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The Solid Electrolyte Interphase (SEI)

-

-

-

-

https://bit.ly/2vhquqk

•Because the electrolyte breaks down at the bare anode, LIBs cannot operate 

without a passivation layer. 

-Electrolyte formulations create a passivating film from the 

decomposition products: Solid Electrolyte Interphase (SEI).

-Electrical and chemical barrier: SEI should self-limit. 

-Ion conductivity of SEI allows continued battery operation

•In reality, continued SEI growth during battery operation decreases device durability and efficiency

-Long-term capacity fade due to Li+ contained in the SEI.

-Durability and safety issues – SEI degradation with battery aging.

-Higher resistance, lower power – slower kinetics at electrode/electrolyte interface.     

•SEI: one of the prevailing technical issues in Li-ion batteries, yet few detailed 

chemical models exist to explain its growth mechanism.

-Lack of direct, measurements against which to validate

-Materials involved constantly evolving

-Chemical modeling tools largely developed ‘ad-hoc.’
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State of SEI Understanding (1/3): Many reactions are 
known; few are quantified

https://bit.ly/2vhquqk

second step, these decomposition products undergo a precipitation
process and begin forming the SEI layer until all the sites on the
graphite surface are covered. Even though several studies have
been conducted to understand the formationmechanism of the SEI,
it has been a major topic of debate, which centers on the reduction
pathways, especially of the solvent molecules. There are typically
four different reactions possible during the first cathodic polari-
zation of the graphite electrode. The pathways of the four reactions
are shown schematically in Fig. 5.

The ionic radius of a Li ion (0.59 Å) [99] is much smaller than the
corresponding anionic counter ion in the salt. Due to this size dif-
ference, Li ions are strongly solvated in the electrolyte solution,
which also contains weakly solvated anions (such as PF6!) and
isolated solvent molecules [100]. The solvated Li ions diffuse to-
wards the surface of the graphite electrode due to the concentra-
tion polarization in the liquid phase. At the graphite surface, these
solvated ions can undertake different pathways leading to different
reductive decomposition products.

Table 1
List of known chemical compounds formed on the surface of carbon/graphite SEI layers (“Present” denotes that the compound was identified in the references given, and “Not
Present” denotes that the compoundwas not identified) [48]. “Reprinted from Electrochimica Acta, 55, Verma P, Maire P, Novak, A review of the features and analysis of the solid
electrolyte interphase in Li-ion batteries, 6332, Copyright (2010), with permission from Elsevier.”

Component Present Not
present

Notes

(CH2OCO2Li)2 [66e69] Being a two electron reduction product of EC; it is found mostly in the SEI formed in EC based electrolytes.
ROCO2Li [66,67,70,71] They are present in the outer layer of the SEI. They occur in most PC containing electrolytes, especially when the concentration of

PC in the electrolyte is high.
Li2CO3 [67,68,71,72] [70,73

e75]
It may also appear as a reaction product of semicarbonates with HF, water, or CO2.

ROLi [73,75e78] Most commonly found in the SEI formed in ether electrolytes like tetrahydrofuran (THF), but may also appear as DMC or ethyl
methyl carbonate (EMC) reduction product [72]. It is soluble and may undergo further reactions [79].

LiF [72,74,80] Mostly found in electrolytes comprising of fluorinated salts like LiAsF6, LiPF6, LiBF4. It is a major salt reduction product. HF
contaminant also reacts with semicarbonates to give LiF byproduct. Amount of LiF increases during storage [74].

Li2O [74,81,82] [80,83
e85]

It may be a degradation product of Li2CO3 during Arþ sputtering in the XPS experiment.

Polycarbonate [80,86] Present in the outermost layer of the SEI, close to the electrolyte phase. This part imparts flexibility to the SEI.
LiOH [69,87,88] [80,81] It is mainly formed due to water contamination [89,90]. It may also result from reaction of Li2O with water or with aging [75].
Li2C2O4 [75,78] It is found to be present in 18,650 cells assembled in Argonne National Laboratory containing 1.2 M LiPF6 in EC:EMC (3:7)

electrolyte. Li carboxylate and Li methoxide were also found in their SEI [75].
HF [91,92] It is formed from decomposition LiPF6 and the water in the solvents. It is highly toxic and can attack components of the cell.

Fig. 4. Schematic of the anode SEI formation process showing (a) graphene layers surrounded by electrolyte salts and solvents above 1.4 V vs. Li/Liþ, (b) propylene-carbonate (PC)
intercalation with lithium ions into graphene layers resulting exfoliations below 0.9 V vs. Li/Liþ and (c) stable SEI formation in ethylene-carbonate (EC)-based electrolyte below 0.9 V
vs. Li/Liþ; plane side with thinner SEI and edge side with thicker SEI. (A colour version of this figure can be viewed online.)

S.J. An et al. / Carbon 105 (2016) 52e7658

Fig. 8. Ethylene carbonate (EC) reduction process (reference groups in parentheses; details are shown in Table 2).

S.J. An et al. / Carbon 105 (2016) 52e76 65

An, et al., Carbon, 2016
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State of SEI Understanding (2/3): Many reactions are 
known; few are quantified

https://bit.ly/2vhquqk

An, et al., Carbon, 2016

Fig. 9. Propylene carbonate (PC) reduction process (reference groups in parentheses; details are shown in Table 2).

S.J. An et al. / Carbon 105 (2016) 52e7666

formation [93,94,136e138,179e181].
Generally, a high charging rate during the first cycle results in a

porous and highly resistive SEI layer, while a low charging rate
results in the opposite SEI characteristics. It has been found that for
a 0.5C charging rate during SEI formation, capacity retention at
room temperature operation was negatively affected [113]. Also,
when the cell temperaturewas held above 40 !C, capacity retention
was evenmore negatively affected for a 0.5C SEI formation charging
rate [114]. Hence, a first charging rate between 0.05C and 0.2C is
preferred for stable SEI formation. In some cases, though, high
charging rate can be beneficial to SEI formation. For example, when
TIMREX® SFG44 graphite was heat-treated in an inert gas at
3000 !C, a high charge current of 320 mA/g (~1C), showed better
reversible capacity in 1 M LiPF6 EC/DMC than a much lower charge
current of 10 mA/g (~0.03C) [122]. In this case, high current
decomposed the electrolyte faster than solvents could intercalate
into graphene sheets and cause exfoliation. Low charging rates may
be beneficial for SEI formation, but they slow cell production rates
and increase production cost and plant capital expense. Building a
stable SEI with a charging rate greater than 0.5Cmay require a great
deal of further effort on developing proper additives, optimizing
cell temperature, and modifying the anode surface chemistry.

At higher temperatures, SEI formation may also be accelerated.
SEI layers formed at temperatures around 40 !C tend to have more
compact lithium precipitates, such as Li2CO3 and Li2O, rather than
softer, organic precipitates like ROCO2Li. However, high tempera-
ture may induce LiF precipitation from fluorine containing salts.

11. Recent progress in SEI layer studies and prospects for
future understanding

11.1. Computational studies

11.1.1. Overview of molecular dynamics (MD) and density
functional theory (DFT) studies

Molecular dynamics (MD) and density functional theory (DFT)
simulation methods have been used to understand the intricate
relationship between the SEI layer and electrolyte. The MD
approach uses atomic force calculations through solving Newton's
equations of motion and investigates dynamic movements and
equilibrium of atoms and molecules primarily with potentials from
semi-empirical relationships. While MD has provided detailed in-
formation on classical many-body problems, ab-initio molecular
dynamics (AIMD) has extended MD capability by combining the

Fig. 10. Linear carbonate (LC) reduction process (reference groups in parentheses; details are shown in Table 2).

S.J. An et al. / Carbon 105 (2016) 52e76 67
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State of SEI Understanding (3/3): Many reactions are 
known; few are quantified
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An, et al., Carbon, 2016

Schr€odinger wave equation with Newton's equations. Certain
interfacial reduction and oxidation reactions have been described

in the literature using AIMD [182e188]. APPLE&P (Atomistic
Polarizable Potential for Liquids, Electrolytes, & Polymers) is
another many-body polarizable force field for MD simulations that
can capture electrostatic interactions in polarizable environments.
Binding energies between lithium ions and solvent molecules may
vary with different theory levels of APPLE&P force fields. For
example, M05-2X and B3LYP are common levels, which are thought
to have overestimated lithium-ion/MECO3

- binding energy in
lithium alkyl carbonate electrolytes. The M06-L, MP2, and G4MP2
levels, on the other hand, have shown similar, andmore reasonable,
binding energies [189e191].

Density functional theory (DFT) is more rigorous than MD, and
the former is another computational approach in quantum me-
chanics that solves Schr€odinger equation. It estimates the electronic
structures in atomic and molecular systems, but it is limited to
smaller simulation sizes than MD because of the associated
computational intensity. One of the issues in using DFT is weak van-
der-Waals-like forces of graphene layers, which can affect calcula-
tions for lithium-ion/solvent-molecule co-intercalation into
graphite. Computed graphene interlayer binding energy signifi-
cantly varies depending on DFT functionals [192]. Local-density
approximation (LDA), a well-known and simple functional, un-
derestimates the binding energy of graphite interlayer as shown in
Fig. 12. The binding energies from experiments were 31e52 meV/
atom [193e195]. Another issue in using quantum simulations is
that the simulations are typically not suitable for estimating
competing reactions.

DFT and MD mainly deal with Angstrom and nanometer length
scales, respectively. Because of the small length scales and heavy

Fig. 11. Electrolyte salt reduction process (reference groups in parentheses; details are shown in Table 2).

Fig. 12. Interlayer binding energy of graphite as a function of interlayer separation
calculated by LDA, GGA and five different vdW functionals [192]. Reproduced from
Ref. 192 with permission from The Royal Society of Chemistry. (A colour version of this
figure can be viewed online.)

S.J. An et al. / Carbon 105 (2016) 52e7668
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There are 2 primary needs, for mechanistic 
understanding of SEI growth & Evolution

https://bit.ly/2vhquqk

Need #1: Operando validation data with high spatio-chemical 
resolution.

Need #2: Detailed electrochemical modeling tools, with flexible and 
robust mechanism implementation
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air

Neutron Reflectometry Provides Sub-nm Resolution 
Depth Profiles 

https://bit.ly/2vhquqk

• Measures Reflected Intensity vs. grazing angle q

• Oscillations with period 2π / layer thickness

• NR Provides Depth Profile of the SLD 

• SLD related to Composition:

Fitting

SLD(z) = SjSLDj Vj

SLD(z) = Sibi ni
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Neutron Reflectometry: Challenges and Advantages 
for Electrochemical Interfaces

https://bit.ly/2vhquqk
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NR has several inherent advantages as an operando probe for 

electrochemical systems

• Sensitive to structures with sub-Å resolution.

• Neutrons transmit through many solids with little attenuation -

simplifies sample env.

• High SLD contrast for relevant isotopes.

Challenges:

• Requires large, very flat (r < 20 Å) surfaces

• Long collection times (several hours) for best resolution.

• Complicated data fitting/analysis - no unique solution to a 

single NR spectrum.
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Experiment 1: NR on Copper Reveals a thin, 4 nm 
Layer That is Rich in Li

https://bit.ly/2vhquqk

NR at OCV and 250 mV vs. Li/Li+ fit simultaneously 
• Constrain substrate, WE parameters.
! NR measurements at OCV reveal an initial CuCO3 

+ Cu(OH)2 layer.  
! 10 initial cycles remove this layer and form an 

SEI that is 4.0 nm thick at 250 mV vs. Li.

The SEI is easily observed via NR, and is rich in Li-
containing molecules (low SLD).

Owejan, et al., Chem. Mater., 2014
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Electrochemical cycling reveals SEI “Breathing.”
NR results during potentiostatic holds reveal changes to the SEI thickness, composition, and 
structure with cycling.

-SLD decreases (Li increases) with decreasing WE potential.
-SEI thickness continues to increase with additional processing.
-Some test points show composition gradients; others show mixing.

0

2.4

1.2

1.8

0.6

V vs. 
Li/Li+

https://bit.ly/2vhquqk
Owejan, et al., Chem. Mater., 2014
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NR Measurements
• NR in He: structure w/ no SEI
• NR during hold at reducing potential 

(0.56 V)
• Measure in electrolyte, no 

electrochemistry
Electrochemistry + QCM-D
• Quartz crystal microbalance: highly 

resoved mass uptake (~2 ng/cm2).
• Simultaneous cyclic voltammetry

Experiment 2: W Anode Enhances SEI Sensitivity

https://bit.ly/2vhquqk
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NR Directly Observed Hypothesized Two-layer SEI

Simultaneously fit NR data in He and after SEI growth
! Constrains substrate layer parameters for greater confidence
! Can be used for element conservation.

https://bit.ly/2vhquqk Lee, et al., J. Power Sources., 2019
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https://bit.ly/2vhquqk Lee, et al., J. Power Sources., 2019

3.67 [3.51, 4.02] nm

15.32 [14.67, 17.96] nm
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EQCM-D Shows Growth, Re-dissolution of SEI

• Reduction peaks at 800 mV and 275 mV, vs. Li/Li+.
• Oxidation peak at 1.1 V.
• CV qualitatively similar to that on non-

intercalating Cu.
• Current decreases as a function of cycle number, 

decrease in mass gain per cycle: passivation: SEI 
passivation

• Mass uptake and mass loss during each cycle: 
SEI breathing

https://bit.ly/2vhquqk Lee, et al., J. Power Sources., 2019
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• Two main processes
– 750 mV: higher MPE
– Below 300 mV: lower MPE

• Large “extraneous current” prevents quantitative species ID.

Mass Per Electron (MPE) Elucidates SEI Chemical 
Evolution with Cycling

https://bit.ly/2vhquqk

Steven C. DeCaluwe1, Chrisopher H. Lee1, Eric D. Rus2, Joseph A. Dura2 
1. Mechanical Engineering, Colorado School of Mines; 2. NIST Center for Neutron Research 

• Lack of a stable, low resistance SEI still limits LIB 

commercialization 

     -Long-term capacity fade. 

     -Durability and safety issues. 

     -Higher resistance, lower power..      

Elucidating Fundamental Chemistry in the Solid Electrolyte Interphase 

Motivation and Objectives 

Neutron Reflectivity Measurements 

References: 
1. Goodenough, J.B., Kim, Y. Chem. Mater., 22, 2010, 587-603. 
2. Zhang, S.S. J. Power Sources, 162(2 spec. iss.), 2006, 1379-1394. 
3. Buga, H., Blyth, R.I.R., et al.  Ionics, 6(3-4), 2000, 172 – 179. 

• Because the electrolyte breaks down at the bare anode, 

LIBs w/ liquid carbonate electrolytes cannot operate without 

a passivation layer:   Solid Electrolyte Interphase (SEI). 

     - SEI should self-limit: chemical & electrical barrier 

     -Ion conductivity of SEI allows continued battery operation. 

If µA > LUMO or µC < HOMO, electrolyte is 
thermodynamically unstable and will be reduced or 

oxidized, respectively, to form a solid electrolyte 
interphase (SEI).  Figure adopted from [1]. 

7. Seah, M.P., et al., Surf. Interface Anal., 41(5), 2009, 430-439. 
8. Owejan, J. E., Owejan, J.P, DeCaluwe, S.C., Dura, J.A. Chem. Mater., 24, 2012, 2133-2140 
9. Kienzle, P.A., Krycka, J.A., Patel, N., Refl1D: Interactive depth profile modeler.  

http://www.reflectometry.org/danse/software  

Data Fitting 

-Reflected intensity is determined by 

   constructive or destructive interference  

   from interfaces. 

-Determines the depth profile of the  

   scattering length density (SLD), which is  

   related to composition  

- Averages in-plane composition variations 

-The SLD profile can be approximated by  

   a series of  arbitrarily thin layers 

-NR measurements taken on AND/R at   

   the NIST Center for Neutron Research. 
 

• NR data fit with Refl1D software [16] 

     -SLD profile represented as a series of material layers with   

        specified SLD and thickness, with Gaussian interfaces between. 

     -Differential Evolution algorithm to minimize least squares fit 

     -Uses a Bayesian approach to determine uncertainty in model parameters. 

• The SEI is one of the prevailing technical issues in Li-ion batteries, yet fundamental 

information on structure, thickness, and chemistry are limited. 

     -Delicate and reactive elements in SEI and electrolyte system in which it is formed 

     -Most information on the SEI comes from ex situ, post-mortem, and indirect measurements [2-5].      

• Neutron Reflectometry (NR) is ideal for in situ Li-ion 

battery diagnostics  

     -Sensitive to light elements in SEI compounds 

     -Non-destructive/non-perturbing 

     -Able to penetrate robust sample environments 

     -Sub-Å accuracy for features over 1.5 nm thick [6,7]     

     -Can provide accurate depth profiles for Li and H. 

 

• Initial NR study [8]: dynamic evolution of SEI thickness 

and chemistry, but limited sensitivity. 

     -Low SLD contrast between SEI & electrolyte 

     -High SLD contrast between Ti adhesion & adjacent layers 

     -Chemical compositions are ambiguous  

• NR measures the intensity of reflected neutrons as a function of grazing angle from the  

sample surface, θ  

Results and Conclusions 

Conclusions 

Scattering geometry (top) and 
reflected intensity (bottom) for a 

layered NR sample. 

Example of SLD depth profile 
(bottom) and relation to average 
sample composition in physical 

model (top) 

Experimental Details – Fabrication and Data Analysis 
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Electrode Charge 1 – 150 mV 
Discharge – 1500 mV 
Charge 2 – 250 mV 

Electrolyte 

SEI 

Simulated NR predicts high SEI 
sensitivity with W anode 

Neutron Reflectometry 
-NR data taken in He vapor, in electrolyte 

w/ no cathode, and at OCV. 

-Slight shorting present at OCV 
 

-Simultaneous fitting gives accurate 

parameters for Si-SiO2-W substrate 

-Fits show a 2-layer SiO2 thermal oxide 

Two layer SEI structure: 

-4.9 nm thick, dense “Inner” SEI 

-20.8 nm thick, porous “outer” SEI 

Quartz Crystal 
Microbalance + Dissipation 

Chemical Composition via Monte Carlo Fitting 

Random chemical compositions (% vol) generated, fitted vs. SEI mass (QCM-D), SLD (NR).  

-Must match SEI mass to within ±20% 

-Metropolis algorithm selects “likely” fits, compared against posterior SLD distribution from Refl1D. 
 

Dense “Inner” SEI 

     24% Li2O 

     19.9% LiF 

     15.5% Li2CO3 

     13.0% Electrolyte (pores) 

 

Soft “Outer” SEI 

     51.4% LEDC 

     42.8% Electrolyte (pores) 

     5.8% dEC 

      
 

was produced by running 10 CVs, followed by a potentiostatic
hold at reducing potential (250 mV vs Li). NR data were again
taken after the current decayed to near zero (test point b-250
mV). These two data sets, shown in Figure 1, show a distinct
difference in amplitude and oscillation peak position as a
function of momentum transfer, Q, due to the effects of the SEI
layer on the scattering. These two data sets were simultaneously
fit, with common parameters for the Ti layer, its surrounding
interfaces, and the Cu and electrolyte SLDs, to provide an
accurate structural determination of the layered sample with
and without SEI. All other parameters in the model were varied
independently for each data set, except the Si substrate SLD
which was held fixed at the value calculated from the known
scattering length and the density of crystalline Si. The resultant
parameters and 68% confidence intervals are shown in Table S2
of the Supporting Information. The reflectivity, R, is plotted vs
momentum transfer, Q = (4π/λ)sin θ, where λ is the
wavelength of the neutrons, 0.5001 ± 0.0004 nm. Fitting this
data reveals that the Cu SLD is 99% of the bulk value, and the
Ti SLD indicates silicide formation. Furthermore, a copper
carbonate/hydroxide liganding layer was present on the initial
surface, formed due to the pristine nature (no surface oxides) of
the copper. After the CV scans, the liganding layer is removed
and an SEI is deposited that consists of a single 4.0 nm [3.6,
4.2] nm thick layer with SLD well below the level of the
electrolyte, as seen in the inset to Figure 1. (Numbers in
brackets are the 68% confidence range determined by the fitting
software. NR error bars are plus or minus one standard
deviation based upon propagating counting statistics from the
specular, background, and slit scans used to obtain the specular
reflectivity.) To confirm that this model, which includes an SEI
layer, is a better fit to the data than one without an SEI, an
additional simultaneous fit excluding the SEI was performed.

This fit (not shown) resulted in not only an increase in χ2 but
also an increase in the Bayesian information criterion, thus
indicating that the model with an SEI is statistically more likely
than the model excluding it. The next test point (c-150 mV)
repeated the cyclic voltammograms, followed by a potentio-
static hold at 150 mV. Charge data for all test points may be
found in the Supporting Information.
The SEI layer at test point c is remarkably similar to the

previous test point, b, having similar SLD and interface widths,
but slightly thicker at 4.5 nm [4.0, 4.7] nm due to the lower
reduction potential and/or additional 10 CV cycles. These
results also agree with a 3.6 nm [3.2, 4.2] nm thick SEI
deposited by a similar procedure in a second cell with a fully
protonated electrolyte (see the Supporting Information).
Subsequently, six data sets (d−i) were taken at various
potentials by slowly ramping the potential at a rate of 10
mV s−1 to the next value and holding during NR data
collection, as summarized in Figure 2, which shows
representative CV curves taken throughout the experiments.
Note that complex chemistries occur as demonstrated by the
various peaks in the CV curves, the origins of which have been
discussed in the literature.31,43,44,51 They serve for us as points
at which to execute the potential holds and NR measurements.
The decrease in the magnitude of the current density with
increased cycling in Figure 2 demonstrates the passivating
nature of the growing SEI layer, also verified by smaller
reductive currents collected during NR measurements. Thus, in
our study, the most active test points with respect to SEI
growth were those between b and d, and point f, where the
passivation layer was forming, while subsequent points were
much less active.
The associated NR data sets for test points c through i are

shown in Figure 3. Each had excellent individual fits to a model

Figure 1. Neutron reflectivity vs Q is shown for the sample at OCV and after 10 CV cycles during a hold at 250 mV. The solid lines are the best fit,
from a simultaneous fit to the two data sets. Inset − The SLD profiles for the two best fits. The SLD values of Si, Cu and Ti (calculated from known
densities) are indicated, and Electrolyte, SEI, and TiSix layers are identified. For both parts, the darker and lighter shaded regions are the 68% and
95% confidence intervals, respectively, as discussed in the methods section.

Chemistry of Materials Article

dx.doi.org/10.1021/cm3006887 | Chem. Mater. 2012, 24, 2133−21402135

-Highly sensitive (~2 ng/cm2), time resolved  

     (~100 Hz) mass uptake/loss. 

-Visco-elastic properties 

-Simultaneous CV (10 mV/s) 
 

CV and mass uptake measurements show 

passivation of the W anode by the SEI 
 

CV + QCM-D measurements yield the 

mass per electron (mpe) 
 

-Formation of LEDC at 1.2 V (+ other heavier organics) 

-Significant reduction of m.p.e. during sweep:  

     Inorganics from trace water & O2 (LiOH, Li2O) 

     Degradation via HF 

     Li under potential deposition (UPD) 

Lower m.p.e. on subsequent cycles – chemical dissolution? 
 

Figure 6: NR results for a working electrode in electrolyte
with no lithium counter electrode. (a) Reflectivity Data; (b)
Fitted Profile

Table 4: Fitted parameters for working electrode in elec-
trolyte with no counter electrode

Compound m.p.e (g/mol e�)

Li 7
Li2O 15
LiO2 19
LiOH 24
LiF 26
Li2CO3 37
(CH2OCO2Li)2 81

to diagnose whether or not the interfacial struc-
ture in Figure ?? could have been formed by non-
electrochemical means (i.e., whether or not it is
truly an SEI). The data, fitted profile, and fitted
parameter values are given in Figure ?? and Ta-
ble ??.

A thick surface layer appears to be present with
an SLD slightly higher than that of the electrolyte,
which has been reported in previous studies [? ? ]
and attributed to a carbonate/hydroxide liganding
layer. The thin, low-SLD layer in Figure ?? is ab-
sent here, confirming that they layer in W1 ocv is
formed from electrochemical activity and not sur-
face reactions with the electrolyte. Including the
dual-layer silicon oxide from fits to W1 bare and
W1 ocv significantly improved the fit (relative to
initial fits with a single-layer SiO2), supporting the
fits in Figures ?? and ?? and suggesting that the
structure is real rather than just a fitting artifact.

Therefore, despite the unanticipated short dur-
ing W1 OCV, there is strong evidence that the sur-
face structure shown in Figure ?? is indeed an SEI.
Furthermore, the fitted profile shows a dual-layer
structure in accordance to previous computational
and experimental studies in literature [? ? ? ? ?
? ? ], marking this study as one of the first direct
in operando measurements of a dual-layer SEI.

The mass and charge data from EQCM-D can be
combined into a mass per electron (m.p.e) analy-
sis to provide additional information regarding the
identity of formed products on the sensor surface,
and has been shown to be e↵ective in determining
the SEI composition in previous studies [? ? ?
]. This is done by calculating dm/dQ over a CV
sweep, which yields the mass deposited on the an-
ode surface per electron transferred to the anode.
Since any lithium in the SEI comes from Li+ ions
in the electrolyte, the theoretical m.p.e for a given

7

 
4.Edstrom, K., Gustafsson, T., Thomas, J.O.  Electrochim. Acta., 50, 2004, 397 – 403. 
5. Andersson, A.M., Henningson, A., et al.  J. Power Sources, 119 – 121, 2003, 522 – 527. 
6. Seah, M.P., et al., Surf. Interface Anal., 36(9), 2004, 1268-1303. 

1. SEI reduction varies weakly with substrate: CV matches closely w/ that on Cu [8] 

2. Results show passivating effect of SEI; Lower current, m.p.e. with SEI growth. 

3. NR + QCM-D give direct evidence of a 2-layer SEI, as proposed in the literature: 

• 4.9 nm thick, dense inner SEI: 24% Li2O, 19.9% LiF, 15.5% Li2CO3, 13.0% porous 

• 20.8 nm thick, porous outer SEI: 51.4% LEDC, 42.8% porous, 5.8% EC 

4. SEI is much thinner than current would suggest: inner SEI forms via chemical 
dissolution,  reacts with trace impurities to form LiF, L2CO3, Li2O. 

NR Echem Cell and Beamline 

Lee, et al., J. Power Sources, 2019

were allowed to vary independently from the ‘Wbare’/‘WSEI’ fitting results.

2.4. EQCM-D Measurements

EQCM-D measurements used the Q-Sense E1 system with QSX312 sensors (Biolin Scientific) which were
350 µm thick AT-cut quartz crystals with a diameter of 14 mm, and a resonant frequency of 4.95 MHz.
The electrode was a 300 nm thick tungsten layer with a surface roughness of less than 3 nm RMS and and
an active electrode diameter of 10.0 mm. The EQCM-D sensor was cleaned by sonication in a 2% sodium
dodecyl sulfate solution at 40�C for 30 minutes. The sensor was then rinsed with DI water and blown dry
with N2. The QCM sensor/working electrode was installed in a Q-Sense open module, custom-fit to allow
access for the Li foil counter and reference electrodes (Sigma Aldrich), as shown schematically in Figure 1(b).
The electrolyte used was identical to that used for the NR measurements (see Section 2.3). Copper tape
was attached to a pin on the bottom of the QCM module to provide the potentiostat with electrical access
to the working electrode. The EQCM-D cell was assembled and tested in an argon-filled glove box, and the
baseline resonant frequencies and dissipations for the sensor were calibrated in electrolyte. EQCM-D was
measured at 30�C using a range of harmonic overtones of the resonant frequency (n = 1–7). In addition to
the CV measurements described in Section 2.1, EQCM-D measured the SEI mass during a 5-hour hold at
0.59 V, to estimate the mass grown during the short observed during NR.

2.5. EQCM-D Analysis

The QCM-D data was fit using both the viscoelastic Voigt model and the Sauerbrey model, using the
volume-averaged density and viscosity of the electrolyte (1.26 g cm�3 and 1.325 g m�1 s�1, respectively)
as parameters.[62] The viscoelastic model is generally more accurate than the commonly used Sauerbrey
model [51, 54, 63, 64] due to factors which violate the assumptions of the latter (e.g. SEI elasticity, SEI
surface roughness, and the viscosity of the electrolyte) [40, 65]. However, for the present data no di↵erences
were found between the viscoelastic and Sauerbrey models. A low-pass filter was used to reduce high-
frequency noise in the fitted masses, using the Matlab2 ‘designfilt’ function with an order of 100 and a
cuto↵ frequency of 10 mHz.

QCM-D data was correlated with the simultaneous CV data to calculate the mass per electron (m.p.e.)
of the species deposited on the sensor surface during any given time period:

m.p.e =
F�m

�Q
(2)

where F is Faraday’s constant, �m is the change in mass per area (g cm�2) measured during the specified
window, and �Q = �

R
j dt is the charge per area (C cm�2) delivered to the sensor, with j equal to the

current density (A cm�2) and t the time (s). After correcting for iR drop and subtracting the capacitive
double layer charging current from the measured currents, the m.p.e. was calculated here for electrode
potentials < 1.1 V, using steps of 0.05 V to calculate �m and �Q. Calculated m.p.e. values can be
compared to those for known SEI species to understand the layer formation dynamics as a function of
deposition conditions [40, 52, 53].

3. Results and Discussion

3.1. Neutron Reflectometry

Figure 3 shows the NR data and SLD profiles for Wbare, Welyte, and WSEI, and Table 1 lists the fitted
parameter values. The thermal oxide and tungsten layer thicknesses closely match the target values, and

2The MathWorks, Inc; Natick, MA, USA; www.mathworks.com
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Monte Carlo Simulations ID Chemical 
Compositions Consistent with the Data

https://bit.ly/2vhquqk Lee, et al., J. Power Sources, 2019
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• Direct, operando observation of two-layer SEI on non-intercalating anode.
– Thin, dense inner layer: inorganic, Li-rich compounds
– Thicker, porous outer layer: organic compounds
– Outlook: Li-active substrates, interrogate SEI improvement strategies.

• EQCM-D provides insights into formation mechanisms
– Organics deposit at higher potentials; secondary rxns form inorganics at lower potential.
– Outlook: Operando data as a platform for mode/mechanism validation

Conclusions and Outlook

https://bit.ly/2vhquqk
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Thank You
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Preliminary Numerical Simulations


