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Characterization of the Solid—Electrolyte Interphase
Growth During Cell Formation Based on Differential

Voltage Analysis

Felix Schomburg, Robin Drees, Michael Kurrat, Michael A. Danzer, and Fridolin Roder*

1. Introduction

The solid—electrolyte interphase (SEI) in lithium-ion batteries is mainly built

during cell formation. The SEI significantly influences safety, aging, and
performance. Due to the manifold influential factors, it is time-consuming to
systematically optimize the cell formation. Herein, a novel procedure to char-
acterize the SEI growth during the first cycle of formation with low experimental
effort is introduced. Coin cells in a three-electrode setup are tested under pseudo-
open-circuit conditions. By evaluating the differential voltage, the capacity loss
due to SEI formation during the first cycle is estimated. The identification of the
SEI growth curve is carried out using various methods, which are compared in
detail. The approach is exemplary applied to compare different electrolytes. It is
shown that the approach can be used to parameterize SEI growth models. An
analysis of these models indicates that the SEI growth can be explained by a
combination of two growth mechanisms, that is, interstitial diffusion and elec-
tron tunneling, while the latter is dominant in the beginning of the formation.
Further, based on the results it is suggested that the transition between these

mechanisms is influenced by the electrolyte.
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The solid—electrolyte interphase (SEI) is
mainly built during the first charge/dis-
charge cycles of a lithium-ion battery
(LIB), the so-called cell formation. The
SEI consists of electrolyte decomposition
products, which deposit on the surface of
the particles at the negative electrode.
This layer prevents further reduction reac-
tions of the electrolyte. The properties of
the SEI are crucial for aging behavior,['™
rate capability,>*! and safety.!"*”) The com-
position and morphology of the SEI are
influenced by many factors, such as electro-
lyte  composition,® ' anode material
composition,'¥ electrode structure,™’!
temperature,'* ' and the applied forma-
tion protocol.’’~'? Understanding these
manifold influencing factors and establish-
ing predictive models are important to
optimize the cell formation process.

To build a growth model for cell formation, the growth-
limiting mechanisms need to be identified. Several limiting
processes for the SEI growth are under debate and may also vary
for different electrolytes, because it influences the SEI composi-
tion®” and each compound has distinct transport proper-
ties.??2  Electron conduction,”*?** electron tunneling
(ET),>%¢! diffusion of lithium via an interstitial “knock-off”
mechanism*""*’! through the SEI, and diffusion of solvent/salts
in the bulk?®?? are the most prominent mechanisms that have
been proposed. For the identification and validation of growth
models, experimental characterization of the SEI and its thick-
ness evolution during formation is needed.

There are already a large number of experimental and
simulation studies on the SEI film growth. Many experimental
methods have been used to study the effects of formation on the
SEL Lu et al.?% conducted a comprehensive study using electro-
chemical impedance spectroscopy (EIS), X-Ray photoelectron
spectroscopy (XPS), time-of-flight secondary-ion mass spectrom-
etry, and scanning electron microscopy (SEM) measurements.
Combining their experimental insights, they come to the conclu-
sion that early in the formation process, at high anode potentials,
low conductive organic species are loosely deposited on the
particle surface. Later, at lower anode potentials, inorganic com-
ponents with a higher conductivity are formed. Leroy et al.*"!
analyzed the SEI using XPS and atomic force microscope
(AFM) at different potentials of the first and the fifth cycle.
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Their results show that SEI formation occurs in successive
sections, which depend on the potential of the negative electrode,
and they observed a partial dissolution and redeposition of SEI
components. Hou et al.?®! observed such a bilayer structure
using mass-sensitive scanning transmission electron microscopy
(TEM) and a Li-Au model system. They suggest that the
inorganic and organic layers grow in parallel and that this
process is driven by ET in the beginning. After reaching a certain
thickness, the subsequent growth is assisted by radicals that may
originate from the initial formation or diffuse from the bulk to
the electrolyte solution. Tang et al.”® used EIS measurements to
investigate the SEI formation on glassy carbon under potentio-
static conditions and deduced time-dependent capacity loss
curves at different potentials. They conclude that the limiting
process may differ for other electrode structures and formation
protocols. Witt et al.’”l applied a physicochemical model in
combination with EIS and C-rate tests to obtain interphase
and bulk properties of the SEI layer after the formation as well
as during battery aging. They conclude that a thicker SEI does not
necessarily yield a significant impedance rise.

The SEI thickness has also been directly measured using in
situ spectroscopic ellipsometry,** TEM,P* sputter depth profil-
ing, and XPSP*! or photoelectron spectroscopy and soft XPS.*¢!
Moreover, a combination of focused ion beam, SEM, and XPS
was applied to measure the layer thickness.®”) The disadvantage
of these methods is that the experimental setup is often compli-
cated, because the SEI is unstable and sensitive to air. As a con-
sequence, itis difficult to investigate a large parameter space with
the currently available experimental methods. This hinders to
understand the growth limiting mechanisms during formation.

In addition to the experiments, various modeling methods
have been used to simulate the SEI formation. As the film growth
is influenced at multiple lengths and time scales, simulations are
carried out at multiple scales. Lithium-ion transport through SEI
has been investigated with molecular dynamics (MD).2"®
Density functional theory (DFT) simulations were used to inves-
tigate the transport processes within the SEI*7%4% as well as the
reduction reaction in electrolyte solutions.*"** Lin et al.?*! per-
formed DFT simulations and suggested that ET is responsible
for the initial capacity loss during formation. The tunneling
barrier was found to be 2 — 3nm for inorganic species, i.e.,
LiF, Li;PO,, and Li,CO;, and to alter under tension/compres-
sion. Kinetic Monte Carlo simulations were applied to study
the heterogeneity of the layer*’) and coupled with cell models
to account for multiscale effects of the surface film growth.***°!
The SEI has been studied with continuum models to depict the
film thickness and resistance as well as to study the transport
processes.?2*¢*7 The model proposed by Christensen et al.*”!
included the transport of lithium and electrons through the film
to simulate the SEI growth. Colclasure et al.*®! implemented a
single-particle model that incorporates reaction kinetics and
transport of species within the SEI film and was used to study
the layer growth and resistance under cycling conditions.

Despite the many experimental and simulative investigations,
the knowledge about the build-up during the first cycle of the
formation and the involved transport mechanism is still limited
due to its complexity and the required experimental effort.
Accordingly, novel methods, which are ideally capable to quickly
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obtain operando information about the SEI thickness, are
needed.

In this work, we present a novel approach to determine SEI
thickness during the first cycle of the formation, which enables
to identify growth models. The method uses coulomb counting
and differential voltage analysis (DVA) to gain an operando
estimate of an effective SEI thickness during the first
charge/discharge. DVA is an established method to differentiate
between aging phenomena.**~" It also has been applied to study
long-term SEI growth.*” However, to our best knowledge, DVA
has not been applied to study capacity loss and SEI growth already
during the formation. To facilitate the estimation of the effective
SEI thickness using DVA, we propose three methods that evaluate
the difference between a reference pseudoopen-circuit potential
(pOCP) and the potential during formation: 1) single-characteristic
points, 2) identification of the effective SEI thickness as a time
series without restrictions, and 3) direct identification of SEI
growth models. The methods are compared and discussed in terms
of their advantages and disadvantages. As an application example,
the influence of two electrolytes on the SEI growth is analyzed.

2. Experimental Section

Coin cells in the three-electrode setup (PAT-Cells from EL-Cell
GmbH, Hamburg) were used for electrochemical experiments.
Alternatively, also half cells with a lithium counter electrode could
be used. Two different electrolyte types and two different electrode
sheets of the negative were used. Different electrode sheets were
used to account for fluctuations of the mass loading in between
manufacturing batches. The specific surface area of the anode and
cathode material batches was determined by Brunauer-Emmett—
Teller measurements. The nominal and measured properties of
the cell components, that is, electrode, electrolyte, and separator,
are given in Table S1, Supporting Information.

The cells were assembled in an argon glovebox (M. Braun
LABstar/MB10, Garching) with less or equal to 0.5 ppmH,0
and O,. All experimental cell tests were conducted with a battery
test system (PAT-Tester-x-8 from EL-Cell GmbH, Hamburg) in a
climate chamber (WT11-600/40 from Weiss Technik GmbH,
Reiskirchen) at 20 °C. After cell assembly, the cells were stored
in the 20 °C climate chamber for at least 7 h to provide homoge-
neous electrolyte wetting.

In total, six cells were tested with the same test protocol. The
protocol is illustrated in Figure 1 and includes four parts, i.e.,
formation, end-ofline (EOL) test, capacity test, and open-
circuit-voltage test (OCV test). Only the first charge and discharge

Formation EOL-Test Capacity-Test OCV-Test

time

Figure 1. lllustration of the test protocol. Measurements needed to conduct
the DVA are highlighted and include the first charge and discharge cycle of the
formation being plotted in red, the continuous OCV measurement being plot-
ted in blue, and the OCV sample points being plotted with yellow markers.
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(solid red line) and the OCV test (yellow marks) were used in this
work. The six cells could be classified into three groups with two
cells each: Group Al with electrolyte A and sheet 1 (cell 1-2),
group A2 with electrolyte A and sheet 2 (cell 3—4), and group
B2 with electrolyte B and sheet 2 (cell 5-6).

The theoretical capacity was calculated based on the cell con-
figuration and was given as 180 mAh gy}, . It was used to set the
current rate of the formation. After wetting, the first cycle of the
formation cycle was started with a current of C/20 until 4.2V
followed by C/20 discharge until 3.0 V. The second formation
cycle had a current of C/2 until 4.2V with CV until I < C/20,
followed by C/2 discharge until 3.0 V. The nominal capacity after
the formation was determined by a C/3 discharge and equaled
150.32 £ 0.29 mAh gy for cells of group A2 and 150.17 &
0.43 mAh gy}, for group B2.

The OCV test was carried out with 5% state of charge (SOC)
steps. The SOC was based on the nominal capacity after forma-
tion. The cells were (dis-)charged with 0.5 C for an SOC < 80%.
At higher SOCs, 0.25C was used. The cell was relaxed for 2h
after each SOC step before the voltage value was taken.

Besides the protocol for testing the cells, an additional
electrochemical experiment with electrolyte A was performed.
This cell was assembled using sheet 1 for the negative electrode
and a thicker positive electrode (theoretical areal capacity
4.62mAh cm~2), which was ~12% overbalanced in comparison
with the anode. A thicker positive electrode was used to obtain
the full-reference potential range of the negative electrode. The
formation procedure of this additional test was a C/20 charge
until the potential of the negative electrode, ®,., reached
0.01V. Afterward, there were 11 cycles of discharging/charging
with C/20 between 0.5 and 0.01 V of the anode potential, ®,, to
ensure that a stable SEI was established. Finally, the cell was
completely discharged until 3.0V of ®,.. The last charge and
discharge were used to determine the reference pOCP curve.

3. Methods for DVA-Based Characterization of
Formation

DVA is an established technique to separate and quantify aging
mechanisms. Therefore, the electrical potential of half or full
cells is used. Usually, the cell is tested under quasiequilibrium
conditions. This means a low current, which is typically < 1/20
of the theoretical cell capacity, C4"_, is applied to obtain a con-
tinuous potential curve while keeping the electrode polarization
negligible. Depending on whether half- or full-cell aging aspects
are being investigated, the negative and positive electrode-
specific potential profiles versus a lithium metal reference, the
full-cell voltage, or a combination are used. Derivatives of the
voltage signals with respect to the (dis-)charge capacity are com-
puted. The resulting curves show distinctive maxima and min-
ima, that is, features, which shift as the electrode ages. In
aging studies, the method allows to differentiate between loss
of active material and loss of lithium inventory. Therefore, the
positions of the peaks during aging are compared with their posi-
tions after formation, which is usually referred to as the initial
state or beginning of life. This approach was applied in many
aging studies. The influence of electrolyte additives on a capacity
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fade in calendaric and cycle life was investigated by Bloom
et al.”*! Their analysis of the full- and half-cell data indicates that
the decline in available lithium is mainly due to side reactions
occurring at the negative electrode and is influenced by the addi-
tive. Keil et al.*® investigated the capacity fade during calendaric
aging and showed that the decline in capacity primarily results
from losses of cyclable lithium due to continued SEI growth.
Moreover, it was found that the capacity fade correlates with
the potential of the negative electrode. Furthermore, the DVA
was used by Fath et al.>* to investigate the homogeneity of lith-
ium distribution inside the cell as well as to parameterize predic-
tive lifetime models using automotive pouch cells. A tool to
analyze changes in the active masses and slippage of lithium
content for each electrode during cell aging was developed by
Dahn et al.>> Miiller et al.”®! applied the DVA after the forma-
tion process was completed to study the importance of a CV step
during formation on aging behavior. They noticed that omitting
the CV charging step leads to a worsened degradation behavior of
the anode and results in an accelerated loss of cycleable lithium,
which they attribute to an unfavorable SEI formation.

The utilization of the DVA in aging studies differs from its
utilization in this work. As the scope of this study is the SEI
growth during cell formation, the negative electrode potential
during the first cycle of the formation, that is, before the
beginning of life, is investigated. To gain information about
the SEI growth during cell formation, coulomb counting and
DVA are combined. The method includes evaluation of the
differential voltage during formation and differential voltage
after formation, which is used as a reference. The characteriza-
tion involves several preparation steps that are described in
Section 3.1. Afterward, three possible methods to deduce the
SEI capacity loss during formation are described in
Section 3.2. Finally, the assumptions implied in this identifica-
tion procedure are summarized in Section 3.3.

3.1. Cell Individual Determination of the SEI Thickness

In this section, the required steps to determine the cell
individual SEI thickness from the formation data and a
reference measurement by applying DVA and coulomb counting
are described. Therefore, the reference potential curve is
introduced in Section 3.1.1. In Section 3.1.2, the procedure
for determining cell individual capacity and surface area is out-
lined. Afterward, in Section 3.1.3, it is described how the
capacity loss due to the SEI growth during the first cycle of
the formation is derived. Finally, the conversion of the
SEI capacity into an effective layer thickness is shown in
Section 3.1.4.

3.1.1. Determination of the Reference Potential

The material-dependent potential profile of the negative
electrode was measured with pseudo-open-circuit conditions
in an additional experiment, as described in Section 2. The
degree of lithiation (Dol), xp,, is defined as the ratio
between the amount of lithium ions, that is, charge being

intercalated, Q,,, into the host electrode and the electrode

Ah

capacity, C32 o4e- Which can be written as
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XDoL = ~an (1)
Celectrode

The reference measurement shows a coulombic efficiency of
>99.5%, which enables to measure intercalated charge by
integrating the measured current Q;,(t) ~ [I(t) dt. With this,
the potential of the negative electrode for lithiation and
delithiation is determined as a function of the DoL for charge

chc’l}el,ref zfrcllelg,rqf(xDoL) (2)
and discharge
(D(rilz}.lref =fﬁglref(xDoL) (3)

Both functions are shown in Figure 2a. Here, the typical
characteristic features of the potential of the graphite electrode
and the potential hysteresis can be seen. The position of the curve
has been manually adjusted by means of the stages shown by
HeR et al.®”! (Figure S1, Supporting Information).

Figure 2b shows the derivative of the negative electrode poten-
tial with respect to the DoL. Within the derived potential curve
distinctive peaks can be seen, some originate from the transition
between the characteristic graphite intercalation stages. One
characteristic feature, y, is indicated as an example. Further dis-
tinctive features can also be identified in the second derivative of
the potential curve. Each feature, y, can be assigned to a particular
DoL, xpor,-

3.1.2. Determination of the Individual Capacities and Surface Area

To investigate the SEI thickness during formation, the actual
capacity and surface area of the negative electrode are
determined for every individual cell. The cell individual absolute
surface area of the negative electrode, A, is calculated as

Charge (ch)
_____ Discharge (dch)

jg——r—r ]

0 0.2 0.4 0.6 0.8 1
XDoL [—]

Figure 2. a) Reference potential of the negative electrode versus Li against
Dol, obtained under pseudoopen-circuit conditions and its b) first
derivative. The charge direction is plotted as a solid line (lithiation of the
electrode). Discharge direction is depicted as a dashed/dotted line (delithia-
tion of the electrode). In addition, an example feature in each charging direc-
tion is marked with a red circle (charge) and a blue square (discharge).
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Ah
A = Che
ne

F Cmax ne

Qs ne (4)

with CAD being the cell individual capacity of the negative elec-
trode, ayn. being the specific surface area of the negative
electrode active material, F being Faraday’s constant, and
Cmaxne Deing the theoretical maximum concentration of the
negative electrode, which is determined based on the structural
formula of fully lithiated graphite LiCq and its bulk density being
27848 molm™3. The specific surface area gy, is obtained
from the measured surface area per weight (Table S1,
Supporting Information) with the nominal graphite density
(pc, =22 x 106 gm™3).

The determination of cell individual capacity of the negative
electrode is assessed similar to the approach used by Dahn
et al.’>! To estimate the capacity, the differential voltage of the
reference is compared with the differential curve of every
individual cell (cell 1-6) using the OCV test measurement in
charge direction. The used OCV sample points are indicated
in Figure 1. The OCV sample points are interpolated.
Generally, the electrode capacity can then be determined as

0 0

Cﬁ? — 243 Vs (5)
XDoLy, — ¥DoLyy,

using the charge throughput, Q° which is determined by
coulomb counting, that is, current integration

Q0= [" 1 ©
=0

from t = 0, that is, fresh cell before formation, until the feature, y.
Features y; and y, are two distinct features that are identified in
the reference and the cell individual OCV test. xp,y,,, and xpqy,,
is the corresponding DoL of the reference. Practically, three fea-
tures were used to reduce the uncertainty of the capacity estima-
tion. The obtained electrode capacities of each cell are listed in
Table S2, Supporting Information. The OCV curves, after the
determination of electrode capacities, together with the pOCV
reference, are shown as a function of the Dol in Figure S2,
Supporting Information.

3.1.3. Determination of the Capacity Loss Due to SEI Growth

Based on the cell individual electrode capacity, the capacity loss
can be calculated for every identified feature as

Qloss,y = Q,;) - Cﬁe}:l XDoLy (7)

with Qj,., being the capacity loss at the negative electrode at the
point in time, t,, when feature y appears. This capacity loss, in
case other degradation processes are negligible, can be assigned
to the loss due to SEI side reactions, which yields

QSEI,y ~ Q]oss,y (8)

being the capacity of the SEI at ¢,.
The estimation of the SEI capacity during formation with this
approach is illustrated in Figure 3. In Figure 3a, the potential of
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Figure 3. a) Potential of the negative electrode versus the charge through-
put for the formation measurement (dashed gray) and the reference (solid
yellow). b) First derivative of electrode potential, 0®,./0Q°, versus the
charge throughput. The capacity loss due to SEI formation Qgg, between
two example points with equal Dol is indicated with a yellow arrow. Red
and blue arrows indicate the charge throughput for an example feature for
the formation and the reference, respectively. c) Second derivative of
the electrode potential, 02®,./0(Q%)?, versus the charge throughput.
Characteristic points identified using the first and the second derivative
are marked with triangles and squares, respectively. Markers filled with
blue are depicted with the reference and markers filled with red are
depicted with the formation.

the negative electrode (solid yellow line) is shown for the
formation during the first charging cycle against the charge
throughput, Q°. If no side reactions occur, the according potential
during charge can be estimated using the reference potential as

0
o Q%) =f (C%h) o)

In Figure 3Db, the first derivative of the potential is shown for
the formation (gray dashed line) and the reference (solid yellow
line). It can be seen that both curves have similar features, which
presumably correspond to the same DoL. The difference in total
accumulated capacity at equal features can be assigned to SEI
capacity, as given by Equation (7) and (8). Any feature of the
anode potential during formation, that can be distinctly identified
in both potential curves can be used to estimate the capacity loss
due to SEI growth. Using the time, t,, when a feature appears in
the formation, the capacity loss due to SEI growth can be given as
a function of time.
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Qsri(t,) = Qspr, (10)

There are various possible approaches on how to make an
assignment between reference and formation measurement.
Some possible approaches are applied in this work and are
introduced in Section 3.2.1-3.2.3.

3.1.4. Calculation of SEI Thickness from Capacity Loss

The capacity loss due to SEI growth is converted into an effective
layer thickness. The effective layer thickness depicts the complex
properties of the layer as a simplified dense layer. Due to this
simplification, morphological aspects are neglected and it is
assumed that the SEI forms as a solid layer on top of the surface
area of the negative electrode. Based on these assumptions, the
volume of the SEI, Vg, can be calculated as

Vsi(t) = Q%{fﬂ Mser (11)
PSEL

with Mgg; being the molar mass and pgg; being the density of the
effective SEI. As an approximation, the material properties of
Li,CO; are used, because it was reported to be a major SEI com-
ponent in the near-particle region.?"*#%! This approximation is
frequently used for SEI growth simulations.!*”*¢*!

Further, the SEI thickness depends on the total surface
area.!’’! Using the cell individual absolute electrode surface area
from Equation (4), the effective SEI thickness can be calculated as

Lspi(t) = VZE—I(t) (12)

3.2. Methods to Deduce the SEI Capacity

In this section, three possible methods to deduce the SEI capacity
during the first cycle of the formation are outlined. First, the
determination of the SEI capacity based on single-characteristic
points is described. Second, an optimization procedure for deter-
mining the SEI capacity using a time series is presented. Third, a
method that applies SEI growth models is presented.

3.2.1. Single-Characteristic Point-Based Method

By evaluation of single-characteristic points, that is, feature y, of
the differential voltage, the formation capacity loss and SEI thick-
ness at these points can be estimated. This approach will be
referred to as SP method. In principle, any point that can be
identified in the first or second derivative of the potential of
the formation and the reference can be used. Characteristic
points that have been identified and used in this work are marked
in Figure 3. Here, triangles depict characteristic points from the
first derivative, as shown in Figure 3b, and squares mark features
from the second derivative, as shown in Figure 3c. Features of
the reference are depicted with blue-filled markers. Features
from the formation measurement are shown with red-filled
markers. Based on this, the SEI capacity can be calculated for
any identified feature according to Equation (7) and (8).
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3.2.2. Time Series-Based Method

The SEI capacity is described as equidistant time series, Q&3 |

with k being a time step at the point in time t;.. This can be used
to estimate the potential of the formation curve based on the
reference measurement. By minimizing the difference between
the differential voltage of the potential of the formation measure-
ment and the estimated potential, the SEI capacity loss during
formation can be identified. The method is referred to as TS
method and is summarized in this section. Technical details
are provided in Section S3, Supporting Information.

The time series is used to estimate the continuous capacity
loss due to SEI growth, Qg (¢). With the continuous SEI capacity
curve, the potential during the formation for the respective charg-
ing direction is obtained using the reference measurement as

O (Q°) =frdher (L ~ QSEI)for Q° € Qi (13)

ne,est ne,ref CAh ‘est
ne

The estimated potential is only defined for Q0 within Q&4

which specifies the capacity space where data of the reference

measurement are available.

o . “ich/dch
The derivatives of the estimated, dgst{ ;1 c

“jch/dch
dform,i ’

throughput capacities Q;. For each capacity, Q; the difference
between the formation measurement and the estimated differen-
tial potential can be calculated as

, and measured,

formation potential curve are calculated at equidistant
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~ch/dch __ “jch/dch Ech/ dch
eDVl,i — Yform,i ~ Yest,i

(14)

in the respective charging direction. In addition, the difference
between the capacities at characteristic points with equal poten-
tials at the beginning of the first charge, y;, and at the end of the
first discharge, y,, are calculated. At these points, the slope of the
potential is steep, which allows an accurate estimation of the
capacity loss and helps to make the optimization process more
robust. The errors at these points are given by eg; and eg,,
respectively. To identify the time series, the difference between
formation and estimation is minimized as

. h ~h ]2 dch ~dch |2 2
Téllefll {Z [WDV1ECDV1,i] + Z [WDc\ll BDC\/M] + (w1 €q1]

+ [wo, @Qzﬂ (15)

with w being weighting factors of individual parts of the objective
function. The applied weighting factors are listed in Table S3,
Supporting Information. The function is minimized using the
SEI capacity as an input.

The results of this optimization process are shown in Figure 4
for the example of cell 1. Results of cells 2-6 are provided in
Figure S3-S7, Supporting Information. The experimental and
estimated anode potential curves in charge direction and its first
derivative are shown in Figure 4ab, respectively. While the
experimentally obtained formation curve is depicted as a dashed
gray line, the estimated curve using the TS method is shown as a

@ Discharge
17 =
=]
& 05] (:)

(e) —— comis,
L o -
< 0
& HE
s, -0.05 st
% 0.1 =%
:-%g L m =

® —

I 0.1
<
oo b
2. 0.1
%@E 0 2 4 6 8 10
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== = Experiment Method TS

~v2 (Method TS)

QO 1 (Experiment)

Figure 4. a) Anode potential for charge, b) differential voltage for charge, c) error of the differential voltage for charge, d) anode potential during for
discharge, e) differential voltage for discharge, and f) error of the differential voltage for discharge. Dashed gray lines show the formation and solid red
lines show the estimation using TS method for cell 1. Section outside of the comparison range is displayed as dotted lines in the respective colors.
Characteristic features, y; and y,, for the experiment and estimation are highlighted with a black circle (experiment) and a light blue cross (estimation).
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solid red line. Parts of the potential curves that were cropped are
shown as dotted lines. The additional features, y;, at the begin-
ning of the formation, are marked as a black circle (experiment)
and blue cross (estimation). The deviation between the first deriv-
atives of the experimental and estimated formation potential
curves is shown in Figure 4c. Similar to the described curves
in charge direction, in Figure 4d—f, the anode potential (d),
the corresponding first derivative (e), and the deviation of the
experimental and estimated differential voltage curves (f) are
shown as a function of the capacity during the first discharge.

To evaluate the quality of the identified SEI thickness,
solely the deviations between the first derivatives of charge and
discharge are used. The error is calculated as

Ceurve = Z \/ élc)hvuz + Z \/ é%C\lijiz (16)

3.2.3. Growth Model-Based Method

SEI capacity loss can be determined using various SEI growth
models. This method is referred to as GM method. The method
is similar to the previous one as it also estimates the formation
potential with Equation (13) and minimizes Equation (15). The
weights used for method GM are also listed in Table S3,
Supporting Information. However, instead of adjusting sample
points of a time series, the dynamic growth process is described
with an ordinary differential equation. Parameters of the models
are adjusted during the optimization process. In principle, any
empirical or physics-motivated growth model, for example, the
models of Colclasure et al.l*®! or Kolzenberg et al.,[®" could be
tested. Thus, the method allows to directly identify model param-
eters using the differential voltage.

The models that have been applied in this work assume that
the layer growth only depends on the SEI layer thickness and
electrical potential at the interphase. Three models have been
used: ET, interstitial diffusion (ID), and concurrent (CC) occur-
rence of both mechanisms. A detailed derivation of the ET and
ID mechanisms can be found in the studies of Tang et al.** and
Single et al.*?, respectively. ET and ID mechanisms have been
chosen, because these were demonstrated to be possible trans-
port mechanisms in the early SEI formation in the first-principle
study by Soto et al.l*”!

The ET model is given as

do. . —agg Fp
%’ET = Apeigser exp (—f Lsgr) exp (%) (17)

with iy sg; being the exchange current density, § being the tunnel-
ing barrier, 5gp; being the overpotential, agg; being the symmetry
factor, R being ideal gas constant, and T being the temperature.
The SEI thickness, Lgg;, is derived from the SEI capacity, as given
by Equation (11) and (12). The overpotential, #gg;, driving the
reduction reaction at the interphase is calculated as

Nsgr = Pre — cbeq,SEI (18)

with @y sg; being the reaction equilibrium potential, which we
assume to be a constant value of 0.8V, which is commonly
chosen in literature.*®%? Further losses due to ohmic and ionic
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resistances are neglected and the potential is assumed to be
constant within the electrode, which is justified by the low
currents applied during formation. The symmetry factor, asg,
the tunneling barrier, , and the exchange current density,
iosg1, are identified based on the measurement.

The layer growth via diffusion of lithium interstitials is

modeled as
D ne F 19

dQsgrip —ALF Dgpp 6 e
dt Lsg
with ¢, being the average lithium concentration in the SEI and
Dy being the diffusion coefficient of the lithium interstitials. To
circumvent the undefined state at Lgg; = 0, the growth rate is lim-
ited to a maximum value, which is defined by means of an
assumed minimum limiting layer thickness of 10 pm. The diffu-
sion coefficient Dgg is identified based on the measurement.
We also consider the CC growth via ET and the diffusion of
lithium interstitials. The CC mechanism is modeled by the
superposition of both growth models.

d'QSEI,CC — dQ,SEI,ET + dQSEI,ID
dt dt dt

(20)

Identified parameters are equal to the ID and ET models. All
the constants used for the SEI growth models as well as for the
conversion of the capacity to the effective SEI thickness are sum-
marized in Table S4, Supporting Information.

An example result for the GM method, with mechanism CC,
is shown in Figure 5 for cell 1. Results of cells 2-6 are provided in
Figure S8-S12, Supporting Information. Figure 5a, shows the
experimental (dashed gray) and estimated (solid blue) anode
potential during the first charge. Figure 5d shows the same in
the discharge direction. Anode potential sections that lie outside
of the comparison range are shown as dotted lines. The addi-
tional characteristic features in the beginning and end of the for-
mation are depicted as a black circle (experiment) and a light blue
cross (estimation). Figure 4b,e shows the first derivatives of the
experimental and estimated formation potential curves with
respect to the capacity in charge and discharge direction,
respectively. The corresponding deviation curves between exper-
imental and estimated formation potential curves are shown in
Figure 4c,f during the first charge and discharge, respectively.

3.3. Assumptions and Scope of Application

The presented methods for identification of the capacity loss and
SEI thickness during formation imply several major assump-
tions, which are briefly outlined as follows: 1) The impact of side
reaction overpotentials during the first cycle on the differential
voltage characteristics is negligible. 2) The influence of other
aging mechanisms, for example, graphite exfoliation, is assumed
to play a minor role due to the high specific surface area.[” 3) To
calculate an effective thickness, the influence of the SEI compo-
sition on the average SEI density and morphological aspects can
be neglected. As a consequence, the thickness of an effective
dense layer is estimated directly using the measured capacity
loss. 4) Specific surface area scales linearly with the electrode
capacity. 5) Features of the differential voltage are mainly

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 5. a) Anode potential for charge, b) differential voltage for charge, c) error of the differential voltage for charge, d) anode potential during for
discharge, e) differential voltage for discharge, and f) error of the differential voltage for discharge. Dashed gray lines show the formation and solid blue
lines show the estimation using GM method with CC model for cell 1. Sections outside of the comparison range are displayed as dotted lines in the
respective colors. Characteristic features, y; and y,, for the experiment and estimation are highlighted with a black circle (experiment) and a light blue

cross (estimation).

determined by the active material and appear at specific degrees
of lithiation. As long as the material structure is not compro-
mised, neither the SEI nor the electrolyte composition signifi-
cantly affects the position of these features.

We emphasize that these assumptions need to be carefully
taken into consideration while interpreting the results. We will
refer to these assumptions accordingly in our discussion.

The assumptions provided earlier also impact the scope of
application of the proposed method. It is well known that some
electrolyte solutions can degrade the active material and can lead
to active material loss due to graphite exfoliation or particle
cracking.®*=%¢ As outlined earlier, it is assumed that only the
side reactions and film growth are influenced by the electrolyte
and not the active material. In the case of testing an electrolyte
that may damage the active material, the current method does
not work reliably. To take these effects into account, further
refinement of the method is needed. However, both electrolytes
studied here can be expected to form a stable SEI, as they are
based on ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) solvents. The OCVs after formation are provided in the
supporting information and show that the active material fea-
tures are not significantly affected.

4. Results and Discussion

In this section, the results of the described methods are
discussed. First, the methods are compared with respect to their
accuracy in terms of their fit quality and physical feasibility.

Energy Technol. 2023, 11, 2200688 2200688 (8 of 15)

Second, TS and GM methods are compared with respect to their
applicability to investigate the impact of electrolyte additives.
Finally, the impact of the chosen SEI growth model and a first
physical insight on SEI growth utilizing such growth models are
depicted.

4.1. Comparison of the Applied Methods

The shift of the anode potential during formation with respect to
the reference was performed using three methods. Although SP
method was performed manually, TS method and GM each are
solved using the objective function in Equation (15). Here, the
CC model is considered for the model-based method.

The SEI growth as determined for cell 1 using the three meth-
ods is shown in Figure 6. The methods are indicated with differ-
ent colors and markers: yellow triangles for SP method, red
circles for TS method, and solid blue line for GM—-CC method.
Independent of the method, a general growth trend can be seen.
The SEI thickness rises rapidly in the early part of the first
charge. After reaching an effective layer thickness of ~1.9nm
the growth rate slows down and ends at the same layer thickness
of ~3.5 nm for all methods. While the first part and final thick-
ness is almost congruent for all methods, the growth curves in
between differ. The GM—CC method-based effective layer thick-
ness increases continuously. After the initial rapid build-up, the
growth rate slows down at first but temporarily accelerates again
in low-anode-potential regions in the time range 15 — 22 h dur-
ing charge. At the end of the charge step, the majority of the SEI

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 6. SEl thickness as a function of the formation time obtained by the
three methods, that is, SP, TS, and GM methods, for cell 1. The layer
thickness at the feature points based on SP method is marked with yellow
triangles. The growth estimation using TS method is displayed with red
circles. The continuous growth estimation calculated with GM method
and mechanism CC is plotted with a solid blue line.
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is already built. During discharge, the growth rate further
decreases. This asymmetric growth depending on the charge
direction was also reported by Attia et al.”! In comparison,
the growth curves of SP and TS methods differ. The main dif-
ference is that both show negative growth temporarily. The neg-
ative growth is physically not plausible, because it indicates
recovery of charge carriers. This should not be possible, because
the SEI reaction is irreversible. The GM methods prevent nega-
tive growth due to appropriate model assumptions. In contrast,
SP and TS methods are not restricted by physical assumptions.
For the TS method, this is utilized to further minimize the objec-
tive function by compressing the capacity curve in flat potential
areas. Comparing TS and SP methods, it can be seen that almost
all features identified by the SP method lie within the curve
obtained using the TS method.

The deviation between the experimental formation and esti-
mated formation is assessed using Equation (16) and shown
in Figure 7a for TS and GM methods for all investigated cells.
Concerning cell 1, it can be seen that the error of the GM-CC
method is more than twice as large as the error of TS method.
The detailed results of this cell are depicted in Figure 4 and 5. It
can be seen that for both methods the curves for the anode poten-
tial and the differential voltage are in good agreement. In
Figure 5b, it can be seen that for the GM-CC method, the
features of the experiment and the estimation occur at approxi-
mately the same capacities, for example, at 6 mAh during charge,
which indicates that the growth rate is depicted accurately. In
Figure 4b, it can be seen that the derivative matches even better
for TS method, because the curve better adapts to the shape of the
feature. This can also be seen in the deviation between the exper-
imental and estimated curves depicted in Figure 4c and 5c,

(b)
s [\ [ethod T'S
Method GM
0.017r
— Or
Z.
e -0.01Ff
|
£
“3» -0.02 1
=]
K
-0.03 1
0 10 20 30 40 50
t [h]

Figure 7. a) Deviation between the experimental and estimated formation curve for TS and GM methods for each cell. The error of TS method is shown in
red. The error of GM method using different models are depicted in purple (ET), green (ID), and blue (CC). b) Deviation between the experimental and
estimation of the formation anode potential curve of cell 1 for TS method (red) and GM-CC (blue).
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respectively. While the deviation for TS method at the features
shows very short spikes, the error is high over longer ranges
around the features with also greater magnitudes for the
GM-CC method. In Figure 4d and 5d, the corresponding dis-
charge curves are shown. For both methods, the experimental
and estimated curves are again in good agreement for discharge,
as shown in Figure 4ef and 5e f. Differences between the two
methods can be seen at the first-stage transition during discharge
(Q° ~6.5mAh). In particular, the first peak of the estimated for-
mation curve for the GM—CC method appears at a higher Q° of
~6.68 mAh. The minimum of the differential voltage in the
experiment is at Q¥ ~26.5 mAh. This indicates an overestimation
of SEI capacity at this position using the GM—CC method. To
conclude, the increased error for the GM method in comparison
with the TS method is mainly due to a higher divergence occur-
ring in certain areas, but it might also indicate that the applied
model is not fully consistent with the experiment and further
refinement is needed.

Further differences can be seen in Figure 7b, which show the
deviation between the formation potential curves and the
estimated curves. The difference using TS method is given as
a red line. The difference using the GM—CC method is given
as a blue line. It can be seen that the deviations are located
around the stage transitions and are more pronounced for the
GM-CC method. This confirms that the better fit quality of
the TS method can be attributed to its higher degree of freedom,
which especially allows to minimize the deviation around stage
transitions.

In general, a difference between the estimated potential and
the actual formation, as shown in Figure 7b, can be expected due
to the mixed potential of the electrode and the additional
electrode polarization caused by the SEI formation reaction,
which may also change during formation as the side reaction
is not completed. Nevertheless, it can be seen that the average
potential difference is bigger during charge than during dis-
charge for both methods. This also implies that the voltage loss
due to the SEI formation side reactions decreases as the forma-
tion progresses. This observed parallel shift of the electrode
potential challenges assumption 1 reported in Section 3.3, which
states that the reaction overpotential during the first cycle is
negligible.

To sum up, all applied methods show similar trends for the
effective SEI thickness. It increases rapidly in the beginning of
the first charge and growth more slowly later in the first
discharge. TS and SP methods show negative SEI growth, which
is not physically plausible. GM method does not possess negative
growth rates due to physical assumptions but shows larger errors
for the differential voltage. Results indicate that TS method can
better adapt to distorted slopes of the differential voltage at stage
transitions, which reduces the error, but might lead to artifacts
for the estimated effective SEI thickness.

4.2. Comparison of the SEI Growth for a Variation of
Electrolytes

The TS and GM methods have been applied to investigate the
influence of two different electrolyte compositions. The measure-
ments with electrolyte A were conducted using two different
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Figure 8. a) SEI capacity as a function of time obtained with TS method.
Cell groups are shown in blue (group A1, cells 1-2), light blue (group A2,
cells 3-4), and red (group B2, cells 5-6). First and second cells of each
group are marked with circles or triangles in the respective group color.
b) SEI capacity as a function of time obtained with GM-CC method. First
and second cells of each group are plotted as a solid or dashed line in the
color of the respective group. c) SEI thickness as function of time corre-
sponding to the capacitance curve determined with GM-CC method.
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electrode sheets to assess the possible influence of production
variances. Electrolyte B was only tested with cells built from
sheet 2.

The obtained SEI capacity and effective thickness curves using
TS method and GM-CC are shown in Figure 8. Figure 8a shows
the resulting SEI capacity curves determined with TS method as
a function of time for all investigated cells. It can be seen that for
all cells the SEI grows quickly in the beginning and slows down
afterward. Within a cell group, there are only minor deviations
between the capacity trends. Moreover, the capacity curve of the
cells containing electrolyte A (group Al and A2, cells 1-4) is
nearly congruent during charge. During discharge, cells 1 and
2 show a kink at about 30h, which cannot be seen for cells 3
and 4, even though the same electrolyte was used. Minor differ-
ences are observable between two electrolytes at the beginning of
the formation. In comparison with electrolyte A, more capacity is
bound during the early formation phase for cells 5 and 6,
built with electrolyte B. After reaching an SEI capacity of
Qg ~0.42mAh, the capacity drops for all cells. This decline
is more pronounced for electrolyte B. All cells then quickly return
to their previous SEI capacity. Thereafter, the cells built from
sheet 2 proceed similarly and only small differences are notice-
able. The capacity increases slightly faster with electrolyte B. The
capacity of cells from group A2 (cells 3 and 4) grows almost line-
arly. At t=30h, a kink can be observed for cells 5 and 6.
However, the kink is reversed in comparison with group Al.
At the end of the formation, the SEI capacity decreases slightly
again. This is most pronounced for cells of group B2. The general
trend of the SEI capacity curve can be identified and is similar for
all cells. However, due to the kinks of the curves, being presum-
ably artifacts of the TS method, it is difficult to identify significant
and meaningful differences between the cells.

The SEI capacity curves obtained by the GM—CC method are
depicted in Figure 8b for all cell configurations. In the beginning
of charging, that is, 0 — 0.5 h, the SEI capacity rises steeply for all
cells. This steep SEI capacity increase continues until an SEI
capacity Qgg; of ~0.4mAh is reached. Thereafter, the capacity
rise slows down at first and accelerates again from t ~15 h until
the end of the first charge. At the end of the first charge, the SEI
capacities differ slightly. Cells built with electrolyte A reach SEI
capacity between Qg ~0.71mAh and Qg ~0.735 mAh. For
cell 5 and 6, ~0.695 and ~0.69 mAh was bound in the SEI during
the first charge, respectively. During discharge, the capacity rise
continuously slows down. At the end of the first cycle, the cells
are lost between 0.73 and 0.785 mAh. In general, it seems that
capacity loss is lower for electrolyte B. In comparison with TS
method, the capacity curves do not possess artifacts, which allow
to differentiate the capacity curves. However, the differences
between the investigated cells are insignificant given the capacity
differences of the electrodes.

The SEI capacities have been used to calculate the effective
layer thickness using Equation (12). The effective layer thick-
nesses determined by means of the GM—CC method are shown
in Figure 8c. Due to assumed linear connection between the
capacity losses and the effective SEI thickness, the overall course
of the layer growth is essentially the same. Nevertheless, by con-
verting the capacity into an effective thickness, which takes the
individual electrode capacity into account, differences for the SEI
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growth between the electrolytes can be seen. As previously
described for the capacity curves, SEI grows rapidly for all cells
initially. After an effective thickness of ~1.85nm has been
reached, the growth rate decreases for electrolyte A. For cells with
electrolyte B, the steep growth continues up to an effective layer
thickness Lgg; of ~2 nm before the growth rate also slows down.
Subsequently, the effective layer thicknesses with electrolyte B
are above those of electrolyte A throughout the remaining
charging process. As in the capacity curve, the growth of the layer
accelerates toward the end of the first charge. This growth is par-
ticularly pronounced for cell 4. For the other cells, the effective
thickness accelerates similarly. In contrast to the capacity curve,
the effective layer thicknesses seem to converge during the
discharge process. By taking into account the cell individual
electrode capacity, all cells have a similar effective layer thickness
Lsg; at the end of the formation, ranging from =~3.51 to
~3.72nm. This suggests that the final SEI thickness is not
influenced by the electrolyte, even though the build-up process
seems to be different.

However, when comparing different electrolytes with this
method the error needs to be considered. In Figure 7a, it can
be seen that the error of the GM—CC method for cells 5 and
6 using electrolyte B is considerably larger compared with cells
1-4 using electrolyte A. In this context, other possible causes that
may influence the DVA curves during the formation, for exam-
ple, different side reaction overpotentials or SEI properties, must
be carefully considered. Both causes cannot be completely ruled
out with the currently available data and may distort the DVA
curves. Further studies are needed to assess their impact.
However, in comparison with the potential changes due to the
stage transitions, the impact of electrolyte-dependent changes
in overpotentials due to the side reactions or SEI properties is
minimal since the features were clearly identifiable for all cells.

To sum up, even so in this example, only minor differences
between the electrolytes could be revealed, the method seems to
be appropriate to quickly obtain an estimate of the SEI layer
growth during formation, which allows to study a large number
of influencing factors with minor experimental effort.

4.3. Comparison of the Applied SEI Growth Models

The GM method can be used to parameterize and validate SEI
growth models. The estimated growth curves for the three mech-
anisms (ET, ID, and CC) are shown in Figure 9. The results of the
ET model are plotted in purple (GM-ET). It can be seen that for
GM-ET the SEI growth is initially very steep. At an effective layer
thickness of ~2.1nm the growth continuously slows down and
reaches a final effective SEI thickness of ~3.05 nm. At the end of
the formation, the SEI growth is almost flat. The results for the
ID model are depicted in green (GM-ID). The SEI growth
significantly differs from the ET model. SEI growth is very slow
at first and then increases until an effective layer thickness
of ~3.05nm is reached during the first charge. The growth rate
significantly slows down during discharge. The final effective SEI
thickness is ~3.53nm. GM-CC method, the combination of
both mechanisms, is shown in blue. The curve with the CC
model has been described in Section 4.1. In the beginning
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Figure 9. SEI thickness as a function of the formation time obtained with
different growth models using the GM method. GM—ET (purple) indicates
the results for the GM method using the ET model. GM-ID (green)
indicates the results for the GM method using the ID model. GM—CC
(blue) indicates the results for the GM method using the CC model.

(until ¢ ~15 h) it follows the trend of the ET model, whereas later
it is rather dominated by the ID model.

The models also posses different errors. The errors using the
different growth mechanisms are shown in Figure 7 for all cells.
GM-ID is plotted in green and shows the largest total error for
every cell. The reason is that the mechanism ID does not depict
the strong growth at the beginning of the formation. The error of
the ET model is shown in purple. In comparison with the ID
model, it shows reduced errors. This is mainly because the
ET model can accurately depict the initial steep SEI growth.
Nevertheless, ET model does show a larger error compared with
the CC model for all cells. As the ET model and the CC model
show a very similar slope in the beginning, the larger error of the
ET model is caused at the later phase of the formation. The error
of the CC model is displayed in blue and is the lowest of the
investigated growth mechanisms for all cells. The CC ET and
diffusion of interstitials explain the steep initial growth as well
as the layer growth after the effective SEI thickness evolved
beyond the ET regime. This is discussed in more detail in the
following section.

To sum up, the study demonstrates that with this method
various models can be compared and evaluated with respect
to their error of the differential voltage. The CC model has
the lowest error of the investigated models and therefore is
superior compared with the other models. Nevertheless, the
error is still significant. At this stage, it cannot be finally
concluded if this deviation is due to an insufficient model or
due to the uncertainty of the introduced DVA-based method.
Possible factors of uncertainty were discussed in the previous
Section 4.2. Yet, the results suggest that the SEI growth during
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the first cycle of the formation can be explained by a combination
of ET and ID but not solely by one of the mechanisms.

4.4. Application to Quantify the Impact of Electrolytes

To gain further insights into the SEI growth mechanisms, results
of the GM-CC method are shown and discussed in more detail.
The contribution of the transport mechanisms to the total growth
is given as a function of time for cell 1 in Figure 10. The CC
model combines the ET and ID mechanisms, as given in
Equation (20). The relative contribution of the ET term to total
growth within the CC model is shown in purple. The share of
the ID term within the CC model is shown in green. At the begin-
ning of the formation, ET is unity. This was reported before for
asituation where the reactant and electrode were in close or
direct contact.”™ After ~4h the share of ET reduces.
Subsequently, the share of the ET mechanism decreases with
time and effective layer thickness. At the same time, the contri-
bution to the overall growth rate due to ID mechanism increases.
At 29.6 h both transport mechanisms contribute equally, that is,
0.5, to the growth. This point in the formation time is labeled as
tsgr0.5- Afterward, the ID mechanism is the main contributor to
the overall SEI growth. Only at the end of the formation, in
higher-potential regions, ET adds to the growth again.
However, we note that in this region the overall growth rate is
very low. The proportional progression of transport mechanisms
is similar for all cells regardless of the used electrolyte. Yet,
differences between the electrolytes can be seen by comparing
the identified parameters of the growth model as well as for the
effective layer thickness dgg; o5, which depicts the effective layer
thickness at tgg; 5. It indicates the transition point between ET
and ID mechanisms.

The parameters and dgg; o5 are summarized in Table 1. The
ET barrier # and the diffusion coefficient of the lithium intersti-
tials Dgg; do not show clear differences between the cells.
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Figure 10. Relative contribution of the ET mechanism (purple) and ID
mechanism (green) to the overall growth rate of the CC model as a
function of the formation time for cell 1.
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Table 1. Fitted parameters of GM-CC method for all cells.

www.entechnol.de

Group Cell no. dsgi05 [nm] io.sel [AM 2] asg [-] Blnm~1] Dsgy [m2s71]
Electrolyte A Cell 1 2.42 224.35 x 1076 0.539 6.68 4.565 x 10°1°
Sheet 1 Cell 2 2.28 263.82 x 10°° 0.495 6.6 5.105 x 10713
Electrolyte A Cell 3 2.45 251.59 x 107°° 0.541 6.66 4.683 x 1071
Sheet 2 Cell 4 2.45 279.91 x 106 0.525 6.66 3.293 x 1071
Electrolyte B Cell 5 2.66 301.79 x 1076 0.559 6.49 3.426 x 1071
Sheet 2 Cell 6 2.53 385.96 x 10°° 0.553 6.72 5.235x 107"

However, the cell groups can be differentiated by the exchange
current density iy sg;, the symmetry factor agg;, and the transition
point of the mechanisms dgg; o 5. The determined model param-
eters, asg and i gy, indicate differences between the electrolytes
and show the same trend. Both are bigger for the cells built with
electrolyte B (group B2). For electrolyte A, both model parame-
ters are lower overall, regardless of the electrode sheet. Although
the difference for the symmetry factor agg; is small, the trend is
more pronounced for the exchange current density iosg. With
respect to the two model parameters, no clear tendency is dis-
cernible between groups Al and A2. For the transition points
of the mechanisms, dgg; o 5, small differences between the groups
and also between the electrolytes are noticeable. Overall dgp; ¢ 5 is
between 2.42 and 2.66nm, which is in line with previously
reported typical ET length for inorganic species.*” It is smallest
for group Al, followed by group A2, and highest for cells with
electrolyte B (group B2). The cells using electrolyte A (groups
Al and A2), with the exception of cell 2, show minor deviations.
Even though the deviations are small overall, this indicates that
the results are disturbed by manufacturing uncertainties and
underline that the cell individual surface area is an important
input parameter. Despite the uncertainties, the cells built with
electrolyte A can be clearly separated from the cells built with
electrolyte B regardless of the electrode sheet. This indicates
an influence of the electrolyte on the SEI growth mechanism,
which can be quantified using the presented method.

5. Conclusion

In this work, a novel method to investigate SEI growth has been
presented. This method is based on DVA and coulomb counting.
In general, features of the differential voltage of the formation
are identified and compared with a reference measurement.
As shown in this article, this can be used to estimate the capacity
loss due to the SEI growth during the initial cycle of the forma-
tion process. Further, using the SEI density and the surface area
of the electrodes, a cell individual effective SEI thickness has
been calculated.

Three different methods have been introduced and applied to
deduce SEI growth curves. First, single-characteristic points were
used. Second, a time series of equidistant capacities was fit to the
continuous experimental formation curve. Third, a continuous
SEI growth curve was obtained using growth models, which
comprised ET, ID, and the CC combination of both as possible

Energy Technol. 2023, 11, 2200688 2200688 (13 of 15)

transport mechanisms. Analysis of single-characteristic points
and the time series approach showed similar results. The time
series approach showed the lowest error, but showed partially
negative SEI growth, which is physically not plausible. The
growth model-based approach showed larger errors but was
physically plausible.

Regardless of the particular method, a general growth trend
has been observed. The obtained SEI capacity curves rise steeply
at the beginning of the first charge. In the further course of the
charging process, the growth slows down at first but accelerates
again in low-potential ranges before the growth rate continuously
decreases during discharge.

With the model-based approach, it has been shown how the
method can be used to review and parameterize SEI growth mod-
els. In this study, the CC combination of ET and ID (CC model)
showed the lowest error. Solely ET or ID does not explain the
entire SEI growth during the first cycle of the formation.

Furthermore, differences between electrolytes or electrode
sheets for cell formation could be revealed with low experimental
effort. We note that these differences are not always significant
and need to be considered in the context of the assumptions of
the method. The analysis of the SEI layer thickness is sensitive to
the assumed surface area of the electrode. In this work, the sur-
face area has been estimated based on cell individual electrode
capacities, which introduce uncertainty in the quantitative anal-
ysis of the layer thickness. The neglection of the side reaction
overvoltage and SEI properties, which both change during forma-
tion and might be influenced by the electrolyte, adds another
uncertainty. These need to be considered carefully when compar-
ing different electrolytes. Nevertheless, the current results indi-
cate that different electrolytes shift the effective layer thickness in
which ET is dominant. This suggests a difference in the
composition or structure of the SEI, which needs to be validated
experimentally in future investigations.

Future work should address various challenges associated
with this method. This includes an improvement regarding
the estimation of the electrode surface area. For comparison
of electrolytes, the validity of assumption 5, that is, that the posi-
tion of graphite stage transitions is not affected by the electrolyte,
must be considered carefully. Some electrolytes might cause
damage to the active material structure, which would compro-
mise this assumption. Further, the observed negative SEI growth
needs to be analyzed in more detail to reveal the underlying
causes. The method should be tested with further application
examples, which should possess a larger number of samples.
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Additional measurements are also needed to improve the robust-
ness of the algorithm. So far, it has proven intricate to identify a
set of weighting factors working equally well for all cells. Further,
the DVA-based results should be compared with other comple-
mentary experimental methods. This will improve the method,
its validity, and reliability.

To conclude, the developed method provides operando
information on the SEI formation during the first cycle with
low experimental effort. This can be utilized in several promising
future applications. The method is in principle also applicable to
full-cell voltage as was shown by Bloom et al.l®l in their aging
study. This allows its application within battery cell production
lines for cell quality assessment and potentially provides useful
characteristics about aging already during the formation process.
The importance of using early data for predicting capacity
degradation was already pointed out by Severson et al.* and
can potentially be addressed with this method in the future.
As the method allows to characterize essential aspects of the
SEI layer growth, it is suitable for the analysis of factors influenc-
ing the SEI growth, for example, for the screening of electrolytes.
This is a promising approach to accelerate development
processes and thus reduce development costs. In addition, the
method can be used to identify and parameterize SEI growth
models. This may provide information on the influence of the
formation protocol onto SEI and yield insights into growth mech-
anisms. Finally, these parameterized growth models can be used
to simulate and optimize formation protocols.
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