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ABSTRACT

The shape of the open-circuit potential (OCP) curve of silicon—graphite blend electrodes changes during cycle
aging due to the faster degradation of the silicon in comparison to the graphite. In this study, the impact of
these changes on the open-circuit voltage (OCV) curve of full-cells is investigated. Reconstructing the OCV
curve of aged cells by shifting and linearly scaling pristine half-cell OCP curves is an established diagnostic
method of determining the degradation modes occurring in lithium-ion cells. We reconstruct the full-cell
OCV curves of cycle-aged commercial cells with silicon-graphite anodes using both pristine and aged silicon—
graphite OCP curves. Lower estimates are obtained for the loss of anode active material and higher estimates
for the loss of both cathode active material and lithium inventory, when aging-induced changes in the shape of
the silicon-graphite OCP are considered. Aging-induced changes in the shape of silicon-graphite OCP curves
are integrated in the diagnostic method by using a blend electrode OCP model. This not only improves the
validity of the determined degradation modes, but also enables the non-destructive estimation of the anode
capacity fraction provided by silicon, based on full-cell OCV measurements.

1. Introduction

The capacity and power that can be provided by a lithium-ion cell

degradation mechanisms that result in the same observable changes on
the cell level [7,8].
Dubarry et al. established a model that describes aging-induced

decreases during long-term operation [1-3] and storage [4-6]. A vast
number of degradation mechanisms have been identified as possible
causes of the decrease in cell performance during aging [7]. Most meth-
ods used to identify individual degradation mechanisms are complex
and necessitate the destruction of the cell during post-mortem analysis,
rendering them unusable for onboard application and also limiting their
applicability in research. Therefore, rather than analyzing individual
mechanisms, the degradation of lithium-ion cells is often analyzed in
terms of degradation modes. Degradation modes are clusters of various
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changes in the full-cell open-circuit voltage (OCV) curve, based on
three main degradation modes: loss of active material of the anode
(LAM,,), loss of active material of the cathode (LAM,,), and loss of
lithium inventory (LLI) [8]. The model enables degradation modes to
be determined based on the cell voltage during low-current charging
or discharging, by aligning the open-circuit potential (OCP) curves of
both electrodes to the full-cell OCV curve until the difference between
the OCP curves fits the measured full-cell OCV curve. Many different
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Table 1
Nominal cycles during the cycling period and full-cell charging capacity of cells at
different aging states.

Cycles 0,ot/EFC Cpay/Ah AC/%
0 9 3.40 0

50 54 3.35 15
100 101 3.30 2.9
400 361 3.01 11.6
450 410 3.06 10.0
500 444 2.99 11.9
550 486 2.91 14.3

variants of this diagnostic method have been developed and used in re-
cent years [9-21]. The definition and number of observed degradation
modes differs between the various studies, as does the model used to
simulate the full-cell OCV curve.

The shape of the OCP curve of the individual electrodes is generally
regarded to be invariant during battery aging in the models used for an-
alyzing degradation modes based on the full-cell OCV. This means that
the OCP curve of an aged electrode can be obtained by linear scaling
of the OCP curve of a pristine electrode. Some recent studies consider
changes in the shape of the electrode OCP curves. Lee et al. propose
an algorithm for adapting the shape of the OCP curve of lithium nickel
manganese cobalt oxide (NMC) cathodes during aging [21]. Jia et al.
show that the OCV of aged cells can be reconstructed with higher
accuracy if the OCP curves of aged electrodes are used [19]. Schindler
et al. propose modeling non-uniform electrode degradation using state
of charge (SOC) dependent scaling of the half-cell curves [16].

In a recent study [22], we showed that the shape of the OCP curve
of NMC-811 does not change significantly when cycled in the full-cell
configuration. In contrast, we detected aging-induced changes in the
shape of the OCP curve of silicon—graphite. We interpret these changes
as being the result of the faster degradation of silicon than graphite
during cycling. This affects the relative capacity contribution of both
components and, in turn, the shape of the OCP curve of the blend
electrode [22]. Increased degradation of the silicon in silicon-graphite
blend electrodes in comparison to the graphite has also been reported
by other authors [23-26]. It is attributed to increased electric and
ionic contact loss of the silicon due to its pronounced expansion and
contraction during lithiation and delithiation [23] and morphological
changes during cycling [27]. The influence of such changes in the
relative capacity contribution of silicon and graphite on the full-cell
OCV curve during aging has been described using a blend electrode
model [28].

This study expands on our previous findings [22] and investigates
the influence of aging-induced changes in the shape of the silicon—
graphite OCP curve on the full-cell OCV curve. To our knowledge,
this is the first study, in which silicon-graphite half-cell OCP curves
measured for cells at a series of aging states are used to reconstruct
the full-cell OCV curve at the corresponding aging state. We analyze
how changes in the shape of the silicon-graphite OCP influence the
degradation modes determined from full-cell OCV curves and propose
an extension of the diagnostic method presented by Dubarry et al. [8]
that considers changes in the silicon—graphite OCP curve by using the
blend electrode model presented by Schmidt et al. [9]. This approach
of using a synthetic half-cell OCP curve calculated from pristine pure
silicon and graphite OCP curves for the reconstruction of measured
aged full-cell OCV curves has, to our knowledge, not been presented
in the literature before. It enables the anode capacity fraction provided
by the silicon to be estimated based on full-cell OCV curves and half-
cell OCP curves of pristine electrode components, without the need for
opening up aged cells and performing measurements on aged electrode
samples.

Journal of Power Sources 532 (2022) 231296
2. Experimental

The experimental procedure used for cycling and characterizing
commercial full-cells and harvested electrode samples was reported on
in our previous work [22]. For this reason, we only provide a summary
of the experimental procedure here. For further details, the reader is
referred to the original work [22].

This study investigates commercially available cells of the type
INR18650-MJ1 (MJ1) made by LG Chem. The cell format is 18 650 and
the nominal minimum capacity is 3.35Ah. The anode active material
of this cell consists of a blend of graphite in the shape of ellipsoidal
flakes with an average diameter of 15 pm [29] and particles of silicon-
based compounds (SiO; where x is equal to 0, 1, or 2, etc.) that
have the shape of sharp-edged shards with an average diameter of
3 pm [29]. Different values for the mass ratio of silicon inside the anode
material of this cell type are reported in the literature ranging from
1wt.% to 5wt.% [26,29-31]. NMC-811 is used for the cathode active
material [29,31]. Full-cell C-rates used in this work refer to a nominal
capacity of 3.35Ah. One equivalent full cycle (EFC) refers to a charge
throughput of twice the nominal capacity, which is 6.7 Ah.

The cells were first characterized using a series of procedures that
are internally standardized at our institute to determine the long-term
evolution of cell characteristics of this type of commercial cell [1,32,
33]. A capacity checkup was then conducted comprising two constant
current constant voltage (CCCV) cycles. The quasi-stationary OCV of
the cells in the pristine state was then measured using low-current
CCCV discharging and subsequent CCCV charging between 2.5 V and
4.2V. The current rate during the constant current (CC) phases was
C/30, and a cut-off current of C/1000 was used as the termination
criterion for the constant voltage (CV) phase.

The cells were subsequently cycled for up to 550 cycles using CCCV
charging and CC discharging at 25°C. A current rate of C/2 was used
for charging, while 1 C was used for discharging. The number of cycles
after which the procedure was terminated differed for each cell so as
to provoke different levels of degradation (see Table 1).

After the cycling, the quasi-stationary OCV of the aged cells was
measured using the procedure described above, and the cells were
finally discharged to 3 V using CCCV discharging. The cells were then
opened up in an argon-filled glove box and samples from both elec-
trodes were extracted. One cell was not cycled but discharged directly
and opened up after characterization to measure the quasi-stationary
OCP in the pristine state. The electrode samples were weighed using
an analytical scale (Quintix 224-1S, Sartorius Mechatronics), and the
quasi-stationary OCP was determined using coin-cell measurements
with lithium metal foil as the counter electrode. A low current rate
of approximately C/90 was used for the measurement. Details of the
coin-cell measurement procedure can be found in Ref. [22].

In addition to the experiments described in Ref. [22], the quasi-
stationary OCP of graphite was also measured in this study. Round
samples with a diameter of 14 mm were punched out of a sheet
of commercially available natural graphite with a mass loading of
13.0mgcem~2. The sheet was made up of a copper conductor with
a graphite coating on both sides. The coating was removed on one
side before the samples were obtained. Coin-cells containing a graphite
sample and a piece of lithium metal foil as a counter electrode were
subsequently constructed. The coin-cells were produced in the same
way as described in Ref. [22]. Five formation cycles were applied as
follows: CCCV lithiation with a current rate of C/10, a cut-off voltage
of 0.01V, and a cut-off current of C/50 followed by CC delithiation
with a current rate of C/10 and a cut-off voltage of 1.7 V. There was a
one-hour rest period between each lithiation and delithiation step. The
C-rates for these coin-cells refer to a nominal capacity of 5.43mAh.

The graphite was subsequently CCCV delithiated using a current
rate of C/10, a cut-off voltage of 1.7 V, and a cut-off current of C/100.
After a rest time of 100s, the graphite was lithiated at a current rate of
C/100 until a cut-off voltage of 0.01 V to measure the quasi-stationary
OCP during lithiation. Both formation and OCP measurements were
conducted at 25 °C inside an ESPEC LU-123 climatic chamber and using
a BaSyTec CTS battery test system.
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3. Model and methodology
3.1. Full-cell open-circuit voltage model and degradation diagnosis

The model and method for quantifying degradation modes pre-
sented in the following is based on the concept presented by Dubarry
et al. [8]. The OCV of a full-cell Uy, at a certain full-cell SOC xg is
calculated as:

U (*gan1) = Ucat(Xcar) = Uan(Xan)» @

where U, (xc,) is the cathode OCP at this full-cell SOC and U,,(x,,)
is the anode OCP at this full-cell SOC. The measured potential curves
for the anode U,,(x,,) and cathode U, (x.,) are defined as functions
of the electrode SOC x,, or x.,;. The electrode SOC of the anode x,,
is defined as the amount of lithium inserted into the anode divided by
the total amount of lithium inserted into the anode during a lithiation
from 1.7 V to 0.01 V. Its value is therefore between 0 and 1, where 1
corresponds to the lithiated state. The electrode SOC of the cathode x,;
is defined as the amount of lithium extracted from the cathode divided
by the total amount of lithium extracted from the cathode during a
delithiation from 3.0 V to 4.3 V. Its value is therefore between 0 and
1, where 1 corresponds to the delithiated state at U, = 4.3 V.

The half-cell voltage limits are chosen as suggested in Ref. [31]
to cover at least the lithiation window in which the electrodes are
operated in the full-cell configuration throughout the aging. In prin-
ciple, wider operating limits could be chosen for the half-cells, but we
assume for the definition of electrode SOC and capacity that the half-
cells should only be operated in the respective voltage windows due
to the following considerations: Further delithiation of silicon-graphite
would not lead to a significant capacity increase, as it already reaches
a virtually fully delithiated state at 1.7 V vs. Li/Lit* [34]. Any further
lithiation would lead to a high risk of lithium plating. The NMC-811
is virtually fully lithiated at 3.0 V vs. Li/Li* [35,36] and any further
delithiation above 4.3 V vs. Li/Li* would lead to increased degradation
due to the formation of a surface rock-salt type layer [37].

Calculating the full-cell OCV curve requires a description of both
electrode potentials as a function of the full-cell SOC. This can be
obtained by aligning the half-cell curves with the full-cell curve as
shown in Fig. 1(a). In this figure, both normalized half-cell curves are
linearly scaled and shifted with respect to the SOC-axis in order to
fit the full-cell curve. This linear scaling and shifting of the electrode
OCP curves resembles a transformation of the electrode SOC into the
corresponding full-cell SOC. For the anode SOC, this transformation is
defined as:

Xfull = ®an * Xan + Pan> (2)

where a,, is the factor by which the anode OCP curve is scaled to fit
the full-cell curve and g,, is the value by which the anode curve is
shifted towards higher full-cell SOC to fit the full-cell curve. a,, can be
interpreted as the factor by which the anode capacity is oversized in
comparison to the full-cell capacity. The cathode SOC in the coordinate
system of the full-cell is described by:

Xyl = ®eat * Xcat T Peat €)

where a,, is the linear scaling factor and f.,; is the shift of the cathode
OCP curve towards higher SOC. In this model, the point of origin for
the scaling of the half-cell OCP is always 0% electrode SOC, which
corresponds to the delithiated state for the anode and the lithiated state
for the cathode. As both electrode curves need to have their origin at
or below 0% full-cell SOC, g,, and f., are always negative, which
means that the curves are left-shifted in the full-cell coordinate system.
By rearranging Egs. (2) and (3), the respective electrode SOC can be
calculated from the full-cell SOC:

Xan = (X1l = Pan)/ ¥an, (©)]
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Fig. 1. (a) Reconstruction of a pristine full-cell OCV curve by linear scaling and shifting
of pristine half-cell OCP curves. (b) Flowchart describing the method applied in this
study for analyzing the impact of changes in the anode half-cell OCP curve on the
determination of degradation modes. (c) Schematic representation of the definition of
the lithium inventory.

Xeat = (Xfull = Beat)/ Acat- 5)

Substituting Eqgs. (4) and (5) into Eq. (1) yields a description of the
full-cell voltage as a function of full-cell SOC:

Utan (gan) = Ucat(gutt = Beat)/ @eat) = Uan (Kt = Pan)/ @an)- (6)

This model enables full-cell OCV curves at different aging states to be
described based on measured half-cell curves by adjusting the align-
ment parameters (¢, dear> Pan aNd Be,) until the reconstructed full-cell
curve fits the measured curve. The alignment parameters can be used
to determine the remaining capacity of the individual electrodes, the
remaining lithium inventory in the electrodes, and the cell balancing.

The degradation modes are calculated based on the best fit for the
alignment parameters. The anode capacity C,, at a certain aging state
is calculated as the remaining full-cell capacity Cy,; multiplied by the
anode scaling factor a,, at this aging state. The relative LAM,, at a
certain aging state is then defined as:

Can,ini - Can

LAM,, = —o 20, @)

Can, ini
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where Cp, ;; is the anode capacity in the pristine state. The relative
LAM,,, is defined in a similar way. The lithium inventory Cy; is the
lithium available for delithiation in both electrodes [20] starting from
an arbitrary reference SOC xq ¢ within the voltage limits of the
full-cell. The lithium inventory in the electrodes is calculated by:

Giit = Clit,an Xtull,ref) + Clit,cat Xfull ref)s (8)

where Ciit o (Xgi1 ref) 1S the capacity of the available lithium in the
anode and Cy; co¢(Xgy rer) the capacity of the available lithium in the
cathode when the full-cell is at the reference SOC xg r¢r- The term
available lithium refers to the amount that can be potentially delithi-
ated until the half-cell upper cut-off voltage of the respective electrode
is reached. Regarding the capacity of the available lithium in the anode,
the following applies:

Clit,an futt,ref) = Crutl - Ktull,ref — Pan)s 9

as the capacity of the available lithium in the anode is Cgy * Xgy rer
plus the portion of the anode capacity below 0% full-cell SOC, which
is equal to Cpy - (—fan)- The negative sign is necessary, as f,, is defined
as negative for a left-shifted anode curve. The capacity of the available
lithium in the cathode is given by:

Clit,cat(xfull,ref) = Cfull : (acat — Xfull,ref + ﬁcat)’ (10)

as it is the complete cathode capacity (Cy; - o) minus the delithiated
part below xg ror- The concept of this definition for Gy, is shown as a
schematic in Fig. 1(c). Substituting Egs. (9) and (10) into Eq. (8) yields:

Gt = [(xfull,ref = Ban) + (acar — Xfyll ref T Bea)l - Crapi- an

It should be noted that xg) ¢ cancels out in Eq. (11), as the lithium
inventory does not depend on the chosen reference SOC. The relative
LLI is defined as

Clit,ini — Clit

LLI = 12)

lit,ini

The following algorithm is used for the alignment of half-cell and
full-cell curves. Both half-cell and full-cell curves are normalized,
i.e., the measured charge throughput during charging of the full-cell,
lithiation of the anode, or delithiation of the cathode, is divided by the
charge throughput at the end of the procedure. A full-cell OCV curve is
then calculated using Eq. (6) with an initial estimate of the alignment
parameters. Next, the differential voltage (DV):

dU | _ U Gegan + 4%) — Ugy Oepan)
dQ lxen Ax

is calculated at 2001 equally spaced interpolation points between
Xgan = 0 and xgy; = 1 for both the calculated and the measured full-cell
OCV curve. Interpolating at this number of points, in our case, yields
a sufficiently high resolution of the DV curve in the SOC dimension
while the optimization can be executed in an appropriate time. Ax is
a small fraction (0.2 %) of the SOC range for which the OCV curve is
linearly approximated to calculate the local differential voltage. Then,
the difference between the DV of the calculated and the measured OCV
is evaluated at each interpolation point to obtain a measure of the
fitting of both curves. The Isqnonlin function using the trust-region-
reflective algorithm implemented in MATLAB® is used to minimize
the sum of squared differences between the DV curves by varying
the alignment parameters. The difference between the DV curves is
used instead of the absolute OCV difference as an objective function
for optimization, in order to align the features of the DV curves that
represent the phases and phase transitions of the active materials and
to minimize the influence of absolute offsets of the OCV curves. The
difference between the DV curves at the edges of the full-cell SOC
range (1% at each side) is excluded to avoid the optimization being
dominated by the steep slope of the OCV curves near the edges.

13)
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The influence of aging-induced changes in the shape of the anode
OCP curve, i.e., a change in the function U,,(x,,), is investigated
as follows: The quasi-stationary full-cell OCV, measured during low-
current charging of the cells at different aging states just before they are
opened up, is fitted with half-cell OCP curves according to the method
described above. In the case of the cathode OCP, the half-cell curve
measured with material extracted from the pristine full-cell is always
used, because the shape of the curve does not change significantly dur-
ing cycle aging [22]. Three different anode curves are used: the curve
measured for material extracted from the pristine full-cell, the curve
measured for the aged anode material extracted from the respective
cell following the full-cell OCV measurement, and a synthetic curve
calculated using a blend electrode model as described in Section 3.2.
The measured OCP curves are averaged from multiple samples [22] and
smoothed with a moving average filter before fitting.

A set of alignment parameters is thus obtained for each investigated
aging state and for all three types of anode OCP curves. Finally,
the degradation modes are calculated based on the different sets of
alignment parameters. A schematic of the approach used in this study
is shown in Fig. 1(b).

3.2. Silicon—graphite blend open-circuit potential model and determination
of component degradation

We model the OCP curve of the silicon-graphite blend electrode
using the following model, which was described by Schmidt et al.
for a generic blend electrode [9]. The fraction of the capacity that
can be inserted into a component of the silicon—graphite blend during
lithiation until a potential U is reached is denoted as Qg;(U) for the
silicon and Qg (U) for the graphite. The fraction of the blend anode
capacity that is lithiated at this voltage is then given by:

Oplend(U) = 75 - Osi(U) + (1 = 757) - O(U), a4

where yg; is the fraction of the total anode capacity provided by the
silicon. At the lower cut-off voltage U,;,, both Og(U) and Qg(U) are
equal to one by definition, and therefore Qy.,q(U) is also one. Qg;(U)
and Qg(U) are obtained by taking the inverse of the OCP curve of the
respective component as a function of normalized charge. The OCP of
the blend anode as a function of normalized charge or electrode SOC
Ouplend can then be obtained from:

Uocv,plend(@iend) = /' (QienaU))- (15)

The shape of Upcy plend(Qblend) is affected by the value of yg;. The
blend OCP curve is similar to that of graphite for small values of yg;
and similar to that of silicon for large values of yg;. Fig. 2(a) shows
OCP curves for graphite and silicon. The graphite curve is measured as
described in the experimental section. Small local minima (<1 mV) in
the voltage curve occurring during lithiation, which are most probably
measurement artifacts, are removed to enable inversion of the curve.
The lithiation curve of pure silicon is taken from Li et al. [38].

This model is used to determine the capacity fraction of the silicon
component of a silicon-graphite anode, by constructing blend OCP
curves for various values of yg; and minimizing the difference between
the DV curves of the calculated and measured OCP curves. The opti-
mization procedure is the same as the one used for fitting the full-cell
OCV curves with half-cell OCP curves. Again, 1 % of the electrode SOC
range are excluded at both edges of the voltage window during the
optimization.

We also use synthetic OCP curves calculated with the blend elec-
trode model to reconstruct measured full-cell OCV curves. To do this, a
silicon-graphite OCP curve is first calculated using the blend electrode
model. Then, the full-cell OCV curve is reconstructed by aligning both
the synthetic anode OCP and the pristine cathode OCP. The silicon
capacity fraction yg; used to calculate the anode OCP is then optimized
along with the four alignment parameters.



J. Schmitt et al.

If the gravimetric specific capacities of both components are known,
an estimate for the mass fraction of the pristine anode that consists of
silicon can be calculated, based on yg;. The silicon mass fraction can be
obtained as a function of yg; by:

Msi  _ si " ¢ ’ (16)
Myjena  ¢si = 7si - (¢si — ¢G)
where mg; is the silicon mass, My.,q the total mass of the active blend
material, cg; the gravimetric specific capacity of silicon, and cg the
gravimetric specific capacity of graphite. The derivation of Eq. (16) can
be found in the Appendix.

4. Results and discussion

As reported in our previous work [22], the investigated cells are
at different aging states following cycling periods of varying duration.
Table 1 lists the total charge throughput Q, i.e., the number of
equivalent full-cycles applied to the cells until the quasi-stationary OCV
measurement prior to cell opening. In this study, the charge throughput
during low-current charging after cycling and prior to cell opening is
taken as the value of the remaining full-cell capacity Cg,;. Table 1 also
lists the remaining full-cell capacities of the individual cells along with
the relative capacity losses AC. In this section, we will analyze the
degradation modes occurring during cell cycling.

4.1. Changes in the silicon—graphite open-circuit potential curve

To illustrate the calculation of a silicon-graphite OCP curve using
the blend electrode model, Fig. 2(a) shows the measured and calculated
OCP curves of a pristine blend electrode using yg; = 9.52%, which
is obtained by optimization. The calculated curve fits the measured
curve well. The right-shift of the graphite features in comparison to
the pure graphite curve can be simulated particularly well with the
model. The root-mean-square error (RMSE) between the measured and
the calculated OCP curve is 6.6 mV.

In our previous work [22], we show that the shape of the OCP
curve of the silicon—graphite used in the investigated cell type changes
during cycle aging. The most prominent changes are a left-shift of
both the graphite and silicon DV peaks towards a lower electrode SOC.
This change is most probably caused by a decrease in the fraction of
the electrode capacity provided by the silicon. The blend electrode
model is capable of simulating OCP curves of electrodes with varying
capacity contributions of the components and is therefore used here
to describe the changes in the shape of the silicon—-graphite OCP
curves. The silicon-graphite OCP curves measured at different aging
states are fitted using the model. As an example, the measured and
calculated OCP curves of both the pristine silicon-graphite and the
silicon—graphite cycled for 488 EFC in the full-cell configuration are
shown in Fig. 2(b). The model is able to capture the aging-induced
changes in the curve shape. The model captures the reduced charge
inserted between 0.3 V and 0.2 V due to reduced silicon capacity and
the shift of voltage slopes associated with graphite stages 4L to 2L
towards lower SOC particularly. The RMSE between the calculated and
the measured OCP curve is below 6.9 mV for all aging states, which
shows that the model is suitable for fitting OCP curves of aged cells.
This finding has two implications: First, it supports the theory that
the change in the silicon-graphite OCP is caused by a faster capacity
decrease of the silicon compared to the graphite [22]. Second, fitting
aged OCP curves of silicon—graphite with the blend electrode model
serves as a diagnostic tool for obtaining an estimate of the capacity
fraction provided by both electrode components during cell aging.

Fig. 2(c) shows the fitting results of the relative capacity contribu-
tion of silicon yg; for the different aging states. There is a clear trend
towards a lower capacity contribution of silicon as aging progresses.
Predominant degradation of the silicon in silicon—graphite has also
been reported in the literature [23-25,39]. The deviation of single data
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Fig. 2. (a) Reconstruction of the measured pristine silicon—-graphite OCP curve based on
the normalized lithiation curves of the electrode components using the blend electrode
model. The lithiation curve of silicon is obtained from Ref. [38]. (b) Measurement and
model calculation of a pristine and a cycle aged (488 EFC) silicon-graphite electrode.
(c) Fraction of the silicon-graphite electrode capacity provided by silicon determined by
fitting silicon—graphite half-cell curves at different aging states with the blend electrode
model.

points from this trend is probably due to intrinsic cell variations, lead-
ing to differences in the aging behavior of the individual cells [1,33].
The fraction of the electrode capacity provided by the silicon for the
electrode to which the most cycles (488 EFC) are applied is estimated
at 5.55 %, which is only about 58 % of the initial value.

Using the theoretical values of the gravimetric specific capacities
¢csi = 3579mAhg! [25,38] and ¢g = 372mAhg™! [40], in Eq. (16),
the mass fraction of electrochemically active silicon as part of the
silicon—graphite blend is determined to be 1.08%. If it is assumed



J. Schmitt et al.

that 5wt.% of the anode material is made up of binder and carbon
black, electrochemically active silicon should comprise 1.03% of the
total anode mass for pristine electrodes of this type. The total amount
of silicon in the anode is probably higher, as higher values of the
mass fraction of silicon have been reported in the literature for this
cell type, but part of the silicon might be electrochemically inactive.
Approximately 3.5 wt.% silicon was determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) [31], approximately
4.5wt.% using energy-dispersive X-ray spectroscopy (EDS) [26] and
approximately 3-4 wt.% using X-ray computed tomography (CT) [29].
It should also be noted that the precise composition of this commercial
cell type has changed in recent years and the relative silicon content of
the anode is lower for cells that were produced later, due to a change
in the composition used by the manufacturer [32]. Therefore, the cells
investigated in this study probably also contain less total silicon than
those whose silicon content was reported in Refs. [26,29,31], even
though they are of the same type.

To check the plausibility of our estimate of the electrochemically
active silicon mass, we will now compare the calculated and measured
absolute capacities of the pristine coin-cell samples. The average mass
of the anode samples, including current collectors, is 35.9 mg. Subtract-
ing an estimated mass for the current collector of 15.2mg [31] yields
an average electrode mass of 20.8 mg corresponding to a mass loading
of 13.5mgcm~2. We assume that 5% of the electrode mass comprises
inactive components and 3.5% [29,31] of the electrode mass consists
of silicon, but only 1.03% of the electrode mass is electrochemically
active silicon and the remaining part is electrochemically inactive. The
remaining 91.5wt.% of the electrode mass is assumed to be graphite.
Using these estimates and the theoretical gravimetric specific capac-
ities, the absolute coin-cell capacity is calculated as 7.84 mAh. The
average measured capacity during lithiation of the pristine silicon—
graphite samples is 7.40 mAh. The calculated and measured capacities
thus differ by less than 6 %, which leads us to the conclusion that our
estimate of the capacity fraction provided by the silicon is plausible. If
the entire 3.5 wt.% silicon were electrochemically active, the calculated
coin-cell capacity would be 9.55mAh, which clearly exceeds the mea-
sured value of 7.40 mAh. Our conclusion is therefore that a significant
part of the silicon in the anode is electrochemically inactive which
explains the discrepancy between our estimate regarding the silicon
mass fraction and the results for the total silicon mass fraction provided
in the literature [26,29,31]. Besides, a silicon capacity fraction of 10 %
was also reported for a commercial silicon-graphite electrode with 3—
4wt.% silicon in Ref. [28]. The diagnostic method used to determine
the capacity fraction provided by the silicon presented in our study
might be an even better indicator of the practically usable silicon
capacity than estimations based on the measured total silicon mass
fraction, because the method only considers electrochemically active
silicon, which might only be a fraction of the present silicon and also
might change during cell aging.

4.2. Changes in the full-cell open-circuit voltage curve

Fig. 3(a) displays the quasi-stationary OCV during low-current
charging for cells that have undergone different numbers of cycles. As
a general trend, the absolute voltage at the same SOC increases with
cycling. This is probably due to LLI leading to a shift in cell balancing
such that the cathode is in a more delithiated state at the same full-
cell SOC during full-cell charging [23]. In addition, the positions of the
features of the OCV curve change, as analyzed on the basis of the DV
curves. In Fig. 3(b), the normalized DV is plotted against the SOC. The
peaks in the DV plot correspond to lithiation phases of the anode or
the cathode. The minima correspond to phase transition regimes where
two lithiation phases coexist. In Fig. 3(b), the peaks are associated with
lithiation phases based on Refs. [4,37,41].

Changes in the shape of the OCV curve are evident during cycle
aging. The peaks of the DV curve are at a lower SOC for aged cells,
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which means that the lithiation phases are reached earlier on in the
charging process. There are two changes in the curve features that
can be attributed to the cathode: The broad central peak between
approximately 50% and 60% SOC corresponding to the monoclinic
M-phase of NMC-811 [37] shifts to the left during cycling. This peak
is not clearly visible for the pristine and mildly aged cells, as it is
superimposed with the stage 2 peak of the graphite. Due to the left-
shift, this peak becomes discernible for cells cycled for >361 EFC.
The peak around 80 % SOC corresponding to the hexagonal H2-phase
of NMC-811 [37] also shifts to the left during cycling. Both of these
peak shifts are probably due to a change in the balancing between
the two electrodes. As cyclable lithium is lost, the cathode becomes
more delithiated during charging of the full-cell. The cathode half-cell
curve therefore shifts to the left in comparison to the anode half-cell
curve [16]. For this cell type, the anode is always limiting at 0% full-
cell SOC, as will be shown in Section 4.3. Therefore, this relative shift
of the cathode OCP curve results in a left-shift of the cathode peaks in
the full-cell DV curve.

In addition to the changes related to the cathode, there are also
changes that can be attributed to the anode. The peaks corresponding
to the partly lithiated graphite stages between 4L and 2L around 20 %
SOC [41] shift to a lower SOC during aging. The peaks below 10%
SOC corresponding to silicon phases [4] are also located at a lower SOC
for the cells that have been cycled for a longer period. There are two
possible explanations for this observation: The traditional explanation,
neglecting changes in the shape of the electrode OCP, would be that
there is a higher relative loss of anode active material compared to the
loss of cathode active material. This corresponds to a compression of
the anode curve in the model. As the anode is limiting at 0% SOC,
compression of the anode OCP curve leads to a left-shift of the anode
features in the full-cell OCV. But taking into account the results from
our analysis on the electrode level, this shift of silicon and graphite
peaks in the full-cell DV curve could also be caused by the changes in
the shape of the anode half-cell OCP curve due to silicon degradation
being faster than graphite degradation. As both effects would lead
to the same results with regard to the full-cell OCV, the left-shift of
the anode peaks in the full-cell DV can be misinterpreted as resulting
solely from an overall anode active material loss. In fact, at least some
of the left-shift of the anode peaks is most likely due to changes in
the silicon-graphite half-cell curve caused by the faster degradation of
silicon.

The central peak corresponding to stage 2 graphite exhibits some
variation and decreases in height during aging, but there is no clear
trend in its position. The decrease in the height of this peak is probably
caused by an increase in the inhomogeneity of the anode [42-44].

4.3. Reconstruction of full-cell open-circuit voltage curves

The aging-induced changes in the quasi-stationary OCV curve dur-
ing full-cell charging are analyzed quantitatively using the OCV model
and the fitting procedure described in Section 3.1. In order to inves-
tigate the influence of changes in the shape of the silicon-graphite
OCP during aging, the full-cell OCV curves are reconstructed using the
pristine anode OCP curve, the aged anode OCP curve, i.e., the anode
OCP measured at the same aging state as the full-cell OCV, and an OCP
curve calculated using the blend electrode OCP model. As an example,
the reconstruction of the OCV curve of the cell cycled for 486 EFC is
shown in Fig. 4. The different interpretations of the changes in anode
features in the full-cell OCV, depending on whether changes in anode
half-cell OCP are considered, are visible here. In Fig. 4(a), the pristine
anode half-cell curve is used to reconstruct the full-cell curve. The
anode features in the full-cell curve, in particular the voltage slope
associated with the 4L to 2L stages of graphite, are shifted to the left
with respect to the pristine full-cell OCV. To obtain this left-shift in the
reconstructed curve, the anode curve is compressed. This compression
is interpreted as a loss of anode active material. Consequently, at 100 %
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Fig. 3. (a) Quasi-stationary OCV curve of full-cells at different aging states during
low-current (C/30) charging. (b) Normalized differential voltage of cells at different
aging states during low-current charging.

full-cell SOC, the anode potential has already left the voltage plateau
corresponding to the transition between graphite stage 2 and 1, and the
anode potential is a limiting factor for reaching the upper full-cell cut-
off voltage at the end of charging. In Fig. 4(b), the same aged full-cell
OCYV is reconstructed using the aged anode half-cell curve. This curve
already exhibits a left-shift of the features related to anode lithiation
phases on the half-cell level. Therefore, the anode curve is compressed
less during the reconstruction of the full-cell curve. The same applies to
the reconstruction of the full-cell curve using an anode curve simulated
with the blend electrode OCP model shown in Fig. 4(c): Here, the left-
shift of the anode features in the full-cell OCV is partly realized at the
half-cell level by reducing the capacity contribution of silicon, and less
compression of the whole anode curve is required compared to using
the pristine anode curve. If changes in the half-cell OCP are considered,
the anode is not identified as limiting at the end of charge, as the anode
potential at 100 % full-cell SOC is still within the voltage plateau.

Fig. 5 shows the RMSE between the measured and the calculated
full-cell OCV curve at different aging states for the three types of anode
OCP curves. There is a general trend of increase in the RMSE with cell
cycling. This might be due to an increase in electrode inhomogeneity
during cycle aging [43,44], which also affects the OCV curve and is not
considered in the model. Still, as the RMSE is always below 12 mV, a
good agreement between the measured and the constructed curve is
obtained for all three types of anode curves and at all aging states.
Therefore, aging-related changes in the full-cell OCV curve can be
accurately described with the model regardless of whether changes in
the anode half-cell OCP are considered. But while having a small impact
on fit accuracy, the consideration of changes in the half-cell OCP shape
influences the quantitative results for the alignment parameters and
therefore the interpretation of the changes in the full-cell OCV.
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Fig. 4. Reconstruction of the quasi-stationary OCV during charging of a full-cell cycled
for 486 EFC using (a) the anode half-cell curve of the pristine material, (b) the anode
half-cell curve of the aged material, and (c) a synthetic anode OCP curve representing
the half-cell curve of aged material calculated with the blend electrode model.

Fig. 6 contains plots of the four alignment parameters obtained at
different aging states. The results are shown for all three types of anode
curves. The progression of the anode scaling factor «,, is shown in
Fig. 6(a). In the pristine state, the anode capacity is approximately
4% larger than the full-cell capacity. An almost complete use of the
anode has also been reported in the literature for this cell type [31].
Different trends for the progression of «,, are found, depending on
whether changes in the anode half-cell OCP are considered. If the
pristine anode OCP is used to reconstruct the aged full-cell OCV curves,
there is a decreasing trend in a,, during aging. As discussed above, the
left-shift of the anode features in the full-cell OCV curve is obtained
by compressing the anode curve when the pristine anode OCP is used.
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Fig. 5. Root-mean-square error for the reconstruction of the full-cell OCV at different
aging states. The RMSE is plotted for using the pristine anode OCP, the aged anode OCP
at a certain aging state, and synthetic OCP curves calculated with the blend electrode
model.

A different result is obtained when changes in the anode half-cell OCP
are considered: Regardless of whether the aged anode half-cell curves
or the OCP curves calculated with the blend electrode model are used,
a,, tends to increase during aging. However, this does not mean that
there is an increase in absolute anode capacity. Rather, it should be
interpreted such that less of the anode capacity is used within the
voltage limits of the full-cell due to LLI.

The results of the anode offset g,, during aging are plotted in
Fig. 6(b). The anode offset is close to zero (|f,,| < 0.6 %) throughout
aging and for all types of anode curves. This means that the anode
is always limiting the usable full-cell capacity at the lower cut-off
voltage. There are small deviations (<0.12 percentage points) between
the values of f,, obtained with the different types of anode curves, but
these are probably due to the fitting and have no physical significance.

Fig. 6(c) shows plots of the progression of the cathode scaling factor
o, during aging. For the pristine cell, the cathode capacity within
the half-cell voltage limits is approximately 7 % larger than the full-
cell capacity. Similar results have previously been reported for this cell
type [31]. The cathode scaling factor increases during cycling, which
means that a smaller fraction of the cathode capacity is used with
ongoing aging, probably caused by LLI. The values of a, obtained for
the heavily aged cells (>361 EFC) are more than 2 percentage points
smaller if changes in the anode half-cell curve are considered in the
reconstruction process.

The cathode offset g, at different aging states is shown in Fig. 6(d).
The cathode offset is estimated to be approximately —5% for the
pristine cell, which means that the cathode is not fully lithiated at
the lower cut-off voltage of the full-cell. During aging, f.,, decreases
further, corresponding to a left-shift of the cathode OCP curve. A
relative left-shift of the cathode curve corresponds to LLI leading to
a change in the balancing between the electrodes [16]. The decrease
in f_,, is found to be smaller where changes in the shape of the anode
OCP are considered.

4.4. Estimation of the silicon capacity based on full-cell open-circuit voltage
curves

In Section 4.3 the influence of changes in the shape of the silicon—
graphite OCP curve on the full-cell OCV curve during aging is analyzed
by using measured aged silicon-graphite OCP curves and synthetic
silicon—graphite OCP curves calculated with the blend electrode model
to reconstruct aged full-cell OCV curves. While the first approach allows
the impact of changes in the half-cell OCP on the degradation modes
observable in the full-cell OCV curves to be analyzed on the basis
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of experimental results, the latter approach is particularly suitable as
a diagnostic method in research and applications as it requires less
experimental effort. The measurement of aged half-cell OCP curves
is not necessary with this procedure. Instead, the blend anode OCP
curve is calculated based on the OCP curves of pristine pure graphite
and pristine pure silicon. The anode capacity fraction provided by
silicon yg; is obtained by optimization, i.e., variation of yg; and the
four alignment parameters to minimize the difference between the DV
of the measured and that of the reconstructed full-cell OCV. Using
this procedure enhances the validity of the results of the degradation
modes in comparison to using the pristine silicon-graphite curve for
the reconstruction of the full-cell OCV. It also enables the capacity
fraction of the anode provided by the silicon to be estimated, without
necessitating the measurement of the half-cell OCP curves of aged cells.

The results obtained for the anode capacity fraction provided by
silicon are shown in Fig. 7. The results we obtain by reconstructing
the aged full-cell OCV curves are similar to those we obtain for the
reconstruction of the aged half-cell curves presented in Section 4.1.
Both sets of values are shown in Fig. 7. The difference between the
estimation based on full-cell curves and the one based on half-cell
curves is below 0.8 percentage points for all aging states. The results
for yg; obtained by reconstructing the full-cell curves are slightly higher
than those obtained by fitting the half-cell curves. Like the results
based on half-cell curves, yg; determined from full-cell curves tends to
decrease during aging. The anode capacity fraction provided by silicon
is estimated at 10.3 % for the pristine cell and 5.6 % for the cell cycled
for 486 EFC. Using Eq. (16) and assuming the theoretical gravimetric
specific capacities for silicon and graphite, the silicon mass fraction of
the pristine anode material is estimated at 1.1 %.

The method we propose here may be useful for determining changes
in the component balancing of composite electrodes. In addition to
being non-destructive and easy to execute, the method has further
possible advantages: Unlike methods that quantify total silicon mass
such as ICP-OES [31] or EDS [26], this method only determines the
capacity of the electrochemically active part of the silicon. In an
application context, this quantity might be even more relevant than
the total silicon mass. It also enables the degradation of the silicon to
be analyzed, which is not possible with methods that determine total
silicon mass, as the quantity does not change during aging [26], even
though the usable capacity of the silicon decreases.

4.5. Determination of degradation modes

The degradation modes occurring during the cycling are calculated
using the results of the alignment parameters for aged cells and the
changes in full-cell capacity listed in Table 1. Fig. 8(a) shows LAM,,,
which displays an increasing trend during cell cycling. As discussed
above, a lower anode capacity loss is determined if the aged anode
curves or anode curves calculated with the blend electrode model
are used than when using the pristine anode curve, because the left-
shift of the anode features in the full-cell OCV curve is obtained in
part from the changes in the shape of the anode curve rather than
solely from compression of the anode curve. The values obtained for
LAM,, with aged anode curves are very similar to those obtained using
synthetic curves calculated with the blend electrode model. If changes
in the silicon-graphite OCP are considered, the LAM,, after 486 EFC
is estimated at 13.1 %. In contrast, the LAM,, is estimated at 15.5%
if the pristine silicon-graphite OCP is used. Regardless of whether or
not changes in the silicon—-graphite OCP are considered, the LAM,,
is identified as an important degradation mode for this cell type and
under these operation conditions. Significant degradation by LAM,,
has also been reported by other authors [4,26,44] for this cell. Still,
the loss of anode material is probably overestimated by something in
the order of a few percentage points if no changes in the shape of the
silicon—graphite OCP are considered.
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Fig. 6. Alignment parameters obtained by reconstructing the full-cell OCV curve at different aging states using different types of anode half-cell curves: (a) anode scaling factor,
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LAM,,; during cycling is shown in Fig. 8(b). During the first 100
EFC, the estimated values for LAM,,, are negative, which corresponds
to a slight increase in cathode capacity. The capacity increase is more
pronounced if the pristine anode half-cell curve is used. After 100
EFC, LAM_,, starts to increase. Using aged anode curves yields similar
values for the more aged cells (>361 EFC) to those obtained with
the blend electrode model. Using the pristine anode curve results in
values for the LAM,, of cells cycled for more than 361 EFC that are
approximately 3 percentage points lower. The drop in cathode capacity
might therefore be slightly underestimated, when changes in the shape
of the anode curve are neglected. Overall, the loss of cathode active
material is much lower than LAM,,, which is in accordance with the
literature [29,43,44], regardless of whether changes in the silicon—-
graphite OCP are considered or not. For example, if the measured aged

anode curves are used, 5.3% LAM,,, and 15.5% LAM,, are estimated
for the cell cycled for 486 EFC.

Fig. 8(c) shows the LLI for different aging states. The LLI exhibits an
increasing trend during cycling. The estimate for the LLI is very similar
to the relative capacity loss of the cells listed in Table 1. At all aging
states, the amount of available lithium in the electrodes that could be
delithiated up to the upper electrode cut-off voltage is only slightly
higher than the amount of lithium used within the voltage limits of
the full-cell. This means that there is significant LLI throughout aging.
The estimated LLI is up to 1.1 percentage points higher if changes in
the silicon-graphite OCP are considered.

Summing up the results regarding the degradation modes, the ca-
pacity loss observed for this cell type under these operating conditions
is caused by both LAM,, and LLI. Considering aging-induced changes
in the shape of the anode half-cell curve leads to lower estimates for
LAM,, and higher estimates for LAM.,, and LLI, and improves the
validity of the estimates for the individual degradation modes.

5. Conclusion

Expanding on the results of our previous study regarding the
changes in the shape of the OCP curve of silicon-graphite during full-
cell cycling [22], we show that these changes in the OCP curve can
be described by a blend electrode model. Fitting OCP curves of cycle-
aged silicon-graphite with the model enables the capacity fraction
contributed by the individual electrode components to be estimated.
We deduce from the half-cell OCP measurements that the capacity
fraction provided by the silicon is approximately 9.5% for a pristine
electrode decreasing to 5.5% for an electrode cycled for 488 EFC in
the full-cell configuration. The silicon therefore degrades faster than
the graphite under the operating conditions used in our study.

An accurate reconstruction of aged full-cell OCV curves can be
obtained by shifting and scaling half-cell OCP curves regardless of
whether aging-related changes in the shape of the silicon-graphite
OCP are considered or not. Still, the validity of the degradation mode
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Fig. 8. (a) Loss of active material of the anode, (b) loss of active material of the
cathode, and (c) loss of lithium inventory for cells cycled for a different number
of equivalent full-cycles estimated via reconstruction of full-cell quasi-stationary OCV
curves. The results obtained using the pristine anode half-cell curve, aged anode half-
cell curves, and synthetic anode half-cell curves calculated with the blend electrode
model are shown.

estimates obtained with this diagnostic method can be improved by
considering aging-induced changes in the shape of the silicon-graphite
OCP curve. For the investigated cell, the loss of anode active material
is probably slightly overestimated, while the loss of cathode active
material and the LLI are slightly underestimated if changes in the
silicon—graphite OCP are neglected.

In addition, expanding the diagnostic method by using synthetic
anode curves calculated with a blend electrode model, as proposed
in this study, enables an estimation of the anode capacity fraction
provided by the individual electrode components. The estimates that
we obtain for the anode capacity fraction provided by the silicon
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based on low-current full-cell charging curves are similar to those that
we obtain from silicon-graphite half-cell lithiation measurements. The
method proposed in this study can be used for the destruction-free
estimation of the component specific degradation of silicon—graphite.
Besides analyzing low-current charging curves measured under lab-
oratory conditions, this diagnostic method might also be applied to the
analysis of cell degradation based on measurements obtained during
typical charging phases of applications. Further research is necessary
to investigate how the proposed method performs using only partial
charging curves or charging curves obtained at higher current rates.
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CcC Constant current

CCCv Constant current constant voltage

CT X-ray computed tomography

Cv Constant voltage

DV Differential voltage
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ICP-OES Inductively coupled plasma-optical emission spectroscopy
LAM,, Loss of active material of the anode
LAM.,; Loss of active material of the cathode
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MJ1 LG Chem INR18650-MJ1 (cell type)
NMC Lithium nickel manganese cobalt oxide
OCP (Half-cell) open-circuit potential

OCV (Full-cell) open-circuit voltage

RMSE Root-mean-square error
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Appendix. Derivation of formula for silicon mass fraction

Absolute silicon capacity Cg; is calculated as a fraction of the total
capacity of the blend Cpjeng:

Csi = 7si * Clend: (A1)
Silicon capacity can also be calculated as:
Csi = mg; - csi, (A.2)
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where myg; is the silicon mass and cg; the gravimetric specific capacity
of silicon. Similarly,
Ce =mg - cg (A.3)

applies to the graphite capacity Cg, with mg being the graphite mass
and cg the gravimetric specific capacity of graphite. The total blend
capacity is defined as:
Chlend = Csi + Co, (A4
and the total mass of the active blend material My.,q is given by:

Mblend = Mmg; + mg. (A.5)

Using the equality of the right-hand sides of Egs. (A.1) and (A.2) yields:

¥si * Chlend = Ms; * Csi (A.6)
and substituting Eq. (A.4) leads to:

1si - (Csi + Cg) = mg; - cs;. A7)
Substituting Egs. (A.3) and (A.2) leads to:

Ysi - (mgi - cgi + mg - ¢g) = mg; - Cg;. (A.8)

Solving Eq. (A.5) for mg and substituting into Eq. (A.8) results in:

Vsi - (msi - csi + (Mpleng — msp) - ¢g) = m;j - Cs, (A.9)

which can be rearranged to Eq. (16).
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