and with the
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standard redox potential of the mediator couple as the abscissa
(right). The mediator reduction parameters are averaged from
finite element simulations of at least four separate experimental
trials, with error bars representing one standard deviation from
the mean. Figures 3¢ and 3d show the preferential through-film
reduction of ferrocenyl ketones; the effective rate constants are
approximately an order of magnitude higher, and the through-
film limiting current densities are ~3 times greater than for
terrocenyl alkanes. These parameters do not show a clear trend
with either bulk diffusivity or redox potential, indicating that
the mechanism by which charge transfer through the SEI is
selective for ferrocenyl ketones is due to the polarity of the
functional group on the redox mediator, rather than electro-
negativity or diffusion rate.

Understanding the mechanism of accelerated capacity fade
would be incomplete without also investigating how a
contaminated SEI fails to passivate the negative electrode.
Representative through-film reduction voltammograms of the
five mediator cations are displayed in Figure 4 for the SEI
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Figure 4. Representative CVs show contaminated SEI is less
passivating. Cathodic sweep shown.

contaminated by Mn with Vgg = 4.9 V. This high potential
ensures maximum effects of electrode crosstalk on the
contaminated SEI, as seen in Figure 2c. There is a similar
distinction between the reduction of ferrocenyl alkane
mediators (orange, blue, and gray) and ferrocenyl ketone
mediators (red and green) through the contaminated SEL
Additionally, comparing the voltammograms to those in Figure
3a shows effects of Mn contamination that are consistent with
Figure 2b. The normalized reduction current profiles of each
mediator through the contaminated SEI shows faster kinetics
and through-film transport, indicating diminished passivity of
the film.

Corresponding effective kinetic rate constants and through-
film limiting current densities determined by finite element
simulations for each mediator are shown in Figure Sa against
the measured bulk diffusivity and in Figure Sb against the
standard redox potential of the mediator couple. Error bars
represent one standard deviation from the mean of parameters
derived from simulations of at least four experimental trials.
Figures 5a and 5b show that, again, there is no clear trend
between the effective kinetic rate constant or the through-film
limiting current density and the bulk diffusivity or standard
redox potential.

Combined, the results of Figures 2—5 show that Mn
contamination has a stronger disruptive effect on through-film
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Figure S. Contaminated SEI allows faster through-film transport and
more rapid reduction kinetics (a, b) Mean kinetic and transport
parameters found via finite element simulations for mediator cation
reduction on contaminated SEI vs bulk diffusivity (a) and standard
potential (b). Parameters for Mn-free SEI displayed as diamonds for
comparison.

kinetics than on through-film transport and, more surprisingly,
that the SEI formed under the same conditions passivates less
effectively when the redox mediator contains a ketone group,
even if it is a larger and slower molecule. This preferential
reduction of polar mediators indicates the chemical selectivity
of the SEL Such chemical selectivity, which has not been
previously observed, reveals the mechanism by which the SEI
protects the electrode. Below, we develop a mechanistic model
of SEI formed on carbonaceous anodes that can explain the
observations in this work and throughout the literature.
Membrane vs Channel Transport in the Organic SEI
Layer. Prospective models for through-film mediator reduc-
tion can be implemented from well-established frameworks for
mixed kinetics and transport at electroactive films and
chemically modified electrodes.** " This field of modified
electrodes provides a valuable theoretical and experimental
basis for studying passivation and charge transfer but has been
historically underutilized in battery literature. Considering the
bilayer structure of the SEI, the following cases are specifically
considered: (A) channel model for outer layer, (B) electron
tunneling across a homogeneous inner layer, (C) membrane
model for outer layer, (D) active site model for inner layer, and
(E) active site model for Mn-contaminated inner layer. These
mechanisms are illustrated in Figure 6. The governing charge-
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Figure 6. Schematics for proposed mechanistic model contrasted with current understanding of charge transfer through SEL (a) Channel model of
outer SEI layer. (b) Homogenous model of inner SEI layer. (c) Membrane model of outer SEI layer. (d) Active site model of inner SEI layer. (e)
Effect of Mn contamination on active site activity and density in the inner SEI layer.

transfer equations under these models are found in Tables S2
and S3.

Conventional understanding of capacity fade considers
solvent transport through the outer layer as limited by SEI
porosity and tortuosity, while the rate of electron transfer to
solvent through the inner layer is limited by electron
tunneling.’>** Applying this model to the mediator reduction
experiments results in a channel diffusion model®” for the outer
layer (Figure 6a) and a macroscopically homogeneous inner
layer (Figure 6b). Charge transfer of mediator cations through
the outer layer is governed by the bulk diftusivity of the
species, D, ,, and the porosity, &, tortuosity, 7, and thickness,
@, of the layer.** Electron transport through the inner layer is
dependent on the thickness of the inner layer,* y, and the
porosity of the outer layer, &, which limits the concentration of
oxidized and reduced species reaching the inner layer.
Although this model has been used to explain the trend of
through-film mediator reduction with the time and potential of
SEI formation,®® it cannot explain the observed kinetic
differences between different mediators.

The preferential reduction of ferrocenyl ketone mediators
over ferrocenyl alkanes can be explained if the organic outer
SEI is considered not as a porous matrix, but rather as a
polymer membrane composed of polar organic molecules.*” In
the membrane model, ferrocenyl ketones with slower bulk
diffusivity may still have much greater through-film limiting
currents due to selective partitioning into the outer SEI layer
(Figure 6¢). The selective partitioning also leads to higher
interfacial concentrations with faster apparent kinetics. This
transport mechanism is consistent with current understanding
of the chemical composition of the outer layer, which is
reported to be composed of alkyl carbonates, oxalates,
succinates, and even polymeric species with ethylene oxide
and carbonate units.” These molecules are likely to have more
favorable interactions with ferrocenyl ketones than ferrocenyl
alkanes due to the polarity of both species. This results in
greater solubility in the outer SEI layer and thus higher
concentrations in the film. Consistent with this hypothesis,
Kim et al. showed that acetylferrocene was 4 times more
soluble than ferrocene in propylene carbonate, a polar
solvent.>*

It is important to distinguish the preferential partitioning of
polar vs nonpolar mediators into the SEI from preferential
partitioning of polar mediators into SEI vs solvent. Each of the
mediators, regardless of polarity, is driven toward the electrode
by the concentration gradient formed during reaction. Even if
polar mediators have stronger affinity for polar solvent
molecules than for polar organic SEI constituents, this affinity

is balanced by the concentration gradient at the SEI/
electrolyte interface. Thus, polar mediators do not prefer SEI
over electrolyte; rather, the SEI prefers polar ferrocenyl
ketones to nonpolar ferrocenyl alkanes.

As an alternative explanation, it has recently been
demonstrated that the solvation shell of Li greatly influences
SEI formation reactions at the anode.***® The preferential
coordination of EC to Li has been linked to its increased
reactivity compared to linear carbonates.””*® However, while
Li migration and coordination are important mechanisms for
SEI formation, they are unlikely to affect mediator transport in
this study. A principal advantage of our technique is operation
in supporting electrolyte® and at voltages where Li
intercalation and electrolyte degradation reactions do not
occur. The supporting electrolyte minimizes the impact of
migration on mediator transport, unlike Li ions during SEI
formation or battery operation. Additionally, without an
interfacial Li" reaction at the operating voltages, there is no
flux of Li ions at the interface and thus no steady-state Li ion
migration. Finally, all the mediator cation reduction curves on
the pristine electrode in Figure 3a demonstrate similarly
Nernstian responses, suggesting that coordination of polar
mediators to Li cations has minimal impact on mediator
transport. For all these reasons, coordination of mediators to Li
cations is inconsistent with the experimental results of this
work. Only a preferential affinity of the SEI for polar species
can explain the selective reduction observed here.

Active Site Model vs Electron Tunneling. Considering
the outer SEI as a solid membrane, rather than a porous
medium, accounts for observed selective reduction of
ferrocenyl ketones over ferrocenyl alkanes. It remains to
interpret the effects of Mn contamination on this mechanism
of passivation. Figure 2c shows that Mn contamination affects
both kinetics and transport, but the effective kinetic rate
constant is accelerated by orders of magnitude more than the
through-film limiting current density for all mediators. The
hypothesis that Mn contamination leads to a more porous SEI
is inconsistent with the membrane model of the outer SEI
layer, while changes to the partition coeflicient, y, cannot
explain the stronger sensitivity of k.; compared to iy, r.

An alternative to the macroscopically homogeneous inner
layer considers a series of pinholes or active sites’” in an
otherwise impermeable matrix (Figure 6d, e). The active site
model is consistent with theoretical predictions of anomalous
conduction at grain boundaries®”®" and experimental observa-
tions of microscopic defects in the SEL,®> both of which may
function as active sites. This model introduces a kinetic
dependence on the active site density, 1 — 6, which also affects
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the through-film limiting current density. Therefore, the Mn-
contaminated SEI (Figure 6e), relative to the Mn-free SEI
(Figure 6d), has a higher fractional coverage of active sites, and
these active sites are closer together, resulting in faster
through-film transport. These Mn-generated active sites are
also “more active” than those present in the Mn-free SEL The
effective rate constant increases exponentially with Mn
contamination (Figure 2b) because Mn lowers the barrier for
electron transfer to SEI species at the inner/outer SEI layer
interface.'>***' A lower barrier at the Mn-containing active
sites manifests in this model as a higher electron-transfer rate
constant, k, (Table S2), and could be caused if electronic
states from Mn dopants decrease the band gap of normally
insulating SEI species.” Ultimately, the increased activity of
active sites greatly diminishes the barrier for electron transfer
to bulk electrolyte molecules, while the increased density of
active sites shortens the two-dimensional diffusion length of
reactive species. The result is additional and continual
electrolyte reduction leading to severe capacity fade.

The experimental findings and proposed mechanistic model
in this work do not support the hypothesis that Mn clusters
form a conductive pathway for electrons from the negative
electrode to the bulk electrolyte. If this were the case, electron
transfer to the redox mediators would be rapid, inconsistent
with experimental observations of kinetic barriers to electron
transfer even in a contaminated film. An electron-conducting
SEI also fails to account for observed chemical selectivity. A
final piece of evidence against an electron-conducting
mechanism is the nonlinear i—V curves for mediator reduction
and the low impedance of both Mn-contaminated and Mn-free
SEIs (Figure S6). Additionally, the hypothesis that Mn
accelerates capacity fade via cracks in the outer layer is not
supported by this work because simply considering the outer
layer as a series of cracks or channels through which solvent
diffuses cannot account for the chemical selectivity observed in
this study. Experimental observations and the proposed model
agree with the mechanisms proposed by several groups that
Mn dispersed either within the inner layer or on the surface of
the inner layer reduces the barrier of electron transfer by
forming catalytic active sites.'>'#>%*!

Although the experiments yielding these findings were
performed on nonintercalating glassy carbon electrodes, the
implications for current understanding of the SEI extend to
graphite and other practical carbonaceous anodes. Glassy
carbon is often employed as a model electrode for graphite
when porosity is detrimental to analytical techniques,®* and the
lack of lithium intercalation into glassy carbon prevents issues
of volume expansion and associated mechanical stresses
enabling investigation by SECM and RDE/ RRDE.***° Two
groups independently demonstrated that the composition and
behavior of SEIs formed on glassy carbon are comparable to
those formed on both the basal plane of graphite and on
disordered hard carbons.”"® Novak and co-workers also
confirmed the similarity of the two carbon electrode types with
respect to both ethylene evolution and infrared spectrosco-
py.°**’ Additionally, McCreery’s group used Raman spectros-
copy and electrochemistry to show that graphite edge planes
within glassy carbon were the active sites for electron
transfer.”” Peled and colleagues used XPS and TOESIMS to
study SEI composition on various carbons and showed that
SEI on hard carbons, like glassy carbon, is most similar to SEI
on the cross section of HOPG, in which there is lithium
intercalation.”” Despite the lack of lithium intercalation, there

is overwhelming evidence that SEIs formed on glassy carbon
are indeed highly similar to those formed on graphite.

Implications for Battery Lifetime and Interface
Design. Only a model combining an active-site inner SEI
layer and membrane-like outer SEI layer is fully consistent with
the findings in this work and in the literature. A schematic
representation of this model can be found in Figure 6.
Transport in the outer layer is governed by the partition
coefficient at the solution—film interface, y, the effective
diffusivity in the film, D;; and the thickness of the outer SEI
layer, ¢, while diffusion from the outer layer/inner layer
interface to active sites is dependent on active site density, 1 —
0, distance between active sites, 2R, and the species diffusivity
in the film, D;; Kinetics in the interphase are governed by
partition coefficients, the active site density, and the rate of
electron transfer at the active sites, k;. In this model, Mn
aggressively disrupts the inner layer of the SEI in its role of
protecting the electrolyte from continual reduction by
simultaneously increasing the activity (k,) and density (1 —
0) of active sites (Figure 6e).

The most important implication of the model proposed in
this work is the conclusion that the inner layer, rather than the
outer layer, is responsible for protecting the electrolyte from
the carbon electrode. This conclusion can be reached by
considering the nature of the SEI's chemical selectivity. If the
organic outer SEI layer is selectively permeable to molecules
with polar ketone groups, it stands to reason that both linear
and cyclic carbonates should be even more soluble than the
terrocenyl ketones in our study due to their similar chemical
functionality, higher polarity, and smaller size. Considering the
undeniable role of carbonate reduction in SEI formation and
capacity fade, we conclude that the outer SEI layer does not pose
significant barriers to solvent diffusion. Rather, the inner layer
critically protects the electrolyte from continual reduction at
the negative electrode because it is electronically insulating
with an extremely low density of defects or active sites. Under
this mechanism, electrolyte reduction is limited by low
availability of active sites for reduction, and two-dimensional
diffusion across the inner layer surface to the active sites results
in the commonly observed </t dependence of capacity fade.

B CONCLUSIONS

In summary, a generator—collector methodology developed
around redox mediators as molecular probes has been used to
reveal the previously unobserved chemical selectivity of the
SEL This selectivity strongly suggests that the inner inorganic
SEI layer provides the critical components of passivation in Li-
ion batteries, while the outer organic layer plays a minimal role
at best. The resulting model of a membrane-like outer SEI
layer and active-site inner layer is consistent with experimental
observations of SEI passivation on an RRDE as well as Mn-
induced capacity fade. This new understanding of the SEI has
two critical consequences for interface design in both
established Li-ion and novel “beyond Li” systems. First, it
suggests that characterization of battery interfaces should focus
on the role of inorganic components like Li,CO; and LiF
rather than the polymers which make up the majority of the
SEI volume, especially when determining the effects of
electrolyte additives. Second, efforts to develop an “artificial
SEI"”" based on organic protection layers are inherently less
likely to succeed than inorganic protection layers. In particular,
our model suggests that the dense, cross-linked polymers
formed by the well-known additives FEC and VC are
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passivating not because of the polymers themselves but
because of the increased ease of mineralizing the polymer
layer to inorganics.””**’* Ultimately, better understanding of
interfacial transport and reaction will lead to new approaches
for preventing accelerated capacity fade in high-voltage
batteries as well as targeted interfacial design of the negative
electrode for many beyond-Li systems.
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