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At high operating voltages, metals like Mn, Ni, and Co dissolve from Li-ion cathodes, deposit at the anode, and interfere with the
performance of the solid-electrolyte interphase (SEI) to cause constant Li loss. The mechanism by which these metals disrupt SEI
processes at the anode remains poorly understood. Experiments from Part I of this work demonstrate that Mn, Ni, and Co all affect the
electronic properties of the SEI much more than the morphology, and that Mn is the most aggressively disruptive of the three metals.
In this work we determine how a proposed electrocatalytic mechanism can explain why Mn contamination is uniquely detrimental
to SEI passivation. We develop a microkinetic model of the redox cycling mechanism and apply it to experiments from Part I. The
results show that the thermodynamic metal reduction potential does not explain why Mn is the most active of the three metals. Instead,
kinetic differences between the three metals are more likely to govern their reactivity in the SEI. Our results emphasize the importance
of local coordination environment and proximity to the anode within the SEI for controlling electron transfer and resulting capacity
fade.
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Electrode crosstalk in high-voltage Li-ion batteries accelerates ca-
pacity fade in these devices, prohibiting commercialization and uti-
lization in electrified vehicles. Crosstalk is the mechanism by which
transition metals dissolve from the transition metal oxide positive
electrode, transport to the negative electrode, and then deposit in the
solid-electrolyte interphase (SEI).'* Transition metal contamination
of the SEI has been widely demonstrated to alter the composition,
morphology, and performance of this important interface, resulting
in continual Li consumption and electrolyte decomposition.>>~® Lay-
ered NMC (LiNi,Mn,Co,0,) is a class of promising cathode active
materials for high-voltage Li-ion batteries that suffers from electrode
crosstalk.>"-12 While the effects of metal dissolution from NMC cath-
odes on battery lifetime and capacity are well understood, the precise
mechanism by which Mn, Ni, and Co individually contribute to SEI
failure remains unclear.

The most common explanations are that a) these metals deposit in
a metallic state and undermine the electron-blocking nature of the
SEL*!3 b) incorporation of the metals into the SEI causes crack-
ing which allows constant electrolyte reduction,>'*!* or c) that these
metals undergo catalytic cycling to receive electrons from the an-
ode and then transfer them to reduce electrolyte or degrade SEI
constituents.>”315-18 Tn previous work, we identified the electrocat-
alytic mechanism as the most likely explanation'® by finding that Mn
contamination of the SEI significantly alters the electronic properties
of the SEI, while only mildly affecting the morphological properties.
Here we develop a microkinetic model of electrocatalytic metal cy-
cling in the SEI and apply it to our experiments from Part I to investi-
gate the individual role of Mn, Ni, and Co in facilitating through-film
charge-transfer.

Summary of key findings in part I.—In Part I of this work,?> we
measured the individual effects of Mn, Ni, and Co on SEI formation
and through-film charge transfer. SEIs were formed by cycling glassy
carbon electrodes to low voltages in commercial LP 30 electrolyte both
in the absence and presence of transition metal acetylacetonate salts.
In metal-contaminated electrolyte, new reduction peaks were seen on
the cyclic voltammograms that were not apparent in metal-free elec-
trolyte, indicating transition metal reduction and incorporation into
the forming SEI. The formed SEIs were probed via an in-situ electro-
chemical characterization method using ferrocenium to probe the de-
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gree of passivation. Voltammograms of ferrocenium reduction through
metal-free and metal-contaminated SEIs were interpreted via a Butler-
Volmer kinetic model to identify each metal’s effect on through-film
charge-transfer.

One of the key findings in Part I°~ is that Mn contamination has
a more detrimental effect on SEI passivation than Ni and Co. This
agrees with the recent findings of Jung and Solchenbach in which in-
tentionally Mn-contaminated cells showed lower coulombic efficien-
cies and greater capacity fade than cells with Ni- and Co-contaminated
electrolyte,'” and Mn-contamination showed a more severe effect on
gas evolution than Ni contamination.'® In agreement with previous
work using the more sensitive ICP-OES technique,'” Part I demon-
strated through energy dispersive X-ray (EDX) that these metals de-
posited in the SEI in equally dilute concentrations.*? Interestingly, all
metals had similar effects on SEI electronic and morphologic proper-
ties, though to varying degrees. Contamination by each metal increased
through-film kinetics more significantly than through-film transport,
hinting that the mechanism of charge-transfer involves facile electron
transfer at these metal sites. A physics-based model of the SEI'® was
used to better interpret why Mn is more detrimental to SEI passiva-
tion than Ni, and Ni more than Co, and this analysis found that the
electron-transfer rate at embedded Mn is greater than that for Ni and
Co. Part II of this work develops and applies a microkinetic model of
electrocatalytic metal cycling to experimental data from Part I in order
to elucidate the difference in electron-transfer rates between Mn, Ni,
and Co.

132

Model Development

The proposed scheme has two elementary steps. M denotes an
isolated transition metal ion embedded within the SEI that can be
electrochemically reduced.

Reaction 1: M** +e~ & M*

The reduced metal then reacts chemically with the ferrocenium
cation:

Reaction 2: FCN* + M* < M?* + FCN

The netreaction is indistinguishable from the simple Butler-Volmer
model of Part I:

Net reaction: FCNT + ¢~ <> FCN

In this work, only single-electron reduction of M2+ to M~ is con-
sidered, while M(0) is not considered. The aim of this work is to
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evaluate the mechanism of SEI decomposition proposed by Joshi and
others>®78:15-18 y5ing experimental data collected in Part I,>> thus our
modeling applies the single-electron reduction assumption from those
proposed mechanisms. Additionally, the existence of M(0) within the
SEI has been contested by recent in-situ studies® which find only Mn?*.
Lastly, if the metal contaminants deposit in the metallic state and form
a conductive SEI, the voltammograms collected in Part I*> would be
linear throughout the potential range, which is not observed. Thus,
our analysis and reaction scheme proceeds assuming a single-electron
reduction of M?* to M* and without considering M(0).

In principle, either Reaction 1 or 2 could be the rate-limiting step
of the overall reaction scheme. However, ferrocenium reduction is in-
trinsically a fast, outer-sphere reaction, and the hypothesized M™ is
a highly unstable intermediate that should decompose rapidly.'® Fur-
thermore, simulations with Reaction 2 as the rate-limiting step (not
shown) yielded voltammograms with no voltage dependence, incon-
sistent with experiment. Accordingly, Reaction 2 is assumed to be
equilibrated and the electrochemical metal reduction in Reaction 1
is the rate-limiting step in all subsequent analysis. Reaction 2 is a
proxy for electrolyte and SEI degradation, as well as SEI growth, on a
graphite electrode. The SEI growth reactions are much less reversible
than ferrocenium reduction. However, the use of the reversible cou-
ple experimentally isolates kinetic effects of Reaction 1, the metal
reduction step.

Following, the rate expressions for these two reactions are®

F o nF
V — k,Cy+exp RT Vv

r = kECMzwxp_ °
ry = kaFCN+CM+ - thFCNCM2+ =0 [1]

where k,,, k. are the anodic and cathodic rate constants for Reaction 1,
o, o are the anodic and cathodic transfer coefficients for Reaction 1,
and ky, k;, are the forward and backward rate constants for Reaction 2.
n, F, R, and T are the number of electrons, Faraday’s constant, gas
constant, and temperature, respectively. The equilibrium constant K,
is

kf _ CM2+CFCN

Ke = — =
@2 k[, CM* CFCN*

(2]

K.,,» can be related to the reaction potentials by.

Kego = exp < (UFCN+/FCN U32+/M+)) = exp (fUZen-u)
(3]

where f= F/RT, UZ,,_,,is the voltage difference between the standard
reduction potentials of ferrocenium and the transition metal, and n = 1
for this single electron reaction. We define £ as the fraction of reduced
metal and then solve for & as a function of ferrocene and ferrocenium
surface concentrations:

CM+ _ CM+

E = CM+ +CM2+ B CM,mt
C C

E=(1-8) MKy = P [4]
Cren+ Cren + Cren+exp (fUpen—u)

Assuming that n = 1 for Reaction 1, a. = 1 — a,. Inserting & into
the rate expression:

r

=ke(1=8)exp(= (1 —aa) fV) — keEexp (aafV)  [5]

CM tot

Current is expressed in a pseudo—Butler—Volmer form by introduc-

ing the surface overpotential, 1, defined by V = U M2+ +1,. When
Reaction 1 is at equilibrium, V = U(2+/M+ and i, = r; = 0. This
yields the following relationship between &€ and U /\(;12 .
& L (k. (1-%)
Uy s = =4l ( ik [6]

Inserting this into the rate expression,

W L (k=g
m = k.Eexp {aaf [m + ?l”l< TE )]} —k.(1-§)

Lo(k(-8)
()]

The exchange current density, iy, and effective rate constant, ks
are:

Xexp{_(l _O‘a)f|:ns+

iO = erffCM+ 1—ta CM2+ ta [8]
kepp = ky ki 9]
in = ip {exp [aafn] — exp[— (1 — a,) ]} [10]

To fit the raw experimental i-V data to this reaction mechanism, at
each value of i, the surface concentrations of ferrocene and ferroce-
nium are calculated by

i
CFCN* = CFCNJnOC <1 — 7 “ )
Uim, f

Cren = C™ — Cren+ [11]

where Crcy+o is the bulk concentration of ferrocenium and C*
is the total bulk concentration of ferrocene and ferrocenium.
The reversible potential is calculated according to the Nernst
equation by

1 C
Erey =E°+fzn<ﬂ) [12]
f Cren
And the fraction of reduced metal is calculated according to Eq. 4:
£ (1—&) Crcn K, o= Cren

2 = -
Cren+ Cren + Cren+exp (f U?FCN—M)

The fitting parameters are the anodic transfer coefficient, a,, the ef-
fective heterogenous rate constant, k., and the through-film limiting
current, iy, r. Because the standard reduction potential for the transi-
tion metal, UA(;), is not well-known from the literature, it can also be
treated as a fitting parameter. With these parameters, the exchange cur-
rent density, i, is calculated according to Eq. 8 and the Butler-Volmer
potential, Epy, is found by solving the following

In
Py = explo,fEpy] — exp[— (1 — o) fEpv] [13]
0

The ohmic contribution to the total potential is calculated according
to Ohm’s law by

Eo = i,Ra [14]

The total potential at that value of i, is the sum of the various
potential contributions

Etot = Erev + EBV + EQ [15]

The goodness of fit for simulated voltammograms is evaluated by
comparing plots of i, vs. E,,, and experimentally collected i, vs. V.

Model validation.—Figure 1 shows the effect of each fitting pa-
rameter on a simulated voltammogram for a Mn-contaminated SEI,
with a good fit represented by the series with maroon circles in all
four plots. According to Figure 1a, increasing the anodic transfer co-
efficient, a,, for the metal reduction reaction, without changing the
other parameters, results in a steeper Tafel region while decreasing
the coefficient flattens the current response. In Figure 1b the effect
of the metal reduction potential on the simulated voltammogram is
shown, where a higher reduction potential of the reaction increases
the current response but does not have a drastic effect on the flatness
of the curve. Figure 1c shows the effect of ohmic resistivity, R, on
the shape of the voltammogram, where a greater resistivity pushes
the “knee” of the voltammogram to lower potentials and distorts
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Figure 1. Comparison of fitting parameter variation to Levich-corrected experimental data for a Mn-contaminated SEI. (a) Anodic transfer coefficient, aa; (b)
Transition metal reduction potential, Uy, vs. Li/Lit; (c) resistivity, Ropm, k2-cm;? (d) Effective kinetic rate constant, kef £ cm/s. Open maroon circles represent a

best fit and the maroon lines are the Levich-corrected experimental data.

the Tafel region. Varying a,or Uy, in Figure la and Figure 1b does
not greatly affect the potential of this knee, but does affect the current
at the knee potential. Finally, Figure 1d shows simulated voltammo-
grams for a range of the effective rate constant, k. s/, and as expected,
larger rate constants result in more current passing through the SEI
The effect of k.s; and U is identical, consistent with the Tafel equa-
tion for irreversible kinetics.”’ With this unsurprising exception, the
combined results of Figure 1 show that the fitting parameters of o,
Ronm, and k¢ have unique effects on the simulated current response
and validate our model.

According to Figure 1, the anodic transfer coefficient, o, is the pa-
rameter with the greatest effect on the shape of the curve. This is rein-
forced in Figure 2, which shows how adequate fits of the experimental
data are only achievable within a certain range of this parameter. In
Figure 1a, the other fitting parameters are held constant, whereas in
Figure 2a the effective rate constant, k., and ohmic resistivity, R,
are varied to achieve the best fit possible. It is clear that for this sin-
gle experimental trial of a Mn-contaminated SEI, an anodic transfer
coefficient of between 0.98 and 0.99 is needed to achieve a reason-
able model fit, with 0.985 providing the best fit. Figure 2b shows that
an anodic transfer coefficient of 0.90 cannot provide a reasonable fit
for this experimental trial, indicating that agreement between the mi-
crokinetic model and experimental data is constrained to a relatively

limited parameter space.
1- E)
— [16]
( §

Equation 16 shows how the mediator reaction redox potential is
composed of contributions from Butler-Volmer kinetics, ohmic resis-
tance, mediator standard reduction potential, metal standard reduction
potential, and reduced metal concentration. Equation 16 combines
Equations 4, 12, and 15 and directly compares experimentalto sim-
ulated voltammograms. The last term of Equation 16 represents the
entropic contribution to the metal reduction potential. When &, the
fraction of reduced metal, approaches zero the entropic contribution
to the equilibrium redox potential is very high, and metal reduction
occurs at potentials above the standard reduction potential, U,2. This
demonstrates why, for example, in Figure 1b and Figure 2, the poten-
tial range of the cyclic voltammograms is several hundred millivolts

—In

1
Eiw = Epy + Eq + E° + Ugpy_y + 7

greater than the metal reduction potentials for Mn, U, yet our reac-
tion scheme shows that Mn is reduced at these high potentials.

Computational details.—Density Functional Theory (DFT) cal-
culations apply the Gaussian 09 suite of programs,”' the PBEO
functional,”” the LANL2DZ ECP potentials,”> and the SMD
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Figure 2. Strict tolerance of anodic transfer coefficient values for adequate
model fitting. (a) Poor fitting of model to Levich-corrected experimental data
for certain values of anodic transfer coefficient, a,;(b) Simulated voltammo-
grams do not match experimental data when anodic transfer coefficient, oy, is
set to 0.90. Open maroon circles represent a best fit and the maroon lines are
the Levich-corrected experimental data.
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solvation method.?* Each simulation cell contains six EC molecules
plus one transition metal cation (triplet Co*, doublet Co?*, singlet
Co’*, doublet Ni*, triplet Ni**, doublet Ni**, quintet Mn™, sextet
Mn?*, and quintet Mn®*). A static dielectric constant (g,) of 40, rel-
evant to the region outside the explicit solvent molecules, reflects the
dielectric response from a mixture of EC and DMC. The absolute sol-
vation free energies and the absolute redox potentials depend on the
choice of ¢,. However, changing &, would to a first approximation
only affect the electrostatic contribution to the redox potential, which
is similar for all three transition metal ions undergoing the same change
in charge states. The d-orbital crystal field splitting portion of the re-
dox potential, distinct for Co, Mn, and Ni, should be unaffected by the
choice of ¢,. Therefore the relative redox potentials for these cations
should be insensitive to &,.

Results and Discussion

Direct comparison of measured current for metal-contaminated
SEI of Mn, Ni, and Co.—The kinetic expressions of Equations 8§, 9,
and 10 represent only the current, i, that occurs at catalytic metal
sites, and do not include the current due to pinholes in the metal-free
SEL ipy . These two pathways can be deconvoluted considering the re-
action scheme in Figure 3 and the control (metal-free) data in Figure 3
in Part I.

As seen in Figure 3 in Part I, there are three voltammograms of
ferrocenium reduction through metal-free SEIs (gray curves) for each
transition metal, because three different glassy carbon working elec-
trodes were used to ensure each electrode was only exposed to one
transition metal. The average of the three metal-free voltammograms
are corrected for the Levich resistance to obtain ipy, the upper branch
in Figure 3b, by:

ip[-] = lllm,oolm.eralffree [17]
Uim,co — Umetal—free
where i, 1S the limiting current for ferrocenium reduction on a
pristine electrode (i.e. no SEI) and is given by the Levich equation.?
The raw experimental data for each metal-contaminated trial, i, is
similarly corrected for the Levich resistance, according to

ipp + et = — [18]

llim,oo — Lo

and ipy + inerq 18 all current attributed to reactions in the SEI. Sub-
tracting ipy from i, after the Levich correction yields the current
that can be attributed to metal-mediated ferrocenium reduction, i,,e;4;-
Figure 3c shows the reaction scheme for this metal-mediated ferroce-
nium reduction. An example of this correction process for a single trial
of each metal is shown in Figure 4. Comparing Figure 4a, Figure 4b,
and Figure 4c¢ for Mn, Ni, and Co, respectively, the contribution of ipy
to the total current through a metal-contaminated SEI is greatest for
Co than for Ni and Mn. Figure 4d shows representative i,,.,,; curves
for the three metals. Mn displays the fastest kinetics (steepest slope at
low overpotential) and transport (largest current at high overpotential).
Ni exhibits faster kinetics than Co though with similar through-film
transport. Additionally, simulated voltammograms for metal-mediated
ferrocenium reduction according to the above model (hollow circles)
are overlaid on the corrected experimental data in Figure 4d. Thus, the
metal-mediated ferrocenium reduction model can be used to analyze
differences in i, between Mn, Ni, and Co.

Investigating the roles of thermodynamics and kinetics in metal-
mediated reduction.—Our data shows clearly that Mn contamination
of the SEI allows more through-film electron transfer than Ni, and
Ni allows more than Co. Butler-Volmer analysis shows that the dif-
ferences between metal kinetics can be explained by differences in
concentration or activity of metal sites. The transition metal-mediated
ferrocenium reduction model introduces a new possible explanation
for these differences: the thermodynamic potential of the M**/M™ re-
dox couple. If the concentration and activity of the metals are all equal,

0 = 42>
a ¢

Outer SEI === Pinhole <— Through-film transport
Inner SEI Electron @  Catalytic site

b T T — _
. lpn . Jrot
;,"' ;’ ...... ey -N--\\ % ‘
Ronmic,pH Riinetic,pH  Rap,pH :
RLevich

\,\Rohm,metal Rkin,metal RZD,metaI.,,,-"

__— 1/ lim, oo * I tot
Imetal = —j ———5 ~—

9°®
M2t + e > M*
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=l

//im,oo = leot

4G

A M?* + e — M*
/-N Reaction 1
% @

M* + FCN* — M?* + FCN
Reaction 2

Figure 3. Possible mechanism of SEI interference by metals and equivalent
circuit of SEI transport and kinetics. (a) Schematic of charge transfer through
a metal-contaminated SEI with a metal-free pinhole and metallic catalytic
sites for metal-mediated SEI degradation; (b) Equivalent circuit of metal-
contaminated SEI with a metal-free pinhole and metallic catalytic sites; (c)
Reaction scheme of transition metal induced electrocatalytic cycle for ferroce-
nium reduction.

then the differences in standard reduction potential could offer insight
into why Mn degrades the SEI to a greater extent than Ni and Co.

Comparing reaction kinetics and through-film transport between
the different transition metals requires the metal reduction potential,
U}, for Mn, Ni, and Co. There are very few actual reports of the reduc-
tion potentials for transition metal cations in organic carbonate elec-
trolytes. Values in Komaba et al. were not directly measured but rather
taken from the aqueous reduction potentials.?® Jung et al. recently re-
ported reduction potentials for Mn?*, Ni**, and Co** in commercial
grade LP57 electrolyte (IM LiPFs in EC:EMC 3:7 w:w) of U}, =
1.27, UY; = 222, and US) = 2.52 V vs. Li/Li* 7. These measured
reduction potentials are for M>* to M°, and not for the hypothesized
single electron reduction reaction that has been proposed and is inter-
rogated by our model. To determine if the same trend of U$, > Ug, >
Uy, applies to a single-electron reduction, the energetics of solvated
M?*, M?*, and M* were calculated using DFT.

Computational results are shown in Table I. The metals were mod-
eled as isolated cations surrounded by six EC molecules and a dielec-
tric continuum. In other words, liquid EC was used as a proxy for
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Figure 4. Correcting total current through metal-contaminated SEI for pinhole current to apply metal-mediated ferrocenium reduction scheme. (a) Corrected
currents in Mn-mediated ferrocenium reduction model; (b) Corrected currents in Ni-mediated ferrocenium reduction model; (c) Corrected currents in Co-mediated
ferrocenium reduction model; (d) Comparison of metal-catalyzed contributions to total current for Mn, Ni, and Co with model fits overlaid as empty circles.

organic components of the SEI. In Figure 5, structures of EC-solvated
metal-complexes are shown for Mn (5a, 5b) and Co (5c, 5d). The
M structures (5a, 5¢) are formed by adding an excess electron into
the M?* solvation complexes (5b, 5d). Most interestingly, the EC-
solvated “Mn*” complex is fundamentally different from Cot and
Ni* (not shown). Adding an excess electron to Mn>* solvated by EC
leads to that electron being spontaneously injected into one of the 6
EC molecules, which adopts a characteristic bent structure because
the carbonyl carbon is now in a sp® hybridization (Figure 5a). In con-
trast, Co’* and Ni** are electrochemically reduced to Co* and Ni*,
respectively (Figure 5¢). The instability of Mn* compared to Ni* or
Co™ results in a lower reduction potential. As a result, the calculations
predict that, for both M+ — M?* and M** — M™, Mn is less noble
than either Ni or Co, although the predicted nobility of Ni relative to
Co varies with the reaction. In Part I of this work, we determined the
bandgap of M?**- and M*-doped LiF. Comparing the cohesive energy
gained after inserting a Li™ and an electron and subtracting the co-
hesive energy of Li metal per atom, we found equilibrium voltages
associated with inserting the e~/Li* pair of —2.19, 1.37, and 2.66 V
vs. Lit/Li(s) for Mn, Ni, and Co, respectively. This calculation again
showed the same trend between metals. Thus, it is likely that the trend
of U¢, > Uy, >> Uy}, applies to the single-electron reduction as well
as the experimentally measured two-electron potentials reported by
Jung et al.'”

In the microkinetic model, the anodic transfer coefficient, a,, was
set to 0.985 for all three metals to isolate the effect of the redox poten-

Table 1. Predicted thermodynamic reduction potentials of metal

cations.

Reaction Solvation environment M=Mn M=Ni M=Co
M**t > MT  Liquid EC 0.90 V 1.85V 146V
M3+ - M**  Liquid EC 593V 646V 719V
M?*t — MT  Crystalline LiF -2.19V 137V 266V

tial Uy, and the kinetic rate constant k.. This high value of o, indi-
cates that the structure of the activated complex in the metal reduction
reaction is very similar to that of the oxidized M** species. Conse-
quently, the anodic reaction is strongly dependent on applied potential,
whereas the cathodic reaction is very weakly dependent. The limiting
currents of 2D-diffusion to metal sites, ij;, », were interpreted from

a b

G d

Figure 5. Metals at different redox states solvated by 6 EC molecules. (a)
Mn™ with a bent-EC molecule; (b) Mn2*; (c) Co™ does not eject the excess
electron and is metastable; (d) Co?t. Nit and Nit structures are not shown,
but are similar to Cot and Co>*, respectively.
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Figure 6. Fitting parameters for transition-metal mediated ferrocenium reduction in contaminated SEIs on glassy carbon electrodes. Circles represent mean
of model fits on three experimental trials, error bars represent one standard deviation. (a) Log effective Kinetic rate constant at metal site, logio(kesr am); (b)
Through-film limiting currents, ij;;, ar; () resistance to metal site, R, ar. Error bars represent one standard deviation from the mean for three experimental trials.

plots of In(i.a) vs. V for each experimental trial, and the standard
reduction potentials, Uy}, were set according to the findings of Jung’s
recent work.!” The effective heterogenous rate constants of metal re-
duction, ks s, and the ohmic resistances of the films, R, v, Were
determined for each experimental trial under the above conditions. The
mean values of all three trials are shown in Figure 6 with error bars
representing one standard deviation. Once again, clear trends emerge
from Mn to Ni to Co: kinetics are fastest with Mn and slowest with
Co, transport to metal sites are fastest with Mn and slowest with Co,
and contaminated films are least resistive with Mn and most resistive
with Co. In Figure 6a, the mean effective heterogenous rate constant
for the reduction of the three metals are shown, and Mn reduction is
approximately five times faster than Ni reduction, and greater than 1
order of magnitude faster than Co reduction. Additionally, Figure 6b
shows a similar trend to Figure 6b in Part I indicating again that dif-
fusion to the metal site is faster for Mn than Ni and Co, which may
be attributed to either differences in metal site size or density within
the SEI. Figure 6¢c demonstrates a lower ohmic resistance in electron
transfer to Mn sites than Ni sites and Co sites. This may indicate that
the SEI around Mn sites is less insulating, or less mineralized, than the
SEI around Ni and Co sites, thereby allowing electron transfer from
the negative electrode to the metal site with lower resistance. Another
explanation could be a shorter distance between Mn and the negative
electrode than for Ni or Co.

The model fits in Figure 6 assume that U}, < US. < US, in
accordance with findings from Solchenbach and Jung!"'® as well as
DFT results in Table I. However, it is also instructive to independently
investigate the role of metal reduction potentials by setting the effective
rate constants equal (i.e., kerran = keprni = Keprico = 10‘3%) and
the role of reaction kinetics by setting the standard reduction potentials
equal (i.e., Uy, = Uy, = Uf,=2 V vs. Li/Li*).

Isolating the effects of metal reduction potential and kinetics on
sei degradation.—By setting the kinetics of metal reduction to be
equally fast for all metals, reasonable model fits are found by varying
the standard reduction potentials for these metals. Figure 7a demon-
strates that if thermodynamics of the metal reduction reaction is iso-
lated as the main driving force for reaction, then Mn must be the most
noble of the three metals and Co the least. This is contrary to both aque-

ous and non-aqueous experimental measurements of Mn>*, Ni>*, and
Co** reduction'”*® and DFT calculations, which found Mn to be the
least noble of the three metals. One possibility is that the metal reduc-
tion potentials within the SEI are governed at the molecular level by lo-
cal phenomena such as coordination environment, rather than the bulk
phenomena that typically determine metal reduction. This effect could
potentially resultin a counter-intuitive trend of US> US, > U&, . An-
other possibility is that thermodynamics do not adequately account for
the different behavior of these metals embedded within the SEI be-
cause the kinetics of the reaction dominate the system.

The effect of kinetics is quantified by setting the reduction poten-
tials equal for all metals and then varying the kinetic rate constant to fit
the experimental data. Figure 7b shows the results with these assump-
tions. Comparison to Figure 6a demonstrates that assuming equal re-
duction potentials decreases the discrepancy in kinetic rate constants.
‘When the reduction potentials are taken from literature, 17 the rate con-
stant for Mn reduction, k. a1y, is over one order of magnitude greater
than for Co reduction, ks c,, but when the potentials are assumed to
be equal, k. /7 m» 1S less than an order of magnitude faster than ks c,.
Thus, if the metal reduction potential is an important descriptor of
electron-transfer through the SEI, then it cannot also simultaneously
explain why Mn is more detrimental to SEI performance than Ni and
Co.

Possible molecular origins of thermodynamic and kinetic dif-
ferences between metal reduction reactions.—1If the thermodynamic
reduction potentials truly follow Uy, > Uy, > US,, the coordination
environment of the metals embedded within the SEI could explain the
counter-intuitive trend. Jarry et al. reported that Mn and Ni were al-
ways in the 24 oxidation within the SEI and were surrounded by beta-
diketonate ligands, as well as carbonate and oxalate anions,>” while
Solchenbach et al. reasoned that a Mn-contaminated SEI might be
more stable and degrade less if the Mn sites were surrounded by com-
pounds that cannot be easily reduced, such as LiF or Li,CO;.'® Jarry
etal. also found that the within the SEI, Ni** was mostly in the form of
NiCO; whereas Mn>* was mostly in the form of Mn(AcAc),.>” Table 1
shows that the trend of Uy, < Uy, < US, holds across reactions and
solvation environments, but predicts that values differ between organic
and inorganic solvent by up to 3 V. Combining these findings leads to
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Figure 7. Isolated effects of thermodynamics and kinetics on metal-mediated ferrocenium reduction; (a) Model-predicted values of standard reduction potential,
U, for each metal when kinetics assumed equal; (b) Model-predicted values of effective rate constant, k¢ y7, for each metal when reduction potentials assumed
equal. Error bars represent one standard deviation from the mean for three experimental trials.

the conclusion that Mn may be more detrimental to SEI performance,
and exhibits faster reduction kinetics, because it remains coordinated
to polarizable organic ligands, whereas Ni, and possibly Co, are more
likely bonded to less polarizable species like fluorides, carbonates and
oxalates.”® The coordination chemistry of metal complexes has an
enormous effect on the reduction potential of those metals as well as
the electron transfer kinetics of these complexes.?®=° Thus, the reduc-
tion potentials that affect electron transfer through the SEI may be
determined by Mn in a primarily organic environment vs Ni and Co
in an inorganic environment.

If the metal reduction potentials are assumed to follow the trend
of Ufy, < Uf. < UE,, Mn must have reduction kinetics that are an
order of magnitude faster than Co. The origin of these kinetic varia-
tions could be a difference in the distance between the electrode and
the metal catalytic sites. The probability of electron tunneling, T, de-
creases exponentially with distance d via

47nd
T x exp (—%\/ZmAE,)

where m is the mass of an electron, h is Planck’s constant, and AE;
is the barrier height. Lin et al. calculated AE, for LiF, Li,CO;, and
LizPO, ranging from 1.8—6.3 eV, depending on species and compu-
tational method.?! For these values of barrier height, a difference in d
of 2 — 4 A would be sufficient to decrease the tunneling probability by
a factor of 200. Thus, a slightly smaller distance between the carbon
electrode and Mn?* could explain all of the observed kinetic differ-
ences. Shkrob suggested that Mn is located at the interface between
the organic and inorganic SEI layers.® If Co and Ni are instead em-
bedded within the organic SEI only, such a difference could explain
the decreased reactivity of these metals.

Conclusions

In Part I, we showed that the through-film kinetics of electron trans-
fer are much faster through a Mn-contaminated SEI than through an
SEI contaminated by Ni or Co. Part II interprets these experimental
results through a rigorous microkinetic model of metal redox cycling
as the mechanism of electron transfer through the SEI. The model de-
scribes experimental data well if the anodic transfer coefficient o, is

constrained to 0.98-0.99, suggesting that the structure of the activated
complex in the metal reduction reaction mostly resembles the oxi-
dized metal species, M>*. Using redox potentials for Mn?*, Ni**, and
Co?* reduction from recent literature, we show that the starkest dif-
ference between the three metals is the kinetics of the metal reduction
step (Reaction 1). These kinetic differences must dominate the ther-
modynamic effects of redox potential, which predict that Co should
be the most active metal and Mn the least. For thermodynamic re-
dox potentials to explain experimental trends, the changes in the local
coordination environment of Mn”>*, Ni’*, and Co?* must be so dif-
ferent that the thermodynamic trends on the bulk metals are reversed.
DFT predicts that such large differences are possible if Mn is coordi-
nated to organic ligands while Ni and Co are surrounded by inorganic
components. Alternatively, according to previous DFT calculations
of electron tunneling barrier height, a difference of 0.2 — 0.4 nm in
the distance between the electrode and the isolated transition metal
cation would be sufficient to rationalize the observed kinetics. Both
the thermodynamic and kinetic explanations for the trends between
metal reactivity point to the coordination environment within the SEI
as a dominant factor. Mitigating the detrimental effects of metals, es-
pecially Mn, on capacity fade in advanced batteries therefore requires
better understanding of the local interactions surrounding Mn and their
impact on electron transfer.
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Appendix

Table A-I. List of Symbols and Meanings.
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Anodic charge transfer coefficient

Cathodic charge transfer coefficient

Surface overpotential, V = U,Sz M g

Fraction of reduced metal

Surface concentration of ferrocene

Surface concentration of ferrocenium

Bulk concentration of ferrocene in solution

Bulk concentration of ferrocenium in solution

Total bulk concentration of ferrocene and ferrocenium in
solution

Concentration of partially reduced transition metal

Concentration of transition metal

Total concentration of transition metal

Equilibrium potential

Ohmic contribution to total potential

Butler-Volmer potential

Reversible potential

Total potential

Faraday’s constant

f= F/RT, lumped Faraday’s constant

Exchange current density

Through-film limiting current

Limiting current for 2D-diffusion to metal sites

Limiting current for on a pristine electrode

Current attributed to metal catalytic sites

Total current through metal-free SEI

Current attributed to pinholes

Total current through metal-contaminated SEI

Anodic rate constant for Reaction 1

Backward rate constant for Reaction 2

Cathodic rate constant for Reaction 1

Effective heterogeneous rate constant

Model predicted effective heterogeneous rate constant at
metal site

Equilibrium constant for Reaction 2

Forward rate constant for Reaction 2

Number of electrons transferred in redox reaction

Gas constant

Ohmic resistance

Ohmic resistance at metal site

Temperature
Standard reduction potential of ferrocenium

ol di S e
Potential difference between Uy | JFCN and U, e

Oliver C. Harris

Table A-1I. Continued

Um Model predicted standard reduction potential of transition
metal
U f}z -t Standard reduction potential of transition metal
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