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Abstract: Within Li-ion batteries, lithium plating is considered as one of the main reasons behind
the capacity fade that occurs during low temperature and fast charging conditions. Previous studies
indicate that plating is influenced by the levels of loss of lithium inventory (LLI) and the loss of
active material (LAM) present in a battery. However, it is not clear from the literature on how lithium
plating influences battery degradation in terms of LAM and LLI. Quantifying the undesirable impacts
of lithium plating can help in understanding its impact on battery degradation and feedback effects
of previous lithium plating on the formation of present plating. This study aims to quantify the
degradation modes of lithium plating: LLI, LAM at the electrode level. A commercial Li-ion cell
was first, aged using two different cases: with and without lithium plating. Second, a degradation
diagnostic method is developed to quantify the degradation modes based on their measurable effects
on open-circuit voltage (OCV) and cell capacity. The results highlight that LAMyg and LLI levels
under the fast charge profile are increased by 10% and 12%, respectively, compared to those under the
less aggressive charge profile. Further, limitations of the degradation analysis methods are discussed.

Keywords: lithium plating; fast charging; lithium-ion; voltage relaxation profile; battery
management system

1. Introduction

Lithium-ion batteries, usually employ graphite as their negative electrode (NE) material and have
been widely used in mobile devices due to their superior properties, such as high energy density and
long cycle life [1,2]. However, metallic lithium deposition on the graphite NE is one of the most severe
aging mechanisms in lithium-ion batteries during charging at low temperatures, high states of charge
(SOC), high charge voltages and high charge rates [3-5]. Towards the end of charging or just after
charging, when the negative electrode potential (NEP) rises above the Li reference potential, a portion
of the plated lithium is known to return to the electrode. This is called the reversible part of plated
lithium [6]. The irreversible component may react further with the electrolyte or become electrically
isolated from the electrode, creating a pool of inactive metallic lithium [7].

It is well understood how operating conditions of the battery such as charge current, temperature
and aging condition influence the NEP and thus lithium plating [3,8]. On the other hand, although
it is known that lithium plating leads to capacity fade, the exact underlying degradation happening
to the battery under the influence of lithium plating is not clear. The capacity fade observed at the
cell level can result from lithium inventory (LLI) or loss of active material (LAM) at the electrodes
or a combination of them [9,10]. The irreversible plating that reacts with the electrolyte or become
electrically isolated from the electrode, lead to a reduction of cyclable lithium between the electrodes
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and thus LLI [11]. In addition, lithium depositions on the NE can damage the SEI layer, which leads to
regrowth of the SEI layer [12]. Since the SEI layer growth consumes a portion of cyclable lithium [13,14],
this further raises the LLI.

In addition to the LLI, lithium plating may also induce LAM. As discussed within [15], lithium
plating increases the volume expansion of the cell. The study proved theoretically and experimentally
that plated lithium occupies nearly four times more volume than the volume expansion experienced
by the graphite for the same amount of lithium intercalation. In addition, the SEI growth due to its
damage inflicted by lithium plating can increase its depositions and thus volume expansion locally [16].
This volume expansion may add to the usual volume changes experienced during cycling, and thus
raising mechanical stresses. These mechanical stresses may contribute to active material cracks at the
electrode, leading to a LAM at the electrodes—another contributor to capacity fade.

Further, increased mechanical stresses or LAM due to lithium plating may indicate that higher
volume-occupying depositions from previous lithium plating can continue to cause mechanical
stresses locally and produce long-lasting negative impacts on the battery life. Given all this, it is
important to study and quantify the degradation modes (LLI and LAM) in batteries affected by lithium
plating. In addition, it helps to understand whether reversible plating that is generally considered as
non-detrimental [4] lead to capacity fade as it contributes to volume expansion as well.

Majority of the previous studies focused on the degradation modes (LAM and LLI) analysis in
cells that are in either calendar or cycle aging where the operating conditions such as temperature and
charge currents are kept within the manufacturer recommended levels [16,17]. The degradation modes
identified under these aging conditions cannot be attributed largely to lithium plating as the charge
currents are not raised or temperatures are not dropped beyond the recommended limits that could not
make lithium plating as a dominant aging mechanism. In contrary, two different studies analyzing the
degradation modes of the cycle-aged cells have reported the presence of lithium plating. First one, as
discussed within [4], looks at the degradation influence on lithium plating to understand the reasons
behind lithium plating occurrence in the later part of cycle aging. The paper reports large levels of
LAM at the NE in delithiated state (LAMgeng) in the early cycles is leading to the saturation of NE
lithiation and thus lithium plating. Second one, as reported by [18], attempts to identify the underlying
causes that gradually reduced lithium plating with the increasing cycle number while cycling at —22 °C.
The qualitative degradation analysis reveals that LLI due to previous lithium plating could reduce
lithium plating in the later cycles. The reason is, as LLI rise, lithiation level of the NE toward the end
of charging drops or high SOC region of the NE is not accessible anymore. LLI standalone or LLI
in a dominating position compared to the LAM (for example, 10% LLI and 6% LAM) could as well
reduce the lithium-plating tendency. However, the study is not extended further to look into the other
degradation mode, LAM. Therefore, to quantify the degradation modes of lithium plating, a separate
study is required.

To study battery degradation in terms of LLI, LAMpg and LAMNE, many researchers use differential
voltage (DV) curves (dV/dQ) and incremental capacity (IC) curves (dQ/dV), where dQ stands for the
incremental capacity while dV defines for the differential voltage calculated from the battery open
circuit voltage (OCV). By comparing the IC or DV curves of a cell at two different aging states, the
degradation modes of the battery can be inferred [19,20]. However, from the interpretations of the IC
or DV curves, it is difficult to quantify the changes occurring at each electrode when both the electrodes
contribute to the cell OCV profile [21].

To overcome the drawbacks of the above methods, a degradation diagnostic technique using the
electrode OCV profile was proposed by Birkl et al. [9]. By employing half-cells developed using the
electrodes harvested from the cell, each electrode’s OCV as a function of its capacity or lithiation level
could be experimentally defined. Based on this information and the cell-level OCYV, the lithiation levels
at the end of charge (EoC) and the end of discharge (EoD) of the NE and positive electrode (PE) could
be identified. These four lithiation levels could be identified for a cell prior to and after aging. It is
then possible to quantify the degradation modes of both the individual electrodes and the cell as a
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whole [9]. However, this diagnostics technique was evaluated with artificially aged cells (LAM and
LLI were induced by selecting the electrodes in different sizes from a new cell), its practical application
has not been discussed within the literature. In addition, the quantification method used within [9] can
be simplified to reduce the complexity by quantifying independently the three degradation modes
LLI, LAMng and LAMpg based on the electrode lithiation levels rather than their offsets at the E°C
and EoD.

To study the impact of plating induced degradation and to simplify the degradation procedure,
the following objectives are defined for this work:

1.  To improve the degradation diagnostics model presented in [9] to simplify the quantification
procedure of LLI, LAMNg and LAMpg;

2. To identify the degradation modes of a commercial cell aged under a fast charge regime and
analyze the underlying degradation mechanisms.

The remainder of this study is organized as follows. Section 2 discusses the experimental stage of
this research and presents the data acquired. Section 3 presents the methodology in quantifying the
battery degradation modes. The degradation modes estimated under the fast charging regime are
presented and analyzed in Section 4 by applying the methodology to the data acquired in Section 2.
Overall, conclusions of this research are given in the final section.

2. Experimental Setup and Data Acquisition

For this study, a collection of 18,650-type Panasonic BD cells with a rated capacity of 3.1 Ah is
used. The NE material is graphite and the PE material is LiNiCoAlO,, commercially known as NCA.
To quantify the LAM and LLI, measurement of OCVs of the half-cells (electrodes) and the full-cells
is required. The experiments are then categorized into full-cell level and half-cell level tests. At the
full-cell level, OCV profiles of the cells are captured prior to and after their fast-charge cycling. For the
half-cells, OCV profiles of the electrodes are obtained with the help of harvested electrodes from a
pristine full-cell. The detailed setup, experimental procedure and the results for each are presented
in the following sections. The experimental data collected in this section is used for the degradation
analysis presented in Sections 3 and 4.

2.1. Full-Cell Experiments

Two test cases employing two sets of full-cells are designed. For each test case, three cells are
selected as shown in Table 1 for reproducibility and to minimize influences of cell-to-cell variations on
the experimental results. A detailed description of the experimental setup is presented in [22].

Table 1. Cell level test cases.

Test Case Cells Used (Group: Cell Marking)

Case 1: Cells aged under fast charging regime Three new cells (set A: Al, A2, A3)
Case 2: Cells aged under less aggressive charging regime Three new cells (set B: B1, B2, B3)

Experiments were carried out with the selected cells using a four-step sequence: pre-conditioning,
OCV measurement prior to aging, aging and OCV measurement after aging as shown in Table 2.
To study lithium plating induced degradation, set A and set B cells are aged differently through the
aging test under conditions that potentially could and could induce lithium plating, respectively.
The detailed testing conditions of these experiments are given in Table 2.
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Table 2. Full cell test procedure.

Test Sequence Sub-Step No. Exp. Setup Current/Voltage Control Limits
1.1 Soak to 25 °C - t>4h
12 Constant current charge C/3 current V>42V
13 Constant voltage charge 42V I<C/60
Step 1: 14 Rest - t>1h
Preconditioning tests 15 Constant current discharge C/3 current V<25V
1.6 Constant voltage discharge 25V 1< C/60
1.7 Rest - t>1h
1.8 Repeat steps 1.2 to 1.7 - Cycle number < 6
21 Soak to 25 °C - t>4h
2.2 Constant current charge C/10 current V>42V
2.3 Constant voltage charge 42V 1< C/60
Step 2: OCV tests 24 Part ?est - t>4h
before agin artial constant
gmng 2.5 current discharge C/20 current AQ > Qnom/120
2.6 Rest - t>1h
27 Repeat st.ep's 25&2.6until V _ V<25V
limit reached
3.1 Soak to 5 °C - t>4h
3.2a: set A Constant current charge 1 C current V>42V
3.2b: set A Constant voltage charge 42V I1<C/4
3.2a: set B Constant current charge 1 C current V>405V
Sten 3: Cell 3.2b: set B Constant voltage charge 405V I<C/4
P> 3.2c: set B Constant current charge C/4 current V>42V
aging tests
3.3 Rest - t>4h
3.4 Constant current discharge C/3 current V<25V
3.5 Rest - t>1h
Repeat steps 3.2 to 3.5 until set _
36 A capacity drops to 80% V<25V
Step 4: OCV tests Follows the same procedure as
after aging step 2

At Step 1, the new cells are preconditioned as detailed in Table 2 to stabilize their capacity before
the OCV measurement is performed [17,23].

At Step 2, the OCYV tests are performed at room temperature (25 °C) on the full-cells using the
test procedure presented in Table 2. The cells are charged to 4.2 V with CC-CV (C/10 C-rate in the
CC and 50-mA-cutoff current in the CV) charge profile and rested for four hours before the OCV
measurements are obtained on the following discharge. To capture true OCV over the entire capacity
range of the cells, the full cells are discharged incrementally, in steps of 1/120 of the nominal capacity
(Q = Qnom/120), by applying small currents (C/20) and subsequently allowing the cell voltage to relax
for one hour [24]. Here, Qnom of the cell refers to the maximum capacity when the battery is completely
charged. The OCV measurements are recorded at the end of each rest period. This method of OCV
measurement is referred to as galvanostatic intermittent titration technique (GITT) [24]. Figure la
shows the cell voltage and its OCV measurements with respect to the given discharge current profile
in Figure 1b. The OCV profile as a function of capacity is then constructed as illustrated in Figure 1c.
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Figure 1. Open-circuit voltage (OCV) measurement on cell A1 by incremental discharge and subsequent
relaxation: (a) Cell voltage and OCV measurements; (b): incremental discharge current; (c): cell OCV
as a function of capacity.

At step 3, the aging tests are carried out following Step 3 of Table 2. Both the cell sets A and B are
cycled at a low ambient temperature of 5 °C until the average capacity retention level of set A has
reduced to 80%. set A is charged with 1 CC—CV and discharged with C/3 CC-CV profile. Relevant
current and voltage limits are defined in Table 2. On the other hand, set B is tested under similar
operating conditions except for the charge profile. Unlike set A, set B cells are charged with 1C current
up to 4.05 V and then smaller charge currents are applied to fully charge the cells to 4.2 V to avoid or
reduce the onset of lithium plating [2,25,26]. The capacity characterization procedure that interrupts
the fast-charge cycling is kept similar to both the cell sets to minimize its influence on the value of
capacity fade [27]. Further details for these tests can be found from [22].

The occurrence of lithium plating on set A cells is confirmed by using the voltage relaxation profile
(VRP) method. This method is based on the cell terminal voltage profile in post-charge relaxation
influenced by the plating reverse reactions [28,29]. A 2-stage voltage relaxation as shown Figure 2a for
a cell in set A indicates the occurrence of lithium plating while a usual single-stage relaxation indicates
the absence of plating as shown in Figure 2b for a cell in set B. The working principles of this method
and its application are explained further in [22]. The cells from set A lost an average 20% (with a + 5%
variation) capacity by the 52nd cycle. On the other hand, lithium plating is not detected in set B and
these cells lost only an average 5.9% (with a + 0.9% variation) capacity by the 52nd cycle. Figure 2c
presents the reduction in capacity trends exhibited by the cells in set A and set B.
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Figure 2. Cell cycling: cell voltage relaxation profiles in post-charge for (a) cell Al; (b) cell Bl and
(c) evolution of average capacity retention levels with cycle number for set A and set B cells.

After the aging tests, at Step 4, the cells are once again tested for the OCV profiles using the same

procedure described in Step 2 of Table 3.

Table 3. Cell OCV fitting errors using the OCVs of the electrodes.

Test Case SOH (%)  Cell Number RMSE (mV)  Max Error (mV)
100 1 1.60 53
100 2 1.81 6.0
. . 100 3 1.81 6.0
t A h fil

set A (aggressive charge profile) 78.86 1 470 178
84.39 2 3.80 12.2
78.41 3 4.20 15.1
100 1 1.89 5.5
100 2 1.71 5.7
. ) 100 3 1.51 5.6

t B (1 h il
set B (less aggressive charge profile) 93.94 1 201 79
94.71 2 1.81 8.4
93.76 3 1.99 7.2

After completing the four-step experimental procedure, one cell from each set, A and B, is
randomly selected to open and visually inspect for metallic depositions on the electrode surface.
To compare the differences, a new cell is also dismantled. To minimize the risk of safety hazards
such as short circuits while opening, first, the cells are fully discharged to 2.5 V with a C/10 discharge
current. The cells are then opened in an argon-filled glove box and electrodes are inspected for metallic
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depositions [30]. Figure 3 shows images of the graphite electrodes of the new cell and the cells selected
from sets A and B (tagged as cell A and cell B, respectively). The graphite electrode of the new cell
appears mostly black, as expected from a functional fully discharged graphite-based electrode [31].
A few areas exhibiting silvery depositions are found on the graphite electrode of cell B. Meanwhile,
much larger and clearly distinguished areas with silver color depositions are observed at the axial
edges of cell A. As discussed within [30,31], since the graphite electrode does not appear in silver
color at any of its lithiation levels, these depositions can be attributed to lithium plating. It is asserted
therefore that cell A is exhibiting at a much higher level of lithium plating compared to cell B.

Figure 3. Photographs of graphite electrodes: (a) new cell; (b) cell B; (c) cell A.

2.2. Half-Cell Experiments

To measure the OCV of each electrode, half-cells are prepared in a 2032 coin cell format using
the electrode materials harvested from the fresh cell of the selected cell type. This new cell is fully
discharged to 2.5 V with C/10 current. It is then opened in an argon atmosphere inside a closed glove
box to access the jellyroll following the systematic procedure described in Figure 4. Next, the PE and
NE samples (active material on the current collectors) are collected from the inner layers of the jellyroll
since outer layers experience greater physical stresses during the cell opening process. The active
material on these samples is then cleared from one side of each current collector by dissolving the
binder of the active material using N-methyl-2-pyrrolidone (NMP).

Positive terminal
Insulation Step 1:

—p L ¢y
Step 2: Positive n
Shell neck Cut the shell terminal isolation
at the neck from the Jellyroll
—»Steel shell |:I'> |:‘l>
Jelly roll
+- Cross section of 18650 cell

Negative terminal

Step 4: Negative
terminal Step 3: Jellyroll

isolation from with shell
Obt: d Jellyroll
ainecielre the Jellvroll peeled
one side

Figure 4. The 18650 cell opening process illustration.

Six half-cell samples (03 NE-type units and 03 PE-type units) are prepared as described in [24]
using a trilayer separator (& 19 mm and 25-um-thickness, Celgard® 2325), LP50 (1-M LiPFg solved in
EC: EMC with 3:7 volume ratios) electrolyte and a lithium foil as a counter electrode. The capacity of
each cell is estimated based on the specific capacity of the electrode active material (PE: 180 + 5 mAh/g,
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NE: 370 + 5 mAh/g [32]) and its mass calculated (PE: 38.8 mg, NE: 20.3 mg) from weights of the current
collector with and without active material. The capacities of NE and PE half-cells are then theoretically
found to be 7.5 + 0.15 and 6.98 + 0.16 mAh, respectively [32]. Based on this estimated capacities,
the pre-conditioning test with C/10 charge/discharge currents are carried out to measure the actual
half-cell capacity.

To support the half-cells OCV tests, Biologic BCS-805 potentiostats are employed and placed in a
temperature-controlled room maintained at 25 °C. The potential ranges for the tests are set from 0 to
1V and 2.8 to 4.3 V for the NE and PE half-cells, respectively. The selected voltage ranges are able
to represent the full-cell OCV between 4.2 and 2.7 V [33] and could limit the electrode degradation
during the OCV measurement [34,35].

The half-cells are first pre-conditioned for 6 cycles with C/10 current prior to the OCV measurement.
Figure 5 shows the voltage, current and capacity profiles of the NE in the preconditioning cycles.
The result indicates that the PE half-cells are consistent with their delivered capacity with less than a
0.2% capacity fade/cycle. Conversely, the capacity drop of NE half-cells is more than 0.5% in the first
cycle and then reduced over the next cycles (below 0.2% in the sixth cycle). The average capacities
delivered in the sixth preconditioning cycle by the NE and PE half-cells are measured to be 7.7 mAh
and 7.1 mAh, respectively. A loading ration (LR = N/P = 7.7/7.1) of 1.08 indicates the NE half-cell is
having 8% higher capacity than the PE half-cell [21].
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Figure 5. Half-cell preconditioning: (a) voltage, (b) current and (c) capacity profiles measured on
a negative electrode (NE) half-cell whose active electrode mass is 20.21 mg. Positive currents and
capacities indicate the discharge or delithiation of the electrode.
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The half-cells are then tested for OCV using the GITT procedure similar to the full-cell test
procedure except for the voltage limits. Figure 6a,b shows the OCV profiles as a function of discharge
capacities per gram for NE and PE half-cells, respectively. While Figure 6¢,d shows the OCV profiles
as functions of normalized capacities delivered by the NE half-cells (between 0.03 and 0.8 V) and PE
half-cells (between 4.3 and 3.35 V). For each NE or PE half-cell group, the root mean square error (RMSE)
between any two OCV profiles measured is less than 1 mV. This confirms that the reliability of OCV
measurement method as well as the repeatability of the half-cell manufacturing process is acceptable.

a} 1 b] 4.4
08" 42+

S S 4

806/ g

g L3

g g

w 04/ w

=z 036!

<
(8]
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c) 1 - d) 44

NE voltage(V)
PE voltage(V)

0 0.2 0.4 0.6 0.8 1 0 0.2 04 06 08 1
Normalized discharge capacity or x in Li“_x]CE Normalized dicharge capacity or x in Li, NiCoAlO,,

Figure 6. OCV profiles: OCV vs. discharge capacity profile of a (a) NE and (b) PE half-cell; OCV vs.
normalized capacity for (c) NE and (d) PE half-cells.

The normalized capacity of an electrode can be expressed as the lithiation level (ratio of occupied
to available lattice sites in a host structure, ranging from 0 to 1) since the capacity delivered by the
electrode is proportional to its lithiation level [24]. As discussed within [9], to enable the degradation
diagnostics, tested capacity range (or lithiation range) of the electrodes is normalized between 0 and 1.
The relation between half-cell OCVs and lithiation level can be described as in Figure 6 where x refers
to the lithiation and delithiation levels of the PE and NE, respectively.

3. Quantification Procedure of LAM and LLI

The theory underlying the LLI and LAM and their effects on the capacity and OCV of the cells and
electrode utilization ranges is well covered in the literature [19,21] and will therefore not be addressed
here in detail. In brief, LAM at an electrode reduces the available material for lithium intercalation and
deintercalation, and thus decreases the electrode capacity. On the other hand, LLI due to parasitic
reactions, such as SEI growth, lithium plating, etc. reduces the lithium inventory in a cell; accordingly,
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lowers the cyclable lithium between the electrodes. LLI or LAM affects the lithiation levels of the
electrodes at the EoC and EoD and the capacity delivered between the EoC and EoD. This work
presents the extensions of the previous work [9,21] and quantifies the LAM and LLI from the lithiation
levels of the electrodes identified using the OCV curves.

For the quantification of LAM and LLI, the electrochemical behavior of the electrode is assumed
to be unchanged during the cell aging, i.e., the OCV vs. lithiation of the electrode remains the same.
Similar assumptions have been made within [21,33]. With this assumption, the OCV profiles of the
electrodes are captured by using the harvested electrodes from a new full-cell.

To quantify LLI and LAM between two aging levels of a cell, identification of each electrode’s
lithiation range used at each aging level is necessary. An approach to identify the used lithiation range
by fitting the OCV of the full cell from the OCVs of the two electrodes is presented in Section 3.1. Next,
the proposed quantification procedure of LAM and LLI using the identified lithiation use ranges of the
electrodes is described in Section 3.2.

3.1. Cell OCV Fitting

3.1.1. Identify the Cell OCV Fitting Range

The full cells are characterized, in terms of OCV between 4.2 and 2.5 V. However, in this work,
the cell OCV range used for the degradation analysis is limited within 4.2 and 3.3 V. As shown in
Figure 7a, the relaxation behavior of the cell voltage is analyzed by tracking its variation towards the
end of relaxation period to verify whether the selected one-hour relaxation period is sufficient for the
battery to equilibrate resulting in the correct OCV measurements. When the OCV is above 3.3 V, the
cell voltage changes in the last fifteen minutes of the rest period are well below 1 mV. This indicates
that the battery has reached equilibrium and the OCV measurement is reliable. On the other hand,
for OCV voltages below 3.3 V, the battery voltage change is still noticeable in the last 15 min of the
1-hour relaxation period, and thus the OCV measurement is less reliable. The reason for the insufficient
1 h relaxation time at lower SOCs can be explained by the anode overhang effect that deals with the
lithium transfer between the active and passive parts of the anode as discussed within [36,37]. Further,
improved relaxation at lower SOCs for the aged cell compared to the new cell (Figure 7a) indicates that
the effect of anode overhang reduces as the cell ages [27].

a) ——Before ageing b) 4.2 \ . Before ageing
= 15] ——After ageing 41 —OCV measured range|
I\ 6 o=™=L N} OCV use range
o ’_\3.8 I
3 >
E e 3 L . (3.05 Ah, 3.3 V)|
8 O34
c E (2.46 Ah, 3.3 V)%
Gg-‘, 51 3.2¢ After ageing
8 3l OCV measured range
(5 e Y I I Lt OCV use range
B . e o
2.8 3 32 34 36 38 4 0 0.5 1 1.5 2 2.5 3
Cell OCV (V) Capacity (Ah)

Figure 7. Full-cell OCV range selection. (a) Change in cell voltage in the last fifteen minutes of the
one-hour relaxation during OCV characterization; (b) cell OCV vs. delivered capacity and the selected
voltage range (between the two red dots) for cell Al.

Considering the relaxation behavior, cell voltage levels corresponding to the EoC and EoD are
redefined as 4.2 and 3.3 V. Figure 7b shows that capacities delivered between these two limits for a cell
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(3.045 Ah against the total capacity of 3.196 Ah before the aging tests and 2.46 Ah against the total
capacity of 2.53 Ah after the aging tests) represent more than 95% of the of total capacity.

The OCV profile against the delivered capacity between the EoC and EoD must be identified.
At the full-cell level, OCV is measured (defined as E ey eqs) in 120 equal intervals of capacity delivered
(Qnieas), as shown earlier in Figure 1. Full cell capacity (Quax) is the capacity delivered by the cell when
discharged from 4.2 V to 2.5 V. The measured capacity vector and its corresponding OCV vector is
represented as:

Qmeas = 01 Quax/120: Qpax

Ecell_meas = Ecell_meas,lz Ecell_meas,2r ey Ecell_meus,lZl

where E i yeqs,i is the OCV of the full cell at the measured capacity level Qypp5, 1= 1,2, ... ,121.

A curve fitting method based on Root Mean Square Error (RMSE) and spline is applied to this
measurement to represent E .,y ess as a function of Qpess as shown in Equation (1). The fitness using
this function is less than 0.1 mV.

Ecell_meus = f 1 (Qmeas) (1)

Since the OCV profiles between 4.2 and 3.3 V are of interest for the analysis in this work, the
capacity delivered (Quax use) by the time the cell OCV reduced to 3.3 V is identified using Equation (2).

Qmax_use = fl -1 (33) (2)

Next, the delivered capacity within 4.2 and 3.3 V is normalized to define the SOCyse ranging
from 1 to 0. From Equations (1) and (2), the OCV profile within 4.2 and 3.3 V (referred as E.,;; where
Ecet1 € Ecell meas) can be then expressed as a function of SOCys, as:

Ecell :fl ((1 - Socuse)* Qmax_use) (3)

3.1.2. Identification of Electrode OCV Use Range

For the full-cell OCV profile between the EoC and EoD limits, OCV profile range and lithiation
limits for each electrode is identified to enable the degradation analysis. As detailed in Section 2.2,
OCYV of the PE is measured (tagged Epr) between 4.3 and 2.8 V at 120 steps of lithiation level (Xpr)
ranging from 0 to 1. Similarly, OCV of the NE is measured (tagged Enr) between 0 and 1 V in 120
steps of lithiation level (Xjg) ranging from 1 to 0. The measured OCV profiles and lithiation levels are
represented as:

Xpg = 0:1/120:1

Xng = 1t — 1/120:0

En=En1,Exa, ..., Eginn

where H stands for PE or NE and Ep; is the OCV of the PE or NE at the lithiation level, Xy ; The curve
fitting approach used on the full cell OCV is applied to the vectors Efy and Xp to develop a fit function
fu as represented by:

Ep = fu(Xp) “)

For the selected full cell OCV range, lithiation level of each electrode at the EoC and the EoD
are defined as Xy roc and Xp rop respectively where H stands for NE or PE. The following iterative
procedure (IP) is applied to obtain these four unknown lithiation levels from the multiple combinations
within their range of 0 to 1.

IP Step 1: For a selected combination of lithiation limits and using Equation (4), OCV of each
electrode (tagged as Epy) as a function of cell level SOC,s, is generated by:

Ensoc = fu(Xu,roc + (Xp gD — Xp Eoc)*(1 = SOCuse)) )



Energies 2020, 13, 3458 12 of 22

Here, SOC,;s, = 1: —0.01:0
IP Step 2: The OCV of the full cell (Ecen) is subsequently calculated based on the OCVs of the PE
and the NE between their identified lithiation limits according to:

Ecen,soc = Epg,soc — ENE,soc (6)

IP Step 3: The measured cell voltage and calculated voltage over the SOC,, range are compared

using the RMSE:
Z(s)oc = 1(Ecell,soc - Ecell,soc)2
RMSE = \/ o1 @)
The RSME depends on the four lithiation levels, i.e., XPE,EOC/ XPE,EOD XNE,EOC and XNE,EOD'
To identify the combination of lithiation limits that produces a least RMSE value, all the possible
combinations of lithiation limits with a resolution of 0.001 between 0 and 1 are verified by repeating
the IP steps one to three. Figure 8 summarizes the procedure to identify the lithiation limits of
the electrodes.

|

—»[ Electrode lithiation limits generator ]

XnE£oc l lxNE‘EcD XpgEoc l l Xpegon

)?NE = {XNE.EGE -"XNE‘EUD} )?PE = [XPE‘EDC ---XP.E.EOD}
Xyg = {1..0} Xpg = {0..1}
Xne € Xye Xpp € Xpp

l fur l e

Generate NE voltage profile ‘ Generate PE voltage profile

betweenXyg poc and Xyg pop betweenXpg goc and Xpg gop
Ene = fne(Xne) Epp = fpe(Xpg)

Ene l Epsl
Measured cell OCV
[ Ecen = Epg-Eng ] between EoC and EoD

l E‘H,” 1 Ecei!

Zguc—]('é:ce!l soc — Ecen sac)2
RMSE = — - -
\j 101

Output the combination that
L produced the least RMSE

Are all the
combinations
exhausted?

Figure 8. Flow chart for the identification of electrode utilization ranges.
3.2. Quantification of LAM and LLI

A simplified diagnostic method to quantify the degradation modes using lithiation utilization
ranges of the electrodes at two different aging levels of a cell is developed for the quantification of
LAM and LLI as explained in this section.

3.2.1. LLI Calculation

Lithium inventory (LI) of a cell at a working point is the sum of the lithium amounts at the PE
(LIPE) and NE (LINE)i
LI = LIpg + LIng (8)

LI of an electrode is calculated using its current lithiation level and the capacity delivered by the
electrode between its lithiation use range limits.

Figure 9a shows the Xy roc and Xpg oc at EoC while Figure 9b shows the Xyr gop and Xpg gop at
EoD for a cell before the aging tests using the procedure presented in Section 3.1.2. Here, the capacity
delivered by the cell before the aging is 2.91 Ah, which is normalized to 1 unit of lithium transfer (L)



Energies 2020, 13, 3458 13 of 22

between the electrodes. The LI level of an electrode (LI4 where A stands for PE or NE) at a working
point can be then derived as:

Ltr )
LI, = X | —— 9
A AkoC (XA,Eoc—XA,EoD ©)
Ccurr
L, = —L 10
tr Cpre ( )

where, C.,r and Cprg are the capacities delivered by the cell at the current aging level and before aging
tests, respectively.

a) Charged state

NE PE
o % I/!!un
XNE EoC XpE Eoc

~932 ~0.95

EoD

b) Discharged state

NE PE
EoC
YNE EoD XPE EoD
=845 ,\ = 86.95\

EoD™ " oy

Figure 9. Lithiation levels of PE and NE for cell Al at: (a) charged state (EoC) and (b) discharged state
(EoD).

Using Equation (9), LIpg and LIng of cell Al are obtained as 0.029 and 1.103, respectively at the EoC.
Then, the LI of the cell is calculated as 1.132 units using Equation (8). Application of this procedure to
find the LI at the EoD also results in the same value at a given cell aging level since transfer of lithium
from one electrode to the other does not change the total lithium present in the cell.

By comparing the full-cell LI levels at two different aging conditions, the LLI can be derived as:

LIpost
LIpre

LLI = 1- (11)

where, Lyt and Llre denote the full-cell LI levels after and before aging, respectively.

3.2.2. LAM Calculation

LAM indicates the percentage of active material lost between two different aging levels of a cell.
This can be defined as: m —m
LAM, — — A% 100% (12)
MA_pre
where 1m4_yre and m4_post are the masses of an electrode before and after aging, respectively. Here, A
stands for NE or PE. Here, the mass considered for the electrode refers to the active electrode material

that is in contact with the current collector and excludes any residues of electrolyte or depositions of
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the SEI layer. Since the mass of active electrode material is proportional to the capacity it can deliver,
Equation (12) can be represented as:

C -C
LAM, — A_pre, max A_post,max «100% (13)
CA?pre, max

where Ca_pre,max and Ca_post,max are the maximum capacities delivered by the electrode NE or PE before
and after aging, respectively. Since capacity supported by an electrode is in linear relation with its
lithiation level, this maximum-capacity can be computed as:

AC
CA_mux = A_Xj: * XA _max (14)

here, X4 jnqx is the maximum lithiation level of the electrode and ACy, is the capacity delivered by the
electrode NE or PE for a lithiation change of AX 4. Thus, Equation (13) can be converted into a new

form:
ACy _pre ACAJ)ost

AXa_pre AXA_pos
LAMpy = — A0 L 100% (15)

where, ACy_pre and ACy_post are the capacities delivered by the electrode before and after aging for a
lithiation range utilization of AX4_pre and AX4_est, respectively.

Here, factor AC is the capacity delivered by the full-cell between the EoC and EoD and AX is
obtained from the identified lithiation limits of the electrodes for the full-cell OCV profile between the
EoC and EoD. Consequently, the LAM levels at the PE and NE are derived using Equation (15).

4. Degradation Analysis: Results and Discussion

4.1. Identification of Electrode Utilization Range

Following the procedure described in Section 3.1, useable ranges of the electrodes are identified
for all the full-cells before and after their aging tests. For example, Xpg roc, XpE EoD XNE,Eoc and XNE EoD
values of cell Al before the aging test are identified as 0.95%, 93.2%, 86.95% and 8.45%, respectively.
From this identified lithiation use ranges of the electrodes, the LR that indicates the electrode balance
is calculated as 1.015 (N/P = 86/84.8). This vale is about 7% lower than the LR value identified from the
electrode level capacities as discussed in Section 2.2. Results published by Birkl et al. [24] as well show
this mismatch that show a LR value of 1.02 from the matching results for a new cell against the LR
value of 1.15 (or 3.18 Ah/2.78 Ah) from the half-cell capacities. This mismatch may originate from two
sources. First, at cell level, the electrodes can have different surface areas because of the differences in
their lengths and widths [21]. While both the half-cells are prepared with same surface areas in this
work. Second, both PE and NE half-cells are not tested for their respective entire voltage ranges to
capture the actual capacity levels.

Figure 10a shows the comparison between the measured (dotted blue line) and the estimated
result (green line) of the OCV and useable range of the electrodes (between the star points of the red
line for the NE and purple line for the PE) of that set A’s cell. Further, to verify the quality of fitness, DV
curves are compared (Figure 10b) for the measured and estimated cell voltages that show a close fit.
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Figure 10. Results of electrode capacity range fitting on cell Al. (a) voltage and (b) differential voltage
(DV)-matching prior to the aging; (c) voltage and (d) DV-matching after the aging. The start marks
with values indicate the electrode lithiation levels at the EoC and EoD.

In addition, DV curve at the cell-level is compared with the DV curves of the electrodes to
understand whether the cell-level DV can reveal the electrode-level degradation modes. Conventional
degradation analysis using cell level DV or IC curves relies on the position and magnitude of local
peaks and valleys of the curves. As can be seen from the DV curves in Figure 10b, two significant
peaks from the NE DV curve marked as N1 and N2 are aligned with the cell level DV peaks C2 and
C3. Meanwhile, only the peak P1 from the PE DV curve is aligned with the peak C1 of the cell DV
curve. Other peaks P2 and P3 of the PE are not observable at the cell level DV curves due to the strong
influence of NE peaks N1 and N2 (as per Figure 10b).

As discussed within [38], while using the cell level DV curve, at least two peaks for each electrode
are necessary to quantify the degradation of the corresponding electrode. Since the position of the NE
peaks (N1 and N2) can be identified with the full cell DV curves from the peaks C2 and C3, LAM at NE
can be quantified (discussed in Section 4.2) using the DV curves at the cell level without the need for
electrode level information. On the contrary, only one peak of the PE can be identified from the full cell
DV curve. Hence, it is not possible to quantify the LAM at PE with the full cell DV curves alone. As a
result, LLI quantification is also deemed to be not possible if LAM at PE occurs in the lithiated state.

Further, changes in the magnitude of a particular electrode peak cannot be identified from the
corresponding cell level peak although their positions are aligned. For example, magnitude of the peak
C2 that corresponds to peak N1 is the sum of the DV magnitudes of PE and NE at that position. Taking
a simple case of a certain amount of LLI at the NE, the peak N1 whose magnitude is similar in both the
aging levels can now occur at a different DV level of the PE. This can result in the change of peak C2
level although the magnitude of peak N1 is unchanged. Therefore, the changes in the magnitude of a
peak at cell level DV curve as the cell ages cannot be attributed to the corresponding electrode peak
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when both the electrodes have a dynamic DV profiles. These drawbacks of the cell IC or DV curves is
addressed by including the OCV profiles and lithiation limits of the electrodes.

Meanwhile, Figure 10c,d shows the voltage and DV curves with the fit data for the same cell
after it lost 20% capacity through cycling. The results highlight that compared to the new cell
(RMSE = 1.60 mV), the OCYV fitting on the aged cell is less accurate (RMSE = 4.7 mV). Such results
are seen across the cells as shown in Table 3. Similarly, mismatch in terms of DV curves between the
measured and estimated cell voltages is significantly higher in the aged state (as seen Figure 10d)
compared to its unused state (as seen Figure 10b).

One potential reason for the error increase for the aged cells is the changes in the electrochemical
behavior of the electrodes. For the PE, the active electrode material NCA is a compound of nickel,
cobalt, aluminum and oxygen. With the dissolution of Ni at the higher voltage levels of PE (>4.2 V) [39],
structure of the electrode can change over the battery aging. This can modify the PE OCV profile.
On the other hand, activation of passivated lithium depositions at the NE may influence it OCV
profile. As per [37], a portion of the lithium dispositions that are electrically disconnected, but
mechanically connected to the electrode may slowly establish electrical contact with the electrode after
the fast-charging tests. This may influence the OCV profile measured immediately after the fast charge
cycling since the GITT procedure with a low C-rate (C/20) discharge coupled with rest periods takes
more than 120 h. Therefore, the negative electrode OCV vs. lithiation map may differ from the pristine
NE electrode.

When fitting full-cell OCV of the aged cells, the half-cell OCVs collected on the electrodes harvested
from a new cell are still used, and therefore it does not account the changes occurring to the electrodes.
This may explain why the OCYV fitting for the aged cells can have higher levels of fitting errors.

On the other hand, through the cycle aging, drop in the lithiation use rage of the PE (from 86%
to 77.25%) or the LR level (from 1.015 to 0.915) is observed as seen from Figure 10a,c for the cell A1.
This indicates that the cell has experienced LAM at the NE [21], although it does not allow quantifying
the LAM directly.

4.2. Application of the Degradation Diagnostics

The selected cells are aged under two different conditions as presented in Section 2. set A cells are
cycled under the plating induced conditions where the VRP method is used to confirm the occurrence
of lithium plating. set B cells are cycled with the less aggressive charge profile where plating is
not detected. Levels of degradation in terms of LLI, LAMng and LAMpg for set A and set B cells
are calculated as described in Section 3.2 and their values are shown in Figure 11a,b, respectively.
Following observations have been obtained from that result:

1.  Higher levels of LLI (circa 19.4%) are observed for set A cells compared to set B cells (circa 7.3%)
as shown in Figure 11. This could be explained through the following reasons. First, set A cells
had higher levels of lithium plating (see Figure 3). Part of the plated lithium becomes irreversible,
leading to LLI. Second, the increased LAM could raise the LLI level since LAM could occur in the
lithiated state. Third, the plated lithium could crack the SEI layer, resulting in further growth of
the SEI layer consuming cyclable lithium [40].

2. Increased levels of LAM at the NE are observed under lithium plating. The LAM levels at NE
of set A cells are significantly higher (an average of 16.2%, Figure 11) than those of set B cells
(an average of 6.1%, Figure 11b). However, relatively low, the LAM levels in set B indicates that
there could be some amount of lithium plating that is below the detectable level. As discussed
within [29], the VRP method fails to detect lithium plating levels lower than 2.5%. Visual inspection
of the electrodes (Figure 3) as detailed in Section 2.1 as well indicate relatively lower levels of
lithium metal depositions in set B cells compared to that of set A cells. The LAM difference
between the two sets as seen from Figure 11 indicates that higher the capacity fade under the
influence of lithium plating, larger the LAM for two reasons. First, set A cells are charged with
an aggressive current profile and found with much higher levels of lithium depositions and
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capacity fade compared to set B cells (see Figure 3). Second, other possible aging mechanisms
such as binder decomposition and graphite exfoliation at the NE [41,42] that cause LAM may not
induce such high levels of LAM given these cells are only tested for 52 cycles [4]. In addition
to the quantification of degradation modes using the proposed electrodes OCV profiles, IC-DV
curves are also compared for degradation analysis. Figure 12a,b shows the evolution of IC and
DV curves, respectively for the cell Al. In the DV curves, the cell capacity delivered between
the peaks C2 and C3 is equal to the capacity delivered by the NE electrode between the peaks
N1 and N2. Therefore, the percentage of capacity reduction between these peaks can be used to
indicate the percentage of LAMNE. As seen from figure, the capacity between the peaks C2 and
C3 has dropped by 15.6% (1.086 Ah compared to 1.285 Ah) which suggests that LAMNg is 15.6%.
On the other hand, LAMyg, estimated for the same cell using the electrode OCV profiles is 17.8%.
The large levels of LAMyg calculated from both techniques highlights that mechanical stress has
increased under lithium plating. Increased levels of LAM under the influence of lithium plating
can originate from two possible sources. One, as discussed earlier, volume expansion due to the
lithium metal depositions in the early cycles can raise the mechanical stresses within the cell and
lead to LAM in the first moment. Second, as discussed within [43], formation of localized layers
due to passivated lithium depositions or electrically isolated LAM in the early cycles may further
increase the mechanical stresses locally which in turn can raise the LAM further.

3. LAMN\g is higher than LAMpg, for each cell in set A (as per Figure 11) and the average LAMNEg
across the set A cells is 16.2% while the average LAMpg, is only 8.9%. Since lithium plating occurs
at the NE and metal depositions could stay between the NE and the separator, it can be reasonably
assumed that the NE experiences higher levels of mechanical stresses compared to the PE ([3,12]).
Therefore, it follows that mechanical stresses impact on the NE could be higher than the PE.

4. The results also highlight that LAMyg, levels are comparable to the LLI levels in the aged cells.
For example, cell number one from set A lost 17.8% LAMNg and 19.4% LLI. LAM can occur in
lithiated condition, which means LLI along with it or in the delithiated state. Since lithium plating
occurs towards the end of charging or near to full lithiation of the electrode, mechanical stresses
could rise remarkably in the lithiated state of NE. This could result in higher levels of LAM in the
lithiated state (LAMjiNg). As discussed within [44], the shift of valley points in the IC curve (*C2
and *C3) that correspond to the peaks C2 and C3 in the DV curve (or the peaks N1 and N2 of
the NE) towards higher cell voltages (as seen from Figure 12a) as well indicates the dominance
of LAMjiNg. Therefore, significant levels of LLI may come from LAMjing and the contribution
of irreversible lithium plating to the total LLI can be much lower than the LLI from the LAM.
This analysis indicates that most lithium plating can become reversible and LAMjjng can be a
major result of lithium plating. However, this initial conclusion needs further study to quantify
the LLI from LAM.

In summary, LLI and LAMpg are significant in the cells with lithium plating. These important
findings help to confirm the theoretical understanding of increased mechanical stresses under lithium
plating. Unlike the previous studies [4,12] indicating that LLI is the dominant outcome of lithium
plating, this study demonstrates that LAMjnE is the most critical degradation mode under the influence
of lithium plating. This observation is useful in improving the knowledge about lithium plating and
its influence on the battery aging and consequently helpful in deriving fast charging strategies.
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Figure 12. (a) IC and (b) DV curves of the first cell in set A at two different aging levels.
4.3. Research Challenges and Future Work

4.3.1. Impact of Electrode Degradation

As the battery degrades the RMSE of OCYV fitting started rising. There is a possibility of
electrochemical changes in the electrodes that could affect the results because the method depends on
the OCV measurements using the electrodes harvested from a new cell. The electrochemical changes
such as structural changes in the electrode can modify their OCV profiles that may be affecting the
fitting results. In addition, these electrochemical changes may affect the accuracy of the degradation
modes estimation. To confirm the reason behind the increased fitting errors for the aged cells and
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to assess the influence of electrochemical changes on the quantification accuracy of the degradation
modes, a further half-cell OCV comparative study on both new and aged cells is needed.

4.3.2. Impact of Lithium Metal Depositions

This work found that material cracking in the form of LAM at the NE increases under lithium
plating. Based on this principle, it is assumed that previous lithium plating occurrence could continue
to cause damage to the battery. However, a further study is needed to confirm whether lithium plating
has a long-lasting impact on battery degradation.

4.3.3. Loading Ration Mismatch

As mentioned in Section 4.1, there is a mismatch between the LR values identified from the
electrode level capacities and matching results. Identifying and accounting the sources that contribute
to mismatch will help to affirm the matching procedure employed. Further study is required to
quantify the surface areas and capacities of both the electrodes in a full-cell and include the LR factor
in the matching procedure accordingly.

5. Conclusions

Different aging mechanisms such as SEI growth, lithium plating and mechanical stresses in
lithium-ion cells are known to result in three classifications of degradation modes, namely: LLI, LAMpg
and LAMyg. Quantification of these modes can help in identifying the underlying damage to the cell
under selected operating conditions such as low temperatures or high charge currents. This work
has proposed a two-stage method to simplify the quantification process of these degradation modes.
First, using the OCV profiles of a cell and its electrodes, utilization voltage range of each electrode are
identified. This procedure is applied to the cell at two different aging levels. Second, quantification of
degradation modes is carried out based on the identified electrode utilization ranges and the capacities
delivered at two different aging levels. LLI is calculated based on the changes to the lithium inventory
present in the cell. On the other hand, LAM at each electrode is derived using its scaling effect on the
electrode utilization range. The authors assert that the presented diagnostic technique has potential for
applications to other lithium-ion cells using different chemistries.

For the first time, this procedure of quantifying the degradation modes using the OCV
measurements and capacities is applied to a cell aged under lithium plating. Previously, LLI is
considered as a dominant degradation mode under lithium plating. However, the results in this work
highlight that lithium plating results in significant LAMNg in addition to the LLI. This confirms that
lithium plating raises the mechanical stresses in the cell. This study, therefore, underpins a better
understanding of lithium plating, supporting the future development of optimal charging protocols to
minimize battery degradation.
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Abbreviations

BMS Battery management system

CC-CV  Constant current followed by constant voltage
DV Differential voltage

EV Electric vehicle

IC Incremental capacity
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LAM Loss of active material

LFP Lithium iron phosphate

LI Lithium inventory

LLI Loss of lithium inventory

NCA Lithium nickel cobalt aluminum oxide

NE Negative electrode

NEP Negative electrode potential

NMC Nickel manganese cobalt oxide

ocCv Open circuit voltage

SEI Solid electrolyte interface

SOH State of health

SOC State of charge

VRP Voltage relaxation profile
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