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A B S T R A C T

In many lithium-ion battery (LIB) applications, e.g. hybrid vehicles and load-levelling storage systems, only part of
the state-of-charge (SOC) range needs to be utilised. This offers the possibility to use an optimal SOC window to
avoid LIB ageing. Here, a large test matrix is designed to study LIB ageing in a commercial 26 Ah pouch cell, in
order to map the ageing behaviour at different SOC levels with respect to temperature and current. A quantifi-
cation of the degradation modes, loss of lithium inventory (LLI), loss of active positive (LAMPE) and negative
(LAMNE) electrode materials is made by analysing the change in the open circuit voltage (OCV). A key result is
that lower SOC intervals significantly improved battery ageing. Even during harsh test conditions, such as high C-
rates and temperatures, the cells deliver more than three times the expected number of full cycle equivalents.
High SOC combined with high C-rate increase ageing where the dominating ageing mechanisms are LLI, followed
by LAMPE.
1. Introduction

The established knowledge is that Lithium-ion batteries (LIB) degrade
faster when operated at either high or low state of charge (SOC), high
temperature and high C-rate [1–8]. It has also been shown that using a
limited part of the available SOC window, which is applicable in appli-
cations such as hybrid vehicles and stationary battery storages for
load-levelling, improves the battery lifetime [9–11].

Lifetime testing of large, high-quality vehicle batteries is very
expensive and time consuming. Therefore, there exist only a few studies
on limited SOC intervals on smaller commercial cylindrical cells [7,11].

Post mortem (PM) analysis is the main method used to characterise
LIB ageing mechanisms. However, this requires a material lab facility
with advanced equipment and several time consuming analysis methods
[12]. Various mathematical and non-invasive approaches have been
developed to make use of the characteristics in the potential curve [4,
13–18].

In this study, we focus on investigating ageing in high-quality auto-
motive pouch cells. The purpose is to quantify the impact of SOC, C-rate
and temperature on the ageing of this type of commercial LIB cells. The
test matrix was designed to study the ageing as a function of SOC, C-rate
and temperature; 10% of the battery capacity was utilised at 7 different
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SOC intervals, 3 C-rates and 3 temperatures. The cells were cycled for up
to 28 months.

PM analysis was conducted on a selected number of the investigated
cell to analyse the ageing mechanisms and, complementary, the changes
in the potential curves were used to estimate and quantify the loss of
active materials and lithium inventory.

2. Test set-up

The battery test equipment used were Maccor Series 4000, PEC
SBT0550 and Digatron MCT 100-05-8. All tests were performed in a
temperature controlled environment using a V€otsch VT3 7034, as well as
a VT3 4060 and a Climate Temperature System, T-40/350. The tem-
peratures were set to 25, 35 or 45 ∘C.

47 commercial 26 Ah pouch cells were tested using constant current
(CC) cycles as shown in Table 1. The ageing was performed during a 4
year period, where the longest single test duration was 2.4 years. The
cells came from two different batches, but the standard deviation in
initial capacity (0.23%) and resistance (2.3%) were small (suppl. Fig. S1).
The ambition was to have two cells for each test case, however, the re-
sults for duplicates tests demonstrate an excellent reproducibility of this
commercial cell. With a limited number of channels available, a decision
arch 2021
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Test matrix for lifetime cycling. Designation I and II indicates one or two tested cells and the superscripts refer to cells subjected to PM analysis, * using CC-CV@4.06 V,
and ** CC with maximum 4.25 V.

Symmetric T¼ 25 ∘C T¼ 35 ∘C T¼ 40–45 ∘C

cycles, SOC [%] �1C �2C �4C �1C �2C �4C �1C �2C �4C
0–10 II I II
10–20 I I I I I II I IIPM IIPM

20–30 I II
30–40
40–50 I I I
50–60
60–70 I I II IPM I IIPM I IIPM I
70–80 I II
80-90** I I
80–90* I I
10–90* I I
0–90* IPM I IPM
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was taken to use single cells for an expanded matrix. The 47 cells were
selected from a larger test matrix; the complete compilation of results can
be found in Refs. [19,20].

The cell capacity is here defined by a voltage interval, where 2.8 V
correspond to 0% SOC and 4.15 V to 100% SOC. The voltage interval
being defined by the cell manufacturer. The cells use an organic elec-
trolyte with 1M LiPF6, a negative electrode (NE) of natural graphite and
a positive electrode (PE) which employs a mixture of lithium manganese
oxide (LMO) and lithium nickel manganese cobalt oxide (NMC).

Testing was conducted with CC cycles in 90, 80 and 10% SOC in-
tervals. For the tests in 10% SOC intervals, a small drift in SOC interval
could be noticed after 500 cycles, despite the test equipment having a
high current and Ah-counting accuracy. To minimise the drift during
cycling in the 10% SOC intervals, a combination of Ah-counting and an
in-house developed voltage control method was used [21]. The voltage
control method did not only successfully maintain the SOC interval, but
could also indicate if a cell had experienced faster ageing than expected
and was in need of an extra reference performance test (RPT).

The method tracks the voltage maximum and minimum at the end of
each charge and discharge cycle, together with Ah-counting. The first
cycle is an initiation or control cycle with a CC discharge and charge
using Ah-counting, where the end voltage values is stored as two control
variables. After each charge and discharge the end voltage is compared to
the voltage from the control cycle according to

ΔV ¼ �
�Vupper=lower;1 �Vupper=lower;n

�
� < Vlimit : (1)

If ΔV is within a predetermined limit value, Vlimit , the cycling pro-
ceeds. If not, a correction cycle of CC-constant voltage (CV) charging is
performed to the OCV for the upper SOC level. The next cycle then be-
comes the new control cycle. Maximum 10% of the cycles were allowed
to be control cycles, if exceeded, the test was aborted. Vlimit was adjusted
with respect to the C-rate, SOC and resistance to ensure a deviation of
max 1% SOC [21].

When testing at 80–90% SOC, two different methods were used; plain
CC and CC-CV charging. Using the first method, the cells were cycled
with Ah-counting in combination with the voltage control method
described above and in Ref. [21]. However, charging using CC at this
high SOC level result in reaching voltages above the maximum 4.15 V. A
maximum upper safety voltage of 4.25 V was used, and the lifetime tests
were terminated when the charge voltage reached this level. For the
second method, the CV charging occurred at 4.06 V, corresponding to
90% SOC.

For the wider SOC intervals CC-CV charging at the 90% SOC OCV of
4.06 V was used. For the cells tested in 0–90% SOC, 2.8 V were used as
0% SOC, while the tests conducted in 10–90% SOC used Ah-counting to
determine the 10% SOC level.

In order to compare the cycle life from the different sizes of SOC in-
tervals in the test matrix, the number of full cycle equivalents (FCEs)
2

were used. These are here defined as the total discharge current
throughput over the rated cell capacity, Qrated, as

FCE¼
R
idchðtÞdt
Qrated

(2)

For these cells, Qrated is equal to 26 Ah.
The capacity and resistance were measured using RPTs at 25 ∘C. The

total capacity is defined as the 1C discharge capacity measured in the
range 4.15–2.8 V. The resistance was calculated as the quota of the
voltage and current differences taken prior and after a 10 s 5 C discharge
pulse at 50% SOC according to

R¼V0 s � V10 s

I0 s � I10 s
(3)

The capacity and resistance from the initial RPT were used to present
the normalised capacity retention, Qcell

Q0
cell
, and resistance increase, Rcell

R0
cell
� 1.

For the first 500–600 FCEs RPT were conducted every 100 FCEs, and
after that approximately every 200 FCEs. For tests with slow ageing the
RPTs were performed with much lower frequency, up to 1000 FCEs be-
tween the RPTs.

3. Analysis methods

The cell OCV curve is the result of the potential difference of the
positive (PE) and negative electrode (NE) according to

Vcell ¼VPE � VNE (4)

where the electrode voltage is related to the degree of lithiation of the
material. As the cell ages, changes can be seen in the OCV [13]. By using
cell voltage curve fitting analysis, the ageing can be quantified by
tracking this change in the OCV. Such analysis can quantify and distin-
guish between degradation modes and results in an estimation of the
three most commonly reported degradation modes; loss of lithium in-
ventory (LLI), loss of active material on the PE (LAMPE) and NE (LAMNE),
respectively [18].

The degradation modes can be linked to different ageing mechanisms
that contributes to capacity and power fade:

� LLI is a result of Li-ions being consumed by parasitic reactions and are
no longer available to be cycled between the PE and NE. These
parasitic reactions are different decomposition reactions, lithium
plating, formation of solid electrolyte interphase (SEI) or cathode
electrolyte interphase (CEI). Li-ions trapped in isolated active mate-
rial also give rise to LLI.

� LAMPE corresponds to PE material that is no longer available for
insertion of Li-ions due to structural disordering, particle cracking or
loss of electric contact.

mailto:CC-CV@4.06
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� LAMNE is NE material that is no longer available for Li-ion insertion
due to particle cracking, blocking of reaction sites by resistive film
formation or loss of electric contact [18].

To be able to analyse the ageing mechanisms, galvanostatic mea-
surements with C/10 or slower on both full-cell and half-cell are required
to minimise any overpotential. The cell voltage at a given discharge ca-
pacity (Qcell Ah) can then be calculated as

VcellðQcellÞ¼VPEðQPEÞ � VNEðQNEÞ (5)

where VPEðQPEÞ and VNEðQNEÞ are the electrode potentials at cell capacity
Qcell. The electrode capacity is described by the measured half-cell ca-
pacity qPE=NE and a scaling factor SPE=NE

QPE ¼ qPESPE (6)

QNE ¼ qNESNE (7)

To relate the half-cell electrode capacities to Qcell, a shift of σPE=NE in
Fig. 1. (a) Visualisation of the estimation parameters for initial to aged stage. The su
cell tested in 10–90% SOC at 45 ∘C. (c) Estimation of LAMPE, LAMNE and LLI for each
assembly, prior to the formation process. (For interpretation of the references to colo

3

relation to the full-cell needs to be introduced:

Qcell ¼QPE þ σPE ¼ qPESPE þ σPE (8)

Qcell ¼QNE þ σNE ¼ qNESNE þ σNE (9)

Substituting (8) and (9) into (5) gives the equation for the voltage
curve fit:

VcellðQcellÞ¼VPEðQcell � σPEÞ � VNEðQcell � σNEÞ (10)

A visualisation of qPE=NE, SPE=NE, and σPE=NE in relation to the cell ca-
pacity and potential can be seen in Fig. 1a. Comparing the changes in
estimated parameters between the fresh and the aged cells enables cat-
egorisation and quantification of the cell ageing due to LAM and LLI.

The LAM is directly proportional to the respective scaling factor for
the electrodes. To quantify the ageing related to the different cycling
protocols and conditions, the ageing associated with the formation pro-
cess needs to be subtracted. As this analysis is performed on commercial
cells that has been treated by the manufacturer, the first measured C/10
perscript 0 denotes the first cycle. (b) Measured and estimated potential for the
C/10 discharge cycle. The red dot indicates the assumed 0% LLI just after cell

ur in this figure legend, the reader is referred to the Web version of this article.)
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cycle is used as a reference to calculate the LAM according to

LAMPE ¼ S0PE � SPE
S0PE

(11)

LAMNE ¼ S0NE � SNE
S0NE

(12)

The LLI is the amount of Li that is not re-intercalated in the PE during
discharge. It is estimated based on the state-of-lithiation (SOL) of the PE
at end of discharge (EOD). During the formation process, Li is consumed
through formation of a passivating film on the electrode materials;
typically around 15% of the capacity is lost [22]. This contribution to the
ageing is then subtracted, so that only the LLI due to the cycling is
included in the analysis:

LLI ¼ S0PESOL
0
PE;EOD � SPESOLPE;EOD (13)

SOL is calculated from:

SOLPE;EOD ¼Qcell � σPE

qPESPE
(14)

SOLNE;EOD ¼ 1� Qcell � σNE

qNESNE
(15)

As the film-formation is a dynamic process during the battery life-
time, the above is a simplification. Nevertheless, the emerging trends
give vital information on battery ageing.

One example of the analysis process is displayed for a cell tested in
10–90% SOC at 45 ∘C (Fig. 1b). The blue solid lines are the measured cell
potentials and the red, cyan and green lines are the estimated cell and
electrode potentials, using a least-square approach. This analysis was
made throughout the cell's cycle-life and each C/10 cycle provides a
snapshot of the current ageing.

The estimation results (Fig. 1c) show that this cell has an initial LLI of
13.6% (assuming a SOL0*PE¼ 100% SOL for the fresh cell). Over the
cycle-life it is continuously experiencing LLI and at EOL (2101 cycles) it
has 32.1% LLI. The LLI due to cycling is 18.5% considering the first
measured C/10 cycle as the reference, SOL0PE ¼ 86.4% SOL, hence sub-
tracting the initial LLI.

The LAM is estimated based on the initial cycle being the reference
and thereby starts at 0 for the first cycle. This is a reasonable assumption,
as the formation process is unlikely to damage the active materials to any
large extent. The LAMPE increases continuously with cycle number, while
the LAMNE is very small,�1%. It is first at EOL that a larger loss (2.7%) is
seen, however, the loss is still very small compared to the 17.6% LAMPE.
Fig. 2. Comparison of capacity retention and resistance increase for the cell
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A few possible concerns is that the model may have more difficulties and
a lower fitting accuracy for a very aged cell, since the half-cell data is
measured on a fresh cell. A large resistance increase on one electrode
could lead to difficulties fitting the data, despite the slow discharge.
Uneven ageing among the two mixed electrode materials is another
possible uncertainty.

4. Results

4.1. Lifetime cycling

For the tests conducted in 0–90% SOC intervals, Fig. 2, faster ageing
at higher temperatures can be seen. The tests were conducted using
þ2C/-2C with CC-CV charging at the voltage corresponding to 90% SOC
(4.06 V). Similar trends can be seen for the tests performed at 25 and 45
∘C in 10–90% SOC with þ1C/-2C.

Comparing the four cells tested in 0–90% SOC and 10–90% SOC at 25
and 45 ∘C, it can be noted that at 45 ∘C the cell with þ1C charge rate ages
more rapidly per FCE compared to the cell with þ2C. Here, the effect of
time per FCE comes into play, calendar ageing is generally faster at
higher temperatures and SOC [4,19]. The cell tested in 10–90% SOCwith
þ1C/-2C had an average cycling rate of 7.2 FCE/day, while the cell tested
with 0–90% SOC with þ2C/-2C had an average of 9.5 FCE/day. For the
tests at 25 ∘C, the slower charge rate and smaller SOC interval only
resulted in slightly slower ageing. This is expected, as the calendar ageing
is slower at lower temperature. This effect is only seen when accounting
for the capacity loss as a function of number of FCEs.

Another important observation can be made when comparing the
large SOC intervals, 0–90% SOC, to the two tests using 10% SOC in-
tervals, e.g. 80–90% SOC at 25 and 45 ∘C with þ2C/-2C, with CC-CV at
the same cutoff voltage (4.06 V). Even though the former cells mostly
were charged with currents less thanþ2C, due to reaching 4.06 V early in
the charging process, the capacity retention trend is similar to those
conducted in 0–90% SOC.

After 1300 FCE, the cells tested at 45 ∘C diverge from each other. The
cell in the large SOC interval, 0–90% SOC, experience rapid increase in
the ageing, while the cell tested in 10% SOC interval did not. The cells
tested at 25 ∘C did instead follow a similar trend in capacity retention
during the full test period.

The evolution of resistance for the 7 cells differ more explicitly. The
cells tested in 0–90 and 10–90% SOC show a larger resistance growth
compared to the cells tested at 80–90% SOC. The smallest resistance
increase can be seen for the cell tested in 80–90% SOC at 25 ∘C.

The tests in 10% SOC intervals at different SOC levels forþ2C/-2C CC
cycling are shown in Fig. 3. Interestingly, a clear discretisation in ageing
s tested in 0–90% SOC, 10–90% SOC and 80–90% SOC at 25 and 45 ∘C.



Fig. 3. Capacity retention for cells cycled in 10% SOC intervals at different SOC levels at 25, 35 and 45 ∘C.

E. Wikner et al. Journal of Power Sources Advances 8 (2021) 100054
could be seen with SOC interval. At 25 ∘C, two groups could be observed,
while there were three for the two higher temperatures (40–50% SOC
forming an intermediate group).

Moreover, the three lowest SOC levels, 0–10, 10–20 and 20–30%
SOC, all displayed unexpected long cycle life with very slow capacity
loss. While the large SOC range tests (Fig. 2) had cycle lives less than
3200 FCE, most cells are far from the EOL criteria of 80% capacity even
after 8000 FCEs. The cells tested at higher SOC levels, 60–70, 70–80 and
80–90% SOC, did show an initial capacity retention comparable to the
larger 0–90 and 10–90% SOC intervals, but with a slower degradation
after �2000 FCEs.

Ageing tests require long testing time and, in combination with the
surprisingly slow ageing trends, most of the tests had to be terminated
before reaching the set EOL criteria of 80% remaining capacity. The two
tests at 80–90% SOC, where the CC was kept during the charging, had to
be terminated prematurely when the maximum safety voltage of 4.25 V
was reached. These cells also had slightly more gas-buildup with a
Fig. 4. Capacity retention and resistance increase for different SOC intervals for
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completely filled gas-pocket and higher pressure compared to the cells
kept below 4.15 V.

For the cells tested in small SOC intervals with different C-rates,
Fig. 4, the ageing increased with C-rate. While the 1C and 2C tests at low
SOC maintained 95% capacity during more than 6000 FCEs, the 4C cells
aged faster, but not as fast as expected. The investigated cell was not
designed for fast charging or discharging. For short pulses, 1–10 s, it
should be able to deliver up to 6C. However, the 4C constant current for
the long duration of 1.5min was assumed to be detrimental to the cell.

Ageing at elevated temperatures could only be seen in high SOC in-
tervals. At low SOC, the cells tested at 25 ∘C aged faster, especially at 4C.
The intermediate temperature of 35 ∘C appeared to be the most beneficial
independent of C-rate. For the intermediate SOC interval of 40–50% SOC,
performed using þ2C/-2C, the difference in degradation between the
three temperatures was negligible.

For the cells tested withþ4C/-4C at 25 ∘C, the resistance increase was
minimal. Despite this, a rather fast capacity degradation could be seen. At
the cells tested with þ1C/-1C, þ2C/-2C and þ4C/-4C at 25, 35 and 45 ∘C.
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low SOC, the test at 25 ∘C degrades much faster than at the two higher
temperatures. At the higher SOC intervals on the other hand, no clear
degradation due to the increased temperature was seen. The two cells
cycled at elevated temperatures (35 and 45 ∘C) show similar ageing
trends up to 2000 FCE. For the cell tested at 35 ∘C, a calibration of the test
equipment caused a temporary increase in the capacity when the test was
resumed. These events are unavoidable, but in this case, the test could
continue for a longer period, and a clear trend still noted.

4.2. Post mortem analysis

A selected number of cells were subjects to PM analysis (Table 1). The
full disclosure can be found in Refs. [23–25]. The analysis included the
impact of SOC, C-rate and temperature. More details on the PM analysis
can be found in the Supplementary Information.

4.2.1. Impact of SOC level
When comparing the electrode materials from two cells cycled in

different SOC intervals,þ2C/-2C 10–20% SOC and 60–70% SOC at 45 ∘C,
it was seen that the NE from the cell cycled in 60–70% SOC had a higher
resistance compared to the NE from the cell tested in 10–20% SOC (suppl.
Fig. S2). For both cells, manganese could be found in the SEI (suppl.
Fig. S3). The quantity of Mn was much higher and the thickness of the
SEI, estimated by hard X-ray photoelectron spectroscopy (HAXPES) [23],
was thicker for the cell cycled at 60–70% SOC, indicating more side
reactions.

The PM investigation concluded that the NE only had minor loss of
active material, while the PE suffered from larger loss of active material.
The LAMPE was more severe at higher SOC. Using Incremental Capacity
Analysis (ICA), it was concluded that the NMC was the origin for the
LAMPE (suppl. Fig. S4). This was based on the intensity decrease of the
NMC peak at 3.75 V, compared to the uncycled reference cell, while the
two peaks at 4.0 and 4.1 V, corresponding to LMO, remained largely
unchanged [23].
Fig. 5. Estimated LAM and LLI per FCE for 15 of the tested cells. The cell tested in 10
The colour of the bar's frame indicated the ambient cycling temperature: blue for 25 ∘C
in this figure legend, the reader is referred to the Web version of this article.)
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4.2.2. Impact of C-rate
Moreover, analysis of Mn in the SEI suggested a slower dissolution

rate at low SOC intervals when comparing a cell cycled at 10–20% SOC at
þ4C/-4C with a cell cycled at 60–70% SOC at þ2C/-2C. Both cells were
cycled at 45 ∘C and to 80% capacity retention.

PM analysis of two cells tested with different C-rates, 1C and 4C, in
60–70% SOC at 35∘C showed that the higher C-rate caused more car-
bonate formation at the PE. On the other hand, greater salt degradation
and formation of oxygen containing species was found on the PE after
cycling at a slower C-rate (suppl. Fig. S5) [25].

4.2.3. Impact of temperature
Temperature effects were investigated for cells tested in 0–90% SOC

with þ2C/-2C at 25∘C and 45∘C. In suppl. Fig. S6 it can be seen from the
remaining capacity of the individual electrodes that higher temperature
leads to a larger loss of active material in the PE. Both cells also displayed
smaller LAMNE.

For the cell tested at higher temperature, increased salt degradation
and more products relating to this, e.g. phosphorus and fluorine con-
taining SEI species, could be found on the NE compared to the cell tested
at 25∘C (suppl. Fig. S7) [24,25].
4.3. Estimation of loss factors

A summary of ageing factors for the 15 tested cells included in this
analysis can be seen in Fig. 5. The tested cells were cycled for different
number of FCEs and different number of days. To conduct a valid com-
parison, the estimated ageing was normalised over the largest contrib-
uting factor to the ageing, the number of FCEs. The ageing, however, is
not linear with time and the difference in number of test days (calendar
ageing) has not been accounted for. Hence, the ageing contribution due
to time should be larger for lower C-rate tests.

Studying the example in Fig. 1, which test was conducted over 2101
test cycles (10–90% SOC), corresponding to 1519 FCEs, the cell experi-
enced a total LAMPE of 17.6%, corresponding to 116 ppm/FCE. The 2.7%
–90% SOC had a much larger loss per FCE and a separate y-axis is therefore used.
, green for 35 ∘C, and red for 45 ∘C. (For interpretation of the references to colour
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LAMNE corresponds to 18 ppm/FCE and the 18.5% LLI to 122 ppm/FCE.
The results per FCE can be seen to the right in Fig. 5, LAMPE (light blue)
and LAMNE (light green) as well as LLI (black). The frame colour of the
bar indicates the ambient cycle temperature: blue for 25 ∘C, green for
35 ∘C, and red for 45 ∘C. Most of the tested cells did not reach EOL, with
only moderate ageing observed. Nevertheless, this analysis captured
some interesting trends.

4.3.1. LAMPE
The first trend seen is that higher SOC levels increase the loss of active

material in the PE. This trend can most clearly be seen for the cells tested
at 25 ∘C (first section in Fig. 5). The same phenomenon can also be seen at
35 ∘C, but only two SOC levels are included. High C-rate, i.e. 4C, also
seems to be a contributor to increased loss of PE material.

There is also an impact of temperature for the LAMPE. The PE material
loss seems to be larger at 25 ∘C compared to 35 ∘C, which was not ex-
pected (the PM analysis showed larger LAMPE at higher temperature). For
example, of the three cells tested at 0–10% SOC with 2C at different
temperatures (fourth section in Fig. 5), the cell tested at 25 ∘C showed the
largest ageing per FCE. The PE material loss is lowest at 35 ∘C, but very
similar to 45 ∘C.

4.3.2. LLI
A clear trend seen for increased C-rate (see the results at 35 ∘C, third

section in Fig. 5) is the “slippage” of the NE, i.e. the amount of side re-
actions seen as LLI. The higher C-rates showed a larger slippage indica-
tive of more side reactions. The slippage was also larger at the higher SOC
levels (see first and fifth section in Fig. 5), showing increased side re-
actions at higher SOC levels.

The two cells tested at 80–90% SOC at 25 and 45 ∘C showed large LLI
and higher at 45 ∘C. This demonstrates that high SOC and high temper-
ature are factors that increase the LLI. Even though the cells tested with
0–10% SOC at 2C (fourth section in Fig. 5) showed very slow ageing, a
weak temperature effect could possibly be the reason that the cell tested
at 45 ∘C experienced slightly more side reactions than the cell tested at
35 ∘C.

4.3.3. LAMNE
The LAMNE was in most cases smaller than the LAMPE, but the spread

is larger and two trends was observed. LAMNEwas in most cases larger for
the cells tested at high SOC. The low temperature also seemed to have a
negative impact on the ageing, as seen for the cells tested with 2C in
10–20% SOC at 25 and 35 ∘C and the cells tested in 80–90% SOC at 25
and 45 ∘C. For the latter, LAMNE at 25 ∘C is high, 20 ppm/FCE, and larger
than for the cell tested in 10–90% SOC. For the cells tested at 0–10% SOC
the reverse trend was observed: increased LAMNE with increased
temperature.

5. Discussion

The cells tested in 10 % SOC intervals below 30% SOC have
remarkably long lifetimes. The degradation of these cells was initially
rather rapid, but stabilise around 95% capacity. The same type of stabi-
lisation, but at lower capacity, is evident also at higher SOC. At higher
SOC (>60% SOC), C-rate, and temperature, this does not occur to the
same extent. This indicates that the electrode surfaces are more effec-
tively passivated at lower SOC and temperature. This is reasonable since,
at high SOC the electrolyte is close to or outside its stability limit at both
the NE and PE, i.e. the NE potential is much lower than 1 V and the PE
potential�4 V.

The PM analysis supports the above and allows for an estimation of
the LLI. The PM analysis with HAXPES show that the cells tested at low
SOC have a thinner SEI compared to those tested at higher SOC. Simi-
larly, high temperature generates a larger amount of salt degradation
products and other products related to a less passivating SEI. Further-
more, a clear trend in increased LLI with higher SOC levels is seen.
7

One reason for the good cyclability at low SOC levels could also be the
mixed PE and the specific voltage interval. LMO combined with graphite
prefers a voltage range of 2.8–4.15 V, while NMC vs. graphite can be used
in 2.5–4.2 V. Tests with cells containing only NMC vs. graphite with 2.5 V
as 0% SOC tested at 5–10% SOC have demonstrated increased ageing at
low SOC [11]. Limiting the voltage window will limit the available en-
ergy, but it will also prolong the overall lifetime.

In this study, the amount of NMC is larger than the amount of LMO. As
LMO is prone to Mn dissolution, it is unexpected that the large LAMPE
seems to be due to loss of NMC. NMC can, however, suffer from me-
chanical instability and structural changes in the surface, resulting in
cracking of the particles and impedance increase [26]. Moreover, NMC
has rather low rate capabilities due to slow lithium diffusion [27], which
could explain part of the poor cycle behaviour at 4C. It is also known that
the rate capability is reduced with decreasing temperature, which may
explain the increased ageing rate for the 4C tests at 25 ∘C. Poor rate
capability in the passivating films could also be the reason for the lack of
resistance increase for the two cells tested at 4C at 25 ∘C, which could
occur due to cracking of SEI or CEI.

Li-plating is another important aspect when testing at high C-rate.
The probability for Li-plating is highest when charging at low tempera-
ture and at high SOC with high C-rate. However, as no sign of Li-plating
could be seen in the voltage response during cycling and considering that
the highest charge level only was 70% SOC, breakdown of the SEI seems
to be a more likely scenario for the low resistance.

The accelerated ageing at high SOC is likely also an effect of the cross-
talk between the electrode materials. In the PM analysis, Mnwas found in
the SEI and to a larger extent in the cell tested in high SOC, indicating
that Mn dissolution from LMO or NMC, or both, occurs. Mn dissolution
most likely originates from the LMO, as the onset voltage for dissolution
is around 4 V [28]. The higher LAMPE seen at higher SOC and tempera-
ture could be a result of increased instability of the PE under these
conditions. The PM analysis also revealed increased electrolyte and salt
degradation at elevated temperatures. Salt degradation has previously
been linked to Mn dissolution and side reactions at the PE, resulting in
LAMPE [27–29].

For mixed electrodes, different electrode materials are active at
different cell potentials. This is a likely reason for the different ageing
trends seen at different SOCs. In a study on a mixed LMO-NMC (1:1 wt%)
electrode, it could be seen that the materials are delithiated and lithiated
at different voltage levels [30]. Through in situ X-ray diffraction during
discharge and charge, changes in the lattice parameters of the two ma-
terials were observed. In a half cell, NMC was active in the beginning of
the charge process, while the LMO was active above �3.9 V [30]. Hence,
it is likely that when the LMO is activated at higher SOC levels, several
new side reactions - such as Mn dissolution - are activated. It is reason-
able to believe that these lead to a cross-talk where Mn and other
degradation products destabilise the SEI at the NE and also cause struc-
tural instability of NMC.

For the estimation of loss factors, the model does not account for
impedance contributions on the electrodes, where uneven impedance
rise in the electrodes could impact the results. The data were recorded at
a slow C-rate, C/10, to minimise the impedance contribution. However, if
the cells experience highly uneven impedance rise in the electrodes this
could possibly be seen as a false loss of active material. Based on the PM
results, the impedance rise was found to be highest on the NE, which in
most cases will be the limiting electrode. Large loss of NE material
observed for a few test cases, in combination with high LLI, indicate a
thicker SEI due to side reactions.

6. Conclusions

For the commercial LIB cells studied here, there is a clear difference in
the ageing as a result of the used SOC level. Cells tested at high SOC levels
show increased ageing with temperature, increased LAMPE and larger
LLI. For the low and middle SOC levels, the absence of a temperature
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effect (25–45 ∘C) on the cell capacity is surprising.
The temperature do, however, show an interesting effect on the

LAMPE at low SOC. Unexpectedly, the LAMPE is larger at 25 ∘C compared
to 35 ∘C or 45 ∘C. At high SOC and with high temperature it becomes even
larger.

The higher C-rates also impacts the LAMPE negatively. The higher C-
rate also lead to larger LLI, especially for high SOC levels, indicatingmore
side reactions are taking place.
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